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Preface

The stochastic description of the dynamics of a many-body system consisting of a
single, large particle, suspended in a fluid made up of an enormous number of much
smaller, molecular-sized particles was a major advance in Physics. This approach to
describe Brownian motion was pioneered by Einstein [1] and Langevin [2], and their
work marks the beginning of a new way to treat the dynamics of many-body systems
where a dynamical variable of interest (in this case the velocity of the large particle) is
singled out and some other aspects of the problem are treated by the theory of random
processes. This treatment is in contrast with the more traditional, kinetic-theory
approach of considering the explicit dynamics of al the particles in the system.

Since this early work these stochastic methods have been generalised and refined into a
field of major significance. Many areas of research have been influenced by this Brownian
approach and stochastic methods have been applied to problems in such diverse areas of
physics, chemistry, biology and engineering [3-5]. One of the main uses of these methods
in the theory of matter isto treat many-body systems in which different degrees of freedom
operate on very different time scales. Thisis because this approach allows the separation of
these very different degrees of freedom and the treatment of each of them by different meth-
ods. This separation is achieved by averaging over some variables, which results in equa
tions of motion for only the chosen variables. This approach to singling out particular
variablesis, however, quite general and not restricted to situationswherethereisaclear dis-
tinction between “fast” and “slow” variables, and can be applied to any system whose
dynamics is described by equations of motion such as Newton's equations. The equations
resulting from this alternative approach are exact and equivalent to the starting equations
from which they are derived and, thus, may be used to provide an exact, but aternative
description of the time evolution of any dynamical variable. However, the form of these new
equations of motion also enables certain variables to be treated approximately and simply,
while allowing the remaining variables to be treated in greater detail. Many methods of this
type have been developed under the heading of generalised Langevin methods (GLE) and
have provided insight into the properties of many-body systems ranging from atomic lig-
uids, atoms on surfaces and polymeric solutions to colloidal suspensions.

Theories of this type have been considered by many authors from a variety of different
points of view ranging from atomic to macroscopic and many excellent treatises and
review articles are available (see for example references to Chapters 2 and 3) that deal with
specialist aspects of these methods, for example, time correlation functions of atomic and
molecular systems. By contrast this treatise attempts to unify this approach to alarge num-
ber of areas encountered in condensed-matter theory. Explicitly, his book is primarily
intended as a fundamental treatment of the background and derivation of GLE's and
Langevin equations of use in the interpretation of the dynamics and dynamical properties
of many-body systems governed by Classical Mechanics. Such systems may be atomic,
molecular, colloidal or polymeric. The attempt is to provide a reasonably rigorous and

Xiii
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complete text, which starts from first principles and provides detailed derivations and dis-
cussions of these fundamentals. No attempt is made to cover all applications, but only a
few typical applications are discussed in order to illustrate these fundamentals. However,
the references given should enable the reader to get a reasonable idea of applications to
various aress.

Discussions of the use of approximations are given which should help the reader to
make use of approximate schemes to calculate and interpret time-correlation functions.
Furthermore, we have included methods to construct numerical GLE algorithms to assist
researchers to carry out computer simulations of the dynamical properties of atomic, col-
loidal and polymeric systems using “ Brownian Dynamics’ methods. To help in this, details
are aso given of relevant macroscopic hydrodynamics, which is needed to treat the
dynamics of colloidal suspensions. In addition, some Fortran programs are included in
Appendix O and references to where other computer programs and routines may be found
in order to help the interested reader produce their own results and, hopefully, to aid some
people in their research.

Finaly, | would like to thank some of the many people who have helped me in this area
over the years and attempted to educate me about specific aspects of the theory covered in
this book. In no particular order | would like to thank, Bill van Megen, Peter Daivis, Kevin
Gaylor, Bob Watts, Brendan O’'Malley, Ed Smith, Peter Pusey, Heiner Versmold, Ubo
Felderhalf, Denis Evans, Rudolf Klein, Kurt Binder, Mike Towler and Ron Otterwill. | would
also like to thank my young colleagues who helped me with some aspects of this book,
Nicole Benedek, Manolo Per, Tanya Kairn, Mat McPhie, Stephen Williams and Rob Rees.
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Notation

The following notation, definitions and symbols have been used throughout this book.

A. POTENTIAL ENERGY FUNCTIONS

Hard Sphere Potential

ur)=o, r=d
=0, r>d

Lennard-Jones 12-6 (or LJ12-6) potential
Ui (r)= 4g; {(Uij /r)12 - (Uij/r)a}
or with acore,

Ui (r)= 4g; [{Uij /r— d; )}12 - {Jij /r = d; )}6]
Chandler—\Weeks-Andersen (or CWA) potential
u;(r)=4e; (o /r 2 =(r/oy Pl +er =y

=0, r> Toij

or with a core,

Ui (r)= 4g; [{Uij /r— d; )}12 - {Jij /r = d; )}6]"'3”' =Ty
=0, r>r1y

where ¢; isthe well depth, o;; the value of r for which u(r) = 0, r,, isthe position of the well,
i.e, uj(ro) = — g;and d; isthe core diameter

Soft-sphere potential
ur) = e <0ij/r)n
where n is an integer.

XV
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B. SYMBOLS USED

A; ascaar
avector,
atensor
an operator

> > > >

C. OPERATIONS

AeB=AB,+AB, +AB,

A;:B; =ZIA B, =A B,
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Background, Mechanics and Statistical
Mechanics

In order to fully appreciate how to calculate and use generalised Langevin eguations
(GLEs) itisfirst necessary to review the mechanics upon which these GLESs are based and
the statistical mechanics which isused in order to calculate bulk properties from the infor-
mation which these equations generate.

1.1 BACKGROUND

The instantaneous mechanical state of system described by classical mechanics requires
only the specification of aset of positions and momenta of the particles making up the sys-
tem and provided that these particles are “heavy enough” this classical mechanical
approach will provide an accurate description of the physical state of a many-body system.
In practice this applies to systems consisting of most atoms under normal physical condi-
tions, except for hydrogen and helium. Then the common approach to describing the time
evolution of this mechanical state of such a many-body system, its dynamics, is by use of
acoupled set of differential equations, for example, Newton’s equations of motion, which
describes the detailed, individual dynamics of all the particles in the system. In the study
of molecular systems this approach has led to the development of the widely used numer-
ical technique called molecular dynamics (MD). This method has provided numerous
insights into the behaviour of molecular systems and there is now an extensive literature
on the method and its application.

However an alternative approach to describing dynamics is to use equations of motion
that describe the dynamics of only some, selected particles moving in the presence of the
other particles in the system which are now regarded as a background or bath whose
detailed dynamics is not treated. Thus, we select out atypical particle or set of particlesin
which we are interested and find an equation which describes the dynamics of these cho-
sen particles in the presence of the other particles. The classical example of this is the
Langevin equation (LE) developed in a heuristic way by Paul Langevin to describe the
Brownian motion of alarge particle suspended in afluid consisting of an enormously large
number of lighter particles.
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The LE is an equation of motion for the velocity Vg of asingle Brownian (B) particle of
mass Mg suspended in a “bath” consisting of an enormous number, N, of particles of
much smaller massmand is

My 5 Vo =¥ +EE @
(1.1)

where { is the friction factor, — V; the drag force due to the bath particles and F £ (t) the
random force due to random thermal motion of the bath particles. Thus, instead of a
description of the dynamics of the system by writing down the coupled set of Newton
equations for the total system of particles consisting of the B particle and all the N, back-
ground particles, we write down an equation for the dynamics of only the B particlein a
background of the small particles. The effect of the small particles on the dynamics of the
B particle now only appears viathe drag force —{ Vg and the random force , a description
of their detailed dynamics no longer is needed nor, in fact, is possible in this treatment.
Further, the drag force —{V; is calculated by the theory of macroscopic hydrodynamics
and the random force is assumed to be a Gaussian random variable, that is, is treated sto-
chastically and only its statistical properties are needed. Thus, we have reduced the
description of the dynamics of an N, + 1 body problem to that of a one-body problem.
However, we have lost information as we now no longer are able using this approach to
follow the dynamics of the N, bath particles as we have averaged-out or coarse-grained
over their motion.

This approach pioneered by Langevin' has been made formal, vastly extended, and has
been shown to be applicable to any dynamical variable. The basic ideas used to generalise
the traditional Langevin equation are:

=

First define the dynamical variables of interest, for example, the velocities of particles.

2. Writedown aset of coupled equations of motion for these variables in operator form,
for example, for the velocities of some particles of the system.

3. Rewrite these equations of motion so as to project out the variables in which we are

interested by use of projection operators.

This projecting out averages over the motion of the other particles in the system and is
a coarse graining of the equations of motion which provides a description only of the
variables which are not averaged over, thus, losing information about the dynamics of
the system. Furthermore, this averaging or projection leaves us with terms, “random
forces” in the resulting equations of motion for the desired variables which we only have
limited information about. These terms are deterministic in the sense that, if we wereto go
back to the full equations of motion we would know them exactly but this would defeat the
purpose of deriving the projected equations of motion. Thus, the “random forces’ must, of
necessity, be treated in practice as stochastic or random variables about which we only
know their statistical properties.

Theresult of this processisasin the LE approach, one equation for each dynamical vari-
able chosen rather than many coupled equations with which we started. There may still, of
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course, be many coupled equations but many fewer than we started with and which expli-
citly involve many less variables than we started with. For example in the Mori—Zwanzig
approach? we may derive a single, exact equation for the velocity of atypical particle of
each species and not one equation for every particle in the system that would constitute the
normal kinetic theory approach. However, it should be emphasised that the resulting equa-
tions are till exactly equivalent to the original coupled equations on which they are based
and we have not eliminated the coupling of the dynamics of each particle. This coupling
will be shown to be represented by a Kernel (or memory function) and a “random force”
appearing in these equations. Thus, until we are able to calculate or approximate these two
terms we have not achieved a solution to the problem of describing the dynamical proper-
ties of the system and their time evolution.
There are, however, advantages to this approach some of which are

There is one equation per “species’ to be solved.

These equations are exact and entirely equivalent to the original equations of motion.
These eguations may be readily used to construct approximate equations of motion.
Equations of motion for time-correlation functions, which can be used to calculate
linear transport coefficients and scattering functions, may be directly derived from
these basic equations.

5. Theform of the memory function often gives us physical insight into the processes
involved in the relaxation of avariable to equilibrium.

AwWDE

In order to carry out the above derivations we must first give an outline of the classi-
cal mechanical description of dynamics mentioned above and then establish the basis for
deriving the generalised Langevin description. For completeness we will also provide an
outline of how such dynamical information may be used to cal culate the mechanical and
non-mechanical properties of a many-body system. In subsequent chapters equations of
the GLE type will be derived, basic applications given and numerical schemes outlined
for solving them which are analogous to the MD method based on Newton's equations
of motion.

1.2 THE MECHANICAL DESCRIPTION OF A SYSTEM OF PARTICLES

The classical mechanical description of the instantaneous mechanical state of system only
requires the specification of the set of positions and momenta for all the N particlesin the
system. Then the common approach to describing the time evolution of these variables, the
dynamics, of such a many-body system is by use of a coupled set of differential equations
describing the detailed time evolution of the position and momentum of each particle.
Usually this time evolution is described by Newton's equations of motion written in terms
of Cartesian co-ordinates but other equations of motion may be used such as the Lagrange
or Hamilton equations and various co-ordinate and momenta schemes used as appropriate.
However, we will not give a detailed description of these aspects of mechanics as they are
very well known.? It does, however, seem wise to comment on the description of a many-
body system as given by this classica treatment, show how its output may be used to
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calculate the macroscopic properties of the system, to discuss the limitations it imposes on
the calculation of these properties and what extensions are needed to this basic approach to
treat some properties and some types of systems. These points need to be clarified before
transforming this familiar Newtonian mechanical description of a system into the less fami-
liar generalised Langevin one.

To reiterate as the classical mechanical state of a system at a particular timeis specified
by giving the value of the positions of the particles and their momenta (represented by the
symbol T') then all mechanical properties may similarly be expressed in terms of these
quantities.® For example, the mechanical energies of the system, its pressure and its pres-
sure tensor may be expressed as a function of these particle positions and momenta. Since
the total number of particles N, the volume V and the total energy U are fixed these equa-
tions describe an isolated or (NVU) system. The observable macroscopic, mechanical
properties of the system may then be obtained by time averaging these instantaneous val-
ues of the property B over an appropriate time interval®

to+T
(B)=lim— | Bt (1.2)

to

However, to find the non-mechanical properties of the system, such as the equilibrium
thermodynamic and transport coefficients, we have to invoke other hypotheses as such
properties cannot be derived from the postulates of classical mechanics alone.®

For example, in order to calculate equilibrium thermodynamic properties from the posi-
tions and momenta obtained from a solution of Newton's equations we may use Gibb's
microcanonical, ensembl e-averaging method and the Ergodic hypothesis.®# This hypothe-
Sis states that we may replace the above-mentioned time averages over a dynamical tra-
jectory by a probabilistic or ensemble average over all possible mechanical states of the
system consistent with the constant values of N, V and U (a Microcanonical ensemble)

(B)=[B() f=(r)dr (1.3)

where f&(I") is a probability function which characterises the equilibrium state of an
(NVU) system (see Appendix A).

This method enables the calculation of such thermodynamic properties as the heat
capacity and entropy to be made using the positions and momenta obtained from classical
mechanics but without the need to modify the basic equations of motion.

Similarly, to calculate linear-transport coefficients such as the self-diffusion constant we
may use the method of linear response theory and time-correlation functions pioneered by
Kubo and Green.>® This approach, essentially, allows the transport coefficients which con-
trol the rate of linear, dissipative processes to be related to fluctuations of variables occur-
ring in amechanical system at equilibrium which are related to time-correlation functions
of mechanical variables defined by (see Appendix A)

(A0)B(t)) = [ A"(Q)B(t) f(I)) T (1.4)
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Thus, we have to go beyond classical mechanics in order to find expressions for equi-
librium and transport coefficients but they may still be calculated in terms of the basic
quantities arising from this mechanical description. We do not need to alter the basic equa-
tions of motion.

However, a further problem encountered in using the traditional mechanical description
of a many-body system at equilibrium is that Newton’s (and Hamilton's) equations of
motion describe an isolated (NVU) system which at equilibrium, may be represented by
the Microcanonical ensemble as mentioned above. Now at equilibrium it is often found to
be more useful to work with systems other than isolated systems, that is ones whose physical
state is defined by constant values of system variables other than N, V and U.
Experimentally, thisis achieved by putting the system of interest in contact with an exter-
nal system with which it can exchange energy and/or particles. For example, we may
choose to use a closed system of constant volume in contact with an externa thermostat
or heat bath which maintains constant temperature in the system, such a system is an
(NVT) system not an (NVU) one. Gibb's method for a microcanonical ensemble may be
readily extended to calculate the equilibrium thermodynamic properties of such systems
by deriving different distribution functions, that is, probability weightings in the ensemble
averaging process.®*” However, once again in achieving this we still only use the proper-
ties obtained from the unmodified equations of mechanics but with the addition of terms
representing other contributions to the energy, see Table A.1 of Appendix A. Of course, we
also allow the energy to not be a constant of the motion. Also, even though in an experi-
ment the interaction of the system with external reservoirs are needed to maintain constant
values of variables other than N, VV and U the explicit mechanical properties of the exter-
nal reservoirs are not needed to cal culate equilibrium properties. Only the values of param-
eters that are maintained constant, for example, temperature, T are added as constraintsin
determining the probabilities of occurrence of each state. Thus, eg. (1.3) is still applicable
and only the form of f ® differs from one ensembl e to another. The form of f ® for the com-
monly used ensemblesis given in Table A.1 of Appendix A.

This Gibbsian method does not, however, give rise to an equation of motion appropriate
to such a system. Recent work has, however, addressed this question and in what might
loosely be thought of as using the Ergodic hypothesisin reverse these alternative approaches
have sought to find generalised Newton’'s equations of motion which do maintain constant
values of variables other than N, V and U, for example, constant temperature.2° Then equi-
librium properties may be obtained by time averaging as can be done in an (NVU) system
instead of ensemble averaging. In order to illustrate how this may be achieved we will
describe one method of maintaining constant temperature in Section 1.2.2 below. Once such
equations are obtained the cal culation of time-correlation functions and transport coefficients
inan (NVT) system follows the same procedure as that in the (NVU) system.

However, an extension of time-correlation function methods, based on fluctuationsin an
equilibrium system, to calculate non-linear transport coefficients has proved to be frus-
tratingly difficult and there appears to be no generalisation of this approach to use in such
circumstances which does not contain theoretical difficulties. Now, in order to measure
transport coefficients experimentally we normally set up a non-equilibrium steady state
which is maintained in a time-independent but non-equilibrium state by a combination of
some external field and the provision of some mechanism which adds or removes heat
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from the system. Thisis done by means of interaction of the system with external systems
just as is used to achieve thermostated equilibrium systems. This experimental method
allows the measurement of both linear and non-linear transport phenomena, for example,
rheological behaviour of suspensions. Using this method transport properties may be cal-
culated in terms of appropriate variables averaged over timein the steady state. For exam-
ple, the coefficient of viscosity n may be measured by setting up an experimental system
with a constant gradient du,/dy in the x-component of the flow velocity, u, in the y direc-
tion and is given by

_ (o2
(du,/dy)

n
(15)

where ¢ is the macroscopic shear stress.

Unfortunately, methods based on the direct application of Newton equations without an
external force cannot be used to generate such non-equilibrium steady states as starting from
an arbitrary (and in general non-equilibrium) state given sufficient time the state of such a
system will eventually reach equilibrium. In order to achieve a non-equilibrium steady state
one can set up a system analogous to that used in experiments described above, that is, one
which is maintained in this state by means of walls and external reservoirs. However, this
type of inhomogeneous system has proven to be difficult to use in computer smulation if one
wishes to model a homogeneous system in awell-defined physical state.®* This is because
the effect of the boundaries (for example, non-uniform density) is large unless a very large
system is used.* Of course, if one wishesto simulate such a system then thereis no aterna-
tive but to simulate the whole system. Also the theory of non-equilibrium states in inhomo-
geneous systemsisfar from fully developed. Thus, other extensions of the Newton equations
have been developed which can describe general non-equilibrium states and, in particular,
non-equilibrium steady states which are based on modifying these equations of motion in
such a way that homogeneous systems may be used. This is done by an extension of the
methods used to generalise Newton’s equations of motion to treat constant-temperature sys-
tems at equilibrium outlined above.®> We will describe one particular approach of thistype,
the so-called SLLOD equations of motion and its generalisation which has proved to be very
useful in the MD study of non-equilibrium phenomena and has been recently used to derive
GLEs appropriate to non-equilibrium states.® Of course, once such states are set up proper-
ties may be obtained by time averaging, for example, in a system at steady state undergoing
simple shear we would estimate the viscosity # by®

(Py)

_ (1.6)
(du,/dly)

n

where P, is now the xy component of the microscopically defined pressure tensor and (--+)
represents time averaging. In computer-simulation studies this approach has the advantage
that relatively small systems may be used and the system’s state variables (e.g. defined by
the temperature and density) are uniform throughout the system. Thisisin contrast to the
simulation of systems with explicit use of walls to maintain the steady state.'-4
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As with the constant-temperature equations of motion these new equations do not need
to explicitly include a description of the dynamics of the external systems with which the
system of interest isin contact and which are needed to maintain the non-equilibrium state.

Having outlined the main ideas behind the mechanical description of a system of parti-
cles we will now set up a convenient notation and mathematical methods to describe this
mechanical state of a system of interacting particles and its time evolution.

1.2.1 Phase space and equations of motion

The classical state of the system of N particles at a particular time, t is described by the 3N
momenta, § = my; and 3N position co-ordinates r; of the N particles. These 6N variables
define apoint in 6N dimensiona phase space denoted by the vector,

I'= (£11£21---1LN’B’EZ""’BN)

Alternatively we may use the two 3N dimensional vectors defined by

p™ = (PP A E N = (115,01 )

Thus, in systems described by classical mechanics all the mechanical properties are
functions of T" only and equilibrium properties may be expressed as time (or ensemble)
averages and linear-transport coefficients and scattering functions as equilibrium time cor-
relation functions, see Appendix A.

In order to describe the time evolution of the mechanical state of the system, that is, its
dynamics we need to solve the equations of motion which describe the time evolution
of the system in phase space. Such a solution gives us the time evolution of T" and so we
may think of the time evolution of the system as describe by the 2N, 3-dimensional vec-
tors {r,, Iy, ..., Iy, P, Por .-, Pa} OF equivalently the time evolution of a single-point
phase-space point I" in 6N dimensional phase-space. In order to describe this dynamics we
need to develop equations of motion.

1.2.2 In equilibrium

For a system of particles at equilibrium we will consider a set of N particles of masses m
interacting according to a central force law E; whose dynamics may be described by
Newton’s equations of motion

Fi®) (d _(d
™ (E)\_/i = (dt]B (t)/m (1.7)
and

d p (t)
“lrty=v. ()= — "~ 1.8
(dtji.(t) vi(t) m (1.8)
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wherei =1, ... ,N

Thereisone vector eq. (1.7) for the velocity v, or momentum p, per particle and one vec-
tor eq. (1.8) for the position co-ordinate r;. The equation of motion of each particlei is
coupled to &l the other equations via the force F;. These equations are often solved
numerically in order to generate a trajectory in phase-space, this is the method of (NVU)
equilibrium molecular dynamics.®

One should be alittle more precise about what we mean by saying that Newton's equa-
tions may be used to describe the dynamics of a system at equilibrium. We should state
that using Newton’s laws then:

1. Starting from an arbitrary (and in general non-equilibrium) state given sufficient time
the state of such a system will eventually reach equilibrium.

2. Starting from an equilibrium state the system will pass through a series of equilib-
rium states whose probability of occurrence is given by f. ().

3. We cannot directly generate a non-equilibrium steady state.

As outlined above in order to describe other equilibrium thermodynamic systems we
need to modify Newton's equations of motion in order to keep variables other than total
energy U constant. This may be done in a variety of ways which may be readily imple-
mented in MD simulations. For example constant temperature may be attained by ad-hoc
scaling of velocities, the use of Gauss's principle of least constraint®® or by the
Nose-Hoover method.® In practice, all methods seem to work equally well at or close to
equilibrium but there is still much research being carried out to find which methods are
most appropriate far from equilibrium, thiswill be discussed in Section 1.2.3. We will now
outline the use of Gauss's principle of least constraint and the iso-kinetic equations of
motion as an example of such a technique.°

Gauss's principle of least constraint can be used to impose a constant value on some prop-
erties by adding constraints to Newton's equations of motion. This principle is used to mod-
ify Newton's equations to maintain constant values of some variables but in such away that
the trgjectories followed deviate as little as possible, in aleast-squares sense, from the uncon-
strained Newtonian trgjectories. To achieve constant kinetic temperature a congtraint is
imposed to maintain constant kinetic energy which leads to the modified equations of motion,

d P
—|r. == .9
(dth. m €9

where « is athermostating parameter given by

o= g(n'Ei/mi)/g pZ/m; (1.10)
-1 -

i=1—
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and this factor ensures that the kinetic temperature remains constant. It should be noted
that this method at equilibrium does not generate a canonical ensemble but rather an iso-
kinetic ensemble.

Gauss's principle of least constraint can also be used to maintain constant values of
other parameters, for example pressure, stress or entropy.®° Several other methods are
also available to maintain constant values of selected parameters using dynamical equa
tions, for example the use of ad-hoc scaling of velocities,'” the addition of a stochastic
term®® and the Nose-Hoover method'® to maintain constant temperature and Anderson’s
method to maintain constant pressure.8

1.2.3 In a non-isolated system

Asdiscussed in Section 1.2 non-equilibrium states such as a steady state can be maintained
by the use of external sources which impose gradients in some properties and which bal-
ance the dissipative processes occurring in the system, for example, heating effects due to
an imposed shear field. This may be done as it is experimentally by the direct modelling
of asystem of particles placed between wallswhich are also modelled explicitly, for exam-
ple, moving walls that shear the system and are maintained at constant temperature.
However, such methods can lead to very inhomogeneous physical states of the system if
small numbers of particles are used. Thus, methods have been developed which involve
modifying Newton’s equations of motion by including terms representing fictitious fields
as was described in Section 1.2.2 to maintain constant temperature in equilibrium. It has
been shown that using field-dependent equations of motion leads to homogeneous systems
which when combined with appropriate boundary conditions alow relatively small sys-
tems to be used to get accurate values of transport coefficients. One such method is a gen-
eralization the so-called SLLOD equations of motion developed for systems undergoing
shear which are Newton's equations of motion modified to maintain non-equilibrium
states and constant temperature, these equations are®1516

(ddt)r; = p/m +CF, (1.11)

(ddt)p =F; + D F.—op,
where C; and D, describe the coupling between the particles and the (constant) applied
field E, that is required to generate the desired dissipative flux, and « is a “thermostating”
parameter that ensures that the temperature or some other relevant variable remains con-
stant. Under these equations of motion the dissipation (the rate of change of the internal
energy due to the external field) is given by

IN)E, = i{g-a -D [%ﬂ Fe (112)

i=1
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where J(I') represents the instantaneous val ue of the appropriate dissipative flux, whichis
afunction of the phase point T

For constant-temperature simulations at nonzero values of the field, these equations of
motion generate an average rate of decrease in the volume of the phase space occupied by
the phase-space distribution function that is directly proportional to the rate of heat
removal by the thermostat. By contrast in equilibrium simulations this phase space com-
pression does not occur.

The thermostating parameter o which is introduced to keep the temperature or some
other variable constant has been derived by a variety of methods. The expression for o
depends on the expression used to evaluate the temperature and/or what property is held
constant. Two examples of expressions for « the first based on keeping the kinetic energy
constant (the Gaussian | sokinetic) and the second may be used to keep the energy constant
(the Gaussian |so-energetic),>1®

N
_ 2 (E-p/m +EsD-p/m) (113)
2 pi/m

oy

and
N
2e = F zizl([_)i ‘p/m+EG) _ —JV-E,
e N N
2P 2, Pm

Other methods of achieving constant temperature have been developed, for example, the
Nose—Hoover method which lead to different expressions for « and to different algorithms
for computing it.*5°

This and other related methods have been extensively used to describe systems in non-
equilibrium states. Thereis, however, still much discussion asto whether some of the effects
produced by these methods such as phase space compression are a characteristic of real sys-
tems or whether they are merely an artefact of the methods used to create a steady state in a
system without boundaries.?’ In particular as the fields which appear in these equations of
motion are not the external fields which onewould apply to aphysical system, they areintro-
duced in order to constrain some of the system'’s properties to have constant values. However,
such discussions will not concern us here as these methods can be shown to lead to the cor-
rect description of the measurable properties of a system even far from equilibrium.®

Thus, these methods and the numerical schemes based on them, the methods of non-
equilibrium molecular dynamics (NEMD) lead to the correct values of correlation func-
tions and transport properties in a non-equilibrium state.

(1.14)

1.2.4 Newton’s equations in operator form

In order to derive equations of motion for particlesin abackground of other particlesfrom the
above formalisms we firstly introduce the linear, Hermitian, Liouville differential operator L

{z{;ii}} )
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Notethat L isonly Hermitian if there is no phase-space compression and that iL isreal.
We now rewrite Newton's equations (1.7) and (1.8) as the following equations (see
Appendix A),

(&jy () = 2, (t) = F; (t)/m = iLy,(t
=iL{e"" v, (0)} = iL{G(t)y, (0)}

(1.16a)

(%)L‘ () =v;(t)=iLr(t)=iL{e"" r;(0) =iL{G(t)r;(0)} (1.16b)

where G(t) = €'t is called the propagator as it propagates a time-dependent variable for-
ward in time, and g(t) = F;(t)/m is the acceleration of particlei.

These equations written in operator form are entirely equivalent to Newton’s equations
and if solved exactly will lead to precisely the same trajectories of each particle as the
exact solution of Newton’s equations.

1.2.5 The Liouville equation

A fundamental equation, which may also be used to describe the dynamics of a system of
interacting particles, isthe Liouville equation which is an equation of motion for the N-body
distribution function which gives the probability of finding the system at a particular point
I in phase space at a particular timet. This equation may be derived from the equations of
motion of the system and will, thus, depend on the form of this equation of motion.

1.2.6 Liouville equation in an isolated system

In equilibrium since any function of the phase space vector may be written in terms of L
asin eg. (1.16) and we may write such an equation for the N-body equilibrium distribution
function (I',t) which is called the Liouville equation%5

—iLfN@ ) =iL{e " £N(T,0)}

= (o/ot) N (1.17)

Because of the fundamental roles played by the Liouville operator and the N-body dis-
tribution function the above equations are of central importance.

1.2.7 Expressions for equilibrium thermodynamic and linear transport
properties

Asany phase variable A (scalar, vector or tensor) in classical mechanicsis afunction of r;
and y; only it may be expressed as A(T',t) then

(%) A(t) =L A(t) = iL{G(t) A0)} (1.18)
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which by integration (see Appendix A) leads to

At) = ' A(0) = G(t)A(0) (1.19)

A time-correlation function may then be expressed as
(A0)B(t)) = [ f,A"(Q) B)dI = [ f,A"(O)[ ™ B(O)]dI (1.20)

An equilibrium time average, that is, an equilibrium ensemble average may be
expressed as a zero-time value of a correlation function,

(A0)B(0)) = [ T, A"(0)B(O)dI (1.21)

Hence, all equilibrium thermodynamic, linear transport coefficients and scattering
functions may be expressed in operator form also. A summary of the relations between
correlation functions and many of these properties and derivations are given in
Appendix A.

1.2.8 Liouville equation in a non-isolated system

In non-equilibrium states described by the equations of motion eq. (1.11) the form of the
Liouville equation that is commonly used to describe the evolution of the N-particle dis-
tribution function for Hamiltonian systemsis then invalid, and a more general form of the
Liouville equation, including the effect of phase-space compression, must be used instead.
The Liouville equation in this case takes the form?®1516

of /0t = —0/0T-T(F(I', 1)) (1.229)
=—iL, f (1.22b)
(1.22¢c)

=—(iL, +(~o/or-I")f

which defines the f-Liouvillean, L, the p-Liouvillean, L ;, and the phase space compres-
sion factor 0/0l"-I" = A. The f-Liouvillean propagates the distribution function and the
p-Liouvillean propagates phase variables. A similarly modified form of the Liouville
equation isalso required for the case of a system in thermal contact with the environment
(see Section 9:12 of McLennan's book?! for an illuminating discussion). An interaction
of this type is essential for the establishment of a steady state, because dissipated heat
must be removed from the system in order to maintain a fixed temperature.
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1.2.9 Non-equilibrium distribution function and correlation functions

Consider an equilibrium system to which a steady field is applied at timet = 0 which pro-
duces a non-equilibrium state. The time-dependent distribution function describing the
system will be now be given by the solution to the Liouville equation,?2

F() = fo (F,O)exp[— JaC0FR, er (1.23)
0

where f,(I",0) is the equilibrium distribution function of the original system, and J (—t)F,
is the dissipation within the system due to the external field, propagates backwardsin time
under the field-dependent, thermostated equations of motion (eg. (1.11)). This distribution
function was originally derived by Yamada and Kawasaki? to describe the evolution of a
system subject to field-dependent adiabatic equations of motion, but it was subsequently
shown by Evans and Morriss®? that the form of the distribution function is unchanged by
including a thermostat in the equations of motion and allowing for phase-space compres-
sion in the Liouville equation.

The Kawasaki distribution function contains the integral of the dissipation explicitly, so
it can never be independent of time, even if the system isin a steady-state. This can be seen
by taking the time derivative of eq. (1.23):

() _

_R1(— 1.24
o BI(—t)F.f(T,1) (1.24)

The non-equilibrium ensemble average of aphase variable A at time t is defined by

(A®) = [ f(OA®)dr (1.25a)
= [ f(®Adr (1.25h)
= [ () At—7)dr (1.25¢)

where A = A(0), and f is the non-equilibrium N-particle distribution function (1.23). The
three definitions of the non-equilibrium ensemble average are the Heisenberg representa-
tion (1.258), the Schrodinger representation (1.25b) and a more general mixed representa-
tion (1.25c). All three are equivalent due to the adjoint relation between the f- and
p-Liouvillean operators.®

The system is said to be in a non-equilibrium steady-state if the ensemble averages of
all phase variables become time-independent in the presence of the field. The time deri-
vative of the ensemble average of an arbitrary phase variable® is

(1.26)
d/dt(A(t)) = —BF.(At)J(0))
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where the Schrodinger equation and mixed eg. (1.25¢) representations, and the time
derivative of the Kawasaki distribution function (1.23) has been used. If the system
displays mixing then all long time correlations between phase variables vanish. Therefore
ast — oo,

d/dt(A(t)) = —BF.( A(t)J(0))»—BF.(A(t))(J(0)) = O (1.27)

because the average value of the dissipative flux in the original equilibrium system is zero,
that is, (J(0))=0.
The non-equilibrium time-correlation function of two phase variables is defined as

(A(t+7)B*(t)) = j f(I,0)A(t+7)B*(t)dl’ (1.283)
= [f(C.)A@)B dr (1.28b)

where the first line is the Heisenberg representation definition, and the second line is a
mixed representation definition. Similar to eqg. (1.25), the non-equilibrium time-correlation
function becomes independent of the time origint ast — oo, if the system is mixing.

In the development of the generalized Langevin equation in non-equilibrium, it is nec-
essary to know how the p-Liouvillean operator behaves inside the time-correlation func-
tion defined by eqg. (1.28).

Using the mixed representation, we have

iLpAt+0)B (1)) = [ F(T,D[ILA®)IB AL

(1.29)
= j f(I,t)[[+0A(z)]B* dI
whereilL , isthe p-Liouvillean defined earlier. Integrating eq. (1.29) by parts,
(iLp A(t+17)B*(t)) =] f (I, H)[A(t)B* g
~[ (@ar-(rt (0 ))A()B* dr (1.30)

~[ (0, )A(R) =08 /0T dI

The first term vanishes due to the distribution function going to zero at the boundary of
the system and when the momentum of any particle tends to infinity. The second term is
simplified by using the Liouville equation (1.224) and the partial time derivative of the dis-
tribution function (1.24). The third term in eq. (1.30) is simplified because the equations
of motion are real, that is, I'=T..
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Thus eg. (1.30) becomes

(ILpA(t+1)B" (1)) = —BF(A(t+1)B’(1)3(0)) (1.31)
—(A(t+7)(LB(t))")

If the system is mixing, then ast — oo, the p-Liouvillean becomes Hermitian in the cor-
relation function defined by eq. (1.28), that is,

(1.32)
(ILp At +17)B* (1)) = —(A(t + 7)(ILB(t)))

The instantaneous and time-averaged values of variables in non-equilibrium states may
also be computed from the solution of the equations of motion (eg. (1.11)) and from
knowledge of non-equilibrium distribution functions. For example, we may calculate the
values of the components of the pressure tensor P,; from which we may cal culate the shear
viscosity even under conditions where the time correlation expression given in Appendix A
isnot valid.

Thisformalism is now sufficient to describe the properties of a system in non-equilibrium
states which may be generated by use of the generalised SLLOD equations of motion.

1.2.10 Other approaches to non-equilibrium

The above formalist, based on the SLLOD-type equations of motion is not the only
approach which may be used for treating non-equilibrium systems. Two other approaches,
which have been used to derive Langevin type equations, are the non-equilibrium distri-
bution function approach of Oppenheim and Levine®* and the projector operator method
of Ichiyanagi.?® The former approach, based on the assumption of local thermodynamic
equilibrium has been used to derive a Langevin and a Fokker—Planck equation for one
Brownian particle in a non-equilibrium bath.?* Ichiyanagi’s study?® uses projection opera-
tor methods in conjunction with the von Neumann equation to derive a GLE for quantum
mechanical non-equilibrium steady-state systems. The results are largely formal and are
not directly useful for NEMD simulations because of the way heat is assumed to be
removed from the system.

1.2.11 Projection operators29:26

One of the purposes of the generalised Langevin approach is to reduce the 6N coupled
equations of motion to one equation per species or to those appropriate to all the particles
of a particular species. Thus, we will derive an equation for a “typical” particle of each
species present or for that speciesthat we are interested in and once we have written down
the fundamental equations of motion for the al the particles in the system we want to
“project out” the dynamical variables of interest. In practice this projecting out involves
averaging (integration) over the degrees of freedom in which we are less interested and
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lead to amore coarse-grained description of the dynamics than that provided by the start-
ing equations of motion. To do this we start with the full description given in the sections
above and use a projection operator, P. The resulting equations in their exact form are
entirely equivalent to the original coupled equations of motion from which they are
derived however their use will be shown to offer many advantages in certain circum-
stances.

To introduce the concept of a projection operator we will define the general properties
of such an operator P, that is>92

PA=P, A=A (1.33)
PP A=A
$5
P,P, =P; =P, (idempotency) (1.34)

We may aso define the complement of P by Q = 1 — P so from eqg. (1.33),
QA=(1-P)A=1A-PA=A-A=0 (1.35)

For any projection operator we have, for a system with a time-independent Liouville
operator, an exact relationship, the Dyson decomposition, which will enable us to write
exact equation of motion for a particle (see Appendix B),

t
G(t) =M = + [ I ipL " dr (1.36)
0

We will make extensive use of operators and, in particular, projection operators in the
formulation of GLEs. The actual form of the projection operator P will depend on the
problem at hand and its characteristics. Thus, the form of P will be dependent on which
variables are averaged over, for example, al particles but one and what the physical state
of the system is, for example, at equilibrium or in a steady state. A majority of examples
studied to date have, however, been for homogeneous systems.

1.3 SUMMARY

Since the equations introduced here will appear often in subsegquent chapters it is useful
to briefly summarize below the approach and some of the methods discussed in this
chapter.



EQUILIBRIUM

NON-EQUILIBRIUM

Equations of Motion g ;
d d pe (EJB:E‘H‘)‘ TR =
(_)B(t):Ei ), (_)Li(t):_ (i=1,..,N) d _ 3
dt dt m (ajgi =p/Mm+CF, (i=1..N)
Liouville Equation
d _ g
( d ) (O =L D (Ej f(I',t) = —o/01- (CF (T, 1))
dt =L (1)
= —(iLp — /0TI f(T,t)
Time-Dependent Distribution Function
(1) = exp(-iL) (T 0) (1) = (T 0)exp(—f A—1) o)
0
Ensemble Averages (A@t)) = J‘ f(0)A(t) dT’
(AO)) = [ f(T) A©) dI =[fOAOdr
= [f(D)At—7)dr
Time-Correlation Functions
(A0)B(0)) = [ T, (M)A (0)B(t) dT (AT +0)B"(t)) = [ (I',0) At +7)B"(t) dT

= [ £ (D) A" (0) exp(iLt) B(0) AT

= [ (T AD)B () dr
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1.4. CONCLUSIONS

In order to describe the classical state of a system at a particular time we must be able to
specify the position and momentum of each particle in the system or equivalently to list the
phase space co-ordinate of the system. The evolution of this mechanical state of the system,
that is, its dynamics, requires an equation of motion. Newton's equations of motion are suf-
ficient to describe the dynamics of an isolated system but modifications of these equations
of motion have to be made in order to describe the state of more genera systems such as
the equilibrium state at constant temperature and non-equilibrium steady states.

In order to calculate the non-mechanical properties of a system we must introduce new
physical laws such asthe Ergodic Hypothesis, over and above those needed to define the equa-
tions of motion. However, to calculate either equilibrium thermodynamic properties or linear
transport coefficients thisis al that is needed beyond the output of classical mechanics.

However, further extensions of mechanics are needed to keep variables other than N, V
and U constant at equilibrium and to treat non-equilibrium states. These involve modify-
ing the equations of motion themselves.

One may write the classical equations of motion for a system of particles appropriate to
different states in operator language. This leads to an equivalent operator form of these
equations of motion, to different forms of Liouville's equation and to expressions for the
properties of these many-body systems which we shall make use of in subsequent chapters.
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The Equation of Motion for a Typical Particle
at Equilibrium: The Mori-Zwanzig Approach

In order to illustrate the generalised Langevin approach and to introduce the method of
derivation we will choose one particle in asystem at equilibrium (atypical or “tracer” par-
ticle) and derive an equation of motion for it. Thisis the approach pioneered by Mori* and
Zwanzig.? We will also use velocity of this particle as an example to introduce these meth-
odsin arelatively easy way and subsequently generalise this method to the description of
the time dependence of other dynamical variables and of time correlation functions.

2.1 THE PROJECTION OPERATOR

Following Berne®# we will initially consider only the normalised velocity u; of particlei.
First let us define the symbol () by

(AB) = [ fa ABI

and then define the normalised velocity by u;,

47 v, \__’: vz @1
_ lww)
)=y e @2
vy .
byl =y

21
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This normalised form of dynamical variable means that {u} forms an orthonormal set
of vectors, which is convenient particularly when generalising to Quantum Mechanical

variables,
()2 (@ 7

where we have defined the normalised vector b, by a/(vv)¥? (note that the normalised
acceleration b has dimension t™1).
In order to average over other variables we will define the projector

PAT)=P A
Yllu A)
y {f oy Adr]

V)

_ (<\_/i A>]V
<Viz> A (2.4

= (J f;Hi Adr)!i

<

Here, fo,(I') is the N-body equilibrium distribution function which involves all particles
in the system even including the selected or “tracer” particle. We choose thisto be the equi-
librium distribution function appropriate to an NVT system which is given by

g HDAT

feq = J‘efH(r)/del—

(2.5)

where H is the Hamiltonian for the system. Thus, we have introduced a constraint on the
system from the outset by use of this projection operator, i.e. we assume that the system is
a homogeneous, equilibrium, NVT one.

In particular,
Py = <9i Y; >!i
_ {<\_/i v >J v
V) v v V2
__ Y (2.6)
v, v, V2
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and

= (Pgis (2.7)

- 2.8
s (28)
so, clearly, P is a projection operator.
The complement Q of P is given by
Q=1-P, ieQ+P=1 (2.9
Qu; =1y, — Py,
=u-—u (2.10)
=0
We could equally well use y; and then define P by
, A
P AT)=P A= <<V2 > )
Y j foq Vv AdD
foq V. v. dI’
j = (2.11)
[<\_/i A>J
= Vi
S L)

If we write u; as the vector Iu), then (u; u;) is the scalar product and therefore we may
write P = |uyu| and P" = |v;)vi|//v; vi). Thus, it is obvious that working with |u;) (i.e., u;) and
P isentirely equivalent to using |v;) (i.e., ;) and P’. We have chosen to use the normalised
velocity and the definition of P given in eg. (2.6) to agree with the notation used in refer-
ences 3 and 4. The definition used in eq. (2.11) would, however, result in the same form
of equations and conversion from one set to another is easy.

2.2 THE GENERALISED LANGEVIN EQUATION

We apply the Dyson decomposition (1.36) to u;(t) and this leads to

(%)yi (t)=€"Lu (0) +jeiL‘H)iPLeiQ“ |QiLy, (0) dr (2.12)
0
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or

(%)yi (1) = €Ly, (0) + [ " iPLE?|QILy, (0) de @13)
0

We will now interpret the termsin (2.12) and (2.13) and first the term

bR (t) = €Ly, 0)

— ei(l_P)LtiLU- (O) (214)

is the “Random Force” by analogy with the Random Force introduced by Langevin. Note,
however, that inits current form it does not have the dimensions of force, in fact, its dimen-
sions are t1. Also there is nothing random about this “force”, rather it has often been
approximated by arandom term. This is often necessary in practice since we usually only
know itsfirst two moments (see below) and from an information theory point of view then
the most reasonable approximation to this term is a Gaussian random variable.

Similarly, the other term in (2.12) may be written in a more understandable way (see
Appendix B),

_t[eiL(H’ iPLE Y [QiLuy, (0)dr = —j u;(t—1){iLu; (0)€' %" iLy, (0))dr

0 0 (2.15)

=K (u t—-1)de
0

and the term
K, (z) = (iLy, (0)€'?"" iLy, (0)) (2.16)

isusualy called the memory function.
Thus, the equation of motion of a single particle or generalised Langevin equation
(GLE) for particlei may be written as

(%)9‘ ©= _£ Ky (D)u; (t—7)dr+b (1) (2.17)

where
bf (t) = €Ly, (0) (2.18)
and

K, (t) = (iLy, (0 €Ly, (0)) (219)
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(b (Oyby* (1)) = (€9 iLy (0 %" iLy (0))
= (iLy (0)e' ' iLu (0)) (2.20)
=Ky(®)

Thus, the memory function is the time correlation function of the random force
(see Appendix B).
It may also be shown that the following relations hold (see Appendix B):

<9F(0)-9F(t)>=%= K, (®) (2.21)
(u (Oyb* (1)) =0 (2.22)

(b (®)) = (b (0)) =0 (2.23)

QiLuy, (t)=(1—P)iLy,(t) = (%)[L_Ji | (2.24)

Thus, the random force is uncorrelated with the velocity and al we know about this ran-
dom force isits mean value (which is zero), its mean square value, that its time autocorre-
lation function is the memory function and that it is uncorrelated with u.(t) (i.e., with vi(t)).
Hence, areasonable approximation to this random force is a Gaussian random variable with
amean of zero and amean square value equal to the memory function for uj(t). In fact, from
an Information Theory perspective as we know only its first two moments then the least-
biased estimate of bR(t) isto assume it is a Gaussian random variable (see Section 3.4).

Thus, the “random” term bR(t) in the GLE is not random rather it is uncorrelated with
the chosen variable, the particle velocity u(t) and it is often said that it occupies the space
orthogonal to that occupied by u;(t). Thus, by averaging over certain of the N degrees of
freedom of the system we have, in effect, lost some information. We could of course go
back to the full description of the system and solve the N equations of motion and obtain
al the dynamical information but if we wish to only follow the trgjectory of one repre-
sentative particle i using the GLE (2.17) then we can only know a much more limited
amount of information than we started with using the description based on Newton’s laws.
This new, “coarse grained”, equation of motion contains a force term about which we
know only limited information, i.e. contained in egs. (2.21)—2.23) and we cannot there-
fore exactly determine this force.

Thisisreminiscent of our treatment of a non-isolated mechanical system in contact with
its surroundings, if we wish to describe such a system in terms of mechanical equations of
motion then we must create a super-system consisting of the system plusits surroundings.
If not and we wish to only treat the system in terms of the particles contained in our
system of interest then we treat the environment as providing a constraint on the system’s
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properties and the surroundings only appear as constants in the equations describing the
system’s variables. In contrast to this case, however,

1.  Weareforced to use a stochastic description because of lack of detailed knowledge
of bR (t) whereas the dynamical equations derived to maintain constant temperature,
e.g. (1.9) are entirely deterministic.

2. Wehave eliminated all the particles of each species but one representative one.

However, we could define a projection operator to project out the effects of all the par-
ticles belonging to the surroundings and then we would obtain a stochastic equation which
would represent the effect of the surroundings by a random force and a memory function.
We will return to thisideain Chapters 5.

One of the important concepts in the theory of random processes is that of a Markov
Process (MP), i.e. one in which the next state of the system only depends on its current
state and not the history of how the system got to that state (see Section 9.4). Now the
future state of a system described by Newton’s equations of motion (or by the time depend-
ent Schrodinger equation) is fully determined by the present state of the system and so the
dynamics may, in this sense, be thought of as Markovian but are also deterministic.
However, the GLE for the evolution of the velocity (momentum) and position depend on
the memory function K (t) which isafunction of the dynamical history of the particle prior
to the current time, i.e. the GLE is non-Markovian. This aspect has been introduced by the
averaging over al the velocities of the other particles in the system by use of the projec-
tion operator P. They are a so stochastic due to the appearance of the random force. Thus,
we have introduced both non-Markovian behaviour and random (stochastic) behaviour by
our averaging processes.

2.3 THE GENERALISED LANGEVIN EQUATION INTERMS OF THE
VELOCITY

All the above has been written in terms of the normalized velocity u; which is given by
u = v/(v, v)¥% so we may write (2.17) as

(%) V(1) = [ K, (2) v, (t =)k +af (1) (2.25)
0
where af (t) = bR(t) (; )%

EXOERO) (2.26)

<\_/i Vi )

K, (1) =K, (1) =
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or
@Oyl ) = (v v, K, (1)
_ [3kBTJ <. (1)
m
and
(af(0) ={v,-v {b)=0 (2.27)

Note that we have imposed the condition that (v.-v;) = (3kgT/m) and that the dimension
of aisLt™? and so it is an acceleration.

We may write an equation of motion analogous to Newton's second law by multiplying
(2.25) by the mass of particlei,

m (%)\.« ®=-m[K, @)y t-)dr+ER (1) (2.28)
0
where
Ef®)=mb (v, v "*=ma’(t) (2.29)
(EF(OyER () =P {af (0ya’ 1)
AN R (OF-W0)
KO =KO=Z0 o
_ (EFOYE" ®)/(nY)
{3k T/m}
_ErOFE®)
{3ksTM}
or
(ERO)ER (1)) = (3kgTM) K, (1) (2.30)
and
(EF(0) = (a7 (@) =0 (2.31)

Eqg. (2.28) isthe generalisation of the empirically derived Langevin equation (LE) (1.1)
and isusually called aGLE. Thistype of equation is Newton's second law with force terms
representing the effect of the background particles on the selected particle. In fact we have
started with Newton’'s equation for v, (one equation for each particle in the system) and
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derived from them one equation for the velocity v, for a typical particle of each distinct
species of particles for a system at equilibrium.

It is often stated that the forces in this GLE are of two types, i.e. a drag force which
slows the particle down and a random force which compensates for this drag and provides
energy from the bath to keep the temperature fixed at a constant value T, i.e. it is an equa
tion of motion for a particle in a canonical ensemble. Thisis at first sight a curious thing
as the original Newton’s equations do not represent the dynamics of a system whose tem-
perature is constant but one with a constant total energy, i.e. a microcanonical ensemble.
But we have introduced the constraint of constant temperature in the derivation of the GLE
by defining the projection operator P in terms of the equilibrium distribution function for
an NVT system and by imposing the condition that (v;-v;) = (3KgT/m).

2.4 EQUATION OF MOTION FOR THE VELOCITY
AUTOCORRELATION FUNCTION

An added advantage of this formalism isthat by multiplying (2.25) by v;(0) and then taking
an equilibrium ensemble average we obtain an equation of motion for the velocity autocor-
relation function C,(t) and for the normalised velocity autocorrelation function c(t),

d t
—C, (1) =—[K,(1)C,(t—7)dr (232
ot )
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Figure 2.1 The normalised velocity autocorrelation function, c(t) and corresponding memory
function, K(t) for the “solute” particles in a mixture of heavy “solute” and light “solvent” particles
interacting viaa CWA potential.
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or
d t
2o0= —l K, (7)c, (t—7)de (2.33)

where C(t) = ( v;(0)-v,(t)) is the velocity autocorrelation function and
c(t) = (v(0)-v;(t))/( v; (0):v;(0)) is the normalised velocity autocorrelation function.
Thus, we have explicit equations of motion for time correlation functions from which
K (t) may be evaluated numerically by the use of EMD simulations or we may theoretically
model the behaviour of C,(t) by modelling K (t) which will be discussed in Chapter 3.
The velocity autocorrelation function ¢, (t) and the corresponding memory function K (t)
for aheavy particle in abath of lighter particles all interacting viaa CWA potential as cal-
culated by the EMD method may be seen in Figure 2.1. Thisfigure illustrates the general
principle that atime correlation function is of much longer range in time than isits related
memory function.

2.5 THE LANGEVIN EQUATION DERIVED FROM THE MORI APPROACH:
THE BROWNIAN LIMIT

In order to provide alink between the GLE and the Brownian motion we will now give an
approximate derivation of the LE starting from the GLE. In the Brownian limit, the ratio
of the mass m of the background particles to that of the selected heavy B particle Mg,
A = m/Mg, becomes small, it is then convenient to divide the particles up into two sub-
groups because of the enormous difference in the time scales of motion of the B and of the
bath particles. We will do this rigorously in Chapter 5, however we can get an idea of what
the result will be by looking at the GLE (2.28) for asingle “tracer” particle given above.

Now in the Brownian Limit when 4 = (m/Mg)Y?— 0, i.e. Mg>>m, then it is reasonable
to assume that the memory function for the heavy particle is given by a delta function in
time as the motion of the bath particles and the relaxation time of their dynamical variables
is very, very much faster than that of the velocity of the B particle (see Appendix D for a
more detailed discussion),

K, (t) = 4,0(t) (2.34)
or

RA9= =3y =
where y is the friction coefficient and (" the friction factor defined as { = Mg .

We will show later that thisis equivalent to the use of the simplest truncation of the rigo-
rous Mori continued fraction expression for the memory function (see Section 3.3).
Writing the velocity of the chosen particle v; as Vg and its mass as Mg and substituting
(2.34) into eg. (2.28),

Mg %\ls(t) =—{Vg(®)+Fg(t) (2.35)
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and from (2.30) and (2.31),

[E5(0)=0 (2:30)
(FR(OYF5 (1) =3ksT 8(2) (2.37)
=3yMg kg T (1)

In this case we may also approximate the friction coefficient by (see Appendixes D and E),

©

1
8 = [ MokT ] { (Fg(0)Eg(t))dt (2.38)

where the subscript 0 means ensemble averaging over a system with Hamiltonian H,
which is the Hamiltonian for the total system minus the terms pertaining to the momen-
tum of the Brownian particle. Thisis of the form of the empirical LE.

As was remarked in Section 2.2 Newton's equations can be thought of as a determinis-
tic, Markovian description of dynamics as the future dynamical state of the system is only
dependent on the current state of the system. However, when we transform Newton’s equa-
tions by projection (averaging) the exact GLE (2.28) is non-Markovian since we have to
know the history of the system to calculate the memory function and it is also non-
deterministic due to the presence of the random force of which we only have limited
knowledge. Now we have approximated the full GLE by the LE (2.35) and obtained an
equation which describes a Markov process (because of the delta function approximation
to the memory function (2.34)) but which is now stochastic due to the random force term.
In essence the assumption of a delta correlated memory function means that we are assum-
ing that all the processes happening in the bath particles in the presence of the Brownian
particle have relaxed to equilibrium before the Brownian particle has moved.

More discussions as to the usefulness of the equations of mation in the Brownian Limit
will be made elsewhere.

2.6 GENERALISATIONTO ANY SET OF DYNAMICAL VARIABLES

In Section 2.1 we used the velocity of a single particle v; as an example of a dynamical
variable and derived an equation of motion for this variable. Let us now consider any
dynamical variable A(t), i.e. any function of I" and t and return to using the vector nota-
tion, i.e. we will write A(t) as|A(t)) and define the projection operator P, by>®

P, =| A(0))(A(0)| (A(0)A0))* (2.39)

where (---) once again means ensemble averaging as in Section 2.1 but we will not assume
that |A(t)) is normalised.
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From (1.18) and (1.19),

| At)) =€ | A0))

SO
d
P LA(t)>
_ YLt
“ | A))
=e"iL|A0)) (2.40)
=eMiL1| A(0))
=e™iL(P+Q)| A(0))
Using (2.39),

e iLP| A(0)) _
=(AQ)|iL | A0)) (AQ)A©0)) ™ |A(0))
=iQ|A®)
where we have defined the frequency Q by
iQ=(A(0) |iL| A©)/((AQ)AQ)) (242)

Thus, using the Dyson decomposition (see Section 1.2.11 and (1.36)) of the operator €t
we have

% | A()) =iQ| At))+ € iQLt +j iLPe " iQL| At))dr (2.42)
0

Define the random force by

FR(t)=€QL| A®t))

2.43
= QeMiQL| AY)) 249

and, thus it may be easily seen that

[EXA=0 (249

Now, iPLER(t) = iPLQER(t) = (iPLER(t)A(AA "A(t)) but since Q and L are Hermitian
then,

(ILQER (M)A =—(FR®)iQLA) = (FR(t)FR (1)) (2.45)
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and so,

IPLE®(t) = (FX()F () (AA [ A(t)) (2:46)
So once again we may define a memory function,
Ka(®) = (ERE" () (AA]™ (2.47)

and using egs. (2.42), (2.46) and (2.47) we have the equation of motion or GLE for the
dynamical variable |At)) = A(t),

d’;it) iQ At)— j K, (x) At — 7)de + ER (1) (2.48)
This is the generalisation of (2.25) and once again the random force is uncorrelated with
the variable A(t) ((2.44)) and all we know about it isthat it is proportional to the memory
function (from (2.47)) and its mean value is zero.

As before we may take the scalar product of (2.48) with (A(0)|, i.e. multiply A(t) by A(0)
on the right of (2.48) and ensemble average then we have an equation of motion, a GLE
for the autocorrelation function C,(t) = (A(O)A(t)),

%z IQC, (1)~ [KA(1)Calt— 1) ke (2.49)
0

Eqgs. (2.48) and (2.49) may be readily generalised to the case of a set of M variables
{AL A,,..., Ay} and if we represent this set by a column matrix A and define the correla-
tion matrix C(t) = (A(t)A*(0)) where A(t) is a column matrix with elements &* tA(t) and
A™(t) isthe Hermitian conjugate of A(t) and, thus, C(t) isan M X M matrix whoseijth ele-
ment is C;(t) = (A(Y)A(t)) then define the static susceptibility matrix x by

C(O)=(AA") ="y (2.50)
and a projection operator P by
P=_.A")MAA*)A = A" )yrA (2.51)

Following the procedure above used to derive (2.48) and (2.49) we obtain the GLE for
the set A,

dAt(t) — HQA(D)— j K, (1) At — 1) ce + FR (1) (2.52)
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and the equation of motion for the time autocorrelation function matrix C,(t),

Cal®) _ HOQC, ()~ [KA(1)Cp(t—1) 0 (253)
0

Thus, we may write equations of motion for any dynamical variable or set of dynami-
cal variables.

2.7 MEMORY FUNCTIONS DERIVATION OF EXPRESSIONS FOR LINEAR
TRANSPORT COEFFICIENTS

A simple argument may be used to show that the linear transport coefficients may be
related to integrals over autocorrelation functions. %1 Returning to the GLE equations for
any set of dynamical variables A(t) and their correlation functions C,(t) = (A(Q)A(t)), i.e.
(2.52) and (2.53) if we average (2.52) over a non-equilibrium ensemble, then

d<A(§:)> = +HiQ(A(L)),e j A(t— K A (t)de+(FR()) (2.54)
0

If we can assume that (FR(t)),, = O, e.g. in a state “close to equilibrium” then from (2.53)
and (2.54) we have that the dynamics of non-equilibrium and the behaviour of C,(t) are
governed by the same equation and, thus, that the linear decay of a dynamical variable A,
i.e. the dissipation in a non-equilibrium state is governed by the same processes as the
decay of the equilibrium correlation function which is afluctuation at equilibrium. Thisis
Onsager’s famous result relating dissipative processes in a non-equilibrium state to fluctu-
ations in an equilibrium one.®
Furthermore, if we write these linear rate laws governing dissipation of currents as
<A(:)> F(A),, (2.55)
and

F = [iZz+L]y * where L are the Onsager coefficients. Then taking the limit t — « and
making the heuristic argument that'©

T(A(t — 1)K A () dr = T K A (7)dt(A(t—1))e (2.56)
0

0

then (2.54) and (2.55) give,

K;(s)ds (2.57)

I_
Il
O'—.S

which is the Green—Kubo relationship for L.
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The “derivation” given above'® is not rigorous but serves to indicate that we may use the
Mori—Zwanzig GLE to obtain expressions for the linear transport coefficients in terms of
correlation functions in equilibrium. There are many more rigorous derivations of the time
correlation function expressions for transport coefficients'*16 (see Appendix A) and in the
next section we carry out this derivation in a more formal way for shear viscosity using a
method due to Evans and Morriss.® It is convenient to work in k-space and then take the
limit as k — O in order to get these expressions.

2.8 CORRELATION FUNCTION EXPRESSION FORTHE COEFFICIENT OF
NEWTONIAN VISCOSITY

Now for any dynamical variable A(t) we will write the GLE in the form

dA) _

. [Ka(@) Att=)ce +E7 (1) (2.58)
0

where K(t) = (ER(t) ER(0)/(ER"(0) ER(0)).
Defining the flux of momentum by

J(r,t) = p(r,t)u(r,t)

then

I(k,1) = [ plk—K)u(K', 1) dk’
= ||_<2 my, (t) gkr®
=ik (k1)

where the instantaneous density is given by
N
p(r,t) = mi(r —r;(t)
i=1
Thus,

o) = [ 3 (e —r, () el
i=1

i=
N

=Y mekio
i=1
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Let us consider the particular case in which we want the flux of the x component of
momentum in the y direction, then

N . .
‘Jx(kyvt) = 2 v, (1) e

= 2 P (t)elkyl(t)
i=1
= ikyPyx(ky,t)

and obviously J, = J,(K,t) — Py(t) ask, — 0.
Now we have

3 <i P (0)€"" Zp (O)e"k”(°)>

=1 J -1
- N<p 1(0) +N(N—1)(p,, (0)p,, (0) *OHO~y20))

and PP, (k) = (P, (k) J(—k)/(l3(k)?) =
F(0)=iQLJ,
= (1—-P)ik,P, (k)
= ik, Py (k,)
and

__ _jQLt:
Fe(t) = €Mk, P, (k)
Using the Dyson decomposition (1.36) of the operator €<,

t
gt = elQLt +J‘e|L(t—s)PiLe|QLs ds
0

and combining this with the above,

(3, (k, 1) ILB)J, (K, )
(NmkgT)
—(B(ILI, (ky, 1)) 3 (k1)
(NmkgT)

PiLB=
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Hence, we see that €9 — €' ask, — 0 and, thus,

_E*®ER©0) k5 (P Ky ) P (K, 0))
FTOEv @) “° (ks T)

and substituting this into (2.58) and ignoring the random term we have,

dJ, (k,,t
Lim—X( !

k,—0 dt
2 t

[Pk, 9 Py (K, 0)) 3, (K, t —9)ds

(NkaT)
+ik, Py (K, t)

and as di(kb/dt = ikP,(k,t) and —ik, Ikt — Hp = §(K), i.e K.t —

= (K)p/(ik)) where p = mMN/V so,

k2
(NmkgT)
ik, Py (K, 1)

ik, P (K, t) =

h - —p(k)Nm
[Pk, 9) P ( ky’o){—(—ikyV)dsJ
= —i Ky/(TV) [ (P, 9) Py (K, 0)) (k) s

0

+ik, Py (K, 1)

Soasky—>0,
1 .
P (ky,t)—(k W)j(P (K, S) P (—k,,0)) 7(K) ds+ P, (k. £)
i.e.,
-1
P = ey j<P (9P, (0))ds
or
e,
Y
1

- TV)J<P (9P, (0))ds

s) =

(2.59)
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This equation, eg. (2.59), is the Green—Kubo formula relating the Newtonian shear vis-
cosity coefficient 7 to an integral over the stress autocorrelation function, (P,(s) P,,(0)).

An example of a stress autocorrelation function, (P,,(s) P,,(0)) obtained from an MD
simulation of a system which is 4% by number of heavy “colloid particles’ in a back-
ground of light “solvent” particles interacting viaa CWA potential at a reduced tempera-
ture kg T/e = 1.0 and reduced density po® = 0.705 is shown in Figure 2.2 and the integral
over this function, [(P,(s)-P,,(0)) may be seen in Figure 2.3.

A similar procedure may be used to derive expressions for other transport coefficients
in terms of time correlation functions, some of these expressions will be found in
Appendix A.
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Figure 2.2 The stress autocorrelation function (inset shows detail) from an NEMD simulation of a
system which is 4% by number of heavy “colloid particles’ in a background of light “solvent” par-
ticles interacting via a CWA potential at a reduced temperature kg T/e = 1.0 and reduced density
pao=0.705. (Figure courtesy of Dr. T. Kairn, RMIT, Applied Physics.)
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Figure 2.3 The normalised integral of stress correlation function (three sets of data) for the same
system as shown in Figure 2.2. (Figure courtesy of Dr. T. Kairn, RMIT, Applied Physics.)
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2.9 SUMMARY

Astheideas introduced in this chapter, such as the use of projection operators, are central
concepts we summarise below in diagrammatic form the ideasinvolved in deriving aGLE.

Newton's Equations
- One Equation per Particle

\:

Louville Operator

\!

Newton's Equations in Operator Form
- One Equation per Particle

|
Mori Projection Operator Average Over All Particles and Dyson Decomposition
)

Exact “Tracer” GLE for Velocity, v(t)
- One Equation for a Species

|
Multiply by v(0) and Average
J

| Exact “ Tracer” GLE for the Velocity Autocorrelation Function, (v(t)v(0)) |

| Exact “ Tracer” GLE for the Time Correlation Function, (A(t)A(0)) |

Multiply by A(0) and Average|
/]\

| Exact “Tracer” GLE for Any Dynamical Variable, A(t) |
/r

| Mori Projection Operator Average Over All Particles and Dyson Decomposition |

T

| Write Down the Equation for Time Evolution of A(t) |

T

Mori Projection Operator |

Write Down the Dynamical Variable, A(t)
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2.10 CONCLUSIONS

In order to illustrate the methods of deriving a GL E we have discussed the method of Mori
and Zwanzig for deriving a GLE for the velocity and velocity autocorrelation function of
a single particle in a many-body system. This enabled the introduction of the central
method used to do this, i.e. the use of projection operators to average over some variables
and the use of Dyson decomposition. The ideas of random forces and memory functions
arise from this treatment and the GLE for the velocity may be written in terms of these
guantities. The averaging performed means that we do not any longer have a completely
deterministic description of the dynamics of the system since we cannot completely deter-
mine the random force which leads to a stochastic description. The appearance of a mem-
ory function means that the equation of motion is aso non-Markovian. The form of the
projection operator used to perform the averaging means that the system is regarded as an
NVT equilibrium one. Also, the GLE may also be transformed into an equation of motion
for the velocity autocorrelation function.

We subsequently generalised this method to the description of the time dependence of
dynamical variable or set of dynamical variables and of other time correlation functions.
This allowed a non-rigorous derivation of the Onsager principle that dissipative processes
in a non-equilibrium system which is close to equilibrium are related to fluctuations in a
system at equilibrium. This was explicitly shown for the coefficient of Newtonian shear
viscosity, n by a more rigorous procedure and the Green—Kubo formulae for # obtained.

Asin therest of this book, in this chapter we have based our dynamics on the classical
mechanical definition of the dynamical state of a system whose dynamics is described
by classical equations of motion. The generalisation of the equations obtained here to
systems which must be described by Quantum Mechanics is possible and, indeed, has
been achieved.®* For this reason we used the notation that a dynamical variable A(t)
is written as |A(t)) and that, e.g., an ensemble average may be written as (A(0)A(0))
and a time autocorrelation function as (A(0)A(t)). This notation may be re-interpreted
as being for quantum mechanical state vectors and expectation values and, thus, once
the dynamical equations become those of quantum mechanics the techniques used
here may be adapted to quantum systems. The remaining problems are, of course, ones
of applying the correct rules to manipulate symbols and then to interpret the results
obtained.3#
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Approximate Methods to Calculate
Correlation Functions and Mori-Zwanzig
Memory Functions

Since the GLE based on Newton’s equations of motion for any dynamical variable A(t) (e.0.
velocity) or time correlation function, (A(0)B(t)) is exact and, therefore, is entirely equivalent
to using these equations to cal culate them, these new equations cannot, in general, be solved
exactly. Thus, we will detail some schemes that are available for generating approxi-
mations to correlation functions and what general information may be obtained from the
GLE. An ideal approach would be to identify all the physical processes which govern the
time evolution of the dynamical variable, find their time evolution (e.g. by use of akinetic
theory) and then use thisinformation to calculate the memory function K(t) and the random
force ER(t). Then the GLE for the time evolution of the variable and/or for the desired time
correlation functions could be solved, even if only numerically. This scheme is not possible
in general, and thus we will outline some general characteristics of time correlation functions
in order to guide usin finding mathematically or physically motivated approximations.

3.1 TAYLOR SERIES EXPANSION

Since we may expand the propagator €-! in a power series in time, this can be used as a
basis for methods to approximately solve the GLE, that is,

gl = 1+i(1)(i|_)ktk 3.1)
i K

It should noted that eq. (3.1) isin fact a formal definition of €, and that it illustrates
that al the time dependence of €'t is contained in the terms t<.1=

This means that time correlation functions may be similarly expanded, for example, for
the velocity autocorrelation function we have

T 1

M%Oyu(th= >

a0+~ La@f2)a@)t +oue
(a(0)a (Ot +24<( $)aof dt)g(0)>t o

41
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and for the corresponding memory function K (t) we have by substituting eg. (3.2) into
eq. (2.32),

—(& 0y (0)) (% (0)% () [t*+--- (33)

K. (t) = (a(0ya() 1 {<(d/dt)§(0)-(d/dt)§(0)

' MOy () 2 (a(0)-a(0))

It should be noted that the coefficientsin these expansions are evaluated at zero time and
may therefore be calculated by the methods of equilibrium statistical mechanics. However,
the higher order terms become very complicated rapidly and these expansions are really
only useful at short time. They are very useful for helping to find the parameters appear-
ing in approximate forms of the memory function, as we shall see below, and to develop
numerical GLE algorithms (see Chapter 6).

For the general case, C,(t) = (A(0)A(t)) = (A(0) €-t A(0)) and its corresponding memory
function K,(t) we may use the Taylor series expansion of €'t and obtain

CA(t)= <A(0) {1+ i (%) (L)<t } A(0)>
k=0\ K
= (A(0)A(0)) + 2 [%)(— 1) (AQ)GL)* A
k=0\ K
= (AOAO)+ 3 5 - (RO AO)
k=0 :

-1 ) N (3.4
= ;‘6(%] (=D yyit

where y,,, which are the moments of C,(t), are given by

72k = (AQ)(IL)* A(0))
=((iL)* A(O)(iL )* A(0)) (L isHermitian) (3.5)
= (A AO™)
where A(0)® is the kth derivative of A(0) (i.e. (iL)*A(0)) and the coefficients of the terms

of odd powersint are zero by time reversal symmetry.
Thus, substituting eg. (3.4) into eg. (2.49) we have

K= [ﬂ}mk (2 (36
=) @

where the moments (or cumulants) i, are given by2

ta = (B (0) B (0)) (3.7)
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where
B(0) =[i(l =P)L]“iLA(0)
From thisit may be seen that!? that the cumulants ,, are related to the moments y,,,

Ho =72
Ho =74~ V% (39
Ha = V6~ 2V4Y2 +V§

3.2 SPECTRA

Following Berne,? we define the power spectra or spectral functions G,(w) and L(w) by
the Weiner—Kintchine theorem,

Ca(t) = T exp(—iot) G (o) do

Ga(w) = (2m) V2 T exp(iot) G, (1) dt

. (3.9)
Ka) = [ exp(-icot) Ly(w)do

—o0

and

La(w) = (2n) "? T exp(iot) L, (t)dt

Thus, G(w) and L(w) are the power spectrum of the autocorrelation function and its
memory function, respectively. Berne also defines them as the probability distribution
function of which C,(t) and K,(t) are the characteristic functions.

We may note that the often used Laplace transform is related to the Fourier transform
used above by the Hilbert transform,

Ca(9) = T Ca(t)e* dt
. (3.10)
=-i [ Cy(0) (0—2) Mo

—
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3.3 MORI'S CONTINUED FRACTION METHOD

One of the most useful methods is the method owing to Mori,® which begins by defining
aheirachy of memory functions by

% K, (t)= —l K, (K, (t—7)dr, n=0,--N (3.12)

where
Ko(t) = Ca(t) and Ky (t) = K4 (1)

Now taking the Laplace transform of eq. (3.11) withn = O,

: Ko (0)

Ko(s)= (5+R.(9) (312
but from eq. (3.11) by Laplace transform withn = 1,

? - KiO)

Ki(s) = 5+ K,(9) (3.13)

So substituting eg. (3.12) into eg. (3.13),
Ko(9) = Ko(0)/(s+ Ky (0))/(s+ K(9))
and, furthermore, by Laplace transform of eq. (3.11) for n = 2,

K2 (9) = K (0)/(s+K;(9))

Ko () = Ko(0)/(s+ Ky (0))/(s+ K, (0))/(s+Ky(9))

Thus, in general,

Ko(9) = Ko (0)/(s+ Ky (0))/(s+K,(0))/(s+ K5 (0))/-/(s+ K, (9)) (3.14)

wheren = 1to N.
Thisisthe Mori continued fraction expression for C(s) = Ky(s), that is,

Ca(9) = CA(0)/(s+ K, (0))/(s+ K, (0)/(s+ K5(0))/---/(s+ K, (9)) (3.15)
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wheren = 1to N and, in fact, it may be readily seen that there is such an expression for
each K(9). N
In particular for K,(s),

Ki(9)
= KA(S) (3.16)
= KA(0)/(s+ K, (0))/(s+ Ks(0))/(s+ K, (0))/-+/(s+ K, (9))

wheren = 2to N.

The Mori continued fraction formulae are exact but to use them to calculate K,, one
requires the knowledge of all the higher order memory functions K, ;, K, 5,... . Thus, to
use this scheme, we must truncate the continued fraction in some manner. Many schemes
have been developed to construct approximate memory functions which are based on the
Mori continued fraction method or rely on it in some way. %3

One method of truncating the hierarchy is to assume that the kth-order memory function
is “white noise”,

Ky (9) = 2
or
Ky (t) = 2, 6(t)
Then,
CA(8) = CA(0)/(5+ K, (0))/(5+ K, (0))/(s+ K5(0))/---/(s+ 2,) (3.17)
and

Ka(8) = Ka(0)/(s+ K, (0))/(s+ K4 (0))/(s+ K, (0))/-+/(+ 24)

Some particular cases arel>*
1Lk=1
Calt)=Ca(0)e ™
2.k=2
K ,(t) = K ,(0)e *2" (3.19)

If 4C,(0), > <1
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[22 e*/llt _ Zle*)vzt]

R

wherez,z, = C4(0), 2, + 2, = 4,

or
if 4C,(0)2, °>1
Ca(t) = exp(—1t1/(22; ")) [cos(w't) + (2w’ 1, )t sin(w't)] (3.20)

where (0')? = C,(0) — (21, 1) 2
To use these truncated formulae we need to find

1. K (0), m=0,....k.
2. A

Thefirst task may be done by using eg. (3.15) in conjunction with the time series expan-
sion of C,(t) to find K,(t) or using the more formal definitions of K, (t),%27-13 which define
them in terms of operators L™ that are related to L. The second task may be accomplished
in avariety of ways, for example by using the Green—Kubo expressions for the transport
coefficients and fitting to known values of these coefficients.

3.4 USE OF INFORMATION THEORY

Often, al we know about a memory function are the first few moments K,(0) of the mem-
ory function and it is interesting to ask the question what we can infer about the form of
K(t) from this information? To do this, Berne uses the power spectrum of the memory
function, L(w), defined in eq. (3.9) as a probability function with the characteristic func-
tion K,(t), and invokes information theory to find the best form of K,(t) consistent with
limited information about K,(t).%47

Now as we know the Taylor series expansion of K,(t) from eq. (3.6), we aso know the
moments of L(w) and they are

<(D2n+l> =0
(0%)=1

(0?)= o/l
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and

(@) = o (3.21)

Berne and Harp'* then define the information measure or entropy of the distribution
L(w) by

JL(0)] = — T L(w)InL(w)do (3.22)

According to information theory, the form of L(w) is optimum which maximises JL(w)]
subject to the known moments. For example, if we only know the first two moments,

(0% =1= ]2 L(w)dw

—0

(0= p, = T w?L(w)dw

—o0

then we must find the form of L(w) for which

g L(w)] =—6 T L(w)InL(w)dw =0 (3.23)

and

0 [ 0’L(@)do=0

Berne and Harp** used Lagrange multipliers to solve this problem and found that
L(e) = [2mu,] 2 expl /211,

and then from eg. (3.9) we have

Ka(t) = kg (1) = exp{%} (3.24)
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Thus, the optimum choice in this case is a Gaussian function of time.

Appendix O contains a Fortran computer program, VOLSOL, which will calculate a
time correlation function C,(t) once a form is chosen for K,(t). To see how the form of
K(t) influences that of C,(t), it is auseful exercise to use the simple forms given above,
for example the exponential formin eqg. (3.19) or Gaussian form given above in eq. (3.24)
to calculate C,(t) for various values of the parameters contained in K,(t).

3.5 PERTURBATION THEORIES

The most successful theories of the equilibrium behaviour of simple liquids are based on
perturbation theory,® where the interatomic potential energy function, ¢, is divided up into
a short-ranged, harshly repulsive part, ¢g, which largely determines the structure of a
dense fluid and a longer ranged, slowly varying perturbation potential, ¢,,. Expansions of
thermodynamic properties, usually the Helmholtz free energy, are then made about the
properties of the system with interatomic potential energy function, ¢, and the properties
of this system are expressed in terms of those of a hard sphere system of some effective
hard sphere diameter.518-25

Attempts have been made to extend these theories to nonequilibrium, which usually
involves attempting to find a perturbation theory for K,(t). Early attempts at formulating
such a theory were made by Singwi and Sjolander,’® Corngold and Duderstadt,®
Gaskell 2 Mitra?? and Schofield and Trainin,?® the details of these studies being given in
Schofield.*

All these theories make many approximations but produce rather similar results in that
the equation obtained for K,(t) is the sum of two parts, that is one for binary hard-core col-
lisions and one due to the slowly varying long-range part of the potential. All give similar
results for the velocity autocorrelation function for ssmple fluids. However, none of these
theories achieve the same level of rigor or accuracy as obtained by similar equilibrium the-
ories and some of the assumptions made appear to be hard to check or justify. One of the
ways of treating the effect of the long-range part of the potential is by means of
mode—-mode coupling theory (see Section 3.6), which essentialy uses an expansion in
terms of macroscopic hydrodynamic modes. Apart from the problem of whether such an
expansion is accurate there is also the problem that such modes take time to form in an
atomic fluid and thus their contribution must be damped at short times and should not sim-
ply be added to the contribution from the short-time “binary-collisions’. Also, the hard
repulsive interactions will give long-range hydrodynamic contributions as shown by
molecular-dynamics (MD) simulations of systems with purely repulsive potentials, which
must beincluded. Finally, C,(t) for systemswith only repulsive and attractive contributions
also often show backscattering at intermediate time delays due to the elastic solid-like
response of the atoms surrounding a moving atom (see Section 3.7. This effect is contained
neither in the usual binary collision nor in mode—-mode coupling schemes.

Another approach to the problem is to use a division of the potential as in equilibrium
theories and to make expansions of a Liouville operator as done below, to obtain pertur-
bation expansions more analogous to those used in perturbation theories of equilibrium
properties.?4
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A method which gives an expansion of the autocorrelation function by use of an expan-
sion of the propagator e*!is based on this division of the potential.2* Combining an expan-
sion of the potential energy function ® as ® = ®R + «®" and then using the Liouville
operator in eg. (3.25) we get

{i 0/0r + B/m é‘/av]} (3.25)

R

where

N
LR = _{Z[M -3/t +ER/m -a/ay]}

i=1

and

i=1

LP = —{i[ap/m -%M]}

Now since the operators LR and L " do not commute, to make an expansion of the pro-
pagator exp(—Lt), an operator T (t) is defined by

exp(—Lt) =[exp(—L*t) T (t) exp(—L"1)] (3.26)

The form of T(t) may be found by differentiating both sides of eg. (3.26) with respect to t
and equating the results gives
dzft) — wexp(tLR)[exp(—tLR) T(t),L7] (327)

where [A,B] = AB-BA and then

TO=1+2] (e erpl-sL ) T, (329
=1+aTy(t) + o’ To(t) +-

where

T,(t) = [{L” — exp(sL®)L” exp(—sL®)} ds (3.29)
0
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This approach may be shown to be equivalent to the one introduced by Feynman in
Quantum Mechanics.?*
Thus,

exp(—L t) = exp(—LR t){1—aLP t + o T, (t) +-} (3.30)
We may aso expand any dynamical variable A(O) as

A(0) = AR(0)+ A (0) (3.31)
and using A(T') = exp(-Lt) A(I,0) we have from eg. (3.30),

Ca(t) = (AO)A(t))
= (AT QA% (1))g — (AR (O AR (1)(®7 — (D7) )g — (A" (0) exp(~tL¥)
X LAY (0))g + (A% (0) exp(—tL™) Ty () A% (0))g
+a((AY (A" (1) + (A (OA% (1))r)

where f = 1(kgT).

This result is difficult to use without introducing approximations of unknown
accuracy, especialy for the term involving T, which can probably only be accurately
carried out by numerical methods such as the EMD method. However, another
possible approach might be to use path integrals to evaluate it. It should be noted that the
theory is not applicable to a potential containing a hard sphere part, that is ¢5 must be
differentiable.

A second approach which seems more promising is to expand K,(t) in Laplace space,
that is an expansion of K,(s).2° This was done by using the Mori’s continued fraction out-
lined in Section 3.3, which involves the calculation of equilibrium ensemble averages that
can be expanded by equilibrium perturbation theory, that is

(3.32)

Ki(0)= A(0)+B (0) (333

and then we may write
K () = Lr(s)+aM(s) +--- (3.34)

where I:R(s) is the Laplace transform of the memory function of the reference system
and M(s) is the Laplace transform of the first-order correction. Using eg. (3.15) we have
to first order in o,

Ca(9) = CR(S1+ /Ay (B, ~CX(SIMy(9)] (335

where CR(s) = A/ (s+ Lg(9)) isthe Laplace transform of the correlation function of C,(t)
for the reference system. N

The problem remaining is to find an expression for M,(s). This may be done by making
a power series expansion in s or by finding a continued-fraction expression for it. Both
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these schemes give formal expressions for Ml(s), but a truncation is needed to obtain a
practical scheme. One such truncation leads to?®

M, (s) = (B/A)L,(s) (3.36)

and
Ca(9) = CR () + /(A A A By — B (AS +5Cx()ICr () (3.37)

By taking the inverse Laplace transform of eqg. (3.37) we have
t ’
Ca(t) = CR (1) + @Ay | By CR (1)~ B/A JCR(SIC (t—1)de (3.39)
0

where C,R'(t) = dC,R/dt.

This is probably a more tractable method than that obtained using the expansion of the
propagator but is still not applicable to a potential containing a hard sphere part. However,
all quantities involved can easily be evaluated by an MD simulation using the reference
potential only.

3.6 MODE COUPLING THEORY

Starting from the equation eq. (2.53),®

dC(t)/dt = —iQ-C,(t) + [ CAlt— DK 4(1)ds (3.39)
0

and taking the Laplace transform gives

Ca(k.2)=Co(K)/[2 —ikB(K) +k*D(k,2)] (3.40)
Now write
dA, (1/ct = iky, (1) (3.41)
Q, = kB(K)
and

K (t) = k*D(k,t)
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In mode-mode coupling theory?5-8, the decay of k?D(k.t) is taken to be via hydrody-
namic modes which was first considered by Fixman®® and formalised by Kadanoff and
Swift?” and Kawasaki,? and the basic idea?®®" is to write y,(t) in terms of sums and prod-
ucts of the hydrodynamic normal modes x,,

Vie®) = Y [a, (K ko) X () X' (1) + Bg (K, Ky Ka) X iy (0 X o () X (@) 4+ (342)

As to whether such an expansion is exact depends on the completeness of the hydrody-
namic basis used and, in practice, the expansion is truncated at relatively low order and
cannot be valid at times which are short on an atomic scale. The origina theory was
applied to the anomal ous behaviour of transport coefficients near the critical point but then
extensively applied to study the long-time tailsin C,(t)**%" and a so to describe the dynam-
ics of simple liquids.®° It has subsequently been refined and extensively and successfully
applied to describe the dynamics of supercooled liquids and glasses.**

3.7 MACROSCOPIC HYDRODYNAMIC THEORY

Another approach to the calculation of the memory function corresponding to the velocity
autocorrelation function is to use models based on the motion of a macroscopic body in a
fluid as described by hydrodynamics. Now, as the velocity autocorrelation function from
the LE in eq. (2.35) isan exponential then following the treatment of Zwanzig and Bixon*
we may write#243

C, (1) = (v, (O)V, (1)) = 2/n Re]i cos(et) MV2)/ (—iom-+ ) dew (343)
0

where ( isafriction constant. This suggests rewriting the general relationship between the
memory function and C(t) in asimilar form:

(v, (O)v, (t)) = 2/n Refoos(wt) m(v2)/(—iwm+{(w)) dw (3.44)
0

where we have written the Fourier transform of the memory function as a generalised, fre-
guency-dependent friction coefficient,

K(w) = (w) = T K(t)e'" dt (3.45)
0

Thus, the LE assumes the memory function is a delta function or equivalently that the
friction coefficient is a constant which by eqg. (3.18) means that C(t) is a exponentially
decaying function of time. However, although this is accurate for a large Brownian parti-
cle suspended in afluid (see Section 5.5) this does not describe the limit when the particle
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is of the same size and mass as those of the suspending fluid at liquid densities as can be
seen by inspecting some particular results for asimple liquid.*® Under these later circum-
stances, it may be seen that the main features of v, (0)v,(t)) are

1. Power series behaviour in even powers of t at short time (except for a system with an
impulsive force where it is a power series containing odd powders of time also).

2. A negative “backscatter” region at intermediate times.

3.  Along-time agebraic tail of the form —At ~32 at long times.3>#+-6

Such behaviour may be seen in Figure 3.1 which shows the normalised velocity auto-
correlation function ¢ (t) = Z(t) = (v(0)ex(t))/(v(0)ev(0)) versus delay time t for a stable
hard sphere fluid as a function of volume fraction, ¢ = =/2 (N/V) d® calculated by the MD
method.

1
0.9 = -A‘
0.15
0.8 0.3
0.33
0.7
0.35
0.6 0.39
0.41
0.5 0.45
0.49
N 0.4
0.3
0.2
0.1
O HaH
-0.1 T T
0.01 0.1 T 1 10

Figure 3.1 Normalised velocity autocorrelation function c,(z) = Z = (v(0)ev(2))/(v(0)ev(0)) versus
delay time 7 for a stable hard sphere fluid as a function of volume fraction, ¢ = =/2 (N/V) d3
(courtesy of Dr Stephen Williams, ANU, Canberra, Australia).
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To highlight the long-time tail, Figure 3.2 shows the normalised vel ocity autocorrelation
function at long delay times for selected “tracer particles’ in a mixture where the tracer
particles have either the same mass (shown as ) or four times the mass (shown as A) of
the other particles. The interaction potential of all the particles in the system was the same
CWA pair potential.*® This clearly shows the long-time tail for both cases and illustrates
that the onset of this tail is at longer delay times as the mass ratio increases and that the
magnitude of the effect is larger for larger mass ratios.*6

Thus, a more complete theory of {(w), that is of K (t), is needed to obtain &l of these
features. To achieve this, Zwanzig and Bixon* first noted that in fact Stokes' law (derived
in 1851) for the nonsteady flow of a sphere for stick boundary conditions is*

{(w) = 6mn,a—2na’ imp,/3—671a° i(wp; n)“? (3.46)
and for dip boundary conditions it is*
{(w) = 4nna—2na’ iop,/3—8ra” i(wpn; )V2/(3+ai(iwpn; )¥?) (3.47)

where p; and #; are the density and coefficient of Newtonian viscosity of the fluid,
respectively.

A A ——@— mass ratio 1:1

01 = AAAAAAA —A— mass ratio 4:1

0.01

<v(t).v(0)>/<v(0).v(0)>

0.001

0.0001 I I I I L1
300 400 500 600 700 800 900 1000 2000

Correlation Time(t/At)

Figure 3.2 (v(0)ey(7))/(v(0)ev(0)) at long delay times for selected “tracer particles’ in a mixture
where the tracer particles have the same mass, e or four times the mass, A of the other particles
(Figure courtesy of Dr. McDonough, CSIRO, Melbourne, Australia).
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This expression in eq. (3.46) for {(w) can be converted into the time domain,*° which
was first done by Boussinesq in 1903,%° where the force F,(t) on a sphere may be
expressed as

F, (t) = —6my,av(t) — 2/3np,a° (d/dt)v(t)

—6(my; p;)"?a” [ (t—9) ? (dv(s)/ds)ds (3.48)

—o0

in which p; isthe fluid density and #; its viscosity. This|eads to the equation of motion*"4°

for C(t),
Mg dC, (t)/dt = —6mn, aC, (t)—6a® kT (nn; p; /tM?)"2

(6% ks T/M)(m; py)*2[ (t— 92 (dC, (s)/clt) ds
0

where My = M + 2/3rp; @ is the effective mass of the particle.

Thus, it is this nonsteady flow which leads to the long-time tail, —At ~¥2 in the velocity
autocorrelation function®®4-4 as first discovered for atomic systems by Alder and
Wainwright®® using MD simulations. So, the normal assumption that {(w) is a constant is
not even correct for a macroscopic sphere moving in an incompressible, viscous fluid
because this assumes steady motion.

However, the forms of {(w) given in egs. (3.46) and (3.47) do not lead to the features
1 and 2 of (v,(0)v,(t)) listed above. So, Zwanzig and Bixon* alowed for the finite velocity
of sound, C (i.e. allowing for compressibility) and viscoelasticity using a Maxwell single
relaxation time approximation in the fluid surrounding the tracer particle to obtain®>4

G (@) = [nk?/kE — 2n,] (4/3n@) kah, (ka) A +(4/3ma)2nkah, (ka)A,  (349)

where k;, = »?/C?, k. = »?/C?, C, and C, are the complex frequency-dependent sound
velocities in the longitudinal and transverse directions given by

C?=C?—iwy andC? = —iwy,

where v, = n;/p; , v, = (413n; + 1) ps Where ny, is the bulk viscosity of the fluid.

Here h; (k) is spherical Hankel function and Ay and A, are coefficients determined by
the boundary conditions This extremely ingenious solution unfortunately does not allow
{op(w), K (t) nor (v(0)v(t)) to be obtained analytically. However, (v,(0)v,(t)) may be
obtained by numerical solution of eq. (3.44) using eg. (3.49), and if reasonable values of
the parameters appearing in this equation are used, it gives results which, except at short
times, agree very well with Rahman’s MD results for dense Lennard—Jones liquid.** In
particular, this model gives the negative, backscatter region in (v,(0)v,(t)) at intermediate
times, indicating that to obtain this feature from such a model we need to include the
effects of short-time compressibility and elastic properties of the fluid. The incorrect
short-time exponential behaviour for nonhard sphere systems could be corrected by
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allowing for the proper short-time molecular behaviour to be incorporated into the
expression for {(w).

The importance of this model is that it explains the main features of the velocity auto-
correlation function for atomic fluids and leads to methods, which may be termed gener-
alised hydrodynamics, which have been extensively used to interpret the results of
experimental and computer simulation data on time correlation of many different kinds. In
extensions of this approach,51~5* generalised friction coefficients and generalised wave-
length and/or frequency-dependent viscosities have been extensively developed and used
in interpreting experimental data particularly for scattering data.551.54

3.8 MEMORY FUNCTIONS CALCULATED BY THE
MOLECULAR-DYNAMICS METHOD

There have been a number of studies on liquids using MD methods, which have cal culated
time correlation functions, transport properties such as self-diffusion and viscosity coeffi-
cients, and scattering functions. Good references to this work may be found in the litera-
ture, such as Refs. 1-5, 55,56 . In many of these studies, time correlation functions have
been used to calculate memory functions; one such velocity autocorrelation function and
the memory function obtained from it may be seen in Figure 2.1. Some MD studies have
also been made to test approximate memory functions because the MD method provides
accurate numerical data for well-defined systems.t~55556

Short-ranged approximations to K(t), such as the exponential memory (eg. (3.19)) and
the Gaussian form (eg. (3.24)) have been shown to give qualitatively reasonable results for
dense fluids. These simple forms may be adjusted so that they give correct value of the
lowest moments, although some treatments also use values of transport coefficients to
obtain the parameters appearing in these expressions for K (t). They generally describe the
main features of the initial decay of C,(t) reasonably well and produce a backscatter region
for intermediate times at high densitiesin agreement with MD results on the same system.
However, they do not give exact agreement with these results and do not give along-time
tail in C(t).

Thus, attempts have been made to improve these simple functions while retaining
their desirable features. For example, Levesgue and Verlet, in a pioneering study of self-
diffusion in the LJ126 fluid, found that the following form of K,(t) gave good agreement
with MD results:

Ky (1) = K, (0) exp(—By t2) + A t* exp(—ot) (350)
= Ko (t) + Ayt* exp(—at)

Another form often used has been reported by Lee and Chung,®® which is similar to
eg. (3.50), that is,

K_c(t) = Kg (t)+ Bt* exp(—?t?) (3.51)
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However, although both egs. (3.50) and (3.51) are of longer range in time than the sim-
ple exponential or Gaussian memory K(t) and are able to give a very accurate description
of the MD data, neither gives the long-time tail —At ~¥2 in C,(t). Interestingly, although
many theories predict long-time, algebraic tails in autocorrelation functions other than
C,/(t)** there does not seem to be definitive evidence of such tails from MD simulations.*

Once again these and other explicit forms of K,(t) may be used in conjunction with the
program VOLSOL in Appendix O to calculate C,(t) from memory functions, such as that
given by eg. (3.50) or eg. (3.51).

3.9 CONCLUSIONS

The first essentia step required in using GLEs to calculate the time evolution of A(t) or
(A(O)A(t)) is to obtain the memory function K,(t). This may be done by use of the MD
method as pioneered by Alder,%~% Verlet and Levesque®® and Rahman.” However, it is
then superfluous to use a GLE except where one wishes to extend K,(t) beyond the maxi-
mum time available in an MD simulation by the use of some model.>

Alternatively, many schemes have been devised to generate approximate memory func-
tionsin order to understand transport and scattering datain terms of the physical processes
responsible for them and construct approximate BD schemes. M ethods that have been used
to accomplish this include,

Time series expansions.

The Mori continued fraction method.

The use of information theory.

Perturbation theories.

Mode coupling theory.

Schemes based on macroscopic hydrodynamics and its generalisation, molecular
hydrodynamics or generalised hydrodynamics.

ok wbdpE

In subsequent chapters we will use some of these methods and also refer to results
obtained using some of them.

REFERENCES

1. B.J. Berne, Time-dependent properties of condensed media. In: Physical Chemistry, An
Advanced Treatise, Vol. VIIIB, Liquid Sate, (Ed. D. Henderson), Academic Press, New York,
1971, pp. 539—715.

2. B.J. Berne and G.D. Harp, On the calculation of time correlation functions. In: Advances in
Chemical Physics, Vol. XVII (Eds I. Prigogine and S.A. Rice), Wiley, New York, 1970,
pp. 63—227.

3. B.J. Berne, Projection operator techniques in the theory of fluctuations in statistical mechanics.
In: Modern Theoretical Chemistry 6. Statistical Mechanics, Part B: Time-Dependent Processes
(Ed. B.J. Berne), Plenum Press, New York, 1977, pp. 233—257.



58

4.

15.
16.
17.
18.

19.
20.
21.
22.

23.
24.

25.
26.
27.
28.

29.

30.

31
32.
33.
. Y. Pomeau and P. Resibois, Time dependent correlation functions and mode-mode coupling the-

3. Approximate Methods to Calculate Correlation Functions

P. Schofield, Theory of time—dependent correlations in simple classical liquids. In: Specialist
Periodical Reports, Statistical Mechanics, Vol. 2 (Ed. K. Singer), The Chem. Soc., London,
1975, pp. 1-54.

J—P. Hansen, Correlation functions and their relationship with experiment. In: Microscopic
Structure And Dynamics of Liquids (Eds J. Dupuy and A.J. Dianoux), Plenum, New York, 1977,
pp. 3—68; J.-P. Hansen and I.R. McDonald, The Theory of Smple Liquids, 2nd edn., Academic
Press, London, 1991, pp. 193—363.

H. Mori, Prog. Theory Phys., 34, 399 (1965).

C.D Boley, Ann. Phys,, 86, 91 (1974).

JJ. Duderstadt and A.Z. Akcasu, Phys. Rev. A, 1, 905 (1970).

J.P. Boon and P. Deguent, Phys. Rev. A, 2, 2542 (1970).

. M.S. Jhon and J.S. Dahler, J. Chem. Phys., 68, 812 (1978).

. M.S. Jhon and J.S. Dahler, J. Chem. Phys., 68, 812 (1978).

. L.L. Lee, Physica A, 100, 205 (1980).

. S. Toxvaerd, J. Chem. Phys., 81, 5131 (1984).

. B.J. Berne and G.D. Harp, On the calculation of time correlation functions. In: Advances in

Chemical Physics, Vol. XVII (Eds I. Prigogine and S.A. Rice), Wiley, New York, 1970, pp.
118-120.

D.M. Heyes and J. Powles, Mal. Phys., 71, 781 (1990).

D.M. Heyes, J. Powles and J.C. Gil Montera, Mol. Phys., 78, 229 (1993).

R.K. Sharma, K. Tankeshwar and K.N. Pathak, J. Phys. Condens. Matter, 7, 537 (1995).

P. Schofield, Theory of time-dependent correlations in simple classica liquids. In: Specialist
Periodical Reports, Statistical Mechanics, Vol. 2 (Ed. K. Singer), The Chem. Soc., London,
1975, pp. 15—25.

K.S. Singwi and A. Sjolander, Phys. Rev., 167, 152 (1968).

N. Corngold and J.J. Duderstadt, Phys. Rev. A, 2, 836 (1970).

T.G. Gaskell, J. Phys. C, 4, 1466 (1971); M.J. Baker and T.G. Gaskell, J. Phys. C, 5, 353 (1972).
SK. Mitra, Phys. Lett., 38A, 471 (1972); SK. Mitra, N. Dass and N.C. Varshneya, Phys. Rev.
A 6, 1214 (1972); SK. Mitra, J. Phys. C, 6, 801 (1973).

Method discussed by P. Schofield on pages 24 and 25 in reference 18 above.

I.K. Snook and R.O. Watts, Mol. Phys., 33, 413—441 (1976) and K.E. Gubbins, “ Thermal
Transport coefficients for simple dense fluids’, Specialist Periodical Report, Statistical
Mechanics, Vol.1, Ed. K. Singer, The Chem. soc. London, 1972, pp. 238-241.

I.K. Snook and R.O. Watts, Mol. Phys., 33, 443—452 (1977).

M. Fixman, J. Chem. Phys. 36, 310 (1962); 47, 2808 (1967).

L. Kadanoff and J. Swift, Phys. Rev., 165, 310 (1968); 166, 89 (1968).

K. Kawasaki, Prog. Theor. Phys. (Japan), 39, 1133 (1968); 40, 11, 706, 930; Ann. Phys. (NY)
61, 1 (1970).

P. Schofield, Theory of time-dependent correlations in simple classical liquids. In: Specialist
Periodical Reports, Statistical Mechanics, Vol. 2 (Ed. K. Singer), The Chem. Soc., London,
1975, pp. 26—33.

T. Keyes, Principles of mode-mode coupling theory. In: Modern Theoretical Chemistry 6.
Satistical Mechanics, Part B, Time-Dependent Processes (Ed. B.J. Berne), Plenum, New York,
1977, pp. 259—309.

M.H. Ernst, E.H. Hauge and J.M.J. van Leewen, Phys. Rev. Lett., 25, 1254 (1970).

M.H. Ernst and J.R. Dorfman, Physics, 61, 157 (1972).

P. Reibois, J. Sat. Phys,, 2, 21 (1970).

ories, Phys. Rep., 19, 63—139 (1975).



References 59

35.
36.

37.

38.
39.
. M. Canales and J.A. Padro, J. Phys.: Condens. Matter, 9, 11009 (1997).
41.

GRER

46.
47.
. J. Boussinesg, Theorie Analytique de la Chaleur, Vol. I, Gauthiers-Villars, Paris, 1927, p. 224.
49,
50.

51.
52.
53.
. W.E. Alley, B.J. Alder and S. Yip, Phys. Rev. A, 27, 3174 (1983).

55.
56.

57

B.J. Alder and T.E. Wainwright, Phys. Rev. A, 1, 18 (1970).

B.J. Alder, Computer results on transport properties, In: Stochastic Processesin Nonequilibrium
Systems, (Eds L. Garrido, P. Seglar and PJ. Shepherd), Lecture Notes in Physics, Vol. 84,
Springer, Berlin, 1978, p 168.

B.J. Alder, Molecular Dynamics Simulations, Molecular-Dynamics Smulation of Satistical-
Mechanical Systems, Proceedings of the International School of Physics, Enrico Fermi, Course
XCVII (Eds G. Ciccotti and W.G. Hoover), North-Holland, Amsterdam, 1986, p. 66.

L. Soogren and A. Sjolander, J. Phys. C: Solid Sate Phys., 12, 4369 (1979).

L. Sogren, J. Phys. C: Solid Sate Phys., 13, 705 (1980).

W. Gotze and L. Sjogren, Relaxation processes in supercooled liquids, Rep. Prog. Phys., 55,
241-376 (1992); U. Bengtzelius, W. Gotze and A Sjolander, J. Phys. C: Solid State Phys., 17,
5915 (1984); E. Leutheusser, Phys. Rev. A, 29, 2765 (1984); W. Gotze, J. Phys.: Condens.
Matter, 11, A1 (1999).

. R. Zwanzig and M. Bixon, Phys. Rev. A, 2, 2005 (1970).
. H. Metiu, D.W. Oxtoby and K.F. Freed, Phys. Rev. A, 15, 361 (1977).

D. Levesgue and W.T. Ashurst, Phys. Rev. Lett., 33, 277 (1974).

. J.J. Erpenbeck and W.W. Wood, Phys. Rev. A, 26, 1648 (1982); 32, 412 (1985); J.J. Erpenbeck,

Phys. Rev. A, 39, 4718 (1989).
A. McDonough, S.P. Russo and |.K. Snook, Phys. Rev. E, 63, 26109 (2001).
T.S. Chow and J.J. Hermans, J. Chem. Phys,, 56, 3150 (1972).

A. Widom, Phys. Rev. A, 3, 1394 (1971).

L.D. Landau and E.M. Lifshitz, Fluid Mechanics, Addison-Wesley, Reading, MA, 19509,
pp. 96—99

JR.D. Copley and SW. Lovesey, The dynamic properties on monatomic fluids, Rep. Prog.
Phys., 38, 461 (1975).

P. Schofield, Theory of time-dependent correlations in simple classical liquids. In: Specialist
Periodical Reports, Statistical Mechanics, Vol. 2 (Ed. K. Singer), The Chem. Soc., London,
1975, pp. 33—45.

J.P. Boon and S.Yip, Molecular Hydrodynamics, McGraw-Hill, New York, 1980.

D. Levesque and L. Verlet, Phys. Rev. A, 2, 2514 (1970).
L.L. Leeand T.H. Chung, J. Chem. Phys., 77, 4650 (1982).
A. Rahman, Phys. Rev. A, 136 405 (1964)



This page intentionally left blank



—4 -

The Generalised Langevin Equation
in Non-Equilibrium

As discussed in the previous chapters the Langevin equation (LE) describing Brownian
motion of a colloidal particle in a solvent can be regarded as a special case in which the
dynamical variable or phase variable of interest is the momentum of the colloidal particle,
and the classical LE is obtained by selecting the momentum of a particle as the relevant
phase variable and taking the Brownian limit for a system in equilibrium (see Section 2.5
and Chapter 5). Generalization of this technique to the description of non-equilibrium states
has received relatively little attention. For example, Kawasaki and Gunton! and Zwanzig?
have used projection operator methods to develop genera theories of non-linear constitu-
tive relations, and Ichiyanagi® used a similar approach to study quantum mechanical non-
equilibrium steady-state systems. However, the results of these investigations are largely
formal and they are not directly applicable to non-equilibrium molecular dynamics com-
puter simul ations because of differencesin theway that heat is assumed to be removed from
the system. Application of the generalised Langevin equation (GLE) to the investigation of
atomic and Brownian motion in a strongly shearing fluid remains largely unexplored.

The purpose of this chapter is to derive a GLE for a specific class of non-equilibrium
systems. The non-equilibrium systems considered are those generated by applying a con-
stant external driving field and a spatially homogeneous non-holonomic constraint thermo-
stat at timet = 0, to aclassical fluid that isinitially at equilibrium. Thisistypical of systems
encountered in non-equilibrium molecular dynamics simulations that are used to obtain
transport properties such as the shear viscosity, therma conductivity and diffusion coeffi-
cient as discussed in Chapter 1 (see aso Ref. [4]). The equations of motion discussed in
Chapter 1 that generate our non-equilibrium steady states differ in crucial ways from those
that have been used in previous work on non-equilibrium GLEs. They are non-Hamiltonian
and they do not conserve phase volume. Thisrequires usto use aform of the Liouville equa
tion that explicitly accounts for phase space compression, and it also resultsin a difference
between the Liouville operator for phase variables and the Liouville operator for the distri-
bution function (see Section 1.2.8). An interesting conseguence is that the distribution
function is never time independent, even in the steady state, although the time averages of
phase variables and correlation functions do become constant in the long time limit.

In our derivation we will follow the method of Berne,® which in turn closely parallels
the original development of Mori.

61
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4.1 DERIVATION OF GENERALISED LANGEVIN EQUATION IN
NON-EQUILIBRIUM

It is necessary for the derivation of the GLE given in Chapter 2 to define a projection opera-
tor, which will separate all phase variables into parts that are either correlated or uncorrelated
with the phase variable of interest, A(t). Therefore, let us define a projection operator by

PB(t + 1) = [(B(t + 7) A" (t))/( At) A" (1)) A(t) (4.1)

where t > 0, and we assume that A is defined in such away that its average valueis equal
to zero. This property is required to ensure that the definition of the time reversal operator
is satisfied in the case of variables that are odd in time (this is discussed in more detail in
the Appendix G). The function PB(t + ) is ameasure of the correlation between B(t + 1)
and A(t). The complementary projection operator is defined by

QB(t+7)=(1-P)B(t+1) (4.2)

where 1 is the identity operator. The complementary projection operator projects a phase
variable onto the subspace of phase space which is orthogonal to A(t), so we have
(QB(t + 1) A(t)) = 0. Asin Chapter 2 the variables occupying this subspace are said to be
random variables, in the sense that they are uncorrelated with A(t). The projection opera-
tor and the complementary projection operator are both Hermitian in the correlation func-
tion in which they are defined.

We have chosen a very simple projection operator, containing only one variable for the
purpose of thisinvestigation. In addition, we only seek the equation of motion for that vari-
able. More complicated projection operators are required when, for example, a complete
description of the behaviour of the system in terms of the hydrodynamic variables is
required. We refer the reader to Ref. 7 for more detail.

The GLE describes the development of an arbitrary phase variable, A, in terms inde-
pendent of the 6N coordinates of the system, so that the only terms remaining are those
which are linear in A(t) and the so-called random terms.

To obtain the GLE we must first separate the time evolution of A(t+ ) into parts
correlated and uncorrelated with A(t), that is, upon using the non-equilibrium
p-Liouvillean and non-equilibrium p-propagator,*

(d/dt) At + 7) = exp(iL 7)iLA(t)

=exp(iLt) (P+ Q)ILA(t) (43

The first term is used to define the frequency, that is,
exp(iL t)PIL A(t) = exp(iL t)[(IL AG) A" (t))/ AC) A" ()} A(t)

= [(ILA)A (1)) (A A (t)yexp(iL )] At) (4.4)
= Q) At +7)
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and Q(t) is the so-called frequency and is proportional to the correlation between A(t) and
A'(t). In equilibrium systemsit isidentically zero for the single-variable case. Thisfollows
from anti-symmetry of the equilibrium correlation function (AA) about the time origin. In
general, non-equilibrium correlation functions are symmetric about t=0 (the time at
which the field is applied) but not about t = 0 (the time origin of the correlation function).
However, the frequency still approaches zero at sufficiently large values of t. In the single-
variable case, this follows directly from eq. (1.32) when we take t=0. This issue is
discussed in more detail in Appendix G.

Using the Dyson decomposition® (see Appendix B) to decompose the p-propagator,
exp(iL 1), into a part that only occupies Q-space, and a part that allows the devel opment
of correlations between the phase variable of interest and A, the second term in eq. (4.3)
can be written as

exp(iL7)QILA(t) = eQiLTQiLA(t)+jeiL(T’S) PiLe?" QiLA(t)ds (4.5)
0

The term eQL*QiL A(t) always occupies the space of phase variables uncorrelated with
A(t), and therefore is never correlated with A(t). We follow the usual convention and call
this phase variable the “random force”, although it is not rigorously a random variable as
discussed in Chapter 2:

R(t +7)=exp(QiL 7)QiL A(t) (4.6)
An important property of the random force is that

R=QR (4.7)

for al time which is a reiteration that the random force exists solely in the subspace
orthogonal to A(t).

Using the definition of the random force, eqg. (4.4) can be written in a more compact
form as

exp(iL 1)QILA(t) = R(t +1) +j‘e”‘(f’s) PILR(t +s)ds (4.8)
0

Consider the integrand in eqg. (4.8):

e TIPILR(t+5) = €79 (ILR(t + ) A" (1)) /( A(t) A* (1)) A(t)
= [(ILR(t+ ) A" (1)) (A A* (1)) I A(t) (4.9)
(LRt + ) A" () AR A" (t)]At+1—9)
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The second line follows from the fact that the ensemble-averaged terms are independ-
ent of the phase and are unaffected by the propagator. The time-correlation function in the
numerator can be simplified. Using eq. (1.31) the numerator can be written as

(ILR(t+9)A"(t)) = —(R(t+s) (ILA(t))") + BF.(R(t + ) A" (1) (0)) (4.10

If we use eg. (4.7) and the Hermitian property of the complementary projection oper-
ator in the correlation function in which it is defined, the first term in eqg. (4.10) can be
written as

(Rt+9)(LA®)") = (R(t+ 9)(QILAD)) = (Rt +9) (R(D)") (41)

Thus, we have a non-stationary autocorrelation function of the random force as part of the
integrand. This is used to define the memory function by

K (t+9) = (Rt +8) (RE) V(AR A (1) (4.12)

Thus, combining egs. (4.3), (4.4), (4.8)—(4.10) and (4.12), we find that the evolution of an
arbitrary phase variable is given by

(d/dt) At +7) = IQ) At +r)—j K, (t+9)A(t+17—9)ds+ R(t +1)
0

+BF, j[(R(t +9A ()IONAADA M)At +1—9ds (413
0

Thisisthe GLE for an arbitrary phase variable in a non-equilibrium system, created by
asteady external field applied to an equilibrium system some timet before. In the zero-field
limit, this equation reduces to the usual equilibrium GLE of Mori® derived in Chapter 2.

If the system is mixing, then ast — o,

(R(t+9)A" (1)I(0)) = (R(t+ ) A" ()X I(0)) = 0 (4.14)

and the non-equilibrium GLE (4.13) takes the same form as the equilibrium GLE. The
steady-state GLE is then given by thet — o limit of eq. (4.13),

(didt) At +7) = IQ(t) At + 1) —j Ka(t+9At+T—9ds+R(t+7) (415
0

Thus, eq. (4.14) isthe GLE for the variable A(t) for a system in anon-equilibrium steady
state. We stress that although the form of the steady-state GLE is the same as that of the
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equilibrium GLE, it is fundamentally different in the sense that the time evolution is
generated by propagators that include the field and the thermostat terms in the equations
of motion.

When coupling between different macroscopic variables is possible, it is necessary to
replace the variable A by a set of variables, usualy a set of linearly independent, relevant
or “slow” variables, which we may represent as a column vector (see Section 2.6),

A=A, Ay) (4.16)

The expression for the action of the projection operator on an arbitrary phase variable
B is then given by

PB(t+1) = B(B(t+1)A" (t))- 1 1(t)-A(t) (4.17)

where A" represents the Hermitian conjugate (complex conjugate of the transpose) of the
vector A, 8 = kgT and x~* represents the inverse of the second-rank susceptibility matrix
defined by

2(0) = BAADAT (1) (4.18)

In this case, the GLE can be written as
(ddt) A(t+17) =iQ(t)-A(t +r)—jKA(t +9)-A(t+7—9)ds+R(t+1) (4.19)
0

where the frequency matrix is defined as
Q1) = BLAMAT (O 2 (1) (4.20)

the random force vector is given by the generalised form of eq. (4.6),

R(t+1) = exp(QIL7)QILA(t) (4.21)
and the memory function matrix K (t + s) is given by
K(t+9) = B(RE+9RT (1)) 7 X(t) (4.22)

This equation may be used to derive expressions for the time evolution of a dynami-
cal variable or a non-equilibrium time-correlation function. In order to illustrate its use
we will now derive the analogous equation in a shear field to the LE, which applies at
equilibrium.
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4.2 LANGEVIN EQUATION FOR A SINGLE BROWNIAN PARTICLE
IN A SHEARING FLUID

We wish to express the equation of motion of a single, massive Brownian particle in a shear-
ing fluid in terms of a “friction tensor” plus a random noise term that accounts for the effect
of the solvent, and compare the resulting equation with the well-known equilibrium Langevin
equation (LE) (1.1) and the usual generalisation including the effect of shear (see Section 6.5).

We will begin by discussing the general case in which the fluid consists of a set of par-
ticles of unspecified mass, with dynamics generated by the so-called SLLOD equations of
motion, which are designed to generate shear flow.* These equations are a specific case of
the SLOD equations (1.11), given by

(@/dtyr, = 2415y
m (4.23)

(d/dtyp, = F; +i5 p, —ap,

where the strain rate  takes the role of the external field F,. We wish to derive an equation
of motion for one of these particles. It is well known that the self-diffusion coefficient
becomes a second-rank tensor in shearing atomic and colloidal fluids, implying a coupling
between different Cartesian components of the momentum.® This would be the motivation
for introducing a second-rank friction tensor in this example.

The minimal set of slow variables required in this case therefore consists of the three
components of the momentum of the chosen particle, i.e.

A:(px!pylpz) (424)

In the description we have chosen, all elements of A have the same time-reversal symmetry.
This meansthat all elements of the frequency matrix, Q(t), are equal to 0 (see Appendix G),
as in equilibrium systems. The equation of motion of any single particle within the
system in a shearing steady state may therefore be written as

(d/dt)p(t+1) = —j Kp(t+9)-p(t+—s)ds+R(t+1) (4.25)
0

The spatial symmetry of the system (invariance under a rotation of 7 in the x—y plane)
imposes the following restrictions on the elements of the memory matrix:
Ky = Kix; K = Kx = K, = K, = 0. The equation of motion derived above is exact, but
the detailed properties of the “random force” are as yet, unknown.

In general, the GLE can be used to describe a non-Markovian process. To arrive at the
simple LE from the GLE, a Markovian approximation is made. This is equivalent to the
approximation (see Chapter 2 and Appendix D)

Kj; (t) = Go(t) (4.26)
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The physical meaning of this approximation is that the correlation function of the ran-
dom force has decayed before there is any significant change in the momentum of alarge
mesoscopic particle within the system. This approximation becomes exact in the Brownian
limit, when the ratio of the mass of the mesoscopic particle to the mass of atypical sus-
pension particle tends to infinity (see Chapter 5). Substitution of eq. (4.26) into the equa-
tion of motion for a particle within the system (4.25) gives the smple LE,

(d/dt) p(t) = —Cp(t) + R(t) (4.27)

An expression for { for a spherical particle of radius a may be obtained from Stokes’ law,
{ = kgT/(6rn@)Mg, which is appropriate for an infinite, isotropic, homogeneous medium
of shear viscosity #; (the zero shear, equilibrium limit).

We have shown that the GLE has the same form in non-equilibrium steady-state sys-
tems (4.15), as in equilibrium systems. Thus, there is some justification for making a
Markovian approximation again for the equation of motion of the mesoscopic particlerel-
ative to the local velocity field within the fluid. In the case of a system undergoing pla-
nar shear the local velocity field is simply Vu = y'ji. The LE isgiven by eq. (4.27), where
p represents the thermal momentum of the particle. The thermal momentum is the actual
momentum minus the local streaming velocity multiplied by the mass of the mesoscopic
particle, i.e.

p=Mg(r—7vi) (4.28)

Substitution of eg. (4.28) and itstime derivativeinto eg. (4.27) yieldsan LE for the motion
of the mesoscopic particle of mass Mg,

Mg (d®/dt*)r (t) = —C Mg -[(d/dt)r (t) — yil + Mg dy(t)/dti + R(t) (4.29)

Thefirst term isthe standard term representing drag relative to the local streaming velocity,
the second is a force in the x-direction due to the particle’s movement across the stream-
lines and the third term is the random force.

The standard generalisation of the simple LE for particles in a fluid undergoing
planar shear'® obtained by merely adding a shear term to the equilibrium LE is (see
Section 6.5)

Mg (d*/dt?) r (t) = —{Mg ((d/dt)r () = yi) + R(t) (4.30)

Assuming that the friction in eg. (4.29) isisotropic and given by Stokes' law, we can per-
form a simple comparison of these two expressions. The additional term in eq. (4.29) will
be negligible compared to the frictional term if

Mg/ (6rna)«1 (4.32)
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or in terms of the density of the particle,

7 9/2n/(pa’) (4.32)

For a neutrally buoyant particle of radius a = 0.1 wm in water (1; =1 mPas), the right-
hand side is equal to 4.5 X 108 s71, and for a 1 um particle of the same density in air
(n; = 2 X 107% Pas), itis9 X 10% sc™L. Thus, we see that the extra term can normally be
neglected, as is commonly done.

The mean square displacements under shear can be calculated by solving the GLE for
the thermal momentum(4.27). Because this equation isidentical in form to the equilibrium
LE, the solution isidentical, but in this case, we obtain the mean square thermal displace-
ments rather than the mean sguare total displacements. However, it is arelatively simple
matter to obtain the mean square total displacements from the mean square thermal dis-
placements. We define the thermal displacement in the x-direction by

Ag, (1) = [ P, (/Mg ds (4.33)
0

The mean square thermal displacement in the x-direction is given by the well-known
solution of eq. (4.27), assuming isotropic, constant friction,

(Agg(1)) = (ke ML)t + L/ (e ™ — 1)) (4.34)

To obtain the mean square total displacement, we use the definition of the thermal
displacement on the left-hand side,

t
Ag,(t) = Ax(t) 7] Y(s) ds (4.35)
0
then ensemble average and rearrange to obtain the mean square total displacement,
tt
(AX (1)) = (A (1)) +7° [ [ (y(u)y(s)) dsdu (4.36)
00

Evaluating the integral of the y-position correlation function using similar methods to
Foister and van de Ven,'° we obtain

(y(u)y(s))ydsdu = (kgT/Mg[2(Ct)¥3— ((t)2 +2—2e ' —2(Ct)e™™']  (4.37)

|

O —y
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The diffusive limit of the shear rate-dependent part of the mean square total displacement
is given by

25°Dyt° (4.38)

and the short-time limit is

7% (kg T/4Mg)t* (4.39)

Remarkably, both of these limits are identical to the corresponding limits of the solution
of eq. (4.30).2° The full solution of eq. (4.27) is, however, much simpler than the full solu-
tion of eg. (4.30).1

A generalisation of the simple LE describing a single Brownian particle in a shearing
fluid is obtained as a special case of our GLE. Our modified form of the LE equation
(2.35) includes aforce term due to the conversion of streaming motion into thermal motion
(or vice versa) as particles cross streamlines. This term apparently has little effect on the
overall mean square displacements of the particles, but its inclusion leads to a more self-
consistent treatment of Brownian motion in shear, in which the thermal velocities are the
variables of interest, just as they are in the equilibrium case. The solution of the corre-
sponding LE is consequently simpler, and may be useful in further generalisations similar
to that of Miyazaki and Bedeaux,*? who investigated a non-Markovian generalisation of
the LE for a Brownian particle in a shearing fluid, and allowed for anisotropic friction.

4.3 CONCLUSIONS

We have presented a derivation of the GLE for a system?® that is subjected to a constant
external field, explicitly taking into account the effect of the coupling to a thermostat or
heatbath. This coupling is essential in order to establish a steady state. To do this we use
the SLODD-type equations of non-equilibrium statistical mechanics (eg. (1.11)) as our
basic dynamical equations of motion.

We find that the steady-state field-dependent GLE isidentical in form to the equilibrium
GLE, except that all the propagators must now include the field and thermostat terms.
However, the derivation of a GLE that correctly describes the transient behaviour would
appear to be substantially more difficult due to the presence of non-Hermitian terms that
only approach zero in the steady state, and the absence of time-reversal symmetry in non-
equilibrium correlation functions except in the long time (steady-state) limit.
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The Langevin Equation and the
Brownian Limit

In this chapter we will discuss the approach to the Brownian limit starting with the micro-
scopic Liouville equation. Here we will follow a more rigorous approach to the derivation
of the equations for Brownian motion than that given in Section 2.5 which was pioneered
by Mazur, Oppenheim, Deutch and Albers. The three key papers'= of these authors are
seminal papers in this area and because of their importance | will stay very close to their
work, methods and notation. The latter is important so that these papers may be referred
toin full for more details and to correct any errorsthat | have made. Also, this approachis
easier to generalise to a system of many interacting Brownian particles than this previous
method as we shall see in Section 5.2. There are several ways of deriving the equations
appropriate to the Brownian limit including the treatments of Zwanzig* and Murphy and
Aguire,® some of these will be found in the references at the end of this chapter and will
be discussed in Section 5.5.

It should be emphasised that athough we use the Deutch—Oppenheimer?2 approach to
derive the Langevin eguation in the Brownian limit their method is very general. Thus,
their method may be used for other purposes, e.g. to separate a system into system and sur-
roundings or to treat two or more component systems which may not be approximated as
being in “The Brownian Limit” (see Chapter 7).

For the Brownian approach it is convenient to divide the system of N, particles into a
sub-system consisting of N bath or background particles of masses m and another of n par-
ticles of mass M;, i.e. into the bath (solvent, background or suspension medium) and the
particles of the suspended medium respectively. It is usually assumed that M,>m and
N>>n, i.e. we have a system of n heavy particles suspended in a bath or medium of much
more numerous lighter particles. However, there are other conditions on the validity of the
Langevin equation which will be discussed in Section 5.5.

In the Brownian case the momenta of the N particles of the bath are given by p; and their
positions by r; and the momenta of the n suspended particles are given by P, and their posi-
tions by R.

Let us write,

P = (P Py p)andr ™ = (15, )

71
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and
P™ =(P,P,...P,) ad R"™=(R,R,-R)) (5.1)
i.e.
Vi=p/m
Vi=P/M
If we define,
Lo =(P™,r™) = (1, Poreees BT 1l g1 y) (5.2)
r;=(P”,RY)=(P,Py... Py R, Ry Ry) (5.3)
then
r=r,+I,

We start by considering the case of a single Brownian, B particle in abath of small par-
ticles.

5.1 A DILUTE SUSPENSION - ONE LARGE PARTICLE
IN A BACKGROUND?
Consider a system consisting of N bath particles of mass m, and one particle of mass Mg,
the Brownian particle which has momentum Py and position vector Rg.

The Hamiltonian of the system is given by

H = Hqg + Hg (5.4)

where

N
Ho =Y, pp/2m +U(r ™) +v(r ™, Ry) (5.5.9)
k=1

or if al the m/s are the same,

:E(N).E(N)/Zm+U(£(N))+V(L(N)'BB) (55b)

and
Hg = P3/2Mg (5.6)

where Py = MgVg.
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The potential energies U and V are as follows:

1. U(I™) the short-ranged intermolecular potential energy of interaction of the bath
particles, and

2. V(@™, Ry) is the interaction potential between the bath particles and the Brownian
particle which will be assumed to be given by

V(r™ Rs)= iv(l —Rgl) (5.7)

Also H, is afunction of (r™, p™, Rg) not of (Pg) so,
Ho=Ho(r™, p™, Re)
The Louville operator can thus be written as
iL=iL,+iLg (5.8)
where

P/me Vo +F-V ]
(5.9)
p/M-Vo =V, (U +V)'ka]

N
iLo=YI[
k=1
N
=>[p
k=1
Fr=-V, U™ +v(™, Ry)]
iI-B :[E/MB'YR +EB'YP]
=[P/Mg-Vg — Vg V-Vl (5.10)

and

Note as
V= Pg/Mg
iLoVg=0
(iLoHg)=0



74 5. The Langevin Equation and the Brownian Limit

and

iLgVg= Fg/Mg =1/Mg (d/dt)Vyg (5.11)

Now, noting that unlike Albers, Deutch and Oppenheim | have used a subscript 0 on the
averaging for reasons given below,

(Ao = [ 15 (p™, 1™, Rg) A(p™, 1 ™, Ry, Pg)dp™ dr

= [ £57(I', Re)AT) dT (512)
= D(Rs, Pg)

where

i (p™,r ™ Rg) = (g, Re)
_ e—HO/kT/qe—HO/kT dl"o)

and introduce the projection operator defined by,

PAI) =PAT,I,)
= [ f5 (T, A()dr
= B(Fl)
= (A(F0F1)>o

(5.13)

This operator will average over the phase space relevant to the N bath particles only.
However, there is a further interesting feature of this operator in that even though it aver-
ages over al the bath particles’ phase space, the weighting function for this averaging is
not the N-body equilibrium distribution function appropriate to the system of bath parti-
cles by themselves. It is the N-body distribution function for the bath particlesin the field
of the fixed Brownian particle. In the Mori method (Chapter 2) the projection operator and
the distribution functions refer to all particles, i.e. the selected (“tracer” or “representa-
tive”) particle and all the other particles in the system.

So the notation (A), is defined by

(Ao = [ £§(I'g, Rs)A() dT

where

f:q Ty, Ry) = e—Ho/kT/(J‘e—HO/deFO)
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whereas in the Mori method we have
(A(D) = [ f=(T)AT)dT
where

() = e—H/kT/(J'e—H/deF)

and H is the Hamiltonian for the total system.
You could imagine another definition, i.e.

(AI)) = [ 12(T)A(D)dT,

where foeq(I‘)ze‘Hb’kT/ (JeHP'KTTE) and Hy, is the Hamiltonian of the bath system only,
N
Hy = 2 PeP/2m +U(r ™)
k=1

However, in this case if A were afunction of I'; only then (A(I')), = A.
Returning to the projection operator of Alberset al.2 for the particular case A = V; we have

PVg=PVg(I')
= [ £V I (5.14)
= \_/B_[ foldl'

as Vg isafunction of Py only which is not in phase space I,
Also we have

PiLgVp = [ £ iLg VadIy
ZJ‘f:q (Fg/Mg)dIy

= <EB>O/MB
=0 foranisotropicsystem

(5.15)

5.1.1 Exact equations of motion for A(t)

Starting with the operator identity eg. (1.36),

t
G(t) _ eiLt _ ei(lfP)Lt +Iei|_(t—r) iPL ei(1—P)|_z dr (5.16)
0
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and noting that

PiLo(-)=0

PiL 5 A(0) = (Ps/Mg)-V A(0) (5.17)

the latter because (F), = O for an isotropic fluid.

To obtain an equation of motion for any arbitrary function A(t) of R; and P we use the
operator identity (eg. (5.16)) which leads upon operation on (1-P)iL A(0) to the following
exact equation of motion of the GLE type (see Appendix H),

dA(t)/dt = e (Pg/Mg)-Vr AQQ)+ K" () + j L NGL K (1))dr  (5.18)
0

where the “random force” K*(t) is defined by

K™ (t)=* P (1-P)iL A(0)

=P E 0V, AO) 19
However, for an isotropic fluid,
(K" (), =0 (5.20)
and thus,
V(K" (1)) = (VR K" (t))o + (Vkg TXF K™ (t))o =0 (5.21)
and
(iLgK™ (1)) =[Vp — Pa/(kgTMg)I(Fg K™ (t))o
Hence, eq. (5.18) becomes
dA(t)/dt = €' (Pg/Mg)-Vr A(0) +ieiL<‘-f>[vP — P/(KTMg)] 622)

(Fg €@ DM L) Vo AQ) dr + K ¥ (t)

which is another, exact equation of the GLE type.

It should be emphasised that both equations (5.18) and (5.22) are exact and can, in
principle, be used to treat systems other than those for which the Brownian limit is appro-
priate.
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Thus, as mentioned in the Introduction to this chapter the equations may be used for
other purposes, e.g. to separate a system into system and surroundings or to treat two or
more component systems which may not be approximated as being in “The Brownian
Limit” (see Chapter 6). Furthermore, the projection operator may be generalised to deal
with other problems.

5.1.2 Langevin equation for A(t)

To obtain an equation appropriate to the Brownian limit we once again follow Albers,
Deutch and Oppenheim? and firstly write,

ei(1fP)Lt — eiLOt +[ei(17P)Lt _eiLOt]
e|L(tfr) — e|L'( _I_[elL(tfr) _elLt]

Thus,
je‘”“”[yp —Va/kaTI(Fg €4 F5(0))y Ve A(O) de
0
= ei“j[\zp —Ve/kgTI{Fg €' F(0))o 'V AQ)ck
0
+j e IV, — Ve TH(Fge P F5(0))o Ve AQ)—(Fge™ o' Fg(0))y' Ve AQ)lde  (5.23)
0

t
+[ [0 — €[V~ Va/kg TI(Ege™ " Eg(0))o Vi A(Q) dr

0
= Mg lo(t)+ Mg I (t) + Mg 1 ,(t)

Albers, Deutch and Oppenheim? show that 1,(t) and I,(t) may be neglected relative to
I,(t) by investigating the orders of magnitude of these integrals with respect to the param-
eter 1 = (M/Mg)¥2 which is assumed to be small. The basic assumption is as follows:

(Ae""-B), = (A), (B), fort > 1,

where A and B are arbitrary dynamical variables which depend on the bath co-ordinates
and/or momenta and 7, is the largest relaxation time for the bath in the presence of the
fixed Brownian particle. More precisely, the following three conditions must be met:

1. O(Py(t)) = 7O(p),
where0< o <2

2. O[€" p[Vp V" V" A] = 2 O(" V" V" A)
wheree >0,n= 0,1,2,...,N=0,12,...

3. O[e*! R[Vg Vg Zp"' Al = 22 O(e"! Vi" YPW A)
wheres =0,n= 0,1,2,...,nN=0,1,2,....
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The first condition means that the magnitude of P; must be large compared with the
magnitude of p which is the momentum of atypical bath particle but the magnitude of Vg
must be small compared to that of atypical bath particle, v.

The second condition means that the property A(Pg.Rg) and its derivatives vary infini-
tesimally when P changesto Py + p

Finally, the third condition means that spatial variations of A(Pg,R;) and its derivatives
are at most of the order of unity.

Now in the limit A — O then

lo(t) = € [V — Py /(Mgks T){Ege ™ Eg(0))g' Vo AQQ) et (5.24)
0

but for an isotropic system,

(Fg€“' F5(0))o = UXFg€" ' Fg(0)) IT

0 (5.25)
= 1/3<EB'EB (t»o I
where we define
0 Lot
Fe(t)=¢e"° F3(0)
and
1 00
II=/0 1 0| istheunittensor.
0 01
&)1
lo(t) = e'“f[Yp — Pg/(MgksT)[{Fge'*" F5(0))g'Vp A(0) dr
Om (5.26)
=y(t)e" [Vp — Ps/(MgkT)]-Ve A(O)
where

9(t) = U3[ (FgE (1)) e (5.27)
0
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Now,

(K" ()K" (0))o = (K" ())K(0)),
= (TP E(0) Ve A(0) P00 Fi(0))y-V A0)
= (P Eg(0)Vp A0) Fg(0))o Vi AO)
~UXFy(t)Fe(0)o Vi A)Vp A(0)

where the operator identity below has been used,

t
ei(l—P)Lt _ eiLot +J'eiL0(t—r) i(l— P)LB ei(l—P)Lf dr
0

then,
(ePILt F&(0) F5(0)'Vp A(0)),'V, A(0)
= (e"°' F5(0)'V» A0) F5(0))o'V, AO)
0

+[<I et Ii(L-P)Lg e EB(O)-VPA(O)EB(0)> dr]-vp A)
0

~ V/3(Fg(t): Fs(0))o Ve A0) Ve A(0)

So the exact equation (5.22) becomes as 4 = (M/Mg)Y2 — o,
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(5.28)

(5.29)

(5.30)

dA(t)/clt = €"{Pg/(MgksT)}- Vg A0)+7() €' [V — Pa/(KTMp)]- Vs AQ)+ K (1)

where the friction coefficient is given by
t
9(t) = V3[ (g~ E3(2))o dt
0

and the random force by
K*(t) = @ P (1—P)iL A(0)
= ei(l_p)LtEB(o)'VR A(0)

The properties which determine K*(t) are now

(K*()=0

(5.31)

(5.32)

(5.33)
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and

(KT ()K" (0)=VXFg(t)-Fa)o Vo A0)- Ve A0)

So in the limit of long times we may write the Langevin equation (5.31) with

p = 7(t) = 7() = V3[ (EgER(1))o e (5.34)
0

and K*(t) will be described by a Gaussian random variable with mean and mean-square
value given by

(K*(t)y=0 (5.35)
and

(KT (DK™ (0))~2yA(0)- Vo A0)4(1)

5.1.3 Langevin equation for velocity

If we choose as our dynamical variablethe velocity of the Brownian particle, i.e. A(t) = V(1)
= Py(t)/Mg, then we will obtain the original Langevin equation and as thisis such an impor-
tant case we will summarise the main points here.

Firstly,

iLoVe=0

iLg Vg = Fg/Mg = (/Mg )(d/dt)Vy
iPL,Vg=0

iPLgVg=0

iP(Lo+Lg)Vg=0

K+(t) — ei(l—P)Lt[(l_ P)lL \_/B(O)] — ei(l—F’)Lt EB(O)/MB
(Fg K™ (t))o = (Fg{ € P [(1— P)IL V5(O)]})o (5.36)
= (Fg € P F5(0))o/Mg

So the exact equation of motion in this caseis

dVg(t)/dt = K* (t) + j LI GL KT (1)), dr (5.37)
0
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or

t
=K 0+ [ €I, Vo T](Fpel P Eg O e
B o

where K*(t) is given by eq. (5.36) above.

The conditions which must be met for the integral I, to be the only significant one is
now that (A €-9'B), = (A)«(B), for t > 7, where 1, isthe longest relaxation time for the bath
in the presence of the n Brownian particles fixed in position, [P(t)|> |p| and |Vg|«<|v]| .

So in this case,

t

lo(t) = (M) € [V, — Vi kg TIEge™" F(0)) dr
0

= —(t) " V5(0)/ (kg TM)
= —7()Va(t)/ (ks TMg)

where 5(0)=1/3 [ E5-ES() otk
and ’

(K" (K" (0))g

= (K" (K)o

= (P Eg(0)/Mg €470 Eg(0)/Mg),
= (€4 Eg(0) F(0))o /Mg

Using the operator identity (eg. (5.29)) then,
(4P Eg(0) Fg(0))o/M3
= ("' Fg(0) F(0))o/M3 +{<J e ol i(1-P)Lg €47 Fy(0) EB<0)> dr} / Mz
0 0
~ V3(Fy(t) F(0))o/ M5

So,
(KT (K" (0))o = 3(Fa () Fg)o/M3

The exact equation (3.37) becomes as 4 = (M/Mg)¥2 — oo,

dV(t)/dt = —(t)/ (ks TMg )Vg(t) + K™ (1) (5.38)
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where

7(t) = V3J (Eg-Fy(2)) Ot
0

and in the limit of long times we may write

dVg(t)/dt = —/(kg TMg) V(1) + K™ (t) (5.39)
where
7= 7(t) = 9(=2) = V'3[ (EgFy())o dr
0
(K*(t)=0
and

(KT(OK™(0)) = 274(1)

wherein arriving at eg. (5.39) we have assumed that 1 = (M/M;)Y? —» © andt — .

This is the same equation as first arrived at by Langevin using heuristic arguments
and derived in Section 2.5 from the Mori—Zwanzig approach. This equation and gener-
alisations of it have been extensively used to describe the dynamics of many systems,
e.g. as the basis of the so-called Brownian dynamics (BD) numerical scheme (see
Chapter 7).

From eg. (5.39) we may take the dot product with Vg(0), ensemble average and use the
fact that K*(t) and V;(t) are uncorrelated in the Brownian limit (cf. the derivation of the
GLE for (Vg(0)-Vg(t)) in Section 2.4) and we obtain

d<\_/B(O) ‘\_/B(t»/dt = _V/(kBTM B )<\_/B(0) '\_/B(t)> (5.40)

The solution of eg. (5.40) is obviously,

(Va(0)-Vg(t)) = (V5(0)-Vg(0))e (™ot (5.41)

as was obtained from the Mori continued-fraction scheme.

Note that we still have to find a method for calculating the parameter  which requires
some other assumptions to be made. Often it is assumed that it may be obtained by use of
the Stokes—Einstein relationship, i.e.

D=kyT/ (5.42)
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Figure 5.1 Normalized velocity autocorrelation function, (v(0) - v(t))/{v(0) - v(0)) versus delay time
for one large particle in abath of smaller particles calculated by the MD method (see text for further
explanation).

It should be noted that the Brownian limit arises when the conditions discussed above are
valid which essentially meansthat all dynamical processes have ceased in the bath systemin
the presence of the Brownian particle, i.e. the bath system is at equilibrium before the
Brownian particle has changed its dynamica state significantly. This does not, however,
imply that the dynamical processes involving the velocity of the Brownian particle have
become uncorrelated and in particular it is not assumed that (V5(0)-Vg(t)) = O before the
Brownian particle has significantly changed its position. If on the contrary this were also
assumed then we would have aso made the assumption that we were working in the
Diffusive (or ‘ Overdamped’) limit. This|atter case will be discussed further in Chapters 6-9.

In order to illustrate the approach to the Brownian limit Figure 5.1 shows the normalised
velocity autocorrelation function (v(0)-v(t))/(v(0)-v(0)) versus delay time for one large par-
ticle in a bath of smaller particles interacting via a CWA potential with a core calculated
by the MD method. The large particles core radius was three times that of the bath parti-
cles and the results are for mass ratios m,/m, of 0.5 (O), 1.0 (®), 2.0 () and 10 (A). As
can be seen from Figure 5.1 as the mass ratio of heavy to light particles increases, the
velocity autocorrelation function losses the negative backscatter region at intermediate
times and it decays much more slowly in time.

5.2 MANY-BODY LANGEVIN EQUATION

In order to generalise the results of the preceding section to many (n) heavy particles of
mass M in a bath of N light particles of mass mwe will have to firstly modify some of the
basic definitions used in Section 5.1.
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To re-iterate we represent the collection of positions and momenta of the bath particles by
Fo= (™, p™)

where
(™) =(r,r5 1)
(_p(N)) = (P, P2+ Py
and of the Brownian particles by,
r,=([R",p")

where

(R™)= (R, Ry~ R))
(P™) = (P, Py, Py)
The Hamiltonian of the system is now given by
H=H,+Hg (5.43)

where H, is the Hamiltonian for the N bath particlesin the potential field of the n Brownian
particles held fixed at (R™),

N n
Ho = kziEk'Ek/zmk +U(r ™)+ Zlq%, r'™,R) (5.443)
= =

or if al the m/s are the same
= p™-pM2m+ U M)+T @, (1M, Ry) (5.44b)
and Hg isthe Hamiltonian for the n Brownian particlesin the absence of the bath particles,
Hg =Y P, P,/2Mg +V(R™) (5.45)

where P, =MYV,.
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The potential energies U and V are as follows:

1. U@Ir®™) the short-ranged intermolecular potential energy of interaction of the bath
particles, and

2. V(Rp) is the interaction potential between the Brownian particles which will be
assumed to be given by

n

VR™)= Y WIR,—R,) (5.46)

wv=1

3. (DH([(N),BB) is the short-range potential energy of interaction between the Brownian
particle u and al the N bath particles which we will assume to be the sum of pair inter-
actions,

o, ™ Ry)= iw R,—1)
i=1

Once again H, isafunction of (r™, p™, R™) not of (P5"), i.e. Hy = Hy(r ™, p™, RM).
The Louville operator can thus be written as

iL=iL,+iLg (5.47)
where
) N
iLo =D [Pp/MmVy +E"V ]
k=1
N
= Z{Ek/n’\('Yrk —ValU+y (I),u)'y ka (5.48)
k=1
F'=-V, (Ur™)+Z0,)
and

iLg =).[P/M, Vg, +F Vg ]
and if al the Brownian particles are of the same mass,

=[P/Mg-Vg + E,[YP]

5.49
— [PMVy — VaV-Vy] (5:49)

and F, == Vg, VO™ R")+0,]
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Now, once again unlike Deutch and Oppenheim?® | have used a subscript O on the
averaging for reasons given in Section 5.1,

(AD)), :JfOGQ(p(N),r(N),R(n))A(p(N),r(N),R(n),p(n))dp(N)dr(N)
= [ 15(0o, R)A(T)d T, (5.50)
— B(R(n), p(n))

where
fOSQ(E(N),L(N)’B(ﬂ))
= foeq(FOaB(n))
_ e—HO/kT/(J‘ g HOKT dFO)

Introducing the projection operator defined by

PA) =PAI'I)
= [ f2(r,) A dr
= B(Fl)
= (A(Forl»o

(5.51)

this operator will average over the phase space relevant to the N bath particles for fixed
positions of the n B particles only, and the discussion in Section 5.1 on this operator is
again relevant in the n-body case.

Returning to the projection operator of Deutch and Oppenheim for the particular case
A=V, we have

P\_/Iu = P\_/H(Fl)

= [ 157V, dr, (5.52)
= \_/uJ- fOeq dFO

asV, isafunction of P, only whichisnot in phase space I',
Also we have

PiLgV, = [ 1LV, dI
= .[ fOeq (Eu/Mp) dFO
= <E”>0/Mﬂ
= 0 foranisotropicsystem

(5.53)
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Asin this case we have n-Brownian particlesin abath of N light particlesit is necessary
to introduce the potential of mean force y defined below which represents the bath or ‘ sol-
vent’ mediated static interaction between the Brownian particles,

Z(R™) = C(B,N,V) exp[—p1(R™)] (5.54)
so that using
(Vi @, )0 = (—LkgT) ' Vi, INZ(R™)
= Ve 2(R") (5:55)
from which we may define the bath averaged force on Brownian particle u by
(Fo = (Ve IVI™, R+ @, 1)y =~ Vg, [V+(R™)] (5.56)
5.2.1 Exact equations of motion for A(t)
Starting with the operator identity,
G(t) =€t =P +_t[eiL“‘f) iPL e Pt de (5.57)

0

and let this operate on the variable A(t) where A(t) an arbitrary function of the phase space
variables for the large particles and K(t) = (1 — P)iL A(0) which gives an exact GLE-type
equation of motion for A(t),

dA(t)/dt = B(t) + K*(t)+j-eiL(H)<iLB K* (1)), dt (5.58)
0
where
dA(t)/dt = e*'iL A(0) (5.59)
B(t) = e"'(iL 5 )A(0) (5.60)
and
K*(t) =@ PH[L A0)—(iLg), A0)] (5.61)

These eguations are obtained by using

PILo(-+) = (iLo(-+))p =0
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It may be noted that the solvent averaged forceisintroduced by the definition of B(t) and,

D) = €3 [(BUM, )V, +(E,)o Ve, JAO)

n=1

Now,
iLg K (0o = S IB/M, Ve K* ()0 + Vo, (E, K (1)0]
=1
and using,
(K" (2 = (K" (O))p =0
we have,

<YB,, K+(T)>o = _(]-/kBT)<Eu K+(T)>o

where E, = F, — (E,)o.

=nu —u

Thus,

(GLg K (@) = 3 [Va — (ks T M,)PICE, K* () o]

=1

Now K*(t) may be re-written by the use of

(1-P)iL A(Q)= (1-P)iLg AQ) =} E, V5, A(0)

K+(r) = gl(1-P)Lt Z E, (0) YEV A(0)

v=1

Thus, eg. (5.58) may now be written as

dA(t)/dt= zn,{ (P/M,) Vi) + Su() Vi, o} AW + K™ (1)

p=1

Y

n=1lv=1

O t—

"N [Vp, — (U(kgTM, )P, I{E, € P °E, )o-Vp, AO)} dr

(5.62)

(5.63)

(5.64)

(5.65)

(5.66)
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where

S,(t)=€"(F,) (5.67)

Eqg. (5.66) is another exact GL E-type equation of motion for A(t) and may be re-written
using the same techniques as in Section 5.1.2.

5.2.2 Many-body Langevin equation for A(t)

Thus, asin Section 5.1.2 we may write,

dA(t)/dt = B(t)+ K" () + iie‘“[ygﬂ —(UkgTM,)P,]

p=lv=1
[(E, E°(@)) Vo, AQ)d+1,+1, (5.68)
where
E@=e"E, (5.69)
n nt .
I, = ZZJ'em(tfr)[YEﬂ —(WKkgT M#)Eu]'{<Eﬂ el(lfP)LtEv Yo— <E;¢E8(T)>O'ng A(0)} dr
u=1lv=10
and

t

=33 @) e[V, — (VT M,)P,1-(E, E%(0)yVo, AO)}

n=1lv=10

As in the case of a single Brownian particle we assume that (A €-°B), = (A),(B), for
t > 7, where 7, isthelongest relaxation timefor the bath in the presence of the n Brownian
particles fixed in position and this time will be roughly |R;|/c where c is the speed of sound
in the bath. If also conditions 1-3 in Section 5.1.2 are met, then to order

/=(M/M)¥2«1 1, and |, may be neglected so eg. (5.68) may be written as

A(t)/dt = B(t) + K (t) + zn: En: e[V, = (UkgT M, )P,J7,, (1) Vp, AQ)dt (5684
u=1v=1
where
7 (LR () = [(E,ED (1)), ot (5.68b)
0

This is the many-body Langevin equation for the evolution of any phase variable A
which is afunction of ', = (R™, P™).
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It should be remarked that general forms of the Langevin equation for any function
of the dynamical variables characterising the state of the large particles, i.e. egs. (5.58)
and (5.66) are exact. Thus, we could use one of these equations which would not
involve making the assumptions and taking the limits involved in arriving at eg. (5.68).
Even the assumption that the bath particles are at equilibrium could be eliminated by
use of the Kawasaki formalism as mentioned in Chapter 4 and refining the projection
operator (eq. (5.51).

5.2.3 Many-body Langevin equation for velocity

If we choose A as the velocity of alarge particle V, then we have an exact equation for the
time evolution of V,,

t
M, dV, /dt = B(t)+ K * (t) + j LI GL , K™ (1)), dr (5.70)
0
where
M, dV,/dt=e""iLV,(0) (5.71)
B(t) = €"'(iLz) M, V,(0) '
and

K™ (t)=e"“IlL M,V,(0)—(iL 5)o M,V,(0)]
= e PHE (0)Vp, M,V (0)

Thus, eg. (5.70) may be written as another exact equation,

dV, /dt=S,(t) Ve, Vs + K (1)

nt
_’_zjeiL(t—r){ [YEp _ (]./kBTMH)P ]'<Euei(l_P)LtE‘->O'YEV\_/V(O)} dr (5.72)

—
u=10

and this reduces to

M, dV,/dt = A(t) + K™ (1) + zn, " {[Vp, — (VkgTM, )P} [(E,E*(1))o'Vp, V,(0) de

t
n=1 0
(5.73)
where E,°(z) = €-°E, if, as before, we assume that (A €-9B), = (A)y(B), for t > 1,,, where

7, IS the longest relaxation time for the bath in the presence of the n Brownian particles
fixed in position, [P(t)|> | p| and [Vg|«<v|.
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If these conditions are met then to order A=(m/M)Y2« 1 I, and |, may be neglected so
eg. (5.72) may be written as follows:

M, dV/dt
— A +KT O+ e Ve, — (ks TM )P 1y, (t)-Vp, V,(0)d
A(t) (t) Zi {[Ve, —( WP, (1) Ve,V (0)dr (5.74)
=SMO+E (1)~ X P, &R (1)
where
E ()=€e“"P"E )
(5.75)

L LRV (D) = (UkgTM, )€y, (6, R™) = (UkgTM, ) [ (E, ED(x)), dr
0

and for t> 1y, eg. (5.75) may be written as

Lt RV (M)=E,, (= R (1)

Thus, we have a Langevin-type eguation for V., which says that the rate of change of
momentum is given by the sum of three forces on the Brownian particle v,

1. §(t) = e (F,), which isthe time-dependent solvent averaged force due to the other
Brownian particles.

2. Ej(t) = €+PHE (0) which is the fluctuating or “Random” forcewhere E, = F, —
(E,)o is the difference between the direct and solvent averaged forces on the
Brownian particle v.

3. X P, {,(t R"(t) which is related to the time-correlation function of E, which
involves the R™(t) dependent friction coefficients {  (t, R™(t)).

In order to understand the Langevin equation (eg. (5.74)) we must find the properties of
the random force E, *(t) and secondly the friction coefficients {,,(t, R"(t)).
Now we have

(E/ (1)) =(E (0)) =0 (5.76)
and furthermore Mazur and Oppenheim show that*

(E, ES )0~(E, E) (1))

= 2(ksTM )%, (R™) 8(1) (5.77)

w

which is valid for t> 1, and they also show that in the weak-coupling limit, i.e. 2 =
(MM)¥2 - 0, t — o and (42t) = constant that E, can be described by a Gaussian stochas-
tic process with mean zero (i.e. eg. (5.76)) and second moment given by eq. (5.77).
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The remarks about the distinction between the Brownian limit derived above and the
Diffusive limit discussed at the end of Section 5.1 should be emphasised again.

5.2.4 Langevin equation for the velocity and the form of the friction
coefficients

The friction coefficients ¢,,,(t, R™(t)) (or friction tensor {,(t, R™(t)) in general) may, in
principle, be evaluated by either a microscopic or a macroscopic method. The microscopic
approach is discussed at length by many authors, e.g. see Deutch and Oppenheim?® (see
Section 5.5). In practice, the macroscopic approach is probably the more viable one for
most circumstances and we will devote some time to discussion of this approach in
Chapter 7. However, it is useful to consider the relationship between the many-body
Langevin equation derived from a microscopic starting point, i.e. eq. (5.74) and the macro-
scopic approach to the derivation. This relationship may be discussed by summarising the
excellent discussion of the macroscopic approach given by Mazur® which he, in essence,

1. Develops methods to calculate the hydrodynamic drag force F," on n spheres sus-
pended in a Newtonian fluid whose hydrodynamics may be described by the linear
Navier—Stokes (“creeping flow”) equations for incompressible fluid flow at low
velocity.

2. Combines this with the Landau—Lifshitz equation governing fluctuating hydrody-
namics to give a Langevin equation.

The former he does by generalising the well-known Faxen theorem for the force on one
sphere in a fluid to that of n-spheres in a fluid using the method of induced forces. This
method gives this force as

H _ $ H | _
F, _,;va (\—/# <EOSH>) (5.78)

where V, isthe velocity of the u sphere, (vog,) is the value of the unperturbed fluid veloc-
ity field averaged over the surface of the uth sphere and Qvﬁ is the hydrodynamic friction
tensor which is related to the inverse of the mobility tensor pﬂv which relates V, to the

(vos,» and the sum of the E H by

u

V, = (vos)— X B
s E‘l g (5.79)

The latter requires the definition of a random stress (which is added to the normal lin-
earised Navier—Stokes equation) by

(o (R1))=0

(00 (RO (RVD) = 2k T {0 g1 + Ol — 2300} d(R— RIS ~1) (O8O
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where(...) denotes an average over an equilibrium ensemble average of fluid systems. This
leads to the following macroscopic many-body Langevin equation:

n
M, dV,/dt=F>+EX =Y ¢V, (5.81)

=1

where E B is the total external force due to solvent averaged interactions with other par-
ticles and external sources, E R is the random force arising from the random stress o;(L.t)
and EHP = — 2L, -V, is the hydrodynamic drag force due to the solvent in the presence
of the other particles. This is exactly the same form as the microscopically derived equa-
tion (5.74) and, thus, we may make the identifications (ignoring the contribution of exter-
na systemsto F B,

F2 = S(t) = €"(F,)
FR=E/ (t)=e®P"E 0

) (5.82)
F' = _Zf““ CROOIP, ==Y,
o
Mazur® shows that the random force F R is given by
§=i$@w> (5.83)
o
and has the following statistical properties:

(EX)=0 (5.84)

and

(FROFT (1) = 2kgT £, (3(t — 1))

Thus, in the Brownian limit, i.e. when 4 = (m/M)Y? — 0 we may use macroscopic hydro-
dynamicsto cal cul ate the hydrodynamic drag and random, fluctuating forces on suspended
particles. The other force F,®* may be calculated by equilibrium statistical mechanical
methods.

If one puts the fluctuating part of the pressure tensor P equal to zero, then this treatment
leads to a purely macroscopic method of obtaining the friction tensors {; (or ;). In
essence, thistreatment is then just the hydrodynamic description of n macroscopic spheres
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of mass M; and radius & immersed in an otherwise unbounded, incompressible, viscous
fluid with coefficient of viscosity #;.

5.3 GENERALISATION TO NON-EQUILIBRIUM

Shea and Oppenheim” have derived a L angevin-type equation via the non-equilibrium dis-
tribution function approach of Oppenheim and Levine.® This approach is based on the
assumption of local thermodynamic equilibrium and has been used to derive a Langevin
and a Fokker—Planck (F-P) equation for one Brownian particle in a non-equilibrium bath.
This approach has not been generalised yet to treat many Brownian particles.

From a microscopic starting point this has been done in the case of the GLE as detailed
in Chapter 4 and the limiting case of Brownian motion when hydrodynamic interactions
may be neglected has been given in Section 4.2.

Dickinson® in deriving a generalised the BD algorithm of the Ermak and McCammon
type'® started by adding aterm to the LE of Mazur, i.e. eg. (5.81) to represent the effect of
a shear field. However, the most complete extension of the BD method of Ermak and
McCammon'® has been given by Brady and Bossis' starting from a macroscopic point of
view which essentially generalises Mazur’s result based on the Landau-Lifshitz fluctuat-
ing hydrodynamics equations.® Thus, Brady and Bossis'! start with the Newton equation
of motion for the combined translational and rotational degrees of freedom,

M-dU/dt =FP+FB+FH =F (5.85)

Here, M isageneralised massymoment-of-inertia 6N X 6N dimension matrix, U isthe par-
ticle trandational/rotational 6N dimensional vector and F is the 6N dimensional vector rep-
resenting the total force/torque on the particles. This latter term is made up of the following:

(8 FP the sum of the interparticle and external, non-hydrodynamic forces,
(b) FP® the stochastic, Brownian force, and
(c) FM the hydrodynamic force which is now generalised to include the shear field.

This latter force is then written as
F*"=—Rg,-(U-U*)+Ry :E” (5.86)

Thisisageneralisation of the hydrodynamic interactions present in the previous Langevin
equation to include the effects of the bulk shear flow. The term Ry ,(X) is the configuration-
dependent resistance matrix generalised to include both translational and rotational terms,
i.e. it depends on the generalised configuration vector x which specifies the position and
orientation of all the particles. Thus, this term merely collects together al the previously
defined terms. The shear field enters via the terms U”, Rz and E* which are as follows:

1. Theterm U~ is the velocity of the bulk shear flow evaluated at the particle centre
where U” = Q* for rotation, U* = E* - x, for trandation where x, is the position
vector of the «th particle and [E*| = 7 is the magnitude of the shear rate.
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2. Thetensors E*” and Q" are, respectively, the position independent but time-dependent,
anti-symmetric parts of the velocity-gradient tensor.

3. The tensor R is the configuration-dependent resistance matrix representing the
hydrodynamic forces and torques due to the imposed shear field.

It is assumed as before that the Brownian force has the following properties:
(F®y=0 (5.87)

and
(FE(O)F®(t)) = 2ks TRy, 6(1)

This equation has been used to derive Brownian dynamics algorithms in the diffusive
limit as will be discussed in Section 7.5.

5.4 THE FOKKER-PLANCK EQUATION AND THE DIFFUSIVE LIMIT

If we choose as our dynamical variable A(t) the variable D(t) defined by?

At) = D(t) = D(R™,P™tIR™,P)

=gkt 5(R(n) _ R(n)’)é(P(n) _ p(n)’) (5.89)

where R™" and P™" denote arbitrary values of the positions and momenta of the large par-
ticles then we may obtain the Fokker—Planck equation for the reduced distribution func-
tion f M(RM,PM), This distribution function gives the probability of finding a particular
dynamical state of the system but only for the large particles unlike the full distribution
function which obeying the Liouville equation for the whole system of small and large
particles, i.e. eq. (1.17). The Fokker—Planck governing the time evolution of f ™ and the
details of this procedure may be found in Section 1V of Ref. 3.
If we use eg. (5.88) then eqg. (5.68) yields the following equation:

dD (1)t = €Y [(P/M, ) Vi, +(F, o' 5, 1D(0)

=1

+3° Y €Y [Vp, — (UksT M,)P, 1y, (t)-Vp, D(0) + G (1)

n=1lv=1

(5.89)

where the random force G*(t) is given by

X . n
G )=y E,-V,, D(O) (5.90)

v=1
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Using the properties of the delta function eg. (5.89) may be re-written as

ab(t)/ot+ Zn,[(EM/M;,)'Y(Bu) +(E,)o"V(P)ID(t)
n=1

n on ' (5.91)
= > V(P)7,, (t, RV){V(P,) + (ks T M, )P ID(t) + G (t)
n=1lv=1
Then for timest >» 1, we have
n
aD(t)/ot+ Y [(P,/M,)V(R,)+(F,)yV(P)]D(t)
n=1
n on , (5.92)
=3 Y V(P4 (R™ M (kg T M,) V(P,) +P,ID(t) + G (t)
u=1v=1
where
Cﬂv (B(n),) = (]'/kBT M,u)'y,w (OO, B(n),) (593)
Now,
f(n) (R(”), p(n))
— J' f(N+n) (L(N)!B(N)!B(n)!E(n); t= O)D(t) dL(N)dE(N)dB(n)dE(n) (5.94)

= [o(R™, P™)(D(t)), dR™ dP ™

where the last step is assuming that the bath particles are in equilibrium in the field of the
fixed large particles and so,

DYt =3 [(B/M,}V(R,)+(E, ) V(P IIDE)
n=1

non (5.95)
+2, 2 V(PG (LR M(KsT M) V (P,) + P, KD(1))
u=1v=1
where the random force term vanishes as (G*(t)) = 0 and now
£ (R = (UksT M)y, (1, R™) (5.96)

and once again if t>> 7, then §,(R™) =, (tR™) = (UkgT M)y, (>, R™’).
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From egs. (5.94) and (5.96) we have

of ™ (R™, PM)/ot

=S IR,V (R)+(E, ) V(B (R, PM)
L (5.97)
£33 (P (t RV (kT M,) V() + PIFO (RO, p0)

u=1v=1

and eg. (5.97) is the many-body Fokker—Planck equation which shows the direct relation-
ship and equivalence of the Langevin and Fokker—Planck approaches.

Just as with the general forms of the Langevin equation for any function of the dynami-
cal variables characterising the state of the large particles, i.e. eg. (5.58) or (5.66) we could
start with one of these equations and obtain an exact form of the Fokker—Planck equation.
Thisform would not involve making the assumptions and taking the limitsinvolved in arriv-
ing at eg. (5.97).

At the end of Section 5.1 we stated that the Brownian limit is valid when all dynamical
processes have ceased in the bath system in the presence of the Brownian particle before
the Brownian particle has changed its dynamical state significantly. This does not, how-
ever, imply that the dynamical processes involving the velocity of the Brownian particle
have ceased before the Brownian particle has significantly changed its position. If on the
contrary this were also assumed then we would have also made the assumption that we
were working in the Diffusive (or “Overdamped”) limit. Often it is valid to make this sec-
ond assumption as will be discussed in relationship to obtaining algorithms to describe the
motion of colloidal particles suspended in asimple fluid (see Chapters 7 and 9) and in this
case we may assume that (Vg(0) - Vg(t)) = 0.

5.5 APPROACHTO THE BROWNIAN LIMIT AND LIMITATIONS

Having established the form of the LE both for a single Brownian particle and for many
Brownian particles the question must be asked, “When is the LE applicable?’ At present
there seems to be no definitive answer to this question. However, a large number of stud-
ies have been made of issues arising from this question using microscopic theories, kinetic
theories, MD simulations and by the analysis of Mori coefficients, and the topic continues
to be of great interest. A majority of these studies have considered a single Brownian par-
ticle but the case of two-particle systems has been studied by microscopic theory, kinetic
theory and by MD whilst many-particle systems have been treated by microscopic theory
and by MD. Since there are so many of these studies we will not attempt to review them
all but shall only try to provide some general results which have been obtained. The selec-
tion of these particular results may be personal but the references given at the end of this
chapter will hopefully act to somewhat balance this view, see Refs. 1-5,8,10,12—74.
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5.5.1 A basic limitation of the LE and FP equations

The first question to investigate is that most microscopic theories use an expansion
in terms of (M/M)Y2, however, the LE and FP equation can only be strictly valid
if plpg«1.?® This is often not met in practice as in most experiments one wishes to
have p/pg = 1 in order to avoid sedimentation of the large particles. This leads to
incorrect behaviour of the velocity autocorrelation function for the heavy B particles
C, = (V;5(0) - V(1)) as can be seen from eg. (5.41) asthe LE gives an exponential decay at
large times for C,(t) o« exp(—{t) but from simulations, theory and experiment we know that
Cy(t) > —At 32 ast — oo (see Section 3.7). However, it should be pointed out that the con-
tribution of thislong timetail to C,(t) is very small compared to the exponential component
of its decay. Now a correct description will result in a GLE with a non-Markovian memory
function.?®36757 Thus, the use of the LE or FP equation for large particles in the diffusive
limit assumes that the velocity autocorrelation function for the heavy B particles
(V(0):V(t)) has relaxed to zero before the spatial positions of the large particles have
changed significantly (see Sections 5.1.3 and 6.2.5). However, experiments have detected a
long time tail for both dilute suspensions®(essentially single-particle relaxation) as well as
for concentrated suspensions of colloidal particles.5” Once again the contribution to C,(t) is
small but it does lead to some fascinating new physics which does not arise from the LE.

5.5.2 The friction coefficient

One of theinteresting results obtained from kinetic theory based on the very useful time scale
separation technique for hard particles®? is that the friction coefficient may be expressed as

=M=y, +7, (5.98)

where
71 = ((6+X)/2)° 8/3rmk T)Y? p¥((6+X)/2)
and
72 =V (3kBT)T (FL(0)F_ (1)) dr
0
where ¢ and X are the bath and Brownian particle diameters and p®((¢ + X)/2) is the con-

tact value of the equilibrium density profile of the bath particles in the field of the
Brownian particle fixed at R. The “forces’ F_and E are given by

F.=3((o+2)/ Z)ZI 2m(y; (t)a)*0(=v; (1)) {R—(6+X)/2)g —1; ()} da  (5.99)

where the summation is over the bath particles, 0 is the Heaviside step function and
theintegration is over the unit vector g along the direction joining the centres of the colliding
spheres. Hansen et a.* evaluated y, by the use of MD simulations which showed that
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1. The Enskog approximation breaks down as the packing fraction and/or the size ratio
increases X/o

2 For afixed packing fraction, the friction coefficient agrees with the Stoke's estimate
d, = X independent of X/a, provided a stick boundary condition is used. This is
somewhat surprising as one would expect slip boundary conditions to be more appro-
priate as most other studies find.

A study by Bhattacharyya and Bagchi®* using re-normalised Kinetic Theory (giving
results essentialy equivalent to mode-coupling theory) for a system of particles with
continuous L—J interactions rather than hard interactions obtained exact expression for
the friction on atagged particle which was decomposed into a short-time and a long-time
part by using the separation of time scales between binary collisions and the repeated
re-collisions. Thus, {(2) = {(2) + (g(2), where {(2) is the short-time part which arises
from the direct collisions between the solute and the solvent particles and {x(2) is the
long-time part which arises from the correlated re-collisions of the solute particle with the
solvent particles. It is predicted that the crossover from the microscopic to hydrodynamic
regime should occur when the solute is about 2—3 times larger than the solvent molecules.

Essentially the same problem was studied by Brey and J. Gomez-Ordonez*® who made an
MD study of 863 bath particles and one heavy particle of diameter o greater than that of the
solvent fluid particles o and varied 4 = (MYM)¥2, The friction constant { was calculated from

Tmax

{=1/(3KT) | (E(O)E(S))ds (5.100)
0

where the upper limit on the integral 7, Was either taken as finite or infinite and they
found that

1. For agiven value of ggg/o; the value of { becomes independent of mass beyond a
given value of 1 = (mVYM)¥2,

2. Thevaueof A =(m/M)¥?for which { reaches a stationary valueis not alwaysthe same.

3. Theabove-mentioned behaviour can be explained if we take into account the param-
eter 1 = (ps/pg)*? and anomalous values of { occur when 7> 0.2, i.e. the Langevin
description is valid only if 7 is small.

4. Thereis linear dependence on agg as is required by Stokes' law and if a hydrody-
namic radius of Eogg/2 is used, then { = 4nEogg/2 with E = 1.7 = 0.4.0 and using
the Stokes-Einstein relationship as D, = k;T/(cnnR) they found that with c = 4, i.e.
a slip boundary.

So to summarize if 2 «1and 1’ « 11, then { is mass independent.

5.5.3 Self-diffusion coefficient (D,)

Heyes and co-workers have made extensive studies of avariety of particlesin various back-
ground fluids by means of MD.5%%5 Many types of particles, e.g. particles differing only in
mass from those of the fluid, particles with cores (*smooth particles’) and composite parti-
cles (“clusters’) which have rough surfaces were studied for various combinations of
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interaction parameters and masses under a variety of physical conditions. However, the fol-
lowing two results of rather general interest were as follows;

1. Onesystem®'consisted of identically sized particles of which one is a heavy particle
of mass Mg and the other N were light particles of mass m but all of which interact
via purely repulsive interactions. Here it was found that D, does not depend on mass
for Mg/m = 10 provided N is large enough.

2. Cluster calculations® in which the ratio of cluster atom mass, m, to solvent atom
mass, mvaries in the range 0.2 < m/m < 4.0 so as to vary the relative densities of
cluster to solvent, i.e. p./ps = m/m were made. The effective diameters of the clus-
terswas o Jo = 3.3, 4.5, 6.1, 6.4 and 9.1. The results indicate that

(i) Atliquid-like densities D, and the rotational diffusion coefficient Dg show vir-
tually no dependence on the density of the cluster (both smaller and larger than
the solvent).

(i)  (V(0) - V(1)) decays monotonically and more rapidly with increasing cluster
density.

(iii) The density of the nano-colloidal particle has virtually no effect on D, at
liquid-like solvent densities.

(iv) D,issenditive to the solvent bulk density and to the size of the solute particle
and therefore it would appear to be the bulk characteristics of the solvent that
largely determines the value of D,

(v) Density has no influence on Dg.

Another MD study of diffusion using a modified LJ126 potential with N = 5324 by
Ould—Kaddour and Levesque®? found that the size and mass values for a solute diffusion
coefficient to obey the Stokes—Einstein formula are as follows:

1. The crossover to the hydrodynamic regime for equal masses occurs when the parti-
cle to background particle size ratio D/d > 4.

2. For fixed sizeratio of 0.5 it occurs at a mass ratio of more than 40.

3. For equal masses the slip boundary condition is found to be most appropriate.

4.  Asthe sizeratio increases, the hydrodynamic limit is reached at a lower mass ratio,

e.g. D/d = 4, the appropriate value of M/m = 5.

Mass and size effects are strongly coupled.

6. The diffusion constant was also evaluated from the Stokes-Einstein relationship
using eg. (5.100) for ¢ but was only reasonably accurate (error about 30%) for large
mass and size ratios. The best result was when these ratios were greatest (8.6%).

o

A conclusion is that behaviour of the Brownian type only occurs when the size ratio of
particlesis >3 for practically any massratio. For sizeratios of the order of 1, the Brownian
result is questionable for mass ratios <10. The theoretical results of Bhattacharyya and
Bagchi®* agree with this work.

Some resultswhich illustrate several of the points made above are shown below in Figures
5.2-5.4 and are from an MD study of a system of heavy particles, of varying percent by
number, in abath of lighter but otherwiseidentical particlesfor various massratios . All par-
ticles interacted via a CWA potential.
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Figure 5.2 Normalised velocity autocorrelation function, (v(0) -v(t))/{v(0) -v(0)) versus delay time
for the heavy particles in a system of 4% by number of heavy particles in a bath of lighter but
otherwise identical particles for various mass ratios o (see text for further explanation).
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Figure 5.3 Normalised velocity autocorrelation function, (v(0) - v(t))/{v(0) - v(0)) versus delay time
for the heavy particles in a system of 4% by number of heavy particles in a bath of lighter but
otherwise identical particles for various mass ratios o (see text for further explanation).

From Figure 5.2 it may be seen that (v(0) - v(t))/{v(0) - v(0)) decays increasingly slowly
as the mass ratio increases as predicted by the Langevin equation.

However, upon plotting the results shown in Figure 5.3 on alog-linear scale one can see
the following:®°

1. The velocity autocorrelation function c(t) is never exponential over its whole range,
in particular, showing along-time tail consistent with t=%2 behaviour.

2.  The sdf-diffusion coefficient D, for the heavy particle does appear to be approach-
ing a mass-independent value for M/m > 10 at low volume fraction but not at high
volume fractions.
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Figure 5.4 Memory functions versus delay time for the heavy (solute) and light (solvent) particles
in asystem of 4% heavy particlesin abath of lighter but otherwise identical particles for massratios
o = 10 (see text for further explanation).

3. The self-diffusion coefficient D, of the solvent is dependent on the volume fraction
of the heavy particles.

4.  The memory function of the solute is of much shorter range than that of c(t) and the
discrepancy grows as M/m increases. However, the memory function corresponding
to D, and D, are rather similar (see Figure 5.4)

5.5.4 The intermediate scattering function F(q,1)

Hoheisel*” showed by means of MD simulations that the intermediate scattering function
F(k,t) and the longitudinal current autocorrelation function show the time-scale separation
required for the Fokker—Planck, Smoluchowski or Langevin equations to be applicable.
The trends found undoubtedly indicate that large particle-volume ratios together with large
mass ratios lead to timescale separation even for the relatively small differencesin the sol-
vent and solute particle’s size and mass. A large mass ratio alone suffices as well to pro-
duce time-scale separation. These results contradict the theoretical work by Masters.”

5.5.5 Systems in a shear field

A study of viscous flow by NEMD for a system of N, particles of mass mand N, particles
of mass M of the same size interacting according to the CWA potential showed the fol-
lowing results:®®

1. Thevalue of the suspension viscosity at low shear rates, 7, is independent of shear
rate indicating Newtonian flow.

2. The suspension viscosity decreases at high shear rates indicating shear thinning.
However, when this first occurs the solvent is still Newtonian and the shear rate at
which the shear thinning occurs it decreases with increasing value of M/m.
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3. Thelow shear rate viscosity, 7, a low volume fraction tends to a constant value as
(M/m) increases which is dlightly smaller than that given by the Einstein theory, as
can be seen from Figure 5.5.

Figure 5.6 shows the results of an NEMD cal culation® of the low shear rate coefficient
of viscosity #, for a mixture of particles which differ both in mass and size. The interac-
tion potential energy function used was again the CWA potential but with a core and the
relative coreradii and particle masses were chosen so that the large particles were neutrally
buoyant. As can be seen from Figure 5.6 the calculated results show quite reasonable
agreement with experimental estimates of r, despite the fact that the large particles are
only about twice the size of the background particles.®
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Figure 5.5 The low shear rate coefficient of viscosity versus mass ratio u for a system of heavy
(solute) and light (solvent) particles in a system of which 4% by weight were heavy particles (see
text for further explanation).®
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5.6 SUMMARY

Since the many-body Langevin equation is central to many theoretical and simulation stud-
ies of colloids and polymers, we will nhow summarise the extensive work on its derivation.

MACROSCOPIC APPROACH

L ow Reynolds Number Hydrodynamics
Happel and Brenner

4

Add M acroscopic Random For ces

4

Landau-Lifshitz Fluctuating Hydr odynamics
Landau and Liftshitz

4

Langevin Equation for n Brownian Particleswith No Flow
Mazur

4

Add a Flow Field

iy

Langevin Equation for n Brownian ParticlesIn a Flow
Brady and Bossis and Deutch and Oppenheim

@

TaketheLimit m/M —eo

iy

Exact Equations of Motion for n Particles of MassM
in aBackground of N Particles of Massm
Deutch and Oppenheim

iy

Apply a Projection Operator

iy

Newton’s Equationsin Operator Form

MICROSCOPIC APPROACH

5.7 CONCLUSIONS

In this chapter we derived a generalised Langevin equation for any arbitrary function
A(T",,t) of the dynamical variable I'; characterising the state of a selected group of n parti-
cles of mass M in a state where the other N particles of mass m are at equilibrium in the
presence of the selected particles held at fixed positions. This was done by averaging over
an equilibrium distribution function f,™ for the N particles in the presence of the other n
particles held in fixed positions. This approach given by Mazur, Deutch and Oppenheim®=3
allowed the GLEs to be reduced to many-body Langevin equations by taking the limit
(m/M) — 0. A particular choice of A(t) given by eq. (5.88) was shown to lead to the n-body
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Fokker—Planck equation which describes the probability of finding the n-particlesin state
I';. This demonstrates the equivalence of the Langevin and Fokker—Planck approaches.

Since the n-body Langevin equations and Fokker—Planck equations play such a central
rolein describing and calculating the properties of colloidal suspensions and polymer solu-
tions, some time was spent discussing what has been learned about the limits of validity of
the Langevin equation.
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Langevin and Generalised Langevin
Dynamics

Having established the theoretical basis for the GLE and LE, and having discussed
approximate schemes to analyse time correlation functions, we will now turn our attention
to the implementation of numerical methods to solve these equations. In this chapter we
will cover methods based on the GLE-equations that are most appropriate to be used for
atomic, molecular and small polymer simulations. In the next chapter we will turn to those
methods that are needed for systems with much greater disparities in size and mass of the
two classes of particles being modelled. Initially, though, we will need to discuss some
limitations of the GLE and its extensions.

6.1 EXTENSIONS OF THE GLETO COLLECTIONS OF PARTICLES
The GLE for a particle of each speciesi is from the Mori—Zwanzig approach is given by
eq. (2.28),

m (ddt) v, (1) = —m [K, (1), (t =) de + EF (1) (6.1)
0

However, it should be noted that these equation do not explicitly contain the direct or bath
averaged interaction between the selected particles. These interactions are implicitly
contained in the memory functions and random force terms in eq. (6.1). The same
comments apply to the exact GLEs for a single particle in a background from the
Albers-Deutch—Oppenheim approach by using eg. (5.18) and putting A(t) = Vi(1), i.e.

dV g (t)/dt = K" (t) + j LI GL K (1)) dr (6.2)
0
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and equivalently by eq. (5.22),

t
AV (t)/dt = €4 P Eg (0)/Mg + 1M [0
0

[Vr —Va/keTI-(Fg € P EL(0), dr
or

t
= K" (1) + VMg [ €[V, — Vg T]-(Eg €4 P Eg (0)), e (6.3)
0

By contrast the equation for many particles in a background of other particles does have
explicitly terms referring to these ‘direct’ interactions among the selected particles. We
now write these equations below and while retaining the term bath for the N, particles to
be averaged over and call the N, particles to be explicitly considered as labelled by lower
case symbolsin order of emphasisthat they are not necessarily Brownian particles, i.e. egs.
(5.70) and (5.72),

m dy,/dt = A(t)+ K" (1) + [ (ILgK " ())odr (6.4)
0

and
m dv;/dt = S (t)- Vp, (Vi () + K™ (t)

Ns t . .
+ZJ.eIL(t_T) : HYE] = (VksT/my )EJ |- (E; e PHE -V p Vi (0)|de (6.5)
i=1o B

wherei = 1to N,
The potential of mean force y defined now represents the bath or ‘solvent’” mediated
static interaction between the n selected particles,

Z(R™?) = C(B,N.V)exp| ~ Uk T (r™) | (6.6)
so that using
(V@) = —ks TV, InZ(r™
ri 0 B o ri ( ) (67)
=V 2(R")
from which we may define the bath averaged force on a selected particle n by,
(Eo=—(V, V") ]) =9, [V+(™)] (6.8)

and define E, = F, — (E)),.
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However, it is quite difficult to use eq. (6.4) or eg. (6.5) explicitly to treat the general
case because it is not clear how the terms involved can be accurately represented. Also
even though we may use the simpler equation (5.74) this equation is alimiting case of the
above equations and is strictly only valid in the limit m/M — o while also requiring ela
borate many-body hydrodynamic calculations to obtain the terms appearing therein.

It would be desirable to find amethod that combines the ssimplicity of eg. (6.1) but con-
taining terms explicitly representing the interactions amongst the particles which have
been chosen to describe (averaged over the bath particles or not) and having the effect of
the background particles contained in amemory function. Unfortunately, thisis avery dif-
ficult task and may not be possible to accomplish in agenera way, which is both rigorous
and practical .1

Clearly it should be possible to write an equation of the form we wish if for no other
reasons than a combination of physical insight based on the Deutch-Oppenheim method
and dimensiona analysis. However, the problem is to find expressions for the memory
function K (t) and the random force F;R(t) or at least for some of their characteristics such
as the short time expansion of K (t) and the moments of FR(t).

The simplest such method is to merely postulate that the equation of motion is?,

m (ddt) v, (1) = —m [ K, (1)v; (t—2)ce + F, (1) + E,7 (1) (6.9)
0

for i = 1 to N where E(t) is some postulated force law representing the direct interaction
between the members of the chosen particles. Usudly, E(t) istaken to be a‘ solvent-averaged’
potential of mean force which is obtained from some physical model, e.g. the DLVO theory
for the interaction of charged colloidal particles.

An even simpler approach which is often used is to combine eq. (6.9) with the assump-
tion that K(t) is delta correlated and F;R(t) is a Gaussian random variable so we have*

m (d/dt) v, (t) =—Cw (1) + Fi () + F 7 (1) (6.10)

wherei =1to N,
(E"(0))=0

(ER(0)-ER(t)) =6l ks T (1)
= 6yMg KgT o(t)

Thisis, of course, the limiting form obtained for N particles in a background of small par-
ticlesin thelimit that mYM — <0 and neglecting many-body hydrodynamics. This approach
has been used to describe colloidal suspensions and to maintain constant temperature in
atomic systems, for example, in simulating the deposition of ions onto solid surfaces.
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Bossis, Quentrec and Boon?® have introduced an equation of the type given by eq. (6.9)
for treating a single polymer chain, which will be discussed in Chapter 8.

6.2 NUMERICAL SOLUTION OF THE LANGEVIN EQUATION

To illustrate the methods used to solve the GLE, we will start by discussing the numerical
solution of the limiting case of the LE equation (6.10). We will use the rather formal
approach due to Ermak and Buckhloz* in order to fully illustrate all the subtletiesinvolved.
From eg. (6.10) the LE for aparticlei acted is obtained by assuming that the memory func-
tion K(t) isa deltafunction, i.e.

m(ddt)y, = F, —mpy, +F} (6.11)

where F; an external force, -mpy, = — (v, adrag force and F;} is a Gaussian random force
defined by (using f instead of { as used previously so asto be consistent with reference 4)

(Ef)=0 (612

and
(ER()-E} (1)) = 6ksT mBo(t—t').

In order to derive anumerical scheme for solving this equation we must be able to integrate
both the terms E; and ER. The former term may simply be approximated by some assumed
form for F; over the time step At asisdonein MD smulations, e.g. it may be assumed to be
congtant or of quadratic form. The integration of the random force term ER requires a little
more thought as to what such an integral means and this will be discussed below.

To make eq. (6.11) easier to solve we multiply it by e and integrate from t, to t, + t
which leads to

t
Vi (ty+t) =V, (t) e = Im _[e_ﬂ(t_s) Fi(s+ty)ds
o (6.13)
Hm)[ e "CIER (s+1,)ds
0

By integrating eq. (6.13) with respect to time we obtain

Hito +8) =1 (t) = Vi (to)/B(L—e ™) +(Um )_t[ dsj e "I F (S +tp)ds
0 0

t S
+(@Wm) [ds[e " ER (s +1,)ds (6.14)
0 0
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The above two equations (6.13) and (6.14) are formally exact so in order to obtain a prac-
tical numerical scheme we must evaluate the integrals involving F;(s + tp) and F,R(s + t,).
If we assume that the external force F; is constant over the time interval t, to t + t, then
eg. (6.13) becomes

Vi(to ) = v, (t)e "+ E()/p(A-e M)+ (um) [e "I Bt +9)ds  (6.15)
0

and eqg. (6.14) then yields as equation for the particle displacement over t,to t, + t,

it 0 =1 (o) e "+ m % (t)/F(1—€ M)+ E () (M)t~ (Up)(e " ~1)]
+V(mp)[[1-e "9 |Ef (9 ds (6.16)
0

where the last integral arises from integration by parts of the last term in eg. (6.14).

6.2.1 Gaussian random variables®®

Thus, we have to evaluate two integrals involving the random force ER; now these terms
cannot be evaluated by standard methods of integration due to the random nature of ER
which means that all we know about it are its statistical properties given by eq. (6.12).

Now if A(1) isarandom variable then>8, L 2A(A)f(2)di = B(2) isarandom variable whose
statistical properties are related to those of 1A()v). We may use theorems due to
Chandrasekhar® to find these statistical properties.

If A(Z) is a Gaussian random variable for which, (A) = 0 and (A(t) A(t")) = 6(kgTo
(t—t") and if f(1) = 1 then the probability of occurrence of different values of B(t) is gov-
erned by the distribution function,

W{B(t)} = L/(4nqt)* *exp|—| B(t) [* /(4qt)] (6.17)

whereq = f(ksT/m).
In the more general case | A(A)y(A)dA=R(Z) is a random variable whose probability dis-
tribution is given by 0

WR()} = 1/(4ngA)* *exp|— | R(t) [ /(40A)) (6.18)

t

where A = [ y2(i)di.
Thus, R rr?ay be chosen from a Gaussian distribution with mean zero and mean-square
value given by (R(1)]2 = 2q f Y2(2)dA.
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If we have two random variables R and V given by

R() = [ AU (2) 2
0

and

V(2) = [ A)D(2) 42
0

then R and V are governed by the bi-variate probability distribution given by 4-6

W(R\V) =14 (8r°)(EG— H?)**}exp[{ G| R(t) ? —2H R-V +E | V(1) [} {2(EG — H?)}]
=14 (87°)(E¥*G¥?(1— H?/EG)**} exp[ 14 2(1— H?/EG)} (6.19)
X{| R(t) [ /E—~2H R-S(EG)+| V(t) [ /G}] '

where
E=2q[y*()diG=2q[¢*(A)di and H =2q[y(A)p(2)ds
0 0 0

with (R) = (V) = 0, (IR(t)?) = 3E, (IR(t)I? = 3G and (R*V) = 3H

Thus, if one wishes one can sample R and V from the bi-variate (joint) probability func-
tion (6.19), which meansthat the variables are statistically interdependent. Alternatively and,
in practice, somewhat more simply, one may choose to sample one of the variables from an
independent Gaussian (unconditional) distribution and then sample the second from a con-
ditiona probability distribution whose properties depend on the first, unconditional proba
bility distribution. For example, we may choose V from the Gaussian distribution,**

W(V) = [W(RV)dr

6.20
=14 (2rG)** exp| | -V(1) [ /2G| (©20

and then choosing R from the conditional probability distribution,

W(RI|V =V)=W(RV)/W()
= (21G)*?2 4 (2n(EG(1— H*/EG)}*?
exp[14 2(1- H*/EG)}{| R(t) ' /E
—2HR-S/(EG)+| V(1) F /G +1/(2G) |V (1) ]
=14 (E(1- H¥/EG)}*?exp[1{ 2E(1— H*/EG)}{| R(t) — H/GV(t) ]
(6.21)
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Thus, V is sampled from a simple Gaussian distribution function and the variable { R(t) —
H/GV(1)} (but not R) may then also chosen from a simple Gaussian distribution function
of mean value zero and mean-square value 3E(1 — HYEG) = 3(E - HYG).

Similarly, if we chose to sample R from a simple Gaussian distribution distribution,

W(R) = [W(RV)dv

(6.22)
= 1{(2nE)*?yexpl| —R(t) [* /2E]
and then choosing V from the conditional probability distribution,
W(V |R=R) =W(RV)/W(R)
= (27E)*? { (2n(EG)(1— H?/EG))}*?
exp| 14 2(1~ H*/EG)H| R(t) [ /E—2H R-S/(EG)+| V(1)  /G} 623

+V(2E) | RM)[ ]
=1{(G(1- H%/EG)}*?exp [1/[2G(1— HY/EG)} || V(t) — 2H/E R(t) ]|

i.e. we may sample the variable {V(t) — 2H/E R(t)} (but not V) from a simple Gaussian
distribution of mean zero and mean-square value 3G(1 — H¥EG) = 3(G — HZE).

6.2.2 A BD algorithm to first-order in At*

Using the above results we may now evaluate the integrals in egs. (6.15) and (6.16) or
more precisely we may find the statistical properties of these new random variables from
those of the random variable F;R(t). Let us consider eg. (6.15), by the above theorems the
random variable V given by

t
V= [e "B (s+tp)/m ds
0

t
=V (o +1) -V (tp) e " +1m Jeiﬁ(tis) Fi(stty)ds
0

is a Gaussian random variable with probability density,
W(V) =1 4nq A “exp{— |V [* /(—4aA)}
where g = AkgT/m) and
t
A= [y ds
0

=V(@2p)1-e ]
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So the probability distribution for V is

W) =W(y; (1) -V (t) e " —1(mB) E; (to)[1—e ™))

- Y @nkeT/m)[L—e PP exp{~ IV P A @ Tm)1-e ) O

which is a Gaussian of mean zero and mean-square value (IVI12) = (3k;T/m) [1 — e72/.

Hence, the random variable vi(t) — vi(t,) e — 1/(mp) F(t,)[1 — e *] may be chosen
from a 3-D Gaussian distribution of mean value zero and mean-square value (3k;T/m)
[1—-e?,ie

vi(t) =V (tp)e " —V(MP)E, (t)[1-e "]+ V(b) (6.25)

where V(t) is arandom number chosen from a 3-D Gaussian distribution of mean zero and
mean-square value (3kgT/m) [1 — e 2.
Now eg. (6.16) may be re-written as

R(t)= j[l— e MI/BER (9)/m ds
= : (to +1) =1 (to) +V; (t)/B(L— &™) + F; (to) (M B) [t — (e — 1)]
Thus, R(t) is a Gaussian random variable whose distribution function is
W(R) = V[4ngAlexp{— | R /(45A)}

where g = B(ks T/m)
and

A= j[l— G ]2 ds
= ;/(2;33)[2/% —3+4e/ —e ]
Thus,
W(R) = 1/ 2nks T/(m p?)[2pt — 3+ 4e " —e 2]}

exp{—[1; (to +1) =1 (to) +V; (t)/ B (L—& ™) + E; (to)/(m B[t — Ve ™ — D]
N[2ksT/(MBA)[2pt—3+4e M —e 2]} (6.26)
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The Gaussian random variables V and R (and thus, r, ») are correlated and hence obey a
Bivariate Gaussian distribution*~%and from the theorems above the appropriate distribution is

W(RV) =14 (87°)(EG—H*)**}exp[{G IR(t) ¥ —2H R-V + E V(1) F}{2(EG— H?)}]
=1{(87°)(E¥* G*? (1— H?/EG)*?*} exp[1/{ 2(1— H?/EG)} (6.27)
x{I R(t) P /E—2H R-V/(EG)+IV(t) * /G}]

with
E= 2qj [1-e?CD B2 da
= k;/(m BA)(2pt—3+4e Mt —e 2y
G= ZqJ(e’ﬂ(")*))z d’.
- kB'?/m 1-e?")
and
H= 2qj{[1— e "D e M) da
= ka-?/ (mp)1—e ™)
So,
(R=(\)=0
([ROP) = 3E = 3k T/(MB?)(2pt —3+4e " —e ')
(IV(®)F) =36 = 3ksT/m (1-*")
and
(R-V) =3H =3k T/(m )1~ ")?
Thus,

Vit +1) = Vi (t) € " + 1M P F, (o) [1—e T+ A(1) (6.28)
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and

r(to +1) =1, (t) + Vi (t)/B(A—e ™)+ F, (t,)/(MB) [t —1/p(e ™ — 1)1+ A, (1)
(6.29)

where A, and A, are 3-D Gaussian random variables for which

(A)=(A,)=0 (6.30)
(|AP)=3G =3k T/m (1-e ")

(|A,[?) = 3E = 3keT/(m ) (2pt —3+ 46 " —& ")

and
(AA,)=3H =3k T/(mp)(1—e ")

The agorithm represented by eq. (6.28)—(6.30) isnot usually used asit is easier to work
with uncorrelated Gaussian variables.

6.2.3 A second first-order BD algorithm*
We may now derive another algorithm for generating r; and v; by using the distribution
W(V) = W(\_Ii (t+1t5) —Vi(to) el - V(mPB)E; (to)[1— e™))

= jW(B-\_/:t) d?r (6.31)
=1/{87°G¥?} exp{~ IV I /2G}

which is a Gaussian distribution of mean zero and
(|VP)=36=3kT/m(1-e*)

Thus,
Vi (t+ty) = v (t) e " —1/(MP)F, (t,)[1—e )+ B, (6.32)

where
<El> =0
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and

<‘§1 |2> =3G = 3ks T/m (1 eizm)

Thenthevariable R = ri(t, + t) — ri(ty) + Vi(t)/f(1 — e /) + E(ty)/(mp) [t — Vp(e - 1)]
must be chosen from the conditional probability,

W(RIV = V) =W(RV,t)/W(V,t)
=1/{8r°E(1— H?/EG)}*?exp{— V/{2E(1— H*/EG)}{| R—r7,/a,V 1}

(6.33)
where

ro,/o, = H/G = (Up)1—e ") /(1—e ")
and
o2(1-r?)=E(1- HYEG) = (E— H%*/G)
Thus, the variable R — ra,/a,V must be chosen from a Gaussian distribution of mean zero
and mean-square value 3¢2(1 — r?) = 3(E — H%G), hence,
B, =R-roy/0,V
=1, (t+1) =1, (t) +V; (to)/f (1— € ™) + F, (to)/ (M [t — L (e ™ —1)]
— (WA A—e M2 /(1-e Yy, (t+10) — v, (to) e (M B)F, (to)[1—e "]}
=1, (to +1) =1 (to) T VBV, (t 1) — Vi (to) — 2F; (to)/(M AL —e )/ (1+e ™)
—Fi(t)/(mp)t

Thus, B, is a Gaussian random variable for which (B,) = 0 and (IB,I?) = 3(E — H%/G) =

Bk T/(MB?) {pt —2(1L — e MI(1 + e M}
To summarise,

Vi (t+t) = Vi (t) e " —1(mB) F; (t)|1-e "))+ B, (6.34)

where B, is a Gaussian random variable with,

<51> =0and <‘51 |2> =3k T/m (1 e (6.35)
and

1 (to +1) =1, (to) + VBV, (t+15) +V; (to)
—2F; (t,)/(mB)(1—e )/(1+e ) (6.36)
—Fi (t)/(mp)t+B,
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where B, is a Gaussian random variable with
(B,)=0and (B, ") = 6ks T/(m %) [t — 21— ")/(1+€ )] (6.37)
and
(B B,)=0 (638)

Egs. (6.34)—(6.38) provide an agorithm for performing BD simulations.

6.2.4 A third first-order BD algorithm?*

Alternatively, we may choose the variable R = r,(t, + t) — ri(t) + vi(t)/p(l — e /)
+ Ei(t)/(mp)[t — 1/p(e ™ — 1)] from a Gaussian random distribution with

W(R) =WI(r; (to 1) —1; (to) + v, (to)/B(L— &™) + F; (to)/(m )t — VB (e ™ — 1))
= [WRV.Hd'y (6.39)
=1/[87°G*?Jexp|— | R? /2G}

where

(R)=0and (| R?) = 3E = 3k, T/(m?)(2pt — 3+ 4e " —e )

R=r;(ty+t)—r;(ts) — Vi (to)/B(1— e™)— Ei(t)/(m ﬁ){t -Vp(1- eiﬂt)} =C,

where C, is a Gaussian random variable of mean zero and mean-square value (IC,1?)
= 3k T/(MB?)(2Bt — 3 + de Mt — 2,
Then V must be chosen from the conditional probability,

W(V |R=R)=W(RV)/W(R)

=V/[8n* G(1— H*/EG)}*?exp

[~V[26(1-H*EG)||V ~r0,/0,RF
where defining D = (2t — 3 + 4e it — e 2

ro,/o, = H/E = p(1—e ™)?/D
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and
o5(1-r?)=G(1- H?*/EG) = (G—H%/E)

Hence, the variable (V — rog,/a;R) not V must be chosen from a Gaussian distribution of
mean zero and mean-square value 302(1 — r?) = 3(G — HZE) which means that

C,=V—ro,/o,R
=Vt )=V (t)e " —Fi(t)/(mp)1-e ]
—B(L—e ") /Dl (t+15) =1, (to) — v, (to)/Al1—e ]
+F, (to)/(MA)(E— (UB)(L1—e )]
=Vt +1) — v, () (2pt) e — 1+ e 2 )/D — F, (t)/(m P pt(1—e ™)
(- "Y?1ID- Pl +1)—r®)iL-e ™)*/D

Thus, C, is a Gaussian random variable for which (C,) = 0 and (IC,I?) = 3 (G — HYE)
= (BkgT/M){ ft(1 — e 2") — 2(1 — e M?}/D.
Using this result (6.15) and (6.16) may be written as

L+t =0, +v /- +EQ/Ft—(Up)(L-e™)+C,  (6.40)
where C, is a Gaussian random variable for which

(C) = 0and (C, 2 = 3ksT/(MB?) 2Bt — 3 + de~ft — e ) (6.41)

and
Vit +t) = v, (e " +F)/L(1-e M)ty +1)+C, (6.42)

where C, is a Gaussian random variable for which

(C,)=0and(|C, [*)=6ksT/(m)[pt(1—e?")—2(1—e)?|/D (6.43)

and (C,-C,) = 0. Egs. (6.40)—(6.43) provide another BD algorithm.

All the algorithms derived in Sections 6.2.3 and 6.2.4 are thus based on being able to
change the interdependent, Gaussian random variables V and R into new variables that
are independent, Gaussian random variables, i.e. in Section 6.2.3 into the variables V and
R — ro,/o; and in Section 6.2.4 into the variablesRand V — ra,/g;.
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6.2.5 The BD algorithm in the diffusive limit

Often we are interested in the case wheret >> 71 and p! is a time characterising the
decay of the velocity autocorrelation function while t is atime step over which the spatial
configuration of the particles has not changed significantly, this is usualy termed the
‘Diffusive Limit’ or the‘Overdamped Case’. Thene /= 0,1 — e "= 1and f~* — O, thus,
from eqg. (6.28) we have

Vi (to +1) = A(t) (6.44)
and from eqg. (6.29),

it +1) = 1 (to) + F, (t) /(M B)t+ Ay (1) (6.45)
where A, and A, are 3-D Gaussian random variables for which from eq. (6.30)
(A)=(A,)=0 (6.46)
(A} =3KkeT/m

(A P)=3ksT/(MB%) (2Pt —3)
= BksT/(MB)]t
and

(A A)=0

Hence, because of eq. (6.46) for A, it is obvious that v, (t,+t) obeys a Maxwell
distribution, i.e. v, is ‘at equilibrium’, the Gaussian random variables A, and A, are inde-
pendent, meaning that there is obviously no coupling between velocities and positions and
r;(t,+t) is not correlated with v;(t,+t).

Infact r;(t,+1t) is given by the very simple equation (6.45) and this same equation results
if we take the diffusive limits of egs. (6.34) and (6.36) or egs. (6.40) and (6.42).

There have been several BD agorithms devel oped’~1” where the opposite conditions to the
diffusive limit applies, i.e. they are applicablewhent<<f'soe = 1-ftand1 — e /= fit.
These have been applied to simulating problems such as electrolyte solutions and solids.

6.3 HIGHER-ORDER BD SCHEMES FORTHE LANGEVIN EQUATION
The same approach or an equivalent one may be used to generate algorithms of higher

order in At, i.e. starting from egs. (6.13) and (6.14). This has been done by van Gunsteren
and Berendsen'® who expanded the direct force F to second order, i.e.

F(t) = F(t,) +dF(t,)/dt(t—t,)+O[(t—t,)?| (6.47)
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where the derivative dE(t,)/dt is evaluated at t = t, and like the Verlet algorithm used in
many MD simulations® the results for At = (t,;—t,) and —At were obtained and com-
bined to give a third-order algorithm for each co-ordinate x which does not involve the
velocity,

X(t, +At) = x(t,)[1+e "2 |— x(t, — At)e P2+ mtF(t, ) (A (B At) H1—e P
+m tdF(t,)/dt(AY3 (B At) ? U2 At{l+e P —{1+e P4 (6.48)
+ X, (At)+ e PATX, (— At)+ O[(At)*]

Here X (At) and X,(—At) are two correlated Gaussian random variables, the properties of
which are given by van Gunsteren and Berendsen.!8 The generation of X, (At) and X,(—At)
is made easy for small values of At as anaytic expressions for the functions that deter-
mines them are given.

An agorithm for v(t,) was also obtained which is

V(t,) = X(t, + At)— x(t, — At)|+m T F(t,)(At)* (B At) 2 G(f At)
—m tdF(t,)/dt(At)® (B At) 2 G(S At) +| X, (— At)— X, (At)| H(B At)/ At
(6.49)

where

H(p At) = p At/| e/ —e P2
In the diffusive limit, as can be easily established, eg. (6.48) reduces to the following,
X(t, +At) = X(t,)+(mp) | F(t,) At +1/2dF (t,)/dt(At)? |+ X, (At)  (6.50)
where now the variable X,(At) is a Gaussian random variable of mean zero and

(X2(At)) = 2kgT(MpB) " At (6.51)

6.4 GENERALISED LANGEVIN EQUATION 34:13.19.20

Here, we wish to find a numerical algorithm to solve the GLE (6.1) (see also Section 2.3)
of the following form:

mdy, = F, (t) — m[ K, (t—t)y, (t)dt' = E7 (t) (6.52)
0
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where from egs. (2.29) and (2.30) we have

(EF)=0 (6.53)
(FF(0)-F (1)) = 3mkg TK (1)

Thus, firstly we need to know the form of the memory function K(t) and the ‘random
force’ ER(t). If we assume that the random force FR is a Gaussian random variable then
the two conditions expressed by eq. (6.53) are sufficient to determine ER or rather inte-
grals over this variable. In fact, we have little choice but to assume that ;R is a Gaussian
random variable as eg. (6.53) is al that we know of ER and this assumed Gaussian form
will be the least biased approximation to F;R in an information theory sense.

The development of schemes to numerically solve eg. (6.52) is rather more complicated
than solving the LE, i.e. eg. (6.10) because of the appearance of the memory function K (t),
which means that the properties at time t are functions of all previous values at earlier
times weighted by K (t). Many methods have been developed to obtain numerical solutions
to eg. (6.52) both when the direct force F; is present and also when it is zero. Some solu-
tions are quite general and some assume a particular form of K (t).

For example, Shugard, Tully and Nitzan'® developed a scheme to solve eq. (6.52) when
K(t) = Ce P cos(wt + «) since in this case FR(t) is a projection of a two-dimensional
Gauss—Markov process [ER(t),dER(t)/dt].2°

Wan, Wang and Shi?® have developed an algorithm for the particular case of eq. (6.52)
where K(t) is the exponential memory K, e V7 by using a scheme similar to that used by
van Gunsteren and Berendsen and give expressions for v(t, + At/2) and x(t,,,,) in terms
of v(t,—At/2), F(t,), x(t), F,"(t), F,"(t, 1), FR(t,.,,) and the random variables
V. (AU2), V(—AU2), X, . 1,,(A2) and X, . 1,(—At/2) which are defined along with
formulae for their calculation?® Theterms F,f(t,) and F,"(t, . ,,,) arise from expressing the
integral over K,(t) in eg. (6.52) as a discrete sum and explicit formulae are given for the
random variables.

6.4.1 The method of Berkowitz, Morgan and McCammon?'

Turning to more general scheme Berkowitz, Morgan and McCammon?‘developed a gen-
era scheme for the case when F; = 0 by repeating F;R(t) periodically with period P and
writing for the 1-D case,

0

FR (1) = [acos(ot) + bsin(o,t)) (6.54)

k=1

where o, = 2nk/P. Thefirst coefficient a, = 0 and the remaining a, and b, are independent
Gaussian random variables and may be sampled from Gaussian distributions. Combining
thiswith amodified version of the Verlet MD algorithm to obtain the vel ocity and position
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of the particle and, thus, to evaluate the integral over K (t) they obtained a modified Verlet
algorithm which for a1-D system is

Xaa| 1+ 172K, (0) (A1) Wo | = =%, 4|1~ (/2 K, (0)(At)? wy |+ 2x,

— (At)3§n: K,y (Vo jw;/m+ (At)? (6.55)
=

In practice X,, X, and v, need to be specified to commence this scheme, which was shown
to work extremely well for the exponential, Gaussian and Levesgue— Verlet forms of the
memory function (see egs. (3.24) and (3.50)).

6.4.2 The method of Ermak and Buckholz*

The method of Ermak and Buckholz* developed a method based on taking the Fourier-
Laplace transform of eq. (6.52) and extending the lower limit of integral to —o, i.e.

v(t) = (m) [ (e —t)E@ ) +ER @) dy (6.56)

r(t) = r(=)+(Wm) [ ¢t —t)E@,t)+ER 1) dv

where y(t — t') isthe inverse Laplace transform of K (t) and ¢(t — t') = flp(lt’l)dt’.
0

Putting the time step equal to t, v,, = v(nt), Ar, =, — Iy, Ap,= ¢, — ¢, _, and
assuming F is constant over atime step t then eq. (6.56) may be written as

n-1
\_/n = (t/m)Z lpnflEi +\_/n (657)

A[n = (t/m) {¢1Enl + nif A(l)nfi Ei }+ Bn

where V,, and R, are Gaussian random deviates with the following characteristics:

(v

= (R)=0 (659

(v

V)= @rgT/m)y;
(RV,)= Bk T/MAQ,_;
(R ‘R, ) = (3kgT/m) A? Xi-j

where A%, = 70— 2/ + fp-a@0d 1(0) = [S(E)dt'.
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The random deviates V,, and R, are, as before, statistically correlated and it is best to
transform them into independent Gaussian random terms which is done by writing,

\_/ = z an—iYi (6'59)

R, = 2 {pnfiYi +énfizi}

where

) =(z,)=1Y,-Z;)=0 (6.60)

YY) =(z,-2,)=9;

=1 =]

The weighting parametersin eq. (6.59) are given by

(BkgT/m)y; = szjaiﬂ
=0

Bk T/MA ¢ = Z‘ijiﬂ
j=0

©

Bke T/MA% 7, = [p;p; +&64) (6.61)

j=0

wherei = 0to .

In practice, of course, the infinite sums in the above equations must be truncated and
this is done by assuming that the memory function K,(t) is zero beyond a certain time, i.e.
for i = N for some N which meansthat 5; = Ofori = NandthusA¢, = A%y, =p, = £ =0
fori = N.

As eq. (6.57) for the displacement over the nth time step Ar (t) does not contain terms
dependent on the velocity, we may use it to determine displacement without having to
know the time history of the velocity of the particle before the nth time step and, thus,

n-2 N
Ar,= t/m{‘blEnl‘*' 2 A, F; }‘*‘ z OniZ; (6.62)

i=n—N i=n—N
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where
<Zi > =0
(6.63)
<;i Zi )= 5”‘

and

N—i

Bk T/MA®? 3, = 0,0,

j=0

fori =0to N.

This method was applied to the case of an exponential memory M(t) = «fe * and the
acceleration a introduced as a separate independent variable resulting in the algorithm
dependent on a tri-variate distribution function, which is detailed in Ref. 4.

6.4.3 The method of Ciccotti and Ryckaert??

An dternative method is to use the Mori continued fraction method, which results in the
memory function hierarchy discussed in Section 3.3. Such a scheme was introduced by
Ciccotti and Ryckaert?? for the velocity autocorrelation function

c,(t) = (;(0) - (t))/{v;(0)y,(t)) aswas donein eg. (3.15) and starting from the memory func-
tion equation for v(t), i.e.

(v, (1) = ~[ Ky (t—9)v, () ds+ R (1) (6.64)
0

we have the continued fraction expression for ¢, (t) which they write as follows:

€,(8) = V(s+Ky(0))/(s+ Kp(0))/(s+ K;(0))/---/(s+ Ky (9)) (6.65)

wheren = 1to ce.
They introduce a set of random forces{ R(t), i = 1to o3} by the generalisation of eg. (6.64),

ddt R () = ~ [ Kiy (1= 9R (9 ds+ R4 (1) (6.66)
0

i = 0to o and as usual we have,

<RM®R(5)>=K, (It—sI)(R ) (6.67)

fori = 2to co.
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The continued fraction (6.65) is truncated by assuming that for i = n R(t) is Gaussian
white noise as was donein eq. (3.17), i.e. R (t) is represented by a Gaussian random vari-
able &(t) such that

€p=0 (6.68)
(EOESN = 22n(A )3t —9) (6.69)
Then defining a set of auxiliary variables { A(t), i = 1ton} by

Ay (t) = V(1) (6.70)

A() = — J Ki(t—9)A _;(s)ds+R(t) which upon truncation leads to set of linear, first-order
0
differential equations,

A (1) = A(t) (6.71)
A=K QA1)+ Al

fori=1ton—2

and
A1) ==K, 1 (0)A, ,(t) — BA, (1) +E(1)

This set of differential equations may be solved by numerical integration once the coeffi-
cients {K;(0), i =1 to n} and the parameter 4, are determined. This integration has been
expressed as a first-order algorithm in Appendix B of the first reference in 22 and by sec-
ond-order scheme in the appendix of second reference in 22. This procedure has led to
good results for avariety of forms of the memory function K (t) but it does need very large
values of n to achieve accurate results and does not work for simple approximations to
K,(t) such as the Levesque and Verlet form eg. (3.50).

6.4.4 Other methods of solving the GLE

A scheme has been introduced by Doll and Dion? to numerically integrate the GLE,
eg. (6.9), but asit ignores the inter-dependence of the statistical properties of the velocities
and positions it is an approximate scheme. However, it may be useful as a simple scheme
to generate GLE trajectories and should be useful for generating results in the diffusive
limit when the the statistical properties of the velocities and positions are independent.

Finally, as will be discussed in Section 8.1 Toxvaerd® has introduced a scheme for
solving the GLE by a combination of the use of the Fourier series expansion of the random
force asin eg. (6.54) and afinite difference algorithm for r(t) and v(t).
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6.5 SYSTEMS IN AN EXTERNAL FIELD

To treat systems in a shear field Dotson?* started with the Langevin equation obtained by
adding an external field term to the LE given by eqg. (6.10),

dy; (t)/dt = —pLv; (t) —u (D] + F; ())/m+ E* ())/m (6.72)

where u(t) is the stream velocity at the position of particlei.

For a system in steady shear flow then u(t) = (yy, 0,0) where y isthe shear rate Dotson
obtained the following agorithm for particle displacement over the time step t in the
diffusive limit:

% (1) = % (0) + (Vmp) [ F, ({(x N1 e " d
0

RO +y O+ (j»/mﬁ)j F, {7, H+e "t —s)+(2/p)[1+e 7 ]ds
0
+8(t)

Y (©) = ¥ 0+ (Wmp) [ F, (y;H[1—e "I ]ds+R, (1)
0

z(t) = 7 (0)+ (VmB)[ F,(z )[1— e "9 ]ds+ R, (1) (6.73)
0

where R,(t), Ry(t), R,(t) and §(t) are independent Gaussian random deviates whose mean
values are zero and whose mean-square values are given by,

(R, (OR;; (1)) ={2ks T/(MB)} 5 6,5 6t — 1) (6.74)

(SOS ) ={ ke T/(MP))it®

Thus, the displacement in the x-direction is coupled to the force F; ({ y;} ) in the y-direction
by the action of the shear field. The only other effect of the shear field is to introduce the
extra random displacement S(t) but as this is of third order in the time step t then it is
usually neglected as all other effects are of lower order in t.

Although this algorithm neglects many-body hydrodynamic interactions and thus is
strictly only applicable to dilute suspensions, it and related algorithms have been used to
investigate dense colloidal systems in shear®® and only some studies have made allowance
for hydrodynamic interactions.?® The motivation for thisis that colloids show awide variety



128 6. Langevin and Generalised Langevin Dynamics

of interesting properties in a shear field, e.g. non-Newtonian effects such as shear thinning
and shear thickening?” and the structures produced by flow are rather fascinating.?

6.6 BOUNDARY CONDITIONS IN SIMULATIONS

The number of particles that can be used in a simulation is relatively limited, which
means that if we simulated such a system in free boundary conditions we would be sim-
ulating arather small cluster of particles. Thisisfineif afinite cluster isto be simulated,
but if we wish to model a bulk phase, then such a system would have a very large num-
ber of its particles at the surface and would be very inhomogeneous. To avoid this, a gen-
eralization of the Born-van Karman boundary conditions introduced in the theory of
lattice dynamicsis used except in the case here the particle positions in the basic cell may
be ordered or disordered as determined by the equations governing the particle positions.
Thus, we usually simulate a homogeneous system by use of asmall cell containing N par-
ticles and surround this basic cell with periodic replicasin all the dimensionsin which we
wish the system to be homogeneous. These periodic boundary conditions (PBCs) or tori-
odal boundary conditions impose certain constraints on the system and must be con-
structed in such away asto reflect the physical system to be simulated as we will discuss
below.?®

6.6.1 PBC in equilibrium

The simplest systems to simulate are equilibrium ones, or rather ones with no external
field, which would impose constraints on the system. Then all that is needed are for the
cells to be space-filling and often a cube cell is sufficient.?? A simple 2-D representation
of such a system is shown below in Figure 6.1.

Now all properties of the system are obtained by summation over properties of the par-
ticles, e.g. the potential energy, the forces and virias; thus, we need a summation method
and since the system is periodic then this must be taken into account in these summations.

If the potential or forces involved are short ranged then a cut-off can be used, i.e. the
summations will be truncated at some boundary. For example, for a spherically symmetric
pairwise additive potential, the potential may be set to zero outside a sphere of radiusr .
Then the usua way to do the summation is over nearest images using the minimum image
convention (M1C)? where the interaction between a chosen particle i and another particle
j is between particle i and either particle j or the image of j which is closest to i, i.e. the
distance r;; used is given by

r, = min{r,,r } (6.75)

where r; is the distance between i and j and r; is the distance between particle i and parti-
clej whichisany image of j. It isillustrated in Figure 6.1 for a two-dimensional system
that the red particle i in the centre of the circle interacts with the blue particle j on the left
of i in the cell on the left of the basic cell and not the one in the basic cell on its right.
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Figure6.1 A 2-D lattice of cells used to illustrate smple PBCs and the minimum image convention
(Courtesy of Dr. A. Budi, Applied Physics, RMIT).

Allowance for longer ranged interactions outside the truncation region (‘long-range
corrections’) may be made by, for example, direct summation over other cellsfor alimited
number of atomic configurations or by some mean field theory.

For truly long-ranged potentials and forces, e.g. Coulomb forces and dipole—dipole
interactions direct summations must be used over the whole system, e.g. by the Ewald
method,? which will be discussed in conjunction with hydrodynamic interactions in
Chapter 7.

6.6.2 PBC in a shear field?°—31

For asystemina2-D, planar shear field as shown in Figure 6.2 we need to imposed PBCs
that reflect the symmetry of this imposed field by using the Lees—Edwards® Boundary
Conditions illustrated in Figure 6.3 in which the upper and lower layers of cell images
must be shifted so that the velocity profile is continuous across the boundaries.

6.6.3 PBC in elongational flow3337

To be able to smulate elongational flow a boundary condition due to Kraynik and Reinelt
(KRB)* must be used if a continuous deformation of the system isto be made. In this method
the simulation box evolves in such a manner with the flow that the lattice vectors describing
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7/

Uy

Figure 6.2 A representation of the imposed shear field on a system. This is planar shear flow in
which the streaming velocity u, with position in the y direction®.
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Figure 6.4 Elongational boundary conditions for a 2-D system, the origina shape (dashed line)
and the fully deformed system shape (solid line) for a 2-D system undergoing periodic elongational
flow using Kraynik and Reinelt boundary conditions. (Figure courtesy of Dr M. Matin, RMIT
University, Applied Physics®.)
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the box reach a value that is a linear combination of the original lattice vectors when the
Hencky strain on the system reaches a value ¢,,. After this time called the strain period by
Matin, Daivis and Todd,*” the simulation box is reset to its origina shape and the simulation
proceeds. The conditions on the original box vectorsfor this periodicity to occur are described
by Todd and Daivis.* A pictoria representation of the cell is shown is Figure 6.4.

6.7 CONCLUSIONS

In this chapter we have explored various ways of deriving numerical algorithms to solve
the LE and GLE for the velocity of a particle in a system of interacting particles.

In the case of the LE many body hydrodynamic effects were ignored and several schemes
are given that enable the efficient computation of the velocity and position of the Brownian
particle. A brief discussion of the generalisation of agorithms to the case of particlesin a
shear field but once again ignoring many-body hydrodynamic interactions was also given.

In the case of the GLE several schemes are presented for its numerical solution the most
general and useful of which is probably that due to Ermak and Buckholz* although other
schemes may also be useful especially for specific choices of the memory function K(t).
Such equations have been used to study dynamics in a variety of systems, e.g. surface
processes on solids,® biopolymers® and thin film deposition.*

Findly, asthe size of most systems simulated on acomputer contain only arelatively small
number of particles the system must be simulated under periodic boundary conditions. These
boundary conditions will vary with the type of system being smulated and these were dis-
cussed for asystem at equilibrium, for asystem in shear flow and for onein elongational flow.

In the next chapter we will extend some of the methods developed in this chapter to
systems with many-body hydrodynamic interactions but only in the Brownian limit.
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Brownian Dynamics

One of the most productive techniques in the atomic theory of condensed matter have been
molecular dynamics (M D) methods which use numerical techniques to solve Newton's and
related equations of motion to study the equilibrium, transport and scattering behaviour of
many, many systems. Although not yet as widely used as M D, methods based on the numeri-
cal solution of the many-body Langevin eguation, Brownian dynamics (BD) have been very
useful and their use continues to expand. In this chapter we will outline the derivation of
algorithmsto carry out BD simulations, discuss the cal culation of hydrodynamic interactions
that are needed and also mention some approximations that have been found to be useful.

7.1 FUNDAMENTALS
As shown in Chapters 2 and 5 when the ratio of the masses of the particles (the solute or
suspended particles) of interest to those of the other particles (the solvent or dispersion
medium) is very large, an equation of motion for the large particles may be derived which

involves the direct interactions and indirect, solvent-mediated interactions between the
particles. This may be conveniently re-written in the form,*

3n 3n
M;dVi/dt ==Y &V, +F + +oy f; (7.1)
=1 =1
wherei and j now label components (1 < i, j = 3n) not vectors and we have,
(f)=0 (7.2)
(fOf @))=25;0¢-1)

and

3n

L = VkeT Y o0 (7.3)
1=1
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Just as Newton's equations of motion may be used as a basis to develop numerical
schemes, MD methods, to simulate atomic systems we can use this equation as the basis
for a numerical scheme, called BD methods, for simulating the dynamics of heavy parti-
cles suspended in a“bath” of lighter particles.

Now F; is the total “direct” force acting on component i, i.e. the sum of external fields
and the solvent-averaged force of interaction between the suspended particles, and as this
is defined as an equilibrium ensemble average given by eq. (5.56), it may be calculated by
the methods of equilibrium statistical mechanics.?® We will thus take this term as given
and concentrate on the other interaction termsin eq. (7.1).

Physically the force F' = —X jsil {; V, is the Hydrodynamic drag force on the
heavy particles due to the suspension medium and the friction coefficients {; (or friction
tensor {;;) may be thought of as hydrodynamic coupling constants.

It is also useful to define the diffusion tensor D;; and mobility tensor L; by,

3n 3n
6Dy =D Dy =keT &y (7.4)
i i
and
Djj = kg Th; (7.5)

These tensors may be obtained by solving the Navier—Stokes equation and because we
usualy only deal with extremely low Reynolds numbers we only need to solve the quasi-
static, Linearised Navier—Stokes or creeping-flow equations,®“® i.e.

VB, (r,t)=0forir—R(t)| > &
Ry = pdyy —n(ov,/0r + v, /or) (7.6)
Vy(r,t)=0

where v(r,t) is the velocity field of the fluid, P,(r,t) is the pressure tensor with compo-
nents P, (k| =1,2,3), p is the hydrostatic pressure and here, i =1,...... , N.
As these equations are linear we may write,

F; :ZgijTT'\_/J‘ +2Cijm'9] (7.7

j=1 j=1

n n
L= ZQER'\—/J' +2§5R'9J
j=1 j=1
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or

n n
dR/dt =V, = ZHJT 'Ej +ZN£RI,‘ (7.8)
j=1 =1

n n
_ _ TR RR
dg,/dt = Q; = zuij 'Ej +2Hij 'Ij
i=1 i=1
or if we assume free rotation,

dR/dt=V, =3 ni"F, (7.9)
=1

n
do,/dt = Q; = ZUijTR'Ej

=1

where 0;, Q;, Fjand T, are the angular position, the angular velocity, the force and the
torque on particle i, respectively. The superscript T refers to translation and R to rotation.

Thus, the fundamental problem that arises in this description of particle motion is the
calculation of the hydrodynamic interactions between the particles, which amounts to the
calculation of the tensors {; or ;. Unfortunately, these quantities are functions not only of
the positions of particlesi and j but also of all the particles in the suspension, i.e. they are
not pair-wise additive. They are also of extremely long range and diverge when particles
approach one another if certain approximations are used. Thus, as discussed below they
must be treated with great care in order to obtain meaningful results.

7.2 CALCULATION OF HYDRODYNAMIC INTERACTIONS

This problem reduces to finding methods to calculate p; or {; which is done by solving
eq. (7.7) or (7.8) subject to boundary conditions, e.g.

V() =V, +QX(R-R) (7.10)

when |R-R| = &,
This problem has been treated by many techniques, e.g.,

The method of reflections.®*?

The collocation technique of Ganatos and co-workes.'314

The Legendre function scheme of Caflisch and co-workers.’>

The method of induced forces (MIF) of Mazur and co-workers.216-21.28-32

The point source method used by Cichockci and Felderhof .32

The combined MIF and lubrication theory scheme originated by Bossis and Brady.?-2

oukwdrE
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The MIF has been extensively investigated by Mazur and co-workers,216-2! Felderhoff,
Jones and co-workers for free boundary conditions (FBC)* and by Brady and Bossis®>?/,
Ladd®-3 and Felderhoff, Cichocki and Hinsen for both FBC and Periodic Boundary
Conditions (PBC)33-%, The combined results in this area have led to some very significant
advances in our ability to calculate the w; for many-body systems.

One of the most successful and widely used methods, the MIF, accounts for the bound-
ary condition (7.10) by placing a distribution of point forces on each sphere surface. This
force distribution and v(r) are then expanded about the centre of each sphere in a series of
spherical harmonics, which leads to a system of linear simultaneous equations relating the
moments of the force on each sphere to the moments of the velocity on another sphere.
This results in a set of equations from which v(r) may be determined which satisfies
ed. (7.10) and, thence, {; or w; may be obtained. In practice the series expansion obtained
must be truncated and, thus, eg. (7.10) can only be approximately satisfied but results for
H; may be obtained to any desired accuracy.

There are two well-developed methods for carrying this out:

1. Expansion of this truncated set as a cluster seriesin the co-ordinates of 1,2,...,n par-
ticles and then expanding these resultant termsin powers of the reciprocal of the par-
ticle separation, R.

or

2. Solving the truncated set of simultaneous equations obtained by numerical matrix
inversion to give a multipole expansion of {; or p;.

The expansion method 1 has been used extensively, in particular by Mazur and
co-workers*16-2! and Felderhoff and Jones and co-workers!* for few particle systems and
is a very useful method for treating small numbers of particles under free boundary

conditions.

A low-order expansion of p; is often used (the Rotne and Prager tensor, see Appendix M,)
which gives a mobility tensor that has the correct asymptotic long-ranged behaviour and is
positive definite, which is essential in BD simulations (see Section 7.4.1 and Appendix N).

However, when the truncated expansion is used in PBCs it cannot guarantee that the
resultant ;s are positive definite, which leads to problemsin some applications.®* This
occurs with the Rotne—Prager tensor if the minimum-image convention isused in PBCsin
conjunction with the Minimum Image Convention.® However, the Rotne-Prager tensor
can be adapted to be consistent with PBCs by use of the Ewald summation tech-
nique.26:37-3

The method 2, which was pioneered by Ladd,?®! has been recently extensively refined
by others.?3-27:32-3 Although Ladd's intuitive derivation® was criticised in the literature,®
it was subsequently given arigorous derivation for both free and periodic boundary condi-
tions, which showed the essential correctness of the original derivation® (see Appendix N).
This derivation® also proved that the method gives a diffusion matrix that is positive def-
inite at al levels of truncation in either free or periodic boundary conditions and also the
incompressibility condition® (7.6). We give an outline of the derivation of the Ladd
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method of cal culating the mobility matrix in Appendix N, as this method is widely used if
accurate results are needed.

There has been and continue to be significant development in this area, both theoreti-
cally and computationally, e.g. by Felderhoff, Cichocki and Hinsen,®3-¢ Brady,*® Sangani*
and Higdon*? who all have developed methods that enable very efficient computation
of ;.

Hawever, amajor problem arising from the use of this multipole method (often called
the far-field many-body contribution) is that the series may converge very slowly if at all
(especially at higher volume fraction, ¢). A particular problem arises as a pair of particles
approaches close contact in that the hydrodynamic forces diverge as s * and In s~ where
s = (R, —2a)/a is the separation between the particles relative to their radius, a. Brady,
Bossis and co-workers overcame this problem?>?” by showing that convergence can be
accelerated by adding in the contributions to ;; given by near-field lubrication theory (see
Appendix M). This theory describes the forces arising from the thin layer of viscous fluid
separating the particle surfaces and, e.g. results in the relative motion of two particles
approaching zero as their surfaces approach contact. This theory is the appropriate one to
use when surfaces come very close together and being pairwise additive it is computa-
tionally very efficient. One must avoid counting interactions twice, so those two-body
effects already included by the far-field calculations must be subtracted off.

An extremely important problem isthe effect of walls on hydrodynamic interactions and
thisisvery important in simulating the flow of colloidal suspensions and polymersthrough
narrow tubes, gaps and between closely spaced surfaces, e.g. in simulating nanofluidic
devices and flow through pores. These effects have been approached by use of method
1,104344 but a practical solution of the general problem has still to be found although less
direct methods have been developed to treat this problem.*

7.3 ALTERNATIVE APPROACHES TO TREAT HYDRODYNAMIC
INTERACTIONS

It should emphasised that the calculation of the hydrodynamic tensors describing the
indirect, solvent-mediated, many-body interactions between large particles in solution
isacomplicated problem and requires much computer time to achieve in many-body sys-
tems except under very simple circumstances, e.g. for dilute solutions. Thus, other alter-
native, simpler approaches have been developed to solve this problem at some level*® and
these methods are, in fact, still being explored and developed. There are many of these
alternative techniques, which is not surprising, since the genera problem of fluid
dynamics is an enormously important one and is central to many areas of science and
engineering.

Some of the methods which have been developed are the Lattice Boltzmann (LB)
approach,**® Smooth Particle Hydrodynamics (SPH) or Smooth Particle Applied
Mechanics (SPAM),* the Direct Simulation Monte Carlo (DSMC) method™® and
Dissipative Particle Dynamics (DPD).5! We will not discuss them all here but only give an
outline of the two methods that have been most used to date in treating solutions contain-
ing large particles, namely the LB approach and DPD.
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7.3.1 The lattice Boltzmann approach*’-48

The Lattice Gas and LB methods have their geneses in the “Game of Life” and Cellular
Automata.*” Such methods use a regular lattice and a “particle’ on each lattice site can
have a small number of different states; the particles move from site to site and their states
are determined by simple rules. These rules are designed to give an average behaviour of
the collection of particles, which describe the same physical behaviour as do the
Navier—Stokes equations. Thus, a collection of discrete states on a regular lattice is used
to mimic the behaviour of aphysical system described by continuous variables. Only afew
quite simple rules are required for the LB method to give essentially exact agreement with
the results of continuum methods while being much easier to program and much, much
less costly in computer time.#”# In fact, the saving in time using an LB method over tra-
ditional methods of solving continuum equations is usually enormous.*®

In addition to providing a practical method to solve the Navier—Stokes and other prob-
lemsin fluid mechanics these methods have been adapted to describe the properties of col-
loidal suspensions, and we will return to this topic in Section 7.7.1.

7.3.2 Dissipative particle dynamics

Dissipative particle dynamics (DPD) is a stochastic method that was introduced as an off-
lattice version of the Lattice-Gas methods®™>? described in Section 7.3.1 above, and
although it may be used to simulate fluid dynamics, it has been extensively used to develop
equations of motion to describe colloidal particles and polymers solutions, and we will dis-
cuss this in Section 7.7.2. Suffice to say that this method is extremely fast relative to the
methods outlined above in Section 7.2 and enables the simulation of many more particles
in afluid background to be made than these methods. However, more work is still needed
on the theoretical background to this method.

7.4 BROWNIAN DYNAMICS ALGORITHMS

The description in terms of eg. (7.1) is an exact in the limit MM — O and t > ¢, but these
equations are, in general, insoluble analytically. One method of overcoming the similar
problem for atomic and molecular systemsis to resort to numerical techniques which lead
to the method of MD. We will now outline an analogous method based on the Langevin
equation, which is known as the BD method.

7.4.1 The algorithm of Ermak and McCammon'

Here we will follow the treatment given in the pioneering and seminal work of Ermak and
McCammon.? In order to obtain a finite difference algorithm starting from eg. (7.1) we
multiply by D;;, sum over i and change the dummy index we have,

Y 1y dvy/dt = -V, + (kg T) Y, D, F + D o f; (7.11)
j j i

where t; = D;j(M;/kgT) and g;; = (UkgT) % Dy oy
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Now from egs. (7.4) and (7.5) we have,

Dij = zgil aij

Next use a Taylor series expansion to first order,
T =Iij0+281”0/6R1AR1+~- (7.12)
1

where AR = R(t) — R(0).

Similarly Dy, o;; and F; may also be expanded in Taylor series and in these cases the
coefficients of AR, are zero if component | is associated with different particles than com-
ponentsi and j. To cal culate means and mean square values we thus need first-order terms
7; but only the zero-order terms in the other variables are needed for an agorithm which
is first order in t. Note that the superscript O means that the term is to be evaluated at
t = 0. This gives,

TydVi/dt +V, = tiexp(—t/r)) d/dt[exp(—t/z3)V, ]

== TdV,/dt— Z;arg/aa AR dV,/dt
J J

+(ksT)Y. DY P+ op f
i i

ij i

(7.13)

Eq. (7.13) could be used to obtain an equation for V;(t) by multiplying eq. (7.13) by
(1;°) " exp(t/7;°) and integrating over time as with the smpler LEs treated in Chapter 6.
However, thisis usually not of any particular interest as we are almost always interested
in the diffusive limit, which were discussed in Sections 5.1.3 and 5.5.1 and al that is
required is an equation for R(t). This can be done by performing a second-time integration
and eliminating the resultant double integral by integration by parts which give,

AR (1) = 17 Vi (0)[1— exp(~t/1])]

=Y 1§ [[1- exp(—(t = 9/=0)] AV, /dit) ds
j 0

+3 J{1-exp(—(t— 9]}
i 0 (7.14)
{_Z 013/0R ARAV,/dt + o} f; + (ks T) D] Ff’}ds

Asin Sections 5.5 and 6.2.5 we assume that t >> t? = D9/ (M, / kgT) which means that
exp(—t/;9) = 0s0[1 — exp(—(t — 9)/1;9)] = Lfor 0= s<tand[1 — exp(—(t — 9/7;)]
=0ifs=1t.
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Now, V = O((ksT/M)) and AR = O((Dt)*?) so :° V = O((M/kgT)¥?D) << (Dt)¥? = AR
which means that,

AR®) = +Z[—Z /R I(AR dv,/dt)ds+ (ks T) DY Fjot)J
i | 0

t 7.15
+Y 08 [{[ 1 expt= (t— syt fj(s)ds (715
j 0

Note that in the random (last) term in eq. (7.15) we cannot drop the term involving the
exponential asit is essential to the correct description of this random term.
It should be noted that AR dV/dt = d/dt(AR V,) — V}V, and so,

t
Vv dsvksT/M, 6, (7.16)
0

and since we have t > 1;°,
t
J(AR; 4V, /dt)ds~(ARV; ) — kg T/M;t 3~ — ks T/M, 16
0

The last approximation arises because (ARV)) = [(ks TD/M)t]*? << (kg T/M)t s0 €q. (7.15)
may be written as

AR (t)=Y DJ/oR t+Y (DPF /ksT)t
i i

+Y.0 J{11-exp(—(t— 9/} £, (9)ds
] 0

(7.17)
= ¥ DY/OR; t+ Y (DJF G T)LHX, (1)
J ]

Thus, we have afirst-order algorithm for AR (t) which is of aform similar to the simple
case (6.45) and to complete the algorithm as is usual we need to find the statistical prop-
erties of the random term, X;(t), now,

(AR (O f; (1) = ZI{[l— exp(—(t— )/} of (i (9) f; (1)) ds
I o

= 2[{[1- exp(~(t - 8)/1))]} o} 0(s— 1) ds (7.18)
0

=0
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It may be used to show that,

(AR ()= ZJ‘, [Df/0R; + DJFY/(kg )|t (7.19)
and

(AR (DAR (1)) = 2, [ [1— exp(~(t—9)/x))]
! o (7.20)
[1—exp(—(t—9)/x)] o707 ds
~ 2Dt
Thus, we have
(X (t)=0 (7.21)

and
(X ()X (1) = 2Di(j)t

Hence, the Ermak and McCammon algorithm? for the displacement of a particle (or
rather the component R, in time step At in the diffusive limit) is,

R(t+At)=R(t)+ 32 (D (t)/ar, ) At + 32 (D; ()/ksT)F, AL+ X (AY)  (7.22)
j=1

i1
where

(X (At))=0 (7.23)

(X (ADX; (A1) = 2k T g1 (t)At = 2D, (t)At (7.24)

The Ermak—McCammon algorithm (7.22) is first order in the time step At, i.e. it isan
Euler-type algorithm.

The algorithm (7.22) can also be obtained from the Smoluchowski equation,* and gen-
eralisation of this agorithm to freely and non-freely rotating non-spherical particles has
been made® as we shall see in Chapter 8. Strictly speaking eq. (7.22) does not apply to
systems with impulsive forces such as hard sphere systems and the above scheme has been
generalised to these cases by Cichocki and Hinsen>-%¢ but only in the limit of a hydrody-
namically dilute system.

The agorithm says that the displacement AR, in time step At is the sum of three terms,
the later two representing the effect of the direct interactions between the particles and the
random term X;(t) asin the simple case (6.45) except now these terms are summed over al
the other co-ordinates making al the equations coupled. The first term involving aDijf’/aRj
is new but is zero if the diffusion tensor D;; is divergenceless.
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In practice if an infinite, bulk system is being simulated then the above algorithm must
be implemented using n particles in a basic cell in Periodic Boundary Conditions (PBC);
See Section 6.6.

A point which should be emphasised is that eg. (7.22) is an agorithm for generating
positions for a system in the Diffusive Limit only as we have used this in arriving at
eg. (7.14) from eg. (7.13) or more specifically we have assumed that At in eq. (7.22)
satisfies At >> t@ = M, D?/(kgT)> 0. Thus, we cannot take the limit of AR (At) = R(t + At)
— R(t) as At — 0 and the most we can say is that AV;(At) = (R(t + At) - R(t))/Atisa
mean velocity of some type over the time interval At. So, tempting as it may be, we
cannot find (V,(0)V,(t)) from eq. (7.22).

7.4.2 Approximate BD schemes

A complete description of the properties of a suspension using eq. (7.22) is, in practice,
very time-consuming; thus, approximations have been devised to treat some limiting cases
or to generate approximate BD schemes.

7.4.2.1 Algorithms neglecting Brownian motion

If we assume that the random forces are negligible, then we have
3n 3n
R (t+At) = R (t)+ Y (0D; (t)/ar;))At+ " (D; (t)/KT)F, () At (7.25)
j=1 =1

Alternatively we can directly numerically solve the differentia egs. (7.8) (or eg. (7.9) for
freely rotating particles®), this latter method being preferable as it leads to much greater
accuracy.

This scheme is useful for simulating systems in the limit of high Peclet numbers, i.e.
where the shear effects dominate over those due to the Brownian terms and for very large
particles in a gravitational field.

For example, there has been alarge number of studies, both by experiment and by sim-
ulation, of cluster dynamics of large sedimenting particles and a surprisingly wide variety
of fascinating behaviour have been observed, 0131522245759 \which may be classified be
into several broad distinct classes,

Unstable, separating structures,*1013.14,57.58
Structures that represent unstable equilibria.!314
Stable equilibrium structures,10.155657

Periodic structures.!5225758

AW PE

Such a wide range of fascinating structures which form in such simple systems, the
particles of which are only interacting by hydrodynamic forces, is extremely interesting
and illustrates the importance of these interactions in systems of particles suspended in
afluid.
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7.4.2.2 Use of effective two-body tensors

A simple approximation is to assume that the diffusion tensors are pair-wise additive but
merely using a pair-wise additive tensor based on the truncation of the cluster MIF scheme
(the cluster method 1 described in Section 7.2) may not be sufficient as this may lead to
non-positive definite diffusion tensorsin systems with PBC. To overcome this and to make
approximate allowance for many-body effects Snook, van Megen and Tough®-%* devised
a simple volume-fraction-dependent screened two-body tensor based on the ideas of
porous media® where unlike for freely diffusing particles screening can be rigorously
shown to occur. This scheme was parameterised using experimental values of the diffusion
coefficients D, and D, (see Appendix J) for hard-sphere-like dispersions,®® and athough
this approach has been criticised on purely theoretical grounds,? it does provide a reason-
ably accurate description of D(q) for hard-sphere-like dispersions,®® electrostatically sta-
bilised systems at high volume fraction,! and gave qualitatively reasonable results for a
wide variety of zero-time (Dg and D) and long-time diffusion data, {(R(0) — R(t))? and
D; and scattering functions.5%-%4. For example, the behaviour of ((R(0) — R(1))?, D,
F{q,t) and F(q,t) (see Appendices A and J for definitions of all these quantities) was in
good qualitative agreement with the experimental results. Even though the method has
some theoretical weaknesses it provides a model that qualitatively shows the effect of
hydrodynamic interactions on these properties. For example, the calculations clearly show
the strong slowing effects of hydrodynamic interactions on single particle motion. A simi-
lar approach has been used by Wallrand, Belloni and Drifford® for electrostatically sta-
bilised systems.

Dickinson and co-workers®-"> have aso used a two-body tensor modified in order to
obtain stable and convergent results, which may be viewed as using a screened tensor with
a delta function cut-off rather than a smooth one. They treated a large number of cases
involving stability, aggregation, clustering and coagul ation and once again provided results
which, if not entirely rigorously based, provide a useful qualitative insight into many of
these interesting and useful phenomena in concentrated suspensions.

A potentially more theoretically justifiable approach has been developed by Beenakker
and Mazur,?® which gave good results for zero-time properties and is an effective medium
theory in which D; is the Rotne-Prager expression and D;; is D, but with a volume-
fraction-dependent viscosity background viscosity #(¢) replacing #;. This form has the
advantage of having the correct long-range form for D;; and would be interesting to usein
BD simulations at non-zero time.

One problem still to be addressed with any effective two-body approach isthe inclusion
of lubrication effects, which are particularly important at high volume fraction.

The analysis of experimental results for D(q) by Pusey, Segre and co-workers’ fraction
also lends support the notion of effective two-body tensors.

7.4.2.3 Mean-field approaches

An obvious approximation is to assume that the diffusion tensors are diagonal then

R (t+ At) = R (t)+ (D, (t)/0r, ) At + (D; (t)/ks T)F, (t) At + X, (At) (7.26)
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with,

(X, (At)) = 0 and

(X (At)X; (At)) = 2D;; (1) At

It should, however, be noted that in general the D;; are still many-body functions, i.e. func-
tions of al the Ry’s.

Van Megen and Snook®262 compared the results obtained using their effective two-body
tensor with those using only the diagonal elements, D;, of this tensor to describe self-
diffusion in charge-stabilised dispersions and found that there was moderate agreement
between the two approaches; 262 see Figure 7.1. This method has also been used by Heyes™
asthe basis of a mean-field theory based on the assumption that D; = D;(R;). He used the
theory to describe hard-sphere-like dispersions using an entirely empirical form for D;; and
obtained the parameters by fitting to the experimental values for D, which lead to an excel-
lent agreement with the experimental values of the long-time tracer diffusion constant Dy.
These results seem to indicate that it may well prove fruitful to extend this approach using a
more theoretically justifiable form for D;; at least to describe self-diffusion. But this method
cannot accurately describe properties that depend directly on D, eg. D, or D(q), at low to
moderate values of g, and once again the role of lubrication effects also needs addressing.
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Figure 7.1 Mean square displacement (AR?(t)) versus time t. (a) Free particle; (b) random compo-
nent; (c) free draining; (d) diagonal component of two-body effective tensor; (e) full two-body ten-
sor (figure redrawn from ref. 63).
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7.4.2.4 Hydrodynamically dilute or free-draining regime

This approximation is also called “Free Draining” where it is assumed that
D; = 6; Dy and, thus,

R (t+ At) = R (t) + (Dy/KT)F, () At + X (At) (7.27)
where D is the free particle diffusion coefficient.
(X (At)y=0
and
(X (At) X (At)) = 2KT pgAt = 2Dy At,

eg. (7.2) is, of course, the same as eq. (6.45).

Thisisstrictly only applicable to systems where the particle volume fraction is very low
but in which the particles are still strongly interacting, e.g. a system of highly charged par-
ticles at low particle concentration in a background of very low electrolyte concentration.
This algorithm was originally derived by Ermak from the Fokker—Planck equation’® and
has been extensively used to study both systemswhereit is strictly applicable, e.g. charged
polystyrene spheres in ion-exchanged aqueous suspension and for qualitative studies of
many other systems where the assumptions are sometimes less well justified.

Gaylor, Snook, van Megen and Watts®# made extensive studies of systems of particles
at low volume fraction interacting via a screened coulomb (DLVO type) pair potential and
calculated (R(0) - R(1)?, Dy, G(R1Y), Gy(R1), G(RY) F(a), Fyat) and F(at) (see
Appendices A and J for definitions of these quantities) as a function of volume fraction.
Despite the simplicity of the form of the direct particle interaction excellent agreement with
experimental results was obtained®? for the mean-square displacement; see Figure 7.2 below.

<Rit)> L

0 |
1 2
Time (secx10°)

Figure 7.2 Mean square displacement (ARZ(t)), continuous line experimental data from Pusey and
BD results e (figure redrawn from ref. 82).
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Furthermore, it was shown that Dy is strongly influenced by inter-particle forces, that the
non-Gausssian effects ¢,(t) defined in eq. (A.15), Appendix A are relatively small and that
athough the Vineyard approximation for G(Rt) and F(q;t) is not very accurate the delayed
Vineyard approximation is excellent although it lacks a theoretical justification.®?

Despite the fact that this method is only an approximation it has been extensively used
to simulate more concentrated systems (see, e.g., refs. 77, 84-91) and has given very use-
ful insights into various colloidal phenomena. Some representative studies are of colloidal
diffusion,8-8691 glass formation,8” % viscous flow® and diffusion in porous media.®

7.5 BROWNIAN DYNAMICS IN A SHEAR FIELD

From amicroscopic starting point this problem has been studied in the case of the GLE; see
Chapter 4 and for the limiting case of Brownian motion when hydrodynamic interactions
may be neglected, see Section 6.5. Shea and Oppenheim® have generalised their results for
the Langevin equation for a single Brownian particle in an external field starting from a
microscopic description as mentioned in Chapter 4, but no BD a gorithm has been derived
from this nor has the result yet been generalised to many interacting colloidal particles.

Dickinson and co-workers® have developed a BD algorithm for simulating particlesin
a shear field based on a postulated form of the LE in shear obtained by adding a term to
the LE (7.1) to represent the effect of the imposed shear field, i.e. they wrote,

My, /dt = F, +Ef +E? (7.28)

where F; represents the usual direct interactions, E;F africtional force and F;S a stochastic
force. The frictional force F;F was assumed to have the following form:

FF - jancij IV, +U(R)+S, :p] (7.29)

where {j; is the normal friction tensor, u(R) the flow velocity at R, S a configuration-
dependent shear tensor and p the configuration-dependent rate-of-strain tensor. From
eg. (7.28) they obtain a BD algorithm analogous to the Ermak—McCammon algorithm
(7.22) which they write as

n n
AB,‘ :(kBT)1|:2Ej(t)'Dij (t)+zauij/aBj At
j=1 j=1

2 (7.30)
+X;(D; (1), At) + S (1) pAt +u; (R, )At

for i,j =1 to n where the random term X;(D;(t),At) has mean zero and its mean-square
vaueis

(X; (D (1), At) X; (Dy (1), At)) = 6Dy (t) At (7.31)
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This was used to study the rotation and dissociation of colloidal aggregates in a shear
flow using a simple two-body tensor representation of D;; and the lowest order result for
S which is athree-body term.%®

The most complete extension of the BD method of Ermak and McCammon has been
given by Brady and Bossis and co-workers??-?" starting from a macroscopic point of view
that essentially generalises Mazur’s result based on the Landau—L ifshitz fluctuating hydro-
dynamics equations.®® Brady and Bossis?® have derived a BD algorithm starting with the
Newton equation of motion for the combined translational and rotational degrees of free-
dom as will be discussed in Chapter 8, i.e.

M-dU/dt = FP+F® +F" = F (7.32)
where
F"=-Rq,-(U-U")+Rg :E” (7.33)
(F%)=0
and

(FPOF® (1)) = 2kg T Ry (t)

Generalising the algorithm of Ermak and McCammont (7.22) Brady and Bossis® obtain
for the change in position Ax of the particle in time step At,

Ax=PelU” + R {Ree :E™ +7  FPIAL (7.34)
+V-RjAt + X(At)

where ;" = 6ry, a2/ | FP| and Pe = 6m; %/ (ksT) = y a2 D,
X)=0
and

(X(AX(At)) = 2Ry, ‘At

Here, M = R, ! is the mobility matrix generalised to include both the translational and
rotational effects, the Peclet number Pe measures the relative importance of the shear and
Brownian forces whilst the reduced shear rate y* gives the relative importance of the shear
and inter-particle forces.

Phung, Brady and Bossis*” made an extensive study of the behaviour of a concentrated
colloidal dispersion of monodispersed hard spheres in a shear field, which provides an
excellent example of what information this method is capable of giving. The diffusion



148 7. Brownian Dynamics

matrices D;; were cal culated by the method outlined in Section 7.2, i.e. a combination of far-
field many-body terms and short-ranged two-body lubrication effects. These caculations
were carried out for 27 = n =< 123 in three dimensions at a particle volume fraction of 0.45
for arange of values of the imposed shear field (i.e. for arange of values for the Peclet num-
ber Pe). The results (see Figure 7.3) showed that at low Peclet numbers the equilibrium struc-
ture of the suspension was dightly distorted by the flow and the suspension shear thinned
because of the decrease of the direct Brownian contribution to the stress. At moderate values
of Pe it was found that the hydrodynamic and Brownian forces balanced and the structure
ordered into ‘strings arranged in a hexagonal array in the vel ocity-gradient—vorticity plane;
however, the viscosity remained practically constant. At high Peclet numbers this ordered
structure gradually “melted” without hysteresis because of the shearing forces overcoming
the effect of the Brownian motion that pushed the particles into close contact. After this
“melting” the viscosity shear thickened which was attributed to the formation of large non-
contact clusters. The long-time self-diffusivitieswere found to be constant at low Pe and then
increase at intermediate values of Pe. However, when ordering occurs these diffusivities
decreased and then grew as “melting” occurs at higher values of Pe.

In order to calculate the bulk stress () and hence the rheological properties of the
suspension one also needs to calculate two other tensorial quantities as is set out in
Appendix J.

7.6 LIMITATIONS OF THE BD METHOD

Numerical techniques such as the BD and MD simulation methods have inherent limita-
tions in addition to those imposed by current computer limitations. Some of those that are
inherent to the BD method are as follows:

1. If the particles simulated are neither much larger nor heavier than those of the dis-
persion medium, it may not be correctly described; see Section 5.5.

2. Thedetailed coupling between particles of the two species cannot be simulated asthe
method was derived by coarse graining over the properties of the solvent; see Chapter 5.
This may restrict its ability to simulate aggregation and coagulation in which parti-
cle surfaces come into close contact.

3. The hydrodynamics used assumes Newtonian viscous behaviour of the background
fluid, so particles suspended in a non-Newtonian fluid cannot be simulated.

4.  Because of their long range, many-body character and the complexity of their calcu-
lation if full hydrodynamic interactions are to be used this imposes serve restrictions
on the system size and times which can be simulated.

Of course computer limitations do impose severe restrictions on what type of systems and
properties may be simulated even if all the points 1-4 are not relevant, e.g.

1. Aswithall particle-based simulation techniques there are limitations of length scales
that can be simulated, since we use a cubic box in PBCs of relatively small side
length, which limits the correlation lengths of phenomena that may be simulated.
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2.  The use of PBCs introduces a recurrence time t,. because any time-dependent
“disturbance”’, e.g. a density wave will ultimately interact with its periodic image.

Thus, there is a big incentive to find methods to speed up simulations of Brownian
systems, such as colloidal suspensions and polymer solutions without significant loss of
accuracy and we will now discuss two such methods.

7.7 ALTERNATIVES TO BD SIMULATIONS

One of the mgjor limitations on carrying out BD simulations is the calculation of hydro-
dynamic interactions. As mentioned in Section 7.3 there have been many schemes devised
in order to speed up fluid dynamics calculations in general. Two of these methods, which
have been combined with BD-like algorithms, are the LB and the DPD methods, and we
shall briefly discuss them in the next two sections.

7.7.1 Lattice Boltzmann approach

In Section 7.3.1 we pointed out that the LB method enables fluid mechanics to be solved
much more readily by the use of discrete lattice models than is possible by use of contin-
uum-based methods. The only problem remaining is to allow for the presence of particles

log,o(Pe)

Figure 7.3 The viscosity of a hard-sphere suspension of volume fraction 0.45 as a function of the
Peclet number calculated by the BD method.?” The figure shows the total viscosity [, the hydrody-
namic contribution ® and the Brownian contribution 4.
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in the fluid which really amounts to satisfying the correct boundary conditions on the fluid
velocity at the particle’s surfaces. Several methods have been devised to do this.

Ladd*®% represents the colloidal particle by its surface, which cuts some of the links
between the lattice sites of the background LB fluid. Then boundary points are placed
halfway aong these links where the one-particle distribution function representing the
fluid is bounced back to mimic no-slip boundaries.

An alternative method due to Lobaskin and Dunweg® instead represented the colloidal
particles by arrays of point particles connected to one another by springs and these point
particles interact with the LB fluid via africtional force.®

A third approach taken by Chatterji and Horbach®” is essentially a hybrid of these pre-
vious two methods, which results in a Langevin equation,

M d®R/dt? = F. =LV +f, (7.35)

where E, is the conservative force between the colloidal particles, {, afriction coefficient
and f, the random force due to the solvent, which is taken to be a Gaussian random vari-
able whose Cartesian components o have moments,

(f.(Rt))=0
and

( fr,og (R1) fr,/)' (R,1))=2ksT {y 5a/f J(R—R)o(t—t)

The more detailed definitions of these forces are given in reference 97 but the method
essentially results in a simple equation of motion, and as al the forces involved are short
ranged and no many-body hydrodynamic couplings occur (due to the LB representation of
the background fluid), the method of solving eq. (7.35) islike those developed in Chapter 6
for the simplest L E equation. This makes this method quite fast and it appears to be avery
promising and accurate alternative to a full BD simulation.

These types of methods have generated many interesting results and are many orders
of magnitude faster than the full BD method. What is really required now is to test
these methods against full BD simulations on the same system in order to assess
their accuracy and to help refine them. If this is done, then in future this should lead to
their becoming some of the most valuable ways of simulating colloidal and polymer
systems.

7.7.2 Dissipative particle dynamics

Dissipative particle dynamics (DPD) represents the whole system of background fluid plus
large particles as a collection of frictional “balls” with forces between them or “dissipative
particles’ representing the various physical effects which would normally be represented
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by inter-particle forces and hydrodynamic interactions in BD simulations. The original
DPD method postulated the following stochastic differential equation,5!

M; dV; = ZES(BU )dt_Vz o(R;)(e;V;) g;dt
T - (7.36)
+szw(3ij ) €AW,

i#]

and dR =V, dt where R and V, are the position and velocity of the dissipative particles, M;
their mass, F;© the conservative, soft, repulsive force between these particles and g; =
Ry/ | R; |. The magnitude of the dissipative forcesis given by 7, and the similarly o governs
the intensity of the stochastic forces. The functions w(R;) are weight functions which give
the range of interaction of the dissipative particles and are taken to be a short-ranged force,
only acting between nearest neighbours and the stochastic forces are represented by
dw, = dw.

Thismethod is very versatile and has been applied to awide range of colloidal and poly-
meric systems and provides a reasonable description of many phenomena5*® It is aso
extremely fast and thus applicable to large systems. However, there are several problems
and shortcomings with the original DPD method, e.g., the method gives poor results for
colloids at high volume fractions, it cannot treat entanglements in polymers, the viscosity
of the fluid cannot be related to the model parameters and the equation of state is an out-
come not an input and the model cannot study energy transport.>!

M odifications and improvements of the original DPD model based on the postul ated eq.
(7.36) have been made in order to overcome some of these problems, e.g., Espanol and
Revengal® have devel oped a thermodynamically consistent DPD equation which is,

M; dV,/dt = Z[Pi/diz +Pj/dj2] Fi R —(5n/3)

. . (7.37)
Z Fy/(didy) (v; +&;&; V) +F
i
TdSdt = -2« ) F/(dd)T;
i
+(5’7/6)2 Fy/(dd, ){\_/ijz (& V) +T, 37
i
and
dR/dt =V,

where now the temperature and pressure are introduced via the terms T, and P;, which are
the temperature and pressure of the fluid particle i, Ty = T; — T, and Sis the entropy.
The function F(R) is given by VW(R) = —R F(R), and F;X and JR are stochastic forces
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introduced so that the fluctuation—dissipation theorem is obeyed. This equation satisfies
conservation of mass, momentum and energy and is consistent with the laws of thermo-
dynamics. It is said to overcome all the limitations of the original DPD equation,* e.g., the
thermodynamic data and the correct value of the viscosity may be fed in as input. A nice
feature of this equation is that if there are no thermal fluctuations then eg. (7.37) is
actually a version of SPH,*® which is very helpful as this method is well studied and well
established in the area of fluid mechanics.

Thus, this method and other extensions of the original DPD model are becoming a power-
ful tool to explore the dynamics of colloidal and polymeric systems. It will be interesting
to see if more theoretical work can show the relationship between these new DPD
methods and those based on the more traditiona and well-founded Langevin-based
BD approach. Also rather than just relying on comparisons with experiment to test these
methods it would be wise to test them instead against full BD simulations on the same
system as was recommended with LB methods.

7.8 CONCLUSIONS

The Ermak—McCammon eq. (7.22) provides an algorithm for cal culating the displacement
of particle (actually for a component of position R) over atime interval At for a particle
in an n-body system in the diffusive limit to first order in At. It cannot be used to find
the change in velocity over this interval as a restriction is that the velocity correlations
have ceased in the time interval At and, thus At > 0 so we cannot take the limit of AR, as
At — 0. This equation says, quite simply that in timeinterval At the change of the position
component X(t) of particle is the sum of the effect of direct interactions between the par-
ticles, arandom term, X;(t) and aterminvolving 6Dij°/6Ri. Theterm X(t) isa Gaussian ran-
dom variable dependent on the diffusion tensor D;;, and the random displacements of each
particle are coupled, and the term dependent on aDijolaRj is zero if the diffusion tensor D;
isdivergenceless. This basic a gorithm has been modified to incorporate the effect of exter-
nal fields and to treat non-spherical particles (see Section 8.3).

One of the mgjor tasks to perform before this algorithm may be used is to calculate the
diffusion tensors D;;, which requires a mgjor mathematical and computational effort as
detailed in Section 7.2. These tensors are many-body in character, very long ranged and
difficult to calculate, although several schemes exist to do this. This means that the use of
the full Ermak—McCammon algorithm is a computationally challenging one and the com-
plexity of calculating D;; puts a major limit on the number of particles and length of time
possible for a simulation. Thus, simpler methods have been sought in order to speed up
these BD simulations and these methods fall into two broad categories:

1. Those that use a simplified version of the full BD agorithm which involves simpli-
fying the form of the hydrodynamic interaction tensors used, e.g. by replacing the
many-body ones with effective two-body forms.

2. The second type of modification is to use different ways of treating the hydrody-
namics compared with those based on the traditional continuum treatments. Two of
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these methods, the LB and the DPD methods, are much faster than the full BD
method. The main problems remaining with these methods are to assess their accu-
racy and to understand more about their theoretical grounding.

In conclusion another point that should be made on this topic is that the use of the cur-
rent BD algorithm could itself possibly be speeded up by devel oping modifications to the
algorithm and improvements in computer codes and its implementation on computers.
First the algorithm (7.22) is only of first order in At; higher order algorithms could be
developed, which would enable a larger time step At to be used, multiple time step algo-
rithms might be tried, and neighbour lists and linked lists could be implemented as could
the use of multiprocessor techniques. All these improvementswill enable the simulation of
much larger systems and longer times to be carried out using the BD method.
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Polymer Dynamics

One of the most significant areas where the GLE approach has proven to be of great value
is the study of polymer dynamics. The previous treatments of the GLE method can all be
used or extended in some manner to treat such systems. However, there are special prob-
lems which arise in treating polymeric systems and we will attempt to outline some of
these problems and how GLE’s may be used to simulated polymers.

It should first be noted that the area of polymer dynamicsis a vast one and there exists
an enormous literature on theoretical and experimental studies. Many excellent reviews are
available to provide the background in this area and fill in the details for which we have
neither the space nor the expertise to do. Good reviews are available!~1* and these should
help the reader to get a much better overview of the field of the theory and simulation of
polymer systems.

The application of BD methods to study aspects of this dynamicsis similarly arapidly
growing subarea of this field,** and so we shall not attempt to summarise all the applica-
tions of BD methods to polymers. Instead, we will cover the basic methods involved in
applying BD methods to polymer dynamics and merely give alimited number of examples
from the literature in order to illustrate the type of results that may be obtained.

If one regards a polymer from an atomic point of view then we may treat the polymer
and, if it is apolymer solution, the solvent as a collection of atoms whose dynamics may be
described by means of Newton's laws and may, thus, be simulated by means of molecular
dynamics. Thisis at present practical only for rather short-chain polymers either as single
chains,®® in the melt,'617 or in solution.'®1° This does not mean that these methods cannot
give useful results for polymeric systems, for example, they can give details of
solvent—polymer interactions unavailable to other techniques. Why this limitation on the
use of fully atomic method existswill be appreciated by considering the range of length and
time scales involved in polymer systems and their dynamics.

Length scales for polymer systems range from naometres if optical and electrical prop-
erties are of concern to millimetres or larger for bulk polymer processing. Similarly, rele-
vant time scales vary from femtoseconds for electronic effectsto hoursfor glassy polymers
and phase separation. Thus, for phenomena where electronic effects are important, for
example optical properties or interatomic interactions, even classical MD methods are not
useful and full quantum treatments must be made. So, if afully theoretical model is desired
then one must start with a quantum mechanical method and obtain the interaction energies
for atoms within each polymer, and for interactions between each polymer and polymer
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and solvent molecule. Ab-initio MD can also be used, but as in this method one essentially
calculates al the interaction energies“ on-the-fly” at each MD time step, these methods are
limited to treating small systems for short periods.

Alternatively, empirical force fields may be developed, which approximately describe
all or some of these interactions.10-12142021 These force fields may then be used with MD
or GLE methods to simulate the properties of the system. However, as these are based on
classical mechanics they may sometimes lead to inaccurate treatments if the details of
light-atom dynamics are important and in that case, quantum path integral methods should
be used.?? However, even if quantum dynamics is not important we still have a major lim-
itation inherent in the MD method as the integration time step used must be shorter than
the smallest time scale involved, which may be as short as 10715 s. Thus, unless the use of
an enormous number of time steps is possible (without significant round-off error occur-
ring), many important phenomena occurring in polymer systems cannot be simulated by
MD. This does not even consider the problem of finding force fields for all the many dif-
ferent types of interaction involved and the large range of different length scales often
present in such potential simulations. Thus, coarse-graining is forced upon us by the sheer
complexity and range of fundamental parameter scales involved.

At the first level of coarse-graining, hydrogen atoms may be combined to form a
“united-atom” instead of considering all atoms explicitly.'! At the next level, many atoms
are combined together as ellipsoids, pearls, beads or blobs,%114 where these elements are
supposed to represent a segment of area chain. These elements are then joined by some
means, for example by rigid rods in the bead-rod model or by springs in the bead-spring
model. For example, a chain may be represented as a series of beads and springs and the
solvent may be treated as having similar short-ranged interactions with other solvent
molecules and the beads in the chain as shown in Figure 8.1.

However, even using ssimplified representations of the polymer chains, solvent mole-
cules and their interactions, these MD-based methods are still limited to treating rather
small systems at present.’>~1° Thus, Brownian methods which average over the solvent
molecul e degrees of freedom must be turned to in order to extend simulationsto treat many
phenomena in polymeric systems. A concentrated polymer solution represented by a

Figure 8.1 A single chain of 13 beads joined by springs used to represent a straight-chain polymer
with the solvent being treated as a continuum. (Figure by courtesy of Dr. Peter Daivis, Applied
Physics, RMIT.)
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Figure 8.2 A concentrated polymer solution where the polymer chains are represented by a bead-
spring model and the solvent atoms are not shown as they are being treated as a continuum. (Figure
by courtesy of Dr. Peter Daivis, Applied Physics, RMIT.)

bead—spring model is shown in Figure 8.2, where the solvent molecules are not shown
explicitly as they have been replaced by “background” terms in the equations of motion.

8.1 TOXVAERD APPROACH

If we wish to make use of the GLE approach in order to deal with larger systems and
longer times, then the approximate GLE's discussed in Chapter 6 may be used. This
enables both the velocity as well as position of each atom in the polymers to be obtained
as a function of time and, in principle, only the details of the solvent are lost in this
approach.

Asstated in Chapter 6, it isclear that one can awayswrite an equation of the GLE form,
but in practice the problem is to obtain the properties of the memory function and random
force. From a theoretical point of view, this amounts to being able to construct a suitable
projection operator.

An approximate GLE for a single polymer molecule has been suggested by Bossis
et al.?® given by eq. (8.1), and applied by Toxvaerd®* to treat a single polymer chain
consisting of N, beads with bead—bead interactions being represented by simple LJ12-6
potentials and harmonic forces between neighbouring beads,

m (@dt)v, () =—m | K,(t—)v, (1) cr+ e (t)+FF (1) (8)
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fori = 1to N,, where g(t) is the sum of the bead—bead forces on the ith bead. Here the
random force F;R(t) is assumed to satisfy the conditions,

v (O)‘EiR (t)»y=0

(38m ks T)K, (1) = CER(OFER (1)) +2m <y, (0)-€,(0)>3() (82)

Toxvaerd* performed direct MD simulations for N, = 9 as a free polymer and a poly-
mer in a solvent consisting of 509 LJ12-6 particles at a high density and low temperature
corresponding to the liquid state and also BD simulations using eg. (8.1). The forms cho-
sen for K(t) in the BD simulations were the Gaussian memory (eg. (3.19)), the
Levesque—Verlet memory (eg. (3.50)) and the Lee—Chung memory (eg. (3.51)), and the
equation set (8.1) was solved by a combination of MD and the method of Wang and
Uhlenbeck (see eqg. (6.54)). The BD method was in good agreement with the MD results,
but it was decades faster to calculate, thus enabling much longer total times to be simu-
lated. This gain in speed, and hence maximum simulation time, meant that processes
which cannot be simulated by direct MD methods can be performed accurately by means
of this BD technique.

8.2 DIRECT USE OF BROWNIAN DYNAMICS

One may aso use the BD approach based on the many-body Langevin equation as
described in Section 7.4.1 to simulate a polymer or polymer solution. This does, however,
reguire some thought as to the approximations being made about the physics of the rep-
resentation of the polymer and its dynamics. As emphasised in the introduction to this
chapter, due to the complexity of the polymer physics involved this means that there are
many types of interactions of an intrapolymer, interpolymer and polymer—solvent type
operating. Now these types of study treat the solvent as a continuum, Newtonian fluid
which is characterised by its density and coefficient of viscosity. If we decide to treat the
polymer as consisting of atoms, then we are also assuming that these atoms are of suffi-
cient size and mass to enable the dynamics to be described by the GLE in the Langevin
or Brownian limit, that is to use eq. (5.74). Thus, the representation of the units repre-
senting the polymer must be of sufficient size and mass to make the LE applicable (see
Section 5.5).

Furthermore, if the BD algorithm of Ermak and McCammon? (i.e. eq. (7.22)) is used,
we are aso assuming that we may work in the diffusive limit, that is the velocities of the
atoms in the polymer have relaxed to equilibrium before they have undergone significant
configurational changes. Thus, we need to make the polymer units large and heavy enough
for the conditions required for the normal BD algorithm of Ermak and McCammon? to be
realised. Such an approach is exemplified by the work of Graham and co-workers,?6-2°
which we shall now discuss in some detail in order to illustrate what is involved in such
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applications and show what may be learnt from this approach. The system studied was a
solution of monodispersed, linear polymer chains immersed in an incompressible
Newtonian (continuum) solvent. The polymer chain is represented as a sequence of
N, beads connected by N, springs. A total of N, chains was simulated in a periodic cubic
simulation cell of edge length L and volume V, which means that the system has a total of
N = NN, beads per cell at a bulk monomer concentration ¢ = N/V. Their notation differs
dlightly from that used in previous work in Chapter 7 but isin common use in polymer BD
work, so we will firstly rewrite the basic equations of motion in a notation which is con-
venient to use for these polymer simulations. They write the Smoluchowski or stochastic
differential equation (see Sections 5.4 and 9.2) representing the dynamics of the system as,

dr ={[rr ()] + Vkg T[D-F* ]+ 6/0r -D} dit +/ 2B-dW (8.3)

Here, r isavector containing the 3N spatial co-ordinates of the beads, D isthe 3N X 3N
diffusion tensor, F) is a 3N dimensional vector incorporating all the nonhydrodynamic
forces, k isa 3N X 3N block diagonal tensor with 3 X 3 diagonal blocks given by (Vv)T,
v the unperturbed solvent flow velocity and B isa 3N X 3N tensor defined by B-BT = D,
and the components of the 3N dimensional vector dW are obtained from a real-valued
Gaussian distribution with mean zero and variance dt.

The hydrodynamic interactions contained in D were represented by the Rotne—Prager
tensor summed by the Ewald technique as discussed in Section 7.2 and given in Appendix M.
Where these polymer simulations differ from colloidal smulationsisin the description of the
nonhydrodynamic interaction. Adjacent beads of a polymer chain interact and in this study
these interactions were represented by a worm-like spring model which involves using the
force law,

T =k T/20[(1= 11, =1, 1/0)) 2 =1+41r, —r, 1/0](r, —1,)/Ir, —r,| (8.4)

where r, contains the three Cartesian co-ordinates of the position vector of the vth bead,
F,, ™ isthe force exerted on bead v due to connectivity with the bead, b, isthe Kuhn length

of the molecule and g, is the maximum extension of the spring. The excluded volume
interactions were represented by,

U, = % kg TN, (3/4nS7)¥exp[—3Ir, — 1, 1/487] (8.5)
and
F,5 = vkgTN, “n(3/4nS%)*?exp[— 311, —1, 1/4S7] 1T, =T, | (8.6)

where v is the excluded volume parameter and S? = N, b,%/6 is the mean square radius of
gyration of an idea chain consisting of N, ¢ Kuhn segments.

The BD agorithm for the motion of each bead v used by Graham and co-workers,26-2°
is the Ermak—McCammon first-order algorithm,? (eg. (7.22)) which they wrote in the
form of,

F LAY =1 (O)+[er (D]At+ At/(k,T) %1[DW (OF, O]+ 2 %13‘,“ (O-AW, () (8.7)
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where F, = >F " +F, ¥ +F, . ¥ isthetota force on bead u which consists of an
w+U

excluded volume interaction with every other bead in the system and a spring interaction
with each bead attached to either side of it. An innovation used was to implement a method
owing to Fixman?62° that enables the Brownian term (the last term on the right-hand side
of eq. (8.7)) to be calculated very efficiently, which is essential because of the complexity
of the polymer problem. Interestingly, for simulation of infinitely dilute solutions alterna-
tive semi-implicit integration schemes were found to be useful, but they were not found to
be suitable for these simulations of interacting polymers and the explicit scheme above
was therefore used.?

The parameters used in these simulations were chosen to represent A-phage DNA in
bulk solution in equilibrium, in shear and in elongational flows using the appropriate
boundary conditions (see Section 6.6) in the dilute and semidilute regimes. Properties cal-
culated included mean square radius of gyration, short- and long-time diffusivities, shear
viscosity, elongational viscosity, flow direction extension under a variety of conditions
(e.g. different concentrations), shear and extensional flow rates. Results for long-time dif-
fusivities as afunction of concentration may be seenin Figure 8.3 and for elongational vis-
cosity as afunction of extensional rate at different concentrations is shown in Figure 8.4.
Shear viscosities were in very good agreement with the experiment and many quantities
obtained, for example conformational effects of flow field should aid enormously in inter-
preting experimental data. Interestingly, ignoring hydrodynamic interactions (“free-draining”
calculations) gave reasonable qualitative results, but the effects of hydrodynamic interac-
tions were shown to be a very important factor in determining the magnitude of the quan-
tities calculated. This study shows that it is possible to make realistic simulations on the
basis of coarse-grained LE approach of the equilibrium and nonequilibrium properties

1.4
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Figure 8.3 Long-time diffusivities of 21 pm DNA system as a function of concentration, ¢/c" nor-
malised by the overlap concentration c*, by BD simulation with and without hydrodynamic interac-
tions. (Figure by kind permission of C. Stoltz, J.J. de Pablo and M.D. Graham, Department of
Chemical and Biological Engineering, University of Wisconsin-Madison, WI, USA)
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Figure 8.4 Reduced elongational as a function of extensional rate at different normalised concen-
trations, c/c” by BD simulation with hydrodynamic interactions. (Figure by kind permission of C.

Stoltz, J.J. de Pablo and M.D. Graham, Department of Chemical and Biological Engineering,
University of Wisconsin-Madison, W1, USA.)

of polymer solutions under avariety of physical conditions, and also to obtain extrainsight
into polymer dynamics.

8.3 RIGID SYSTEMS

A relatively simple class of polymers and also colloidal suspensions of nonspherical par-
ticles to treat are those that may be regarded asrigid bodies, for example arigid-rod poly-
mer. One method of describing the dynamics of such systems is to use numerical
algorithms based on the GLE or the LE and to apply constraints on the dynamics to main-
tain the geometry of the whole polymer or sections of it. This may be achieved by a vari-
ety of methods, for example by the use of the SHAKE a gorithm asintroduced by Ryckaert
et al.3-32 in MD simulations to maintain rigid geometry of moleculesin MD simulation.
Another approach to the problem of simulating the Brownian dynamics of rigid objects
is by treating the whole problem by the trandational BD method (based on the LE), that is
using eq. (7.22) and applying constraints to the rigid bodies or rigid polymer subunitsin
order to preserve the geometry of these objects by a modification of the SHAKE method
mentioned above, and its implementation in BD was originated by Allison and
McCammon and termed the SHAKE-HI algorithm.3 This method applies a translational
algorithm, for example (eq. (7.22)) in the case of BD to move all the units whether they
are part of arigid unit or not and subsequently modifies this new configuration until the
geometry of therigid unitsis preserved. Other methods have been subsequently developed
to handle these constraints, for example based on Gauss's principle of least constraint® or
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using very stiff springs.®® For example, the application of the SHAKE method to a pair of
rigid cubic octamer particles using the Rotne—Prager approximation to D;" was in good
agreement with analytical results for coupling of motions provided the particles were not
allowed to approach too closely.

An aternative approach to the treatment of rigid systems is to generalise the BD algo-
rithms, for example eqg. (7.22) in the diffusive limit, to treat both the translation and rota-
tion degrees of freedom by starting with the LE for both the translational and rotational
degrees of freedom. Thisis essentially the approach of Brady and Bossis (see Section 7.5)
except that here, unlike in their work, we will separate out the translational and rotational
degrees of freedom in the equations of motion, the hydrodynamic tensors and the algo-
rithms.

If these degrees of freedom are independent then we may use Ermak—McCammon
algorithm?® (eq. (7.22)) to describe the trandational degrees of freedom where now the
configuration-dependent friction tensors or diffusion tensors should be labelled with the
subscript T to distinguish them from the rotational anal ogues below.% The LE for the rota-
tional degrees of freedom is,

L (do/at) = =3, + T, +20R (89
j J

where1 =< i,j = 3N and I, is the moment of inertia associated with the index i, w, is the
angular-velocity component in the direction i, T; is the sum of the external and interparti-
cle torques acting in the direction i, Cin is an element of the rotational friction tensor and
the coefficients o; are defined by,

& = (kBT)fl%ﬂRiuxRu (8.9)

Because there is no coupling between rotation and translation, ;% and {;" are inde-
pendent.

The agorithm for the rotational degrees of freedom may be derived from eq. (8.8) by
use of the same technique used to derive the BD equation for the translational co-ordinates
r; (see Section 7.4.1),

¢ (t+At) = ¢, (1) + (kBTrl; D, " ()T, (At + R¥ (D, (t), At) (8.10)

where 1 = i,j = 3N and RR is a stochastic displacement generated by the same algorithm
asfor r;, that is eq. (7.22) with D;R replacing D;.

However, if the trandational and rotational degrees of freedom are coupled, then instead
of simply having diffusion tensors D;;" and D;;R representing independent translational and
rotational effects we have a* super-tensor” or grand diffusion matrix D;; with diagonal sub-
matrices D;;" and D;? and off-diagonal sub-matrices D;™® and D% representing this cou-

pling, that is,
D."D.TR
D.=| 1 U (8.12)
ij lDinTD”R:I
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where the indices now run from 1 to 3N for the trandational degrees of freedom and from
3N+1 to 6N for the rotational degrees of freedom, that is the indices of the components of D"
arenow intherange (1 =i,j = 3N), for D;™Rintherange (1 =i = 3N,3N +1=j = 6N), D,
intherange (3N+1=i = 6N, 1=j = 3N) and D;* intherange (3N + 1 =< i,j = 6N).

The LEs are now,

6N
M; dVi/dt =~ 3§V, +§ o)) + R+ z % ) (8.12)
j=1

where 1= i = 3N,

(8.13)

6N
L (doy/dty = 3 G5V, +§R0) + T+ 2 i,
j=1

where 3N+1=< i < 6N.

But now unlike using egs. (7.22) and (8.10), the two Langevin egs. (8.12) and (8.13) are
not independent because the same set of o; coefficients now occur in both of these equa-
tions and,

G = (KBT)_l%Xn“jl (8.14)

where {; isthei,j element of the tensor {;.
The BD algorithm derived from egs. (8.12) and (8.13) now becomes,

r(t+At) =1 () + z(aD (t)/ar At + (kg T) ™ 2 D, (t) F; (t) At

+(kgT) ™t 2 D,JTR(t)T (H)At+R (D; (1), At) (8.15)
where 1= i = 3N and,
_ _ 6N RT B 6N R
HUFA) =g M+ (T " 2 DT OF OAM+(kT) " 2 DIOT,OA o) o

+R(D; (1), At)

where 3N+1= i = 6N and the divergence term dD;;(t)/dr; includes both D;™ and D;;™®,

If we define a set of generalised co-ordinates {y; } which encompasses all translational
and rotational co-ordinates and a set of generalised force components F; acting in direc-
tion i which encompasses all the forces F; and torques T;, then egs. (8.15) and (8.16) may
be combined into one equation,

y(t+AD) =y (t)+ (_SEN(aD (t)/0y;)At + (kgT) ™t 2 D; (OF; (DAt + R (D; (t),At)  (8.17)
=1

where (1 =i, j = 6N).
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Examples of the applications of these equations are to enzyme— substrate encounters™ a the
surface of acolloidal particle and to the diffusion of charged rod-like particle suspensions.®

The above approach is essentially a generalisation of the Newtonian mechanics method
for treating rigid bodies®; however, numerical agorithms based on Newton’s laws for
rigid bodies can result in problems involving singularities, which lead to difficulties in
some MD applications. Thus, aternative methods have been developed starting from
Newton's equations based on quaternions, which overcome these problems.3 39-4 Similar
methods have also been applied to BD simulations by Zhang et al.*>%6 who simul ated self-
assembly of various composite nanoparticles such as chains, rings and tetrahedral, and of
nanoparticles with tethers attached.

8.4 CONCLUSIONS

The complexity of polymers and polymer solutions means that the direct MD simulation of
all the atoms in the system islimited to small systems and often a so to the use of very sim-
ple interparticle force laws. This means that methods which lead to simplification of the
equations of motion by coarse-graining to obtain equations which give a reasonably accu-
rate description of the dynamics of these systems are extremely useful. The approaches con-
sidered here average over the properties of the solvent molecules and range from those
based on a fully atomic model of the polymer to those representing the polymer as units
containing several atoms, for example by using beads linked by springs. BD simulations are
one such approach to the problem and have led to many insights into the origins of the
dynamical properties of polymers and polymer solutions. Owing to the very large literature
on the subject of polymer dynamics, this chapter has only attempted to give a short outline
of the basis of the application of BD methods to the investigation of this area.
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-9

Theories Based on Distribution Functions,
Master Equations and Stochastic Equations

In previous chapters we have taken the approach that an equation of motion for the phase
space variables describing the physical state of an N-body system is the fundamental start-
ing point for describing the dynamics and properties of such a system. Thus, we based our
approach on equations such as Newton’s laws of motion, the Gaussian | sokinetic equations
and the SLLOD-like equations. If these equations may be solved then this will lead to a
complete description of the appropriate properties of the system. However, in order to be
able to deal with some systems, for example, those involving processes acting on different
time scales these fundamental dynamical, differential equations were then transformed by
coarse-graining into new differential equations, GLES, which contain terms which must,
of necessity, be treated as random (or Stochastic) variables.*? There are, however, aterna
tive approaches to describing and simulating many-body systems by means of coarse
graining and the introduction of stochastic elements.

An aternative gpproach is to derive differential equations for N-body distribution func-
tions'® for example starting from the Liouville equation which upon coarse-graining results
in a Fokker—Planck (F—P) equation.® It should be emphasised that the approach of Deutch and
Oppenheim aso leads to the F—P equation, see Section 5.4 and so the two approaches are
entirely equivalent. However, it does appesar that the F—-P equation is a better starting point to
derive equationsin the diffusive limit where the correlationsinvolving vel ocities have decayed
to virtually zero before the particle’s spatial configuration has changed significantly. This
point will be discussed in Section 9.2. Another area where the F—P equation, or its limiting
Smoluchowski form, isvery useful isin solving the N-body stationary state Schrodinger equa
tion where stochastic Quantum Monte Carlo methods are proving very valuablein providing
very accurate numerical solutions to this equation. Thiswill be discussed in Section 9.3.

Now one of the main purposes of deriving the stochastic differential equations, GLE's,
was to be able to deal with some systems whose dynamics involved processes acting on
different time scales. However, there are other stochastic methods which have been devel-
oped for this purpose and are based on a different starting point and, thus, some explana-
tion as to their motivation is required. The general principle is still that in order to study
certain processesit is necessary to ignore the details of some otherswhich occur on amuch
shorter time scale, as many interesting processes are inherently slow on a molecular
time scale. Some of these processes are simply very slow but still need their details

169
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following for times which are long. Other processes involve transition events which are
relatively fast on an atomic time scale but do not necessarily occur very often and thereis
alarge “waiting time” between events. they are described as “rare events”.

Processes which are ssimply very slow compared to those occurring on an atomic scale,
for example the propagation of a crack in a solid ceramic, may take seconds to occur and
involve a very wide range of elementary processes, time scales and length scales.* These
cannot at present be treated by entirely atomic methods and such phenomena are best
treated theoretically by the so-called multi-scale modelling techniques in which different
contributing processes are treated by different methods ranging from atomic level to the
macroscopic scale. The results of each step must then be fed seamlessly into the next step.

In contrast, in rare atomic processes one has to wait an enormous amount of time in order
for the system to be transformed into a state from which such processes can occur (ever
thought the event itself is capable of being (and must be) simulated by atomic methods once
it commences). A beautiful example of thisis given by Dellago® who points out that although
a water molecule in liquid water will dissociate into ionic components in about
10 sthisevent only happened every 10 hours! Such processes generally involve an energy
barrier which must be overcome and are then described as thermally activated processes.

Now the GL E formalism discussed previoudy and related distribution function based meth-
ods discussed in Section 9.1 are able, in principle, to extend the time scales over which
numerical methods may be applied. However, in order to apply such methods one needs to
know the form of the memory function K, (t) and the random force, ER(t). If one knew all the
individual dynamical processes (elementary processes), be they fast, dow or rare, and amath-
ematical description of them then one could construct K,(t) and ER(t) and solve the GLE.
These elementary processes might be studied by using MD methods of sub-systems of the
system of interest, using physical models or approximate theories, or some combination of
these techniques. However, to enumerate al the relevant microscopic processes and to obtain
equations for their contribution to K, (t) and ER(t) is a difficult task and to even fully unravel
the elementary processes occurring for an MD simulation often proves to be difficult.

An alternative approach is based on a kinetic equation usually termed a master equation
which describes the system’s evolution from one state to the next in terms of probabilities
of occurrence of the elementary processes which can occur. The system is thought to pass
from one state to another, for example, one spatial configuration to the next, by a series of
processes whose rel ative probabilities are specified. Related to this approach are methods
based on stochastic differential equations which provide an equivalent approach.® Thus,
these approaches introduce stochastic (random) terms by choice rather than by necessity
and shift the problem from a detailed description of the dynamics of each elementary
process occurring to one of calculating their relative probabilities.

In this chapter we will outline stochastic methods other than the GL E approach which may
be based on using distribution functions, master equations or stochastic differential equations.

9.1 FOKKER-PLANCK EQUATION'36-1

As outlined in Section 5.4 the F—P equation for reduced distribution function f ™®(T",,t)
which describes the probability of finding the large particles in the phase space point I'; at
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time t may be deduced from the Langevin equation approach of Mazur, Deutch and
Oppenheim. An equivalent derivation was given by Murphy and Aguirre® who started with
the Liouville eq. (1.17) for f V(T t) and some arbitrary initial state of the system at time
—t, and chose a state in which the bath particles are in thermal equilibrium in the instan-
taneous field of the Brownian particles, that is

P (g, Iy, =t ) = £~ 1) FMe (To) (°.1)

and following a similar argument to and making the same assumptions as Deutch and
Oppenheim? they obtained the F—P equation for f ™ (T t, ), that is

oF /ot + (P/M;-0/0R, +(F))g-0/0P,) £V
o (9.2)
=keT Y, 0/0P,C;(0/0P, + P, /M KT) £V

ij=1

where,
&y = (WkgT) [ (F, (O)LF; (=) —(E) )] ae 9.3)
0

and () is the solvent averaged force on large particle j defined by eq. (5.56).

This confirms once again that the F—P approach gives an equivalent description to the
coupled Langevin equations. As mentioned in Section 7.4.1 this equation may also be used
to derive the BD algorithm of Ermak and McCammon.”

To re-iterate remarks made in Chapter 5 about the Langevin equation we could start with
the Liouville equation and not make any other assumptions and obtain an exact F-P equa-
tion for f™. Using the Kawasaki formalism asin Chapter 4 one need not even assume that
the bath particles are at equilibrium.

9.2 THE DIFFUSIVE LIMIT AND THE SMOLUCHOWSKI EQUATION?3&-"

As discussed in Sections 5.4, 6.2.5 and 7.4.1 often the momenta (velocities) of colloidal
particles relax to equilibrium in atime over which the particles have moved only a negli-
gible distance which is the so-called Diffusive or Over-damped limit. More strictly all
velocity correlations are assumed to be negligible in this limit and then the P eq. (9.2)
may be further ssimplified to the Smoluchowski equation or generalised diffusion equation.
Murphy and Aguire® (see also Wilemski®) do by using the n-particle continuity equation,

on™ /ot = ia/a RV (94)

i=1

where (V) = [fO(T)) (P/M,) dP®-D,
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Using the assumption that the large particle momentum variables are at their equilibrium
values are, more precisely, described by an equilibrium distribution function, then

n™(R™,t) = J' £, t)dP™ (9.5

and

ot ™ot = (of ™ /on™)on™M /ot

Using eg. (9.5) the P eg. (9.2) becomes,

n n
ot M /an™ (—2 d/ORV, >j + (P/M;-0/0R +(F, »-0/0P,) £V
i=1 i=1
] (9.6)
=keT Y, 0/0P, ;- (/0P +P,M KT ) £

ij=1

If we then assume that all gradients 0/0R, are small over a mean free path between a
large particle and a bath particle then the interaction between the large particles will
change negligibly over this path and, thus, the interaction between two large particles will
change negligibly over this distance. Thus, retaining only terms to first order in gradients,
indicated by the subscript k, Murphy and Aguire obtained,®

> /0P, (0/0P; + P/M kg T) £ —of @ /0n™ 0/0R -V, o))

ij=1

(P /M, -2/0R, +(F, »0/0P, ) £

=) 0/0P;C;(0/0P;+ P, /M kg T) £ (9.7)
i,j=1

= 0’

wherek =1ton,
Viemd= [ 180 (P/M, ) dPY

As the momenta are assumed to be “at equilibrium” then they choose the solution to
eg. (9.7) to be

n
f" = n™(R™; O T (27M ks T) "> exp[—P7/(27M ks T)] (9.9)

i=1
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which makes (V, y = 0 and eq. (9.7) becomes,
(P/My0/0R A+ (B )/ (kg TN (R™;1)

n
X[ T(2nM ks T)"*? exp[—R?/(2nM; kg T)]

i=1

n
=kgT Y, 0/0P,;-(0/0P, + Py/M kg T) £

i,j=1

which upon multiplication by P, and integration over momenta resultsin,

(kBT)*;ci,--<\4,k>=—<Yl —(Eo/ (kg THN™ 5y, (99)

where V, = 0/0R.

Murphy and Aguire® then interpret the left hand side of eq. (9.9) to be (kgT) ! times the
matrix product of the friction tensor matrix { whose elements are the tensors {; with the col-
umn vector whose elements are the vectors (V; ). This makes the right hand side of eq. (9.9)
acolumn vector whose elements are all zero except the kth element (because of theterm 6,,)
which is (V, — (E)o/ksT)n®™. If we define the diffusion matrix D = kT~ with elements
the tensors D;; and where {~*( = | with | having diagonal elements being the unit tensor and
off-diagonal elements being zero (a unit “super tensor”). Multiplying eg. (9.9) by D to get
(Vi = — Dy (V, — (B /(g T))N® and using (V, o = 0 then eq. (9.9) becomes,

V)= DV, )= =3 DV, (B o/l TH® (910
i=1 i=1
and substituting eg. (9.10) into eg. (9.5) we have,

n
/ot =3 +V,D;(V; —(F;)o/(ksT))N™ (9.12)

ij=1

Eq. (9.11) is Murphy and Aguire's n-body Smoluchowski equation or n-body diffusion
equation and it should be noted that the solution of eg. (9.11) gives only the positions of
the colloidal particles as afunction of time, (RN(t)) and not their momenta.

9.2.1 Solution of the n-body Smoluchowski equation

The solution to eq. (9.11) to first order in At and resolving R; and D;; into components as
in Sections 7.1 and 7.4.1 is” a multivariate Gaussian distribution function defined by the
moments,

6n

(AR (At)) = 3 [0D; (1)/0R; + Dj; (t)/(kg T)] At (9.12)

i=1
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and
(AR (At) AR (At)) =2D;; (t) At

Thus, for short times the Green’s function for the differential n-Body Smoluchowski
equation is a Gaussian and this may be used as an alternative way to derive BD algorithms
of the Ermak-McCammon type’.

9.2.2 Position-only Langevin equation

The derivation of the equivalent position-only Langevin equation valid in the diffusive
limit is more difficult and subtle than the derivation of the n-Body Smoluchowski equation
and is discussed at some length in refs. 9-11. For example, Tough et al.* derive the fol-
lowing equation:

3N 3N
dR/dt =" (D, /KT F** —6/0R, D)+ > o f; (1) (9.13)
j=1 j=1 ’

where fi(t) obey eq. (7.2)

3N
Dy = X 0T
k=1

A similar equation was developed by Zwanzig® which is,

3N 3N 3N
OR/0t == (UkgT)DyoU/0R, = Y (0/0R0,1)0 o + X 05 T; (1) (9.14)
i

j m,j

and Hess and Klein'® also developed a position-only Langevin equation which reads,
3N 3N 3N
OR /0t= =Y (UkgT)D;0U/0R; + Y 6, (0/0R 6 )+ D 0y f; (1) (9.15)
i m,j i

It should be noted that the solution of equations (9.13), (9.14) or (9.15) gives only the
positions of the colloida particles as a function of time, (R™(t)) and not their momenta.

There has been concern expressed as to which equation of the above egs. (9.13), (9.14)
or (9.15), if any, isthe “correct” form for the position-only Langevin equation. There does
not yet seem to be a definite answer to this question at present.

A further concern surrounds the physical and mathematical interpretation of such equa-
tions. There are two standard ways of interpreting stochastic differential equations the Ito
and Stratonovich interpretations.*! However, in practice the answers to such questions are
probably of greatest interest those concerned with mathematical rigour and the questions of
the meaning of physical theories. If we are only concerned with deriving numerical
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algorithms, for example, in order to carry out BD simulations, then a safe approach is prob-
ably to make sure that the algorithms derived from a position-only Langevin equétion are
in agreement with those obtained from the Smoluchowski equation (or from the F—P equa-
tion or Langevin equation by taking the diffusive limit) for a typical example of a class of
the problems being studied. Then, as the position-only Langevin equation appears to be
rather easier to work with than the other equations it can be confidently used for other cases
of this class of problems. Otherwise the safest approach is always to use the F—P equation,
Langevin equation or Smoluchowski equation.

In order to illustrate this, Figure 9.1 shows a modified version of B. Ackerson’s famous
“Road Map” which he presented at the Faraday Discussion, “Concentrated Colloidal
Dispersions’, The Royal Society of Chemistry, London, No. 76 in 1983 which he used to
illustrate the various theoretical approaches to colloidal dynamics and their relationships.
This has been re-drawn (with apologies) to illustrate the above discussions about how the
various methods are derived and their relationships. The main new feature on the road map
isthe detour from the Langevin approach to the P equation before proceeding to the dif-
fusive limit and the Smouchowski equation which | prefer to the rather dangerous route
from the momentum Langevin eguation to the position-only Langevin equation.

LIOUVILE EQUATION FOR n BROWNIAN PARTICLESAND N BATH PARTICES FOR
(I(N), Q(N) AND (B(n),E(n))

"4 ]
© R N
¢ EI|m|nat|pn of the N
Bath Variables
n-particle Fokker-Planck <:> n-coupled Langevin
Equation for f(M(RM B 1) >1012 Equations for A(R™,PM 1)
v ® v i
Detour (??2??
v [N v AR PO £) = v
v Put D(t)
= elL3(RO- R)5(E0- P7)
v +
Vv 2777
f (27
EliminateVelocities Integration and

Expand in Inverse Friction Coefficient
and Gradient of Potential

N7 i (777?)

Omission of Overdamped Terms

n-Particle Smoluchowski Equation 77n<:>7m n-Coupled Position
for n(M(RM) 1>107s Langevin Equations for R(™

Figure 9.1 A modified “Ackerson Road Map” redrawn with poetic license from the origi-
nal by B.J. Ackerson, Faraday Discussion, 76, 237 (1983) with apologies; < indicates
Stochastic Equivalence and (????) indicates that this may not be a possible route.
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9.3 QUANTUM MONTE CARLO METHOD"?-®

The solution of the time-independent or stationary state Schrodinger equation to obtain the
wavefunction and/or expectation values such as energy is one of the central problemsin
electronic structure theory. However, just like the solution of Newton’s equations this can
only be accomplished analytically for very simple systems. Thus, numerical schemes must
be sought to solve the stationary-state Schrodinger equation for realistic systems. Thisis
usually done by using the Quantum Mechanical Variational Principle, Quantum
Mechanical Perturbation Theory or some combination of the two. All these methods start
with an approximate wavefunction and involve some type of expansion, for example, in
terms of a series of determinantal functions constructed from a set of one-electron func-
tions (“orbitals”) or some combination of determinants and explicit functions of inter-
electronic co-ordinates.

A desirable aternative to this traditional approach is to integrate the stationary-state
Schrodinger equation directly. One such approach still uses an approximate wavefunction
but evaluates all integrals numerically by Monte Carlo sampling and also performs the
evaluation of the unknown parameters (e.g. by use of the Variational Principle or mini-
mization of the variance of the energy) appearing in the approximate wavefunction,
entirely numericaly. Thisis known as the Variational Monte Carlo (VMC) method'¢8 but
the accuracy of the computed quantitiesis still limited by assumed form of the wavefunc-
tion used.

An aternative numerical approach, which is in principle exact, starts with the time-
dependent Schrodinger equation rather than the time-independent one. The problem may
be cast in a form such that this equation may be expressed as an N-body diffusion equa-
tion based on a distribution function. Now if the Hamiltonian operator H does not contain
time the solution of this equation starting from some arbitrary state will approach the exact
ground state, that is the wavefunction generated will evolve to the exact ground state wave-
function'8(see below for the proof). Thus, if we write the imaginary time Schrodinger
equation for N electrons and n nuclei as,

—o0(r™,t)/ot = (H — E;)o(r ™, 1) (9.16)

where t is a real variable which measures the progress in imaginary time, ®(rV.t) is a
time-dependent function, E; is a so-called energy offset and the electronic Hamiltonian
operator H in the Born-Oppenheimer approximation is given by,

N
H=-12) vZ+v(™, R")

i=1

wherer™ = (r,,r,,...,ry) and R? = (R,,R,,...,R,) are the collection of the co-ordinates of
the electrons and nuclei respectively and V(r™,R™) is a potential energy operator and
®O(RM,t) only depends parametrically on R™. If we can solve eq. (9.16) then as t — « we
will show that starting from any arbitrary state |®©(t = 0)> the solution to eq. (9.16) will
tend to the lowest eigen-state P (r V).
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Now eg. (9.16) may be written in integral form as,
O(r ™ t+1) = [S(r ™ er ™ )™ tydr @ (9.17)
where G(r™ «— rN' ¢ ) is a Green's function that obeys the differential equation,
—0G(r™er™ tyot=(H-E;)G(r™Mer™ ) (9.18)

which may be seen to be of an identical form to that obeyed by ®(r™,t) with initial con-
dition,

G(L(N)FL(N)’aO) — 5(£(N)<_L(N)’)

We have,
G(r™ 1™, = {r™ |expl—<(H ~E)] |1 ™) (919)
and using,
exp[~7H] = 3| ¥, yexp(~<E )]
S0,

Gr™Mer™ )= ¥ (r ™) exp[—(E —E) ¥, (t ™) (9.20)

where we have used the complete set of eigenfunctions {'¥;} with eigenvlaues {E} of H
asabasis. Now as t — o exp[—1(H — E;)] projects out the lowest eigen-state] ¥',> that
has non-zero overlap with [®(t = 0)> = |®, > since,

Ime <L(N) |exp[—T(H —Epl ‘ (Dint>

=1im [G( ™ r ™ 1)y, (™ yar ™

T—00

=lim 3%, (t ™) exp[—2(E, — Ep)II¥; | i) 9.21)
= lim o (r ™) expl (B — En)] ol @i

and hence by adjusting the offset energy E; to equal the energy of the ground state E, then
the exponential in eg. (9.21) is constant while making all the other exponential terms
damped as for them E; > E,,.

Thus, we have to devise a scheme for numerically solving eg. (9.16) and finding the
solution as 7 — o, in order to see how to do this let us re-write eg. (9.16) as,

—oa(r™ t)/ot = [v2iv? o(r ™ O+ [V R -Enec™.n] (922

i=1
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if we ignore the second term on the right-hand side we would have an N-body diffusion
equation of the Smoluchowski type and if instead we ignore the first term we would have
afirst-order rate process or branching process with rate constant (V(r ™,R™) —E;). Aswe
know how to solve these types of equations we need to re-cast the Schrodinger equation
in a form which embodies both these processes.

The Green's function for the processes if (V(r ™, R™) —E;) = 0 would be,

G(r™ 1™ 1) = (2n7) N2 exp[-(r ™ —r V)?/27] (9.23)

so this is the basis of a stochastic, Brownian scheme. However, the effect of H must be
included and so we have to modify eq. (9.23) to allow for interactions to obtain an approxi-
mation to the Green’s function for the full Schrodinger eqg. (9.16). To include the effect of
the potential termsin H we use the Trotter-Suzuki formula, that is618

exp{—1(A + B)} = exp(—tB/2) exp(—tA) exp(—tB/2) + O(z°) (9.24)

N
where A = —%ZV?and B = V — E, then we have using egs. (9.19) and (9.24),

i=1
G(L(N)(_L(N),’T)

zexp[—rwmm,w)—ET1/21<L<N>

exp[—]/Zer:Viz}

i=1

L<N>’> (9.25)

xexpl—t[V(r™,R")~E; /2]
Thus, from egs. (9.23) and (9.25) we have,

G(r (N)(_r (N)’,T)

= (2mr) " expl— [ 1™ | r2c| expl V(™ 1) (9.26)
(™, 1) —2E; [2]+0(*)

= P(2mr) 2 expl— |1 -1 | /2]

and this means that we now have afactor P = exp{ — [V (r ™, RM)+V (r V' R™) — 2E.]/2}
which acts as a time-dependent renormalization or re-weighting of the diffusion
Green's function. If we ignore the diffusive term in eq. (9.26) we see that G(r M« r V' 1)
would describe a first-order rate process or branching process with rate constant
{=tVI® RM)+V( M RO) - 2E]/2}.

Several schemes, broadly termed Diffusion Monte Carlo (DMC) methods, have been
developed using the above or related ideas but, in practice, there are some important prac-
tical problems to be overcome before accurate results may be obtained from this
approach.’3-18 For example, using obvious methods like a configuration (“walker”) evolu-
tion scheme or a branching or birth/death algorithm in which P determines the number of
walkers that survive to the next step of the processis very inefficient if eqg. (9.26) is used
due to the potentially unbounded nature of V(r ™, RM)+ Vv (r ™, R(") 1618 A more efficient
scheme is to incorporate importance sampling (see Appendix K) into the procedure using
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a“tria” or “guiding” wave function ¥+ (R™). This is done by multiplying eq. (9.16) by
¥ (RN) and introducing the function f(r™,t) = @ (r™) W, (r ™) which leads to,

oot F(e™,0)=-12V2 £ ™, )+ V{vo (r ™) F ™, 0]+ E (™) - B[] f(r™.1)
(9.27)

where V= (V,,V,,...,V,) isthe 3-N dimensional gradient operator and v, (r™,t) iscalled the
3-N dimensional drift velocity given by,

™M) =vin|¥ ™M) P M) Ve ™)

and the “local” energy is given by,

Er =™y THY(r ™)

Now instead of eq. (9.17) we have,
Fr™ )= [GrMer ™, z) f(r™er®™)dr ™

where we have introduced the modified Green's function
GIMNer®MN ) =P (rMGrMN «r N 7) P (r ™) ~* and the short-time approximation
to thisis,

GrMer™ 5)=G(r™Mer™ ) G,(rMer™,q (9.29)

where

Gy(r™M 1™ 1) =271) " expg —{r ™ —r ™ —2v, r W, 1)} /21|
Gy(r ™ er ™' 1) = exp[—[E_ (r ™)+ E_(r ™) - 2E; /2]

This eg. (9.28) leads to more efficient and stable numerical schemes than eq. (9.26) and
is the basis of methods based on the biased random walk method called the Diffusion
Monte Carlo method.®**® The methods based on eg. (9.28) are much more stable than
those based on eq. (9.26) principally because, unlike {V(r M)+V(r™)-2E;} the term
which replaces it, that is {E (r™)+E (r™)—2E;} becomes smal as the solution
approaches the correct ground-state one. To implement such schemes a choice of the form
for the trial wavefunction W+ (r ™) must first be made and several successful approaches
to implementing DM C have been developed. These different approaches use a variety of
numerical methods, for example, to whether to use importance sampling or not.1?18

What ever numerical scheme is used once the system has evolved to the ground state
then expectation values, such as the energy may be accumulated by continuing the DMC
process and, in principle, the values obtained are exact.
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However, no matter what scheme is used, several common problems are encountered in
practice,

1. The wavefunction for a fermionic system may be positive or negative and on the
planes separating positive and negative regions (the nodes of the wavefunction) the
wavefunction will be zero. Thisis unlike the densities appearing in a Smoluchowski
equation which are always positive. Thus, one must handle this nodal problem in any
practical scheme and this is usually done by using the trial wavefunction W.(r™) to
define the nodes which are usualy fixed during the simulation (“Fixed Nodes
Approximation™). Apart from this the method may be shown to give the exact ground
state energy for a wavefunction having the chosen nodal surface, that is, the wave-
function will be exact between the nodes but the nodes may not be exact.'® However,
the error in the fixed nodes energy should be second order in the error in the position
of the nodal surfaces.'®

2. Ignoring the fixed nodes error we must generate enough configurations in order to
obtain accurate numerical approximations to expectation values and to check for this
the uncertainties in expectation values should be calculated as the results are often
affected by serial correlation.

3. Lastly theresults may depend on the size of the time step = used in the numerical pro-
cedure and results should be extrapolated to t = 0 to eliminate this effect.

To illustrate points 2 and 3 Figures 9.2 and 9.3 show the results for the energy versus
time step and energy versus the number of configurations for afixed nodes DMC calcula-
tion of the electronic energy of the H,O dimer and of solid Ni, respectively.

9.4 MASTER EQUATIONS

There are many schemes based on master equations and stochastic differential equations
and applications of them to problems in chemistry and physics.® We will not attempt to
cover thisvast field here but only indicate how these methods may be thought of as related
to the approach used in this book.

As discussed in the introduction to this chapter the approach in this book has been to
start with a fundamental equation of motion for atoms and to average over certain degrees
of freedom to obtain amore coarse-grained equation in which some information about cer-
tain degrees of freedom (i.e. some physical processes) is lost. This introduces stochastic
terms, that is random effects, by necessity. By contrast one may chose to postulate equa-
tions which contain some stochastic terms and accept this loss of information as a basic
tenet of the theoretical approach. This is the approach based on stochastic differential
equations and master equations. Many of these approaches are discussed in the literature
and the book by van Kampen® is an excellent standard work in this area and for detailed
background, definitions and discussions of these general techniques provides an ideal
starting point.

One central concept in this areaisthat of aMarkov process. Broadly, if we know a state
of thesystem say, y,,_, = (L™,_,, p™,_,) a timet,_, then the state of the system at alater
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Figure 9.2 The results of the energy versus the size of the time step for a fixed nodes DMC calcu-
lation of the electronic energy of the H,O dimer. (Figure courtesy of Ms. Nicole Benedek, RMIT.)
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Figure 9.3 The electronic energy of antiferromagnetic NiO crystal versus the number of
DMC moves (Figure courtesy of Dr. Mike Towler, Cavendish Laboratory, Cambridge

University, UK)

timet, y, = ™, p™,) only depends on the state at t,_,. More precisely adopting van
Kampen's notation® he gives the definition of a Markov processes as, “ the conditional
probability density at time t,, given the valuey, ; at timet, ,, iS uniquely determined and
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is not affected by any knowledge of the values at earlier times” Van Kampen®® expresses
this as,

P Voot Yoot Yooaot 1) = Pina (Yoot [ Yo te Yonitaa) (9.29)
where P, ,_, is called the transition probability. As he points out all that is needed to fully
determine a Markov process is Py(yy,t;) = Pyn_1(Y2, B Iy1,ty) since by iteration one may

construct all of the P,’'s from this information by repeatedly using eg. (9.29).
Using this process we have for t,< t,< t,

Pa(Yo, b Yaitas Voo t3) = Pi(Yasty) P (Yoo ta | Vi ) P (Vi ts | Vo to) (9.30)

then integrating eg. (9.30) over y, and dividing both sides by P, (y,.t;) we obtain the famous
Chapman—Kolmogorov equation which is obeyed by the transition probability of any
Markov process,

P (Yarts [ Yo, 1y) = J Pu(Ysts | Vort) P (Y2, 1o | Yo 1y) Y, (9:31)

The Chapman—Kolmogorov equation is not very easy to usein practice and so it isusually
converted to an equivalent equation called the master equation.8?-2 Take t, = t, + At where
Atissmall and so as Py (Ya,t; [Yat) = d(ys — Y,) then,

P (Ya: o T A Y, 1) = 0(Y; = Vo) [1— A(Y,) At] + AtW(y; | y2)+O(At2) (9.32)

where W(y,y,) is the transition probability per unit time from y, to y, and since we require
the probability to be normalised,

AlY,) = J.W(ys Y,)dys (9.33)

Substituting egs. (9.32) and (9.33) into eg. (9.31) we have,

[Pu(ys,ty + At vy, 1) — Py (Ya,ty | Vi, 1))/ At
=[W(Y3 | ¥2) P (Yoo | Yo, ) =W(Y, | ¥3) P (s, ts | Vi, t)ldys

and taking the limit At — O,

ot P (Yot Youto) = [IWY | Y) Py (Yt | Youto) =WIY' | Y) P (Yt | Yo to)] Y

or

aratP(y,t) = [IW(y| Y)P(Y,t) —W(y' | y) P(y,1)]dy (9:34)
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Eq. (9.34) is the so-called master equation which if the range of the variables is discrete
is usually written as,820-2

O/ R (V) = 2 [Whny ()P (6) — Wi (0P (1) (9.35)

this form shows that it is a balance or gain—loss equation for the probabilities of the
states n. The first term is the gain of state n due to transitions from other states n’ and
the second term is the loss due to transitions from n to the other states.

At this stage it should be remarked that all Markov processes may be described by the
Chapman—Kolmogorov equation or equivalently the master equation. However, this does
not imply that all physical processes are described by the master equation since not all
physical processes are Markov processes. It might even be speculated that all master equa-
tions that one can devise do not necessarily describe real physical processes. In fact van
Kampen® has excellent discussions asto the conditions that the transition probability W,,(t)
must satisfy in various systems, for example, for a closed, isolated physical system.®

It may be shown that the F—P equation is a special type of master equation and may be
used as an approximate model for a general Markov processes.52°-2* To derive the F—P
equation from the general master equation one must limit the size of the “jumps’ from one
state of the system to another state. Van Kampen writes,®

W(y|Y)=W(y;r), r=y—=y (9.36)
substituting eq. (9.36) into eg. (9.34) we have,

2/t P(y,t) = [[W(y—r;r) P(y.,t)] dr = P(y.t) [W(y; —r) P(y, t)dr (9.37)

Assuming that the jumps are small then W(y’;r) is a sharply peaked function of r but a
slowly varying function of y’ so,
W(y';r)=0 foriri>o
W(Y' +Ay;r)=W(y;r) forlAyl<d

Now assuming that P(y,t) varies slowly with y we may use a Taylor series expansion of
the integral [[W(y-r;r) P(y’,t')]dr which to second order gives,®20-2

0/0t P(y,t)
= [IW(y;r) P(y,t)] dy— [ro/aftW(y:r) P(y, O] dr
+1 12 70y*{W(y:r) — P(y, )] dr — P(y,t) [W(y; =) P(y, t) dr
= —[roray{W(y:r) P(y, )] dr +2 [r 2 /ay*{W(y;r) — P(y, )] dr
= [IW(y:r) P(y,t)] dy — [ ro/aftW(y:r) P(y, )] dr
+1 [r2 /oy {W(yir) — P(y, 0] dr = P(y,0) [W(y; ) P(y.tyar - (938
= —jra/ay{W(y; r)P(y,t)ldr +1 j r2& /0y {W(y;r)— P(y,t)]dr
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If we define the jump moments by,%

a,= [ WD (9.39)
then eq. (9.38) becomes,

0/0t P(y,t) = —0/0y{ay (Y)P(y, t)} + 128 /0y* {a, (Y)P(y, t)}

or

OP(y,T)/ot = —0/3y A(Y)P(y,t) +L/2F/0y* B(y)P(yt) (9.40)

where A(y) and B(y) are real differentiable functions with B(y) > 0. Thisisvan Kampen's
form of the F—P equation resulting from the master equation.520-23

As the Langevin equation (or rather Langevin equations for all the relevant dynamical
variables) is equivalent to the F—P equation (see Section 5.4) then the above remarks about
the F—P equation also applies to the LE equation.

9.4.1 The identification of elementary processes

Thefirst problem to be solved in devel oping methods based on a master equation (9.35) is
to identify the elementary processes involved and to calculate their relative probability, that
is, the rate constants of these processes.

M ethods based on solving dynamical equations, for example, Newton’'s equations (i.e.
MD methods) have been developed specifically to treat phenomenainvolving rare events
and to find the nature of the elementary events occurring. These methods are termed
accelerated dynamics methods are usually based either directly or indirectly on
Transition State Theory (TST).?125-28 Basically, TST is used to calculate a rate constant
for the escape from one state to another and this is evaluated from the equilibrium flux
through the dividing surface between these states. Thus, if one can identify the states
involved, which will include the barrier (transition state or saddle point) between the two
states, the calculation amounts to an equilibrium one. If no correlated events occur this
method is exact and is certainly a reasonable one for most rare events, as the system
spends so much time in the initial state that it must achieve at least meta-stability or
pseudo-equilibrium.

In TST the probability per unit time for the transition to occur is given by?:25-28,

W; = v, exp(—AE,;/kgT) (9.41)
where v, is the attempt frequency with which the system attempts the transition and

AE,; is the activation barrier for the transition from state | to state J. Often the further
approximation of a harmonic transition state, that is, that the vibrational modes in the
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transition state are harmonic is made but this is not essential. In this quasi-harmonic

approximation,
3N-3 3N-—-4
Vg = H Uk / H U (9.42)

k=1 k=1

where v, and v, are the vibrational eigen-frequencies of the system in the initial configu-
ration and at the saddl e point configuration between the states | and Jrespectively. A exam-
ple of such a processesis diffusion in a solid or on a solid surface where the two states of
the system may be linked by atomic jumps of an atom from site « to site o” which changes
the spatial configuration of the solid from | to J.

In most versions of TST the rate constants are computed after the dividing surface is
specified, for example, by an exploration of energy pathways by Density Functional
Theory (DFT) theory. However, accelerated MD uses TST to find these dividing surfaces
and there are several such methods three of which are:

1. Paralle-Replica Dynamics?’~?° which is the simplest and most accurate of these
methods as it involves the least assumptions, the only one being that the infrequent
events obey first-order kinetics, that is, the decay process is exponentia. Thus, after
atimet > 1, after entering the transition state the probability distribution for the
time for the next escape is given by,

p(t) = ke ! (9.43)

where k,, is the rate constant for escape from the state. In practice the system’s dynamics
is followed on M processors of a multiprocessor computer in which the MD simulation is
interrupted at periodic intervals to perform a steepest-descent or conjugate-gradient
minimization which, if successful, this procedure will take the system towards the minimum
of its current potential basin. If the geometry changes significantly from one minimization
to the next then this indicates that a new basin has been entered. Thisis actually performed
on M replicas of the original system which originated from the same state but with a dif-
ferent initial condition of the trajectory taken from this common starting point.

2. Hyperdynamics?®~ which uses importance sampling in the time domain by adding
abias potential V,(r) to the actual potential energy function and requires the assump-
tions of TST but not of a harmonic transition state. The bias potential is designed to
raise the energy in regions other than the dividing surface and, thus, the problem is
to choose a suitable bias potential for which V,(r) = 0 on the dividing surface and
V,(r) = 0 otherwise.

3.  Temperature accelerated dynamics®~% in which the transitions are sped up by
increasing the temperature in the simulation, whilst filtering out the transitions that
should not have occurred at the temperature of interest. Thisis the most approximate
method and replies on harmonic TST. An MD run is performed at a higher tempera-
ture than desired, Ty, and the activation energy E; for this process evaluated by use
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of eg. (9.41) then using eg. (9.42) the time at which the processes would have
occurred at T, is given by,
b tow = i nign ©XPLE; (IKgTi0y, — 1KgTiign)] (9.44)

The shortest-time event found at the high temperature Ty, is then taken to be the proper
transition at the desired temperature T,

Other methods have been devel oped to identify and characterise the rate constants of ele-
mentary processes, for example, Quantum Mechanical calculations of the energies of path-
ways,® Transition Path Sampling techniques (TPS)*® and “Blue Moon” ensemble methods.*
However, theidentification of all the relevant elementary processes which contribute to many
overal phenomena, for example, surface diffusion, still remains a significant problem.
Interesting cases studies indicate that the elementary processes which underlie even well-
researched phenomena may not be as well understood as is often thought.?728:3841.42

Once a choice of elementary processes has been made and the transition probabilities, that
is, relative probabilities or rate constants associated with each of these processes found a
schemefor solving the master equation may be implemented and one such scheme, the Kinetic
Monte Carlo (KMC) Method is discussed in the next section. Many other methods have also
been developed, for example, based on Stochastic Langevin equations or F—P equations.

9.4.2 Kinetic MC and master equations?43843-48

The idea behind the Kinetic Monte Carlo (KMC) is the connection between the master equa-
tion (9.35) and equilibrium Monte Carlo simulations and its origins may be traced back to
Kinetic 1sing models.®® There are now an enormous number of techniques which may be
classified under the heading of KM C, some which are lattice based, some off lattice and even
those based on continuum modelling. The range of topics to which these techniques have
been applied is similarly enormous and to name but a few: aggregation in colloids and
aerosols, =51 chemical reactionsin general,>+? and in particular for catalytic reactions® and
combustion,* diffusion in solids* and at surfaces,* many aspects of the growth of crystals,
thin films, nanostructures on surfaces and catalysis.?33%~70 The study of surfaces have been
aparticularly fruitful area of research and such studies encompass a very wide range of prob-
lemsin surface and materials science for example thin film growth,%5” surface adsorption,>
thin film deposition,*%° nanocrystal's growth®-% and chemical vapour deposition.5—"1

Other applications include grain growth,” semiconductor process simulation,”7* electron
kinetics in plasmas and semiconductors,” crystal growth from solution,” phase transitions
in solids” and phase separation in aloys.” This list is certainly not exhaustive and the
references quoted contain references to many, many more studies using KMC methods.

A basic KMC procedure may be described as follows. A list of possible processes is
made and a constant time increment At is chosen to accommodate the fastest transition
used. Then at each time step,

1. Atransition processis chosen at random from the list of the possible transitions given
the current state of the system.

2. The probability of the processes happening during At, P, is calculated.

proc
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3. Thetransition is accepted with probability P, it will be accepted if P, <R other-
wise it will be rejected, were R is a random number.

4. Thetimeisincremented by At and the procedure is continued from step 1 using
the new configuration if the process is accepted otherwise the old configuration
is used.

This overall procedure is continued until the phenomena being studied is deemed to
have completed.

However, thisisafairly slow procedure and other more efficient ones have been devised
which are much faster,38:48.58.6063646571.79-81 These more efficient MC schemes are based
on the ideas of Bortz et al.” (or closely related ones®®8%) which gives an algorithm which
accepts all moves. The basic procedure is,

1. Calculatetherate constants for the possible processes and form K = Xk wherej runs
over al processes which are possible for the current state of the system.

2. Randomly choose a possible process, i with probability depending onits relative rate
that is, use,

1
=

ki =RK= jz:‘ikj (9.45)

1

where R; is a random number chosen from a uniform distribution on [0,1).

3.  Execute processi.
4.  Increment the time by At given by,

At = —In(R,)/K (9.46)

where R, is a random number chosen from a uniform distribution on [0,1).

Once again this overall procedure is continued until the processes being studied is
deemed to be completed. The difference between this MC procedure (often called N-Fold
Way) and the simple KMC procedure is that al configurations generated are accepted,
however, they are generated with the correct probability and it may be shown that it issim-
ply are-arrangement of the simple Metropolis KMC a gorithm.®7, |n practice his method
is much faster than the simple one and is continually being built upon to further improve
its efficiency.?7:8283

9.4.3 KMC procedure with continuum solids

Some processes involve both large length scales and a so long times, for example, electron
and ion transport in solids where events may occur over length scales from 10's of nm to
um. Although the use of parallel computers enables large length scales to be simulated the
long times involved make such calculations extremely difficult. Thus, for this class of phe-
nomena it is necessary to represent the solid as a continuum and use mean free paths of
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the elementary processes to control the KMC computation.®~8 In order to illustrate this
type of approach we will describe the simulation of electron transport through a solid
which is very similar to the previously outlined Bortz method.

Each electron’s individual passage through a solid is smulated by a stochastic Monte
Carlo procedure in which a possible sequence of collision events is computed. The path is
controlled by values of the scattering cross-sections (or equivalently mean free paths) for
the various scattering processes which are possible. The properties dependent on the elec-
tron interactions with the solid are then calculated by averaging over a large number of
these trajectories. The basic ideafor this MC processis that one takes an electron, decides
what will beitsinitial energy, angle to the normal of the surface of the material and on the
first type of scattering event to occur. The electron travels a certain distance s until the next
scattering event occurs. How far the electron travels through the material until this next
scattering event occurs is determined by the mean-free paths /; for each type of scattering
event which may be calculated from the total cross section g; for that type of scattering by,

2i = A/(Ny pa;) (9.47)

where A = atomic weight, p the mass density and N, Avogadro’s number.
In order to calculate the total mean free path A; we write it in terms of the mean free
paths of each type of scattering event i, both elastic and inelastic, which are possible, by,

i
Vig =Y Vi =Vi+ Vi, (9.48)

i=1

where A, is the elastic mean-free path and /,, the inelastic mean-free path.
If we assume that the step length between two successive collision events is a Poisson
stochastic process the path length S between scattering events is then given by,

S=—J;In(R) (9.49)

where R; is a random number chosen from a uniform distribution on [0,1).
To decide the type of scattering event j which occurs another random number R, is cho-
sen from a uniform distribution on [0,1) and the event is selected by use of,

j i
I Y Vi =R, =i 2 Vi (9.50)
i=1 i=1

where i labels the type of elementary scattering events.

Once the type of scattering is decided upon the solid scattering angle Q = (0,¢), energy
loss AE (if any isinvolved in the process chosen) and the generation of secondary electrons
(if any are generated in the process chosen) are cal culated. The angle of scattering 0 is deter-
mined from another random number R, and the azimuthal angle ¢ is assumed to be uni-
formly distributed around the direction of travel and this is determined by fourth random
number R,. The energy loss AE (if any) are calculated from the partial scattering cross sec-
tionsfor the scattering processinvolved viathe calculation of one more random number R..
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The process is continued until the electron has either,

1. Left the material by backscattering out of the surface it entered through,
2. Left the materia by transmission through the material if it is of semi-infinite extent

or

3. Itsenergy has fallen below some pre-determined minimum threshold value, E,.

The properties dependent on the electron interactions with the material are then calcu-
lated by averaging over alarge number of these trajectories. Properties which may be sim-
ulated include, electron transmission and backscattering coefficients, the energy
distribution of transmitted, backscattered and secondary electrons, the distribution of
depths of penetration of electrons, mean depth of penetration of various types of electrons
and the secondary electron yield.

Figure 9.4 shows a representative set of trgjectories for 2 keV electrons normally inci-
dent on Al.

Usually it is assumed that the electron trajectories are independent and so only one elec-
tron trajectory is ssimulated at a time so if many processors are used, each tragjectory may
be run on a different processor. Similar methods have been used to simulate ion transport
through solids.84&°

9.5 CONCLUSIONS

In this chapter we gave an outline of some stochastic methods based on distribution func-
tions or on a master equation which provides an aternative starting point to the use of
dynamical equations of motion.

As emphasised before, if al particles and al degrees of freedom are explicitly treated
then a solution of the appropriate dynamical equations gives a complete description of all
the physical processes which these equations are capable of describing and, by suitable
averaging, all the macroscopic processes for the N-body system may be obtained. In prin-
ciple, an appropriate numerical scheme for solving such equations, for example, the EMD
and NEMD methods will (ignoring problems of numerical accuracy and the storage of
such data) give a sufficiently accurate picture of all processes which may occur. However,
thisis not aways possible as the numerical methods used to solve such equations need an
integration step smaller than the fastest atomic processes being simulated and many
processes occur on much, much longer time scales than this.

In order to overcome this and treat processes with time scales long on an atomic scale
some sort of coarse-graining over the fastest variables is necessary. Previous chapters
have developed coarse-gained stochastic differential equations termed generalised
Langevin equations (GLE) which in certain limits reduce to the Langevin eguation (LE).
In Sections 9.1 and 9.2 above we discussed an alternative but equivalent approach based
on the N-body distribution function which lead to the F—P equation and in the diffusive
limit the Smoulochkowski, N-body diffusion (SE) equation. The F—P equation provides
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Figure9.4 A representative set of trgjectoriesfor 2 keV electrons normally incident on Al simulated
by a KMC processes.®6:87

an aternative to the LE which can sometimes be a more convenient starting point to
discuss dynamics. An illustration of this is that if velocity correlations have relaxed
to equilibrium before the system’s spatial configuration has changed significantly then the
SE provides a convenient description. However, the derivation of aposition only LE which
should provide an equivalent description to that given by the SE has proved to be difficult
to develop.

Another example of the use of the SE is that the time-dependent Schrédinger equation
may be cast into a form of an SE which forms the basis of a convenient and accurate sto-
chastic method of obtaining quantum mechanical expectation values termed the Diffusion
Quantum Monte Carlo method which was discussed in Section 9.3.
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Another alternative approach to coarse-graining is the use of a stochastic description
based on the master equation (ME) where one starts with the idea that a reasonable
description of many phenomena is an inherently probabilistic one. This approach which
was discussed in Section 9.4 may |oosely be looked on as the inverse of the approach used
in most of this book in which a fundamental dynamical description is coarse grained by
necessity. Rather in these theories an ME involving the probability or rates at which
processes occur is postulated and an inherently stochastic approach is used from the very
beginning. The system is then regarded as passing from one state to another by a set of
randomly selected elementary processes whose probability of occurrence is given by a
rate law.

The LE or equivalently F—P equation may be shown to only approximate the dynamics
described by the general ME and it is also sometimes stated that LES (or the F—P equa-
tions) may be derived by adding random terms to equations of motion. This seemsto imply
that all LE or F—P descriptions have a somewhat arbitrary basisin physics and are hard to
justify and improve. However, as shown earlier the Langevin and F—P equations devel-
oped here are based on well-defined approximations to exact equations of motion or rather
to eguations of motion which exactly describe some physica phenomena. Thus, these
examples are not arbitrary and they may be systematically improved by eliminating some
of the approximations used or by making better approximations.

The skill in developing a method based on the ME is choosing all the relevant dynami-
cal processes and then calculating their rates which were briefly described in Section 9.4.1.
The first problem in carrying these procedures in practice is that it may be quite difficult
to determine the form of al the important elementary processes. Secondly it is often a
challenge to calculate the rates of all these processes but this is often accomplished by use
of Transition State Theory. Once these two tasks are accomplished successfully a kinetic
MC process may be used in order to fully describe the overall phenomena to be investi-
gated as described in Sections 9.4.2 and 9.4.3.

Many ME-based methods have lead to much new understanding of important phenom-
ena and the KMC method is now a standard tool in many areas of science and engineer-
ing. However, this success and widespread use does not mean that all stochastic models
which have been developed are useful. There is a danger of developing models based on
somewhat arbitrary equations and unless the physics upon which they are based is well
defined then one runstherisk of not really providing any physical understanding or insight
into the phenomena being modelled. Even good agreement with experimental data with-
out physical insight seems to be a rather unsatisfactory exercise.??
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- 10 -

An Overview

In this book | have tried to give a general, overall treatment of the physics of many-body
systems of interacting particles by means of generalised Langevin equations (GLES). The
starting points used were the fundamental dynamical equations for the atomsin the system
such as Newton's laws and the generalised SLODD equations of non-equilibrium statisti-
cal mechanics. Although an outline was given of the background to these basic dynamical
equations no attempt was made to justify them or to discuss their applicationsin any detail.

Starting from these dynamical equations for atomic motion, we developed a variety of
coarse-grained dynamical equations by averaging over certain degrees of freedom by the
use of projection operators. This enabled us to obtain equations of motion in which the
variables we are not interested may be treated in some average way. For example we
might choose to eliminate the details of the dynamics of “fast variables’ and to study
only the “slow” ones in detail. This led to several fundamental equations of motion of
the GLE type.

1. Equationsfor asingle dynamical variable or a set of such variables for representative
particles for a system in equilibrium (Chapter 2).

2. Equationsfor asingle dynamical variable or a set of such variablesfor representative
particlesfor asystem in anon-equilibrium state generated by the generalised SLLOD
equations of motion. The particular case of the non-equilibrium steady state was
looked at in detail (Chapter 4).

3. Equations for a group of particles selected from the other particles in the system
(Chapter 5).

The limiting case of this later type of equation, when the mass of the selected particles
was much larger than that of the other particles (“The Brownian Limit”), was considered
in detail. This led to the Langevin equation for any arbitrary function of the dynamical
variables of the large particles and the Fokker-Planck equation for the N-body distribution
function for these particles (Chapter 5).

From these equations of motion numerical algorithms (“Brownian Dynamics’ methods)
were developed in a variety of cases which, when combined with suitable boundary con-
dition, enable the properties of many-body systems to be simulated (Chapters 6 and 7).
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198 10. An Overview

When the algorithms of this type arising from the Langevin Equation are used in their
most general form indirect, solvent mediated hydrodynamic interactions occur between
the particles. These are complicated many-body interactions of very long range which
play akey rolein determining the properties of all but very dilute systems. Therefore, we
spent some time outlining methods to calculate these interactions. Unfortunately, the
direct calculation of these hydrodynamic effects from the low Reynolds number
(“Creeping Flow") equations of hydrodynamics is very complicated and requires large
amounts of computer time. Thus, new methods have been sought in order to overcome
this problem, e.g. Smoothed Particle Hydrodynamics, Lattice Boltzmann methods and
Dissipative Particle Dynamics (Chapter 7), al of which show promise in making calcu-
lations much faster whilst attempting not to lose accuracy. However, further tests of these
methods against accurate BD calculations using traditional methods to calculate the
hydrodynamic interactions would be useful to help judge the accuracy of these methods
and allow for their refinement.

It should be remarked that general forms of the Langevin equation for any function of
the dynamical variables characterising the state of the large particles, i.e. egs. (5.58) and
(5.66), are exact. Thus, we could use one of these equations which would not involve mak-
ing the assumptions and taking the limits involved in arriving at the many-body Langevin
equation (5.68). Even the assumption that the bath particles are at equilibrium could be
eliminated by use of the Kawasaki formalism asin Chapter 4 and redefining the projection
operator used, i.e. eq. (5.51). The main limitation of such equations is that in arriving at
them by coarse-graining we have lost information. Thus, if we wish to use these equations
without adding extrainformation not contained in them we are forced by necessity to treat
some terms appearing in them by stochastic methods, i.e. by the use of random variables.

In Section 5.5, we discussed the Brownian limit and pointed out that a basic require-
ment for this to be valid is that all dynamical processes should have ceased in the bath
system in the presence of the Brownian particle before it has changed its dynamical state
significantly. This does not, however, imply that the dynamical processes involving the
velocity of the Brownian particle have ceased before the Brownian particle has signifi-
cantly changed its spatial position. When this extra assumption is reasonable we may take
the Diffusive (or “Overdamped”) Limit which is often a very good assumption for col-
loidal particles and units of polymers. If we start with the Fokker—Planck equation and
take the Diffusive Limit then this results in an equation called the Smoluchowski or
many-body diffusion equation. Thisis much easier to use than the Langevin or FP equa-
tions and, thus, is often used in practice, especialy to derive BD agorithms. Such meth-
ods, their limitations and typical results obtained are discussed in Chapters 6, 7 and 8. An
interesting application of the N-body Diffusion or Smoluchowski equation is to develop
Diffusion Monte Carlo methods to solve the Schrodinger equation by numerical methods
as shown in Section 9.3.

As stated above, one of the main purposes of deriving GLEs was to be able to deal with
some systems whose dynamics involves processes acting on different time scales. However,
there are other stochastic methods which have been developed for this purpose which are
particularly useful to treat processesthat are “rare events’. These methods are usually based
on postulating a kinetic Master Equation for a particular overall phenomenon which
describes the system'’s evolution from one state to the next in terms of probabilities of
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occurrence of the elementary processes that determine the phenomenon. Often these Master
Equations are solved by means of a Kinetic Monte Carlo procedure. Chapter 9 discusses
this approach.

The LE or equivalently FP equation may be shown to only approximate the dynamics
described by the general ME, and it is also sometimes stated that LEs (or the F—P equa-
tions) are be derived by adding random terms to equations of motion. This seemsto imply
that all LE or FP descriptions have a somewhat arbitrary basis in physics and are hard to
justify and improve. However, as shown in Chapter 5, the Langevin and Fokker—Planck
equations devel oped here are based on well-defined approximations to exact equations of
motion or rather to equations of motion which exactly describe some physical phenomena.
Thus, these examples are not arbitrary and they may be systematically improved by
eliminating some of the approximations used or by making better approximations.

As discussed in Chapter 9, many ME-based methods and KMC methods have led sig-
nificant advances in understanding of an enormously wide range of important phenomena,
and the KM C method is now avery widely used technique. However, several points should
be emphasised about the use of master equations.

1. Unless the physics upon which they are based is well defined then one runs the risk
of not really providing any physical understanding or insight into the phenomena
being modelled.

2. The generad Master Equations describes a general Markov process, but not al
physical processes may be described as a Markov process.

3. The Langevin and FP equations are, in general, approximations to the Master
Equation. This does not mean that all Master Equations give a more accurate descrip-
tion of al physical processes than that given by the Langevin and FP equations.

Finally, it is to be hoped that this book may prove useful to somein their endeavours to
understand the properties of many-body systems of particles.
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Appendix A

Expressions for Equilibrium Properties,
Transport Coefficients and Scattering
Functions

A.1 EQUILIBRIUM PROPERTIES

The numerical evaluation of any property B of a system in equilibrium may be obtained
from time averages ((B(I'))) over a trgectory using eg. (1.2). In practice this means
approximating the integral over an infinite time interval given by eq. (1.2) by afinite sum
of values of B evaluated at N; discrete, time-ordered values of T, (), i.e.

to+T

N
(B)y = lml/'[' J- B(t)dt = 1/T. B(I'; (1)) (A1)

Alternatively one may use the ensemble average expression (1.3) for (B) and approxi-
mate this integral by afinite sum of N, values of I}, i.e.

<B>=jB(r) <) dr

N, A.2
z2,'3(11)‘(&'(11) 2
i=1

A list of the equilibrium distribution function f * for the commonly used ensembles is
givenin TableA.1.

There are many theoretical discussions of the derivation of the above expressions from
various hypotheses which involve different levels of rigor and sophistication.’ These
derivations will not concern us here except to say that an extremely simple one is to
assume that®
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TableA.1

Characteristic equilibrium probabilities f& = e &/ e~ /&

Variables held Ensemble Characteristic States integrated p
constant energy (E) over
(N,V,U) Micocanonical U All states of total U
energy U
(N,V,T) Canonical E(N,V) All states with
constant N and V KT
(N,p,T) Constant pressure E(N,V) + pV All states with
constant N ks T
(u,V,T) Grand canonical E(N,V) —Nu All states with

constant V and N
and al valuesof N =0 ks T

Here u is chemical potential of the system and kg is the Boltzmann constant.

1. The probability only depends on the Characteristic Energy, E, of the states of the
ensemble;

2. Each of these energies E is made up of contributions from different energy types
which are independent.

A derivation of eq. (1.3) is then very straightforward for the ensembles covered in Table
A.1 and the method of derivation works equally as well in Quantum Mechanics and
Classical Mechanics provided definitions of the quantities involved are carefully made.
For example one has to use a sum over discrete states and an integral over continuous
states and define what is meant by the state of the system.

However, the derivation of the results for the less often used so-called Adiabtic
Ensembles needs a slightly different approach.®’

The usual method of carrying out this approximate procedure (eg. (A.2)) on a com-
puter is to use a Monte Carlo (or random sampling) processes as is discussed in
Appendix K.

A.2 EXPRESSIONS FOR LINEAR TRANSPORT COEFFICIENTS

The linear transport coefficients may be evaluated either asintegrals over time correlation
functions or in terms of the Einstein expressions. Some of these relationships are shown in
Table A.2 below. The correlation function formulae may be derived in a variety of
ways.81® An excellent derivation of these latter relationships is given by E. Helfand,*?
however, it should be noted that the use of these Einstein expressions in periodic bound-
ary conditions needs some care.*



TableA.2

Time correlation function relations for transport coefficients

Transport coefficient Time correlation function relationship Einstein relationship (Ref. 12)
Self-diffusion D, =3[ (v,(0)-¥, () ds D, = lim(U6t)((r, (0)—1,(0))*)
coefficient (Dg) 0 L
Costicient o 1=V(VieT)] (R(OR(S)ds 1= 1@KTO ([ SO 9, -5 O, 03] )
viscosity (1) 0 !
2
Coeffcient of buik = (VK T) [P (O)P(9)) ds V=W ZVkBT‘)<[Z{‘ Op Q=% Op: “)}} >
viscosity (1)) 0 '
. 2
Coefficient of thermal k= (WK T?) [ (3 (0) " () dls o (]NkBth)QZ X OEO)-x0F (t)}} >
0 I

conductivity (k)

N
HereE () = E, — (E), E = [(pizlm) + %Z vij} and J; = d/dt
i=1

E.

Lk

-

i=1

SIUBID1JJS0D) 1LodSURI] eaul Jojsuossaldxg 2y
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A.3 SCATTERING FUNCTIONS

A.3.1 Static structure’ 6

The time-averaged intensity of scattered radiation, (I(g)) in the first Born approximation
(i.e. no multiple scattering) is described by

N N
(@)=Y, > (b (@b (@) explig(r; —r ;) (A3)

i=1j=1

where b;(g) is the scattering amplitude for the ith particle and q is the scattering vector,
lof = 4n/4 sin(0/2) for radiation of wavelength A in the medium, 6 is the scattering angle.

If the particles are all identical, i.e. we have a single component or mono-dispersed par-
ticulate system then b;(q) = b(g) and

(1(9)» = NP(9)S(q) (A.4)
where
= < ig- L I >
q) ;2:‘1 explig:(r; —r,)] "5
= [a(Ryexp(-igr)dr
where

g(r) = j f (™) dr ™2 istheradial distribution function (A.6)

and the single particle form factor P(q) is given by P(q) = [b(qg)/b(0)].®
In this case the static structure factor Sq) is the Fourier transform of the radial distri-
bution function g(r).

A.3.2 Dynamic scattering’2°

The theoretically interesting function here is the field autocorrelation function g (a.b),
where E(q;t) is the scattered field measured at the scattering vector g and timett,

g (a.t) = (E"(9,0)-E(q.t))/(E (9,0)-E(q,0))

A7
=F"(aq,t)/1(q) A

where

N N
F™ (0,t) =[N (@)1 = > (b (a)b; () expliae(r; (0)—r; (1)) (A.8)

i=1j=1
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where (0%(c) =1/N >'b7(q)

For a single component or mono-dispersed system of particles we may directly relate
thisto the van Hove space-time correl ation function G(r,t) which gives a description of the
time-dependent structure of the system, 1520

g (a.t) = (UN) Y explige(r; () —r; (0)]/S(q) (A.9)
L]

= F(q,1)/S(q) (A.10)

= [G(t,t) exp(-ig-1) dr/S(q) (A.11)

This may be expressed as the sum of self and distinct components as follows:

F(a.t) =F(@@t)+F(gt) (A.12)]
and
G(r,t) = G(r,t) + G4 (1)
where
Fy(@.t) = [Gy(r.t)exp(~ig-r)dr
and

Fo (@)= [ Gy (r,t)exp(~iger)dr
Computational convenient formula are'®18

Gq(r,t) = (N[r; (t) —r; (0)— r1])/(4zr* dr) (A.13)

and
Gy (Rt)=(N[r; (t) =1 (0)—r]);.; /(4nr?dr)

where (N[r;(t) —r;(0) —r]) is the average number of pairs of particles whose separation
[r(® —r,(0)] inthetimeinterval tisequal tor .

Spin echo neutron scattering® (SENS) measures g (q,t) directly but in dynamic light
scattering (DLS) one usually measures the intensity autocorrelation function g@ (q,t)
which is related to g¥ (q,t) (assuming Gaussian statistics) via the Siegert relationship,™

9®(a.t) = (1(q,0)1 (a.1))/{1 (2,01 (9, 0))

= YY1+ g® (g,t)}l/z (A.19)

where c is a constant dependent on the experimental set-up.
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Often it is assumed that the system is isotropic or that the experiment obtains the spheri-
cal average, thenr isreplaced by r and g by q.

A useful analysis of the self-intermediate scattering function, which can be measured in
tracer systems, may be made as follows which allows the determination of both <A[2(t)> and
of the non-Gaussian measures o, (t), 1618

N
R (a,t) = UN (exp(lig-Ar ()]
=t (A.15)

= exp[—q"W(t)[{ 1+ o, (D[ W()]? /2 + (o5 (1) — o (D)) [P WHT* /31 + }
where
w(t) = V6(Ar* (1))
o, () = (Ar*" (O))/(c, (Ar* ()™ —1

and
C, =1X3X5X---X(2n+1)/3"

Often rather than measuring F(q,t) and F(q,t) their Fourier transform, i.e. Sq,w) and
S(g,w) are measured.16-19
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Appendix B

Some Basic Results About Operators

iLy, (t) = {i[
j=1

]+Ei (tym  (dv;(t)/oy; =dy and dy(t)/or; =0) (B.1)

a(t)

[dratv, (1) (Newton’s Second Law)

v, - 0/0r | +F,/m; - 0/0v, W} vi(t)

So in operator language,

a,(t) = {d/dt} v, (t) = iL, (1) (82
Integrating,
Vi ®= et Vi )
=G(t)v,(0) where G(t) isthe propagator e™ (B.3)
Similarly,
iLr(t)= {i[\_/j - 0/or + Ey/my - 0/0y, }}[i t)
=1 (B.4)
=v,()+0 (or;(t)/or; =6; and dr, (t)/a\_/j =0)
= {dvdt)r; (t)
So in operator language,
Vi (t) = (dvdtjr; (t) = iLr; (1) (B.5)
r(t)= et r;(0)
=G()r,(0) (B.6)

209
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Similarly for the normalised velocity we derive from eqg. (B.2),

fiLy, (©)/v, v 2 =Ly ()
= (d/dlt}{y, (t)/ v v, J2]
= d/dlt]u (t) (B.7)
=bi(t)

In the above we have used,

(drdt}v, (1) = iLy, (1
v, (1) H{dy, (t)/dt] = iL
v, (O] tdy, (t) = iLdt
dinv, (t)| = iLdt
[dinly, ()] =iL[dt+C

Ny ®)= Lty ©)  (C=Iny©) sncea t=0 v®)=v(©)
i.e.v; (t)/y; (0) = exp(iLt)

orv; (t) = exp(iLt) v, (0) (B.8)

and similarly for r;(t) or any function of t, i.e. A(t) so,

A(t) = exp(iL t) A(0) = G(t) A0) (B.9)

eg.
u; (t) = exp(iLt)y; (0) = G(t)y; (0) (B.10)

By definition,

G(t)=e" =1+ i (UK (iLt)*
k=1
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iLG(t)=iLe™
= iL{1+i(1/k!)(iLt)k

k=1

_ {imi(yk!)(iu)k“} (B.11)

k=1

= {1+i(]/k!)(iLt)k}iL
k=1

=e“iL

=G(t)iL

The Dyson Decomposition for the Propagator, assuming L is time independent,

then,
G(t)=e™

So the resolvent,

G(s)=(s—iL)*  (Laplacetransform) (B.12)

=[s—i(Q+P)L[* (P+Q=1) (8.13)
Then define,
A=s—iL=s—-i(Q+P)L

and B=s-iQL

So B—A =iPL
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Using the operator identity,

A1T-B'=A"'B-AB'=A'-B (B.14)
G(s=A""
=B '+(A'-BH (B.15)

=(s—iQL) *+(s—iL) 'iPL(s—iQL)*
Taking the inverse Laplace transform,
t
_ 4Lt _ iQLt iL(t-1) : iQL:
Gt)=e" =¢ +£e iPLe " dr (B.16)

, thisis the Dyson decomposition of G(t)
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Proofs Required for the GLE for
a Selected Particle

1

(ddt)y, (1)

=iLuy(t) (from(B.7))

=iLG(t)y(0)

=iLe™y (0) (from(B.10))

=eiLy,(0) (from(B.11))

=e'(P+Q)iLy, (0) (P+Q=1)

=" P(iLy, (0)) + €™ (QiLy, (0))

=M P((d/dt)u, (0) + € (QiLy; (0) (from(B.7))

=y, (0)(u; (0) (Vdt)u; (0)) + €™ (QiLy; (0)) (Definitionof P)

=0+[e"}(QiLy, (0)) (as{u; (0)(clt) i (0)) = O

= {eiQ“ + }eiL(‘—T) iPLe'Q” dr}(Q iLu, (0)) (Using(A.16)fore')
0

t
= [ (QiLy, (0))] + [€" ) iPLe Y (QiLy, (0)) dr
0

t
= [¢®1iLy, (0) - € PiLy, (0)) + [ €MV iPLE?(QiLy (O)dr  (P+Q=1)
0

= (9L, (0)~ €20, (0)uy (0 @) 0)) (efintionci®)
t
+ [ IipLE M (QiLy, (0))dr
0
t
= Ly, (0)— 0+ [ ) iPLe 2 (QiLuy, (0)) dr (ui (0){ et} i (0)) = 0
0
t
(e () — 8O (0)+ J' L9 pLEQLT (QiLy, (0))dr (C1)
0

213
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2 j eI iPLEY" (QiLuy, (0)) dr = j eIy (0)(u; (0) Le'?"" 1iLuy, (0)) dr
0 0
~ €M iPe e 4 (0)/u (O)iLu (0) (P+Q=1)

0
= je‘”"”i u;(0)(u; (0) Le'®™* 1iLy, (0))de — O((u; (0)iLy, (0)) = (u; (0) b, (0)) = O)
0
= [ u (0)iy (O L iLy, (0))de (1A=A)
0
= j(yi (t—)){iy; (O L' iLy, (0) de (€M (0) =y (t—1)
0
=— j u, (t—1)(iLu, (0) € iLy, (0)) dt (Hermitian)
0
= —[K,(u t-1)de
0 (C2
where the term,
K, (t) = (iLy, (0) " iLy, (0)) (C.3)
is usualy called the Memory Function.

3. (b (0) - b (0)) = (€LY (0) - €***® L (0)) (Definitionof bf? (0))
=(iLy, (0)iLy; (0)) (exp(0)=1)
= _<L9i ©0)- Ly, (O)>
={b;(0)- b, (0)) (from (B.7))
= <§i ©0)- 3 (0)>/<\_/i Oy, (0)>

(C.4)

4. QiLuy; (t)

=(1-P)iLy(t)

=(1-P)(iLy (1))

= (1= P)((ddt){u; (t)}) (iL u(t) = (ddt){u;(t)})
= 1(dvdt)(y; (t)) — P(d/dt)(u; (1)) (P+Q=1)
= (d/dt)(u, (1)) — u (0) {u, (0) (Vdit)y, (1)) (Definitionof P)
= (d/dt)(u; (1)) +0 (Since(uy; (0)by(t)) = 0)

= (dvdt)(u; (t)) = iLy, (t) (C.5)
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5 (B}(0) =(®iLy, (0))
(iLy;(0))
((drdt)(u; (0)))
((ddt)(v; (0)) /v, Q)v; (0)]*
(F,(0))/Im (v, (), (0)}*?
0 (Since(F;(0)) = 0) (C.6)

6. (U b}(®)=(y(0)- € (L (0)
=(uy,(0)- €% b,(0))
<u ©)-e™ P)“b(O)>
(by timereversal symmetry) (C.7)

T Kt =Ly (0" iLy (0))

and

(b7 (0)- b (1))
=(€®%iLy (0)€ ™" iLy (0))
= <iLl_’|i 0)e' ™ iLy, (0)>
= Ky(®)
aso iLu;(0)=b,(0) (from(B.7)

K, (1) =(b7(0)- b (t))
= <iLL_Ji () gt iLy, (0)>
= (b, (0)€®" b, (0)) (C8)
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Appendix D

The Langevin Equation from the
Mori-Zwanzig Approach

Now in the Brownian limit when 2 = (m/Mg)Y2 — 0, i.e. Mgz >> m it is reasonable to
assume that (see Section 3.3)

Ky () = 4, 6(t)
ie Ky(8) =24 =/Mg =7 (D.1)

Thus, we use the simplest truncation of the Mori continued fraction then, writing the
velocity of the chosen particle v, as Vg and its mass as Mg,

Mg (d/dt)Vg(t)= _MBj{Ku(T)}\_/B(t —7)dv+ Mg €9 iLV,(0)
0

= —Mg [{y3(t— 1)} Vg(t—r)dr+ FE (1)
0

Mg (d/dt) Vg(t)=—{ V() +E R (t) (D.2)

where,
Fa ()= Mg|eiLVg(0)|=Mg(VeV ) ?[€ il ug(0)] (D.3)
(Eg(0)=0 (D.4)

(Fg (OrFg (1)) = (kT Mg) K, (1)
= (kg TMg )44 4(t)
=3y Mg kT 4(t) (D.5)
=3 kT 5(1)

217
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From eqg. (D.5),

¢ _
M—B—(3M ol J<F (OFFq ()t

y=
Eg(t) = Mg QBR(t)
= Mg {€" iL[vg(O)]}
= Mg{e®" ag(0)}
=g Fs(0)

(D.6)

[ E 0 Fy(O)at

_ <
T Me Mg keT)d

1

~ vk j (F5(0)ye " Eg(O)ct (D.78)

W j foq Fa(0€% Eg(0)dt (D.7b)

Thisis till exact but if we make the following approximations where the terms below
are defined in Section 5.1:

g/ QL — g(iQLo+iQLg)
~ gllo
H=Hy+Hg
feq _ H(r)/kBT/J‘e—H(r)/kBT dr
~ efHO/kBT / I efHO/kBT dFO

_ 0
= foy
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Then eg. (D.7) becomes

1

T 0 Lot
@, iy PO Ea Ot

VB =
(D.8)

WJ<FB(O) Fg(t))odt
B
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Appendix E

The Friction Coefficient and Friction Factor

If the friction coefficient y and the friction factor { are defined in general by
D, =kgT/(my)=KT/ (E.1)

where Dy is the self-diffusion coefficient given by
D, = 1/3[ (v, (0)- v, (t))dit E2)
0

It should be noted that only if the Stokes—Einstein relation holds do we have { = 673,
and y = 6mmpna; where g, is the particle radius and 1, is the coefficient of Newtonian vis-
cosity of the background fluid.

&)1

7 ={m
= (kg T)/(MD;)

= (kgT/m )/{1/3_T<\_/i 0 v, (t)) dt}
0

(E.3)

But from eg. (3.15) putting n = 1,

C(9) = C(0)/(s+K,(9)

and putting s = 0,
C(0) = C(0)/K,(0)
But
C(0) =(v;(0)-v;(0)) = (3ksT/m)

221
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then
C(0) = ks T/m)[K,(0)] *
However,
C()= Isirrﬁemt (v, (0) - v; (1)) it
0

= [0 v, (0))dt

_3p,

= 3[kBT/(m V)]

=3(kgT/()
So,

{m =7=K,(0)

So the friction coefficient is given by

1=K, (0
and friction factor is given by

{=mK,(0)

Now,

R,©=1 inge‘S‘@iR (0)- b (t)) dt
0

(bR (0)- bt (1)) dit

(a0 - af () dt/(v;v,)

Il
O— 8 08 O3

<EiR 0)- EiR (t) dt/(<\_/i Vi Jm 2)
— (3T (£ (0)- ER ()
0

and so from eq. (E.4),

p=0m =1@EmkgT)[(ER(0)- £ (t)dt
0

Appendix E

(E.4)

(E.5)
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Mori Coefficients for a Two-Component
System

The Mori coefficients may be used to construct approximate expressions for correlation
functions (see Section 3.3) and upon which generalised Brownian dynamics a gorithms may
be based, and expressions for many of these coefficients may be found in references of
Chapter 3. Often, smpletheories use only the first Mori coefficient (see Section 5.5) for their
use in studying the approach to the Brownian limit and (see Chapter 6) for their application
in developing schemes to solve GLES. Thus, we give here an analysis of this coefficient for
the case of velocity.

F1 BASICS

We will consider a set of N particles of which N, are classified as bath particles of mass
m, and N, are classified as suspended particles of mass m,, interacting according to central
pair-wise additive conservative forces,

Nb Ns
F@M)= _z (Vi )i () (ripe/ri) — z (dvdryy )by () (ry /)
k#i I#i
(F1)
=Fp(O+E®)
where k |abel s the bath species and | [abels the suspended species, E;(t) isthe force on par-
ticle i due to the bath particles and E(t) is the force on particle i due to the suspended

particles.
If i isabath particle then,

Fp(t) = Egp () + Eps(t) (F2)

and if i is asuspended particle then,

Fo(t) = Eps () +E(1) (F3)
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F2 SHORT TIME EXPANSIONS

Co (1) = (¥, (0)- v, (1))/(V,, (0)- v, (0))
=1—{1/(6ks T/m, )2, (0)- &, (Ot +-- (F4)
=1-At*+-

and,

K (0) = (@,(0)-2,(0))/(v,(0)-v, (0))
= <Eb2 (0))/(3kgTmy,)
=
(

(VO,)?)/(3kg Tmy)
=((V2®y))/(3m,)

Nb Ns
<2 (d?/dr, )by (1) + 2 CRL A )>/(3”\a)>

&l | #i
= N,/(3m, ) (02 /dr )by ())/3my, + N/ (3my )(A/ar )b (1)) (F5)
= (U3M, ) | (A2/dr ) (1) Gy (1) I + ¢ [ (/012 (1) G (1) T 1}

Similarly,

Kya(0) = (U3M,) [, [ (2/0r2) e (G (1) dr + [ (/)N (M)l | (F6)

F3 RELATIVE INITIAL BEHAVIOUR OF c(t)
Thiswill be given by the ratio A /A, and so if the b and s particles only differ in mass then

p=n=p a0 [ (I )G(r)lr = [ (P12 (r)ge(r)dr S0,

AJA, = m,/m, (F7)

And, thus, the normalised velocity autocorrelation function for the suspended particleswill
initially decay much more slowly than that for the bath particles, if m, > m,, as then
AJA, < 1 because A, < A,
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Time-Reversal Symmetry of
Non-Equilibrium Correlation Functions

Consider the correlation function defined by
(At+1)B (1) = [dr f([)e"'B" ()" AT) G.1)

where the propagator € acts on all phase variables to its right. We would like to find an
expression similar to the expression for the time-reversal symmetry of an equilibrium cor-
relation function,

(At+7)B'(1)) = pag (At —7)B(1)) (G2

where p,g is the parity of the product AB under the time-reversal operation. If we consider
the casewhere B = 1 and t = 0, we see that the average of A must equal zero if A has odd
time-reversal parity. Therefore it is convenient to define all A variables to be the fluctua-
tions of the relevant phase variables from their average values at time t = 0.

The frequency relevant to our discussion of eq. (4.20) in Chapter 4 is obtained by
substituting B=Aand © = 0. In this case, p,z=—1 and the frequency must vanish. This
has been proven for the equilibrium case-2 and we wish to extend this proof to the non-
equilibrium steady state.

For thisillustration, we will consider a specific case that is of particular interest in this
work, where the external field corresponds to a shear strain rate, with the streaming velo-
city in the x-direction and the gradient in the y-direction. We begin by defining a change
of coordinates (also called the Kawasaki mapping®) in the ensemble average (eg. (G.1))
where the new phase space coordinates are given by

I = (%, =Y 2~ P> Pyi»—Ps) (G3)
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which corresponds to the usual time-reversal transformation (momentum reversal), fol-
lowed by reflection in the x—z plane (field reversal). This change of coordinates has the fol -
lowing properties:

il =—iL (G4)

o =—a (G.5)
IdFK = jdr (G.6)
A(I) = pa AT (G.7)

Application of this change of variables to the ensemble average in eg. (G.1) gives

(At+17)B'(t)) = p" o (A(-t —7)B* (1)) (G.8)

The right-hand side of eq. (G.8) can be written as

(A(-t—1)B" (—t)) = j dr f(N)e'™ B* (N e'™ AT
= [dr f(r,~t)B"(D)e™ AI)

- j dr f(T,t)B* (M) e’ A(T)
(G.9)

+BF, [ d(I(0)B" (9) A(s— 1))
—t

wherewe have used f (I',t) = f(I',—t) + f ds of /s with eq. (1.24) in Chapter 1. This may
be further simplified by using the relat|onsh|p A(S) = A(s—1) + f Adu, giving,

(A(-t=7)B'(-1)) = (At —7)B"(t)) + F, f (J(0)B(s)A(s))ds
O B (G.10)
+BF, [ ds [ (J(0)B"(s) A(u))du

—t S

Equation (G.10), together with eg. (G.8) givesthe general result for time-reversal symmetry
of a non-equilibrium correlation function about the time origin of the correlation function,
7=0.
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This can be used to evaluate the frequency, defined by eg. (4.20) in Chapter 4 by sub-
gtituting B = Aand t = 0in eq. (G.10). Using the facts that the field F, is constant, the dis-
sipative flux (in the case of the shear stress) is odd with respect to the Kawasaki
transformation and the product AA must be odd, we obtain

[ ds(3(0) A(9)A(9)) = 2] ds(I(0) A(s) A(s)) (G.11)
-t 0

in agreement with eg. (1.31) of Chapter 1 where B = A and t = 0. This expression can be
directly integrated giving the following expression:

2 ds(3(0) A(9) A(s)) = (J(O)[ A2 (1) — A°(O)]) = (3(0) A° (1)) (G.12)
0

The last equality results from the fact that (J(0)A%(t)) is odd and (J(0)) = O, giving
(J(0)A%(0)) = 0. In the long time limit, the final correlation function factorises and
becomes equal to zero. Thus, we recover the result that the frequency tends to zero in
the steady state for variables of the same time-reversal symmetry in the presence of the
external field. A discussion of non-equilibrium time-reversal symmetry in the context of
generalised Onsager symmetry has been given by Dufty and Rubi.®
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Some Proofs Needed for the Albers, Deutch
and Oppenheim Treatment

Now first,
G(M[(1-P)iLy,(0)] = €"'[(1~ P)iL Vg(0)]
= €' [1iL Vg(0)] — €' [PIL V4(0)]
=" [(iL oV5(0)] + €' [(IL 5V(0)] (H.1)
_elLt[Pi LoVe(O)]— eILt[Pi L V(0]
=0+€"" dVg(0)/dt—0—0
= dVg(t)/dt

and

¢4 PR (A P)ILV(0)] = €4 P [()IL Vg(0)] € PH(P)ILV,(0)]
=@ PIi(L, +L g)Vg(0)] +0

= @@ PLUL V4 (0)] 2
_ dPLE ()M,
=K"(t)
Also,
t .
[ -0 IPL 0P (1 P)L V(O]
0
_ eiL(tfr) IPL{ ei(lfp)l-f[(]_— P)lL\_/B(O)]} de
(H.3)

Ot O —

et ipPL K (1) dt
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Il
O+ O+ O —

e IP(L, +il ) K (1) de

e tIp(L g) K (7)dt

e N Ly KT (1)), dt

Next,

(K™ (1))o = (K" (0))o
= ("7 [(1-P)ILVa(0))
= (1~ P)IL Vg(0)D)o (H.4)
=([iL B\_/B(O)]>O
= (Eg(0)/Mg),
=0

Thus,

(iL BK+(t)>O = <(EB/MB'YR + EB'YP)K+(t)>0
= (Pg/Mg Ve K" (1)) +(FgVp K (1)) (H.5)
= EB/MB'<YR K+(t)> + YP'<EBK+ (t)>o

So from (K*(t)), = O, it follows that

Ve (K (1)) =0
Ve £ K (©dr™ dp™ =0
[ 18 Ve KF @ dr ™ dp™ + [K* (1) Vi, £3,dr™ dp™ =0

(Ve KT (D)

= —j(KJr(t) Vq e*Ho/kBTdL(N)dB(N))/J‘ e*Ho/kBTdL(N)dB(N) (H.6)
= —[(K* )V [~ Ho/ksTle """ dr Mdp™ /([ e Ho*Tdr Melp™ |

= (kg T)[ (K" (O] Egle™*" dr Map™ /([ e e*eTdr Mp™)

= Uk T)[ EgK ™ O f 9 (p™, 1 ™) dp™dr ™

=~k T KEgK (1))
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Finally, for the integrals needed in the final limiting process,

t

J'eiL(t—r)[YP _yB/kBT]_<EBei(l—P)Lt EB(0)>0 dr

o

IV, — Ve TH(Fae™ ™t Fg(0))o+(Fee™" Fa(0))g — (Fge'™®" Fg(0))o] dr

€IV, —Va/ks TI(Fg €47 Fg(0)), de

O—~ O t—

t

+[ eIV —V/kg TH(Ege™ M Fg(0))g— (o€ Fg (0))o] e
0

t

_ J[eiLt — et + e N[V, — V/ks TI(F 5 €10 F(0)), dr

0
t

€I, Vg g THE € P Fo(0)), — (Foe®! Fo (0] dr
0

t
= [ €M1V, Vol THE " Eg (O e
0
t
+J‘[eiL(tfr) _ eiLt][Yp _\_/B/kBT].<EBeiLot EB(0)>0 d‘L'
? H.7)
@MY, —V g R TH(E &P Eg (0))y — (Foe! Fg (O]
0
t
= &M [V, Vo ks THE g€ g (O))y e
0

t
Y, Vo kg THE € P Eg (O — (Eg€"" o (0ol
0

t
€0 — €[V, — Vo g THE e Fg (0

= l\zlo(t)+ ML, (t) + M, (t)
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A Proof Needed for the Deutch and
Oppenheim Treatment

Here,

3 > [ Ve, ~ V(Mg T)P, |- (Eg, ()€ ™' Eg, oV, v5(0)] dr

wov o

= Zje‘“‘*” [ Vo, —V(MigT)P, |

wov o

{(Eg, (0)€" Eg, Jo +(Eg, (00" Eg, Jo — (Eg, ()€™ Eg, o}V, Vg (0)] dit

=23 [ Vo, ~U(MKsT)R, (s, (0™ Eg Jo) Vi, ¥ (0)] ce

wovo

Y [€M ([ Vp, ~1(MkgT)P, H(Eg, (0" V™ Eg, )y — (g, (0" E

Lovo

'YPV \—/B (0)] dT

_ZZJ e'” 4+l _ iLt){[ p#_l/(Mk T)P ](<EBM(0)eiLOTEBv>O)

uovo

'va Vg (0)} T
+3 Y [ V,, ~V(MkT)P, H(Eg, (€ ™' Eq, )y — (Eg, (0)™

gV o

'YPV Vg (0)} dr
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= z z J. et {[YPH - J'/(MkBT)E}L MEB“ (O)EiLOT Eg, >o ).YPV Vs (O)} de

wov.o

+3 3[4V, ~ V(Mg T)P, H(Eg, (0)e" P Eg, o — (Es, (00€" Eg, Jo)

LoV oo

Vo, Vg (0)} de

+3 3 (€M) — M) [V, ~ V(MK T)P, H(Eg, (0)™" Eg, Jo )V, Vi (0)] de
povo

= Lo+ 1) +1,(0) (1.9
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The Calculation of the Bulk Properties
of Colloids and Polymers

If we can generate the phase space trajectory of the N colloidal particles and polymer solu-
tions interacting via the combined effect of the solvent averaged forces and the hydrody-
namic interactions we may calculate the properties from this information provided that we
can write the propertiesin terms of I'; only (see the introduction to Chapter 5).

If the diffusive limit is used then only the time dependant positions (RN(t)) of the large
particles are generated which further restricts the dynamic properties which can be calcu-
lated or rather restricts the formulae which may be used to calculate them.

J.1 EQUILIBRIUM PROPERTIES

Typicaly, oneisonly interested in the excess thermodynamic properties of the suspension
or solution, e.g. the osmotic pressure.

Usually equilibrium properties are the sum of separate functions of momenta only and
of positions only and as the momentum dependent part (see Appendices A and K) is the
sum of one body terms then the only remaining problems involved are

1.  To express the excess equilibrium properties in terms of (RM).

2. To calculate the solvent averaged potential of mean force, defined in eq. (5.56) but
it should be noted that allowance must be made for the fact that thisforceisafunc-
tion of the physical conditions imposed on the system, e.g. the temperature and
density.

3. To perform ensemble averages.

J.2 STATIC STRUCTURE

The expressions in Appendix A are directly applicable to polymers and colloidal suspen-
sions.

235
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J.3 TIME CORRELATION FUNCTIONS

As outlined in Appendix A the linear transport coefficients and scattering properties of a
system of N + n particles may be related to time correlation functions of appropriate
dynamical variables A(T'(t)) and B(T'(t)), i.e.

(AO)B(D)) = [ g p™™,r ™) A©) B(t)dp™ ™ dr N+ (3.1)

However, in the Brownian limit we only calculate the phase space trajectory of the large
particles, I'; and not that for all the particles, I". Thus, one should derive time correlation
function expressions for the dynamic properties in terms of the appropriate variables,
A(T'(1)) and B(T'y(t))-

In the diffusive limit only the variable (RN(t)) is generated and one must allow for this.
Although this has been done for scattering and for diffusion the general problem does not
seem to have been considered. Some of the appropriate results which may be readily writ-
ten down are collected bel ow.

J.3.1 Self-diffusion
Here we use the result that

t

AR (1) = (R (O~ R (1)) = [ (1= 1)V, (0)-V, () ds

) J.2)
So as the self or tracer diffusion coefficient Dy is given by,
Dy = 13[(V, (O}, (1) ct
0 J3)
= Slope[(R (0)— R (1))*)/(61)]
too (J.4)

this latter result being particularly useful in the diffusive limit.
Experimentally D may be measured from a variety of scattering techniques, e.g. forced
Rayleigh Scattering, Tracer Scattering and from radioactive tracer measurements.

J.3.2 Time-dependent scattering

The expressions given in Appendix A are still applicable.
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J.3.3 Bulk stress

In order to calculate the rheological properties in the diffusive limit we need to be able to
evaluate the bulk stress (X). Brady and Bossis® show that this may be written as (ignoring
isotropic terms which do not contribute to the rheological properties),

(Z)=2n, E” + N/V|S")+(S")+(S?)) (35)
where,

1. (S isthe mechanica or contact stress transmitted by the fluid due to bulk shear
flow.

2. (SPisthe“dastic” stress due to the interparticle forces.
and

3. (SP) isthe stress contribution due to the Brownian force.

These may be written as,
(8")=—(Rsy-(U~U")~Rg :E7) (36)

(87) = —(xF")
and
(S")= ks T(V-(Rey "Rey 1)
where Rg, and Rg are configuration-dependent resistance matrices, similar to Ry, and
Ree, both relating the particle “stresslet” S to the particle’s velocities in Ry, and the

imposed strain rate Rge. The velocities U in eg. (J.6) are those arising from the determin-
istic contributions to the particle displacements Ax given by,

U-U”" =Ry, “[Ree :E” 47" FP] a7
and the divergence (V-(Rg,"Rg, 1)) in (S7) is with respect to the last index of Rg; .

J.3.4 Zero time (high frequency) results in the diffusive limit

In the diffusive limit at zero time (infinite frequency) we may express the q dependent dif-
fusion constant D(q),%”, thelocal self diffusion constant Dy, the collective (or mutual) dif-
fusion constant D ®*? the permeability’* K and the Newtonian shear viscosity®® 5, as
equilibrium ensemble averages over the particle positions alone as follows,

OF(q,t)/0t o= —S(q)g°D(q) (28)
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N
D(a) = (ke T/q” S(A)/N)Y. (g-1;-qexp([ig {R, (0~ R; ()} 1))

N (J.9)
= H(a)/S(a)
Ds= Lijg D(g) = (kBT/SN)tr< un> (3.10)
i=1
) N
D, = L'IE D(q) = (kg T/3N)tr <2, W >/S(0) (111)
N
K™= (3n,V) *tr <2§|] > (J12)
1)
No/Ms =1+5/2¢(y) (3.13)

where y isacomponent of the normalised dipole-dipole friction tensor,* 1, is the Newtonian
viscosity of the background fluid and H(q) is the so-called hydrodynamic factor.'*
We may similarly write the sedimentation vel ocity'? s and the collective mobility i as,*®

s= D, 0) = D, [(Vp)(0p/dp)1] (J.14)
and

N/MOZS/SO_

where i, = 6y, a = kg T/D,y, Dy isthe free-particle diffusion constant and #; is again the sol-
vent viscosity.

WhileK, 1 and D, may be measured by conventional, direct methods,*3 e.g. D, by means
of boundary relaxation techniques'* the quantities D(q), Dg and D, are conveniently meas-
ured by means of DLS!" or by SENS. 7.

Both the zero-time (infinite-frequency) shear viscosity #, and the long time shear viscosity
may be measured using rheometers.

There have been alarge number of calculations of many of the above properties using
awide variety of techniques and approximations.11015-1921-25 This is principal ly because
these properties may be evaluated by means of equilibrium methods, e.g. the Monte
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Carlo, equilibrium Molecular Dynamics simulation methods or approximate equilibrium
theories.

Van Megen, Snook and Pusey?? showed that directly using the cluster series result for
w; from the MIF cluster method (see Section 7.2) does not necessarily give good results
for D, or Dg since the convergence of the resultant series is extremely non-uniform.
However, Beenakker and Mazur'>° were able to get good agreement with experiment for
avariety of zero time properties by essentially selectively resumming these series.

Of particular note is the extensive work of Ladd®® who calculated pi/p,, Dg/Dy, 17/, and
K for ahard sphere system as afunction of particle volume fraction using the MIF method.
He found that convergence is enhanced by the use of lubrication theory and the conver-
gence as afunction of the number of moments used is then reasonably rapid. However, the
N dependence of the results is quite strong and extrapolation to N =« is necessary to get
accurate results. Similar results have been obtained by Phillips, Brady and Bossis?® and
Wajnryb and Dahler?” have calculated the long time values of #.
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Appendix K

Monte Carlo Methods

In order to implement some of the theoretical approaches described in this book on a com-
puter one needs to eval uate ensemble averages (multi-dimensional integrals) or to generate
states of a system by means of a stochastic approach. Both these procedures may be
carried out by means of a class of techniques termed Monte Carlo (MC) methods.*® In
order to enable the reader to understand how these methods work we will outline one of
these techniques.

K.1 METROPOLIS MONTE CARLO TECHNIQUE

In order to evaluate equilibrium ensemble averages one uses the formulae given in
Appendix A, that is,

(By=[B(D)t=()dr

<Y Br) ) (4
i=1

In Classical equilibrium statistical mechanics we may usually write the expression for
properties as the sum of a function of the particle momenta (p™) only and a function of
particle co-ordinates (r™) only, that is,

B=8,(p™)+B(r") (K.2)

For example, the Hamiltonian H, that is, the total mechanical energy E isthe sum of the
kinetic energy K, the potential energy @, that is,

H=E=K(p™)+af™) (K.3)
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This combined with the fact that f*(I";) in the commonly used ensembles is an exponen-
tial (see Table A.1, Appendix A) which means that we may express the ensemble average
expression for (B) into the sum of two terms, one an integral over (p™) and the other an
integral over (r™). Furthermore, because the functions of (p™) are only functions of sums
of one particle properties the former integrals can usually be performed analytically and,
thus, we only need to evaluate the integrals over (r™) numerically, that is,

(B)= [ B,(p™) f9p(p™)dp™ + [ B.(r™) £ (c)r ™ (K.4)
N (K.5)
ri

Hence, we need to compute the sum eg. (K.5) for some set of configurations {r™;;
i =1,NJ}. Now the choice of these configurations could be done in a variety of ways, for
example, using points chosen by product formulae based on one dimensional quadrature
methods or by uniformly generating random points in 3N dimensional space. The use of
product formulae proves to be very inefficient for integrals of dimension, d greater than
about 8 as the number of points required for acceptable accuracy increases as N, where
N, is the number of points used in each dimension but the error scales only as N, 448,
Merely randomly sampling points in 3N dimensional co-ordinate space from a uniform
distribution can be more efficient than simple quadrature and the method gives errors scale
as N, Y2 irrespective of the value of 3N, however, this method also fails for integrals of the
type give by eq. (K.5) because the factor f ®(r ™)) is usually reasonably strongly peaked in
co-ordinate space meaning that B.(r ™) fed.(r ™) is also peaked and not uniform in space.

Thus, amethod must be sought which combines the advantages of N.~¥2 error but which
biases the sampling to regions of co-ordinate space where B, (r ™) fed (r V), that isfed (r™)
is large. In essence we wish to replace ZB,(r™;) fe(r™,) by XB,(r™,) where the set of
points {r™;, j =1, N} are sampled from the distribution f*%. A method for doing this was
developed by Metropolis, Rosenbluth, Rosenbluth, Teller and Teller® which is usualy
referred to as the Metropolis Monte Carlo method.

In order to explain how the method works we will follow the clever (but not entirely
rigorous) argument presented by Foulkes, Mitas, Needs and Rajagopal .2 The rules for gen-
erating configuration are those for a random walk and involve the following sequence of
steps:

1. Choose astarting configuration in 3N dimensional space, r™.

2. Make amove, called atrial move, to a new position r ™' chosen from some proba-
bility density function T(r V'«—r ™),

3. Accept the trial move with probability,
At N r®M) = Min[1, T(r Me—r ™) fear M)/ T(r O'«—r®) fear®))]

4.  If thetrial moveis accepted then the point r ™' in co-ordinate space replaces the point
r™ otherwise use the point r ™ again.
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5. Accumulate the sum B,(r™)
6. Repesat steps 2-5 as many times as necessary.

Let us assume that the system reaches a steady state in which the number of configura
tionsin avolume element dr ™ isn(r ™) dr ™. Now since the probability that the next move
fromr™tor®™ +dr™ isdr ™" A(r V' «—r N T(r V'« N") the average number moving from
dr™ to dr ™' during a single move is dr ™ A(r N« M)T(r Ve V) n(r M) dr ™.

At steady state this must be balanced by the number moving from dr™’ to dr®™
i.e

Ar®™ )T (1™ ™) n(r ™) dr ™

Alr™ p M) (p O ) sy 80 g () g (9
=A™ )T (™ < r™ (™) ar ™

n(r ™)™ ) = Ar® < r (e < YA Tt ™)
But the ratio of Metropolis algorithm acceptance probabilitiesis
Ar™ e r A e @) =T (M p O (M) (r M O sV
Then,

()l ™) = £ ()5 (.6

So this procedure generates a set of configurations with probability of occurrence propor-
tional to f «(r).

More rigorous approaches to this proof may be found in the literature?® than the above
argument used by Foulkes et al..8

K.2 AN MC ROUTINE

Listed below isasimple Fortran 77 routine to carry out MC calculationsin an (NVT) ensem-
ble. In order to use it other routines must be supplied, for example, to calculate energies and
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set up starting lattices etc., for example see Program MEANBD in Appendix O. Note thisis
avery basic routine.

SUBROUTINE MOVE

C

C SUBROUTINE WHICH CHOOSES A PARTICLE AT RANDOM AND GIVES IT A
RANDOM MOVE

C THE RESULTING CHANGE IN ENERGY IS THEN COMPUTED AND THE MOVE
ACCEPTED OR

C REJECTED ACCORDING TO THE NORMAL MONTE CARLO PROCEDURE FOR
AN (NV T)

C ENSEMBLE, TOTAL PRESSURE AND N(R) ARE ALSO CALCULATED

C
COMMON/A/NSW,NMOL ,NDIV,NN(10,200),DEL , DELTA,XL,YL,ZL, MSW
COMMON/B/UTOTAL ,PTOTAL, R2MAX XL 2,YL2,ZL 2,RCORE2,RCORE
COMMON/C/X C(256),Y C(256),ZC(256)

COMMON/DELR/DELRES
c
NSw=1
C
C CHOOSEA PARTICLE AT RANDOM
C
X=RAND()
I=NMOL*X
I=1+1
IF(I.GT.NMOL) 1=NMOL
IF(LLT.0) I=1
C
C SET UPPREVIOUS POSITION OF PARTICLE |
C
X10=XC(I)
Y10=YC()
Z10=2C()
C
C GIVEIT A RANDOM DISPLACEMENT OF MAXIMUM SIZE DEL
C

XI1=(RAND()-0.5)* DEL
Y1=(RAND()-0.5)* DEL
ZI=(RAND()-0.5)* DEL
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Cc
Cc
Cc

OO0

C

OBSERVE PERIODIC BOUNDARY CONDITIONS FOR NEW POSITIONS
FOR A CUBIC BOX OF SIDE XL

XIN=AMOD(XIO +XI+XL,XL)
YIN=AMOD(YIO +YI+YL,YL)
ZIN=AMOD(ZIO +ZI+ZL,ZL)

UOLD=0.0
UNEW=0.0
PROL=0.0
PREW=0.0

FORM THE ENERGY SUMMATION SUM OVER J.NE . | URIJ) J= 1 UPTO
NMOL

AND THE CORRESPONDING VIRIAL TERM FOR THE OLD AND NEW POSI-
TION OF PARTICLE |

DO 1 J=1,NMOL
IFQEQ.l) GOTO1
XCEXC()
YCEYC()
ZCEZC()

MINIMIUM IMAGE DISTANCES FOR NEW POSITIONS

XWN=XCI}XIN

IF(XWN.GT.XL2) XWN=XWN-XL

IF(XWN.LT. -XL2) XWN=XWN+XL

YWN=YCJYIN

IF(YWN.GT.YL2) YWN=YWN-YL

IF(YWN.LT. -YL2) YWN=YWN+YL

ZWN=ZCJZIN

IF(ZWN.GT.ZL2) ZWN=ZWN-ZL

IF(ZWN.LT.-ZL2) ZWN=ZWN+ZL

SIN=XWN* XWN+Y WN* Y WN+ZWN* ZWN

RIINEW(J)=4000.0

SINEW(J)=SIN

CHECK TO SEE IF RIJ < RCORE ANDIF SO REJECT THE CONFIGURATION
I.E. USE THE HARD

SPHERE CRITERION IF TWO SPHERES OVERLAP REJECT I.E. IF R< RCORE
URRIJ) IS

ENORMOUS AND THE MOVE IS HIGHLY UNLIKELY
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IF(SIN.LE.RCORE2) GO TO 2
CHECK TO SEE RIJ> RMAXIF SO GO TO THE NEXT J
|.E. SPHERICAL TRUNCATION

OO0

IF(SIN.GE.R2MAX) GO TO3
FORM U(RIJ) AND RIFV(RIJ)

OO0

RNEW=SQRT(SIN)
RIINEW(J)=RNEW

SUBROUTNE RETURNS THE VALUE OF THE PAIR POTENTIAL POTNEW
AND PAIRVIRIAL VIRNEW FOR PARTICLES | AND J SEPARATED BY
RIJ=RNEW

O0O0O0O0

CALL POTEN(SIN,POTNEW,VIRNEW,I,J)
UNEW=UNEW+POTNEW
PREW=PREW+VIRNEW

CONTINUE

FOR THE OLD POSITION

OO0 0w

XWO=XCIXI0
IF(XWO.GT.XL2) XWO=XWO-XL
IF(XWO.LT. -XL2) XWO=XWO+XL
YWO=YCJ}YI0

IF(YWO.GT.YL2) YWO=YWO-YL
IF(YWO.LT. -YL2) YWO=YWO+YL
ZWO=ZCJ}ZIO

IF(ZWO.GT.ZL2) ZWO=ZWO-ZL
IF(ZWO.LT. -ZL2) ZWO=ZWO+ZL
SJIO=XWO* XWO+Y WO* Y WO+ZWO* ZWO
RIJOLD(J)=4000.0

SPHERICAL TRUNCATION IGNORE INTERACTION IF
RIJ}**2 > OR = R2ZMAX WHERE R2MAX = RMAX*RMAX

O000

IF(SJIO.GE.R2MAX) GO TO 1
ROLD=SQRT(SJO)

RIJOLD(J)=ROLD

CALL POTFN(SJO,POTOLD,VIROLD,|,J)
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OO0

OO0

UOLD=UOLD+POTOLD

PROL =PROL+VIROLD

UOLDP(KK)=UOLDP(KK)+POTOLD

PROL P(KK)=PROLP(KK)+VIROLD
1 CONTINUE

CHECK TO SEE IF U FOR NEW CONFIGURATION IS>,= OR < U FOR THE
PREVIOUS ONE

AND IF U NEW < U OR = U OLD ACCEPT OTHERWISE ONLY ACCEPT
WITH A PROBABILITY

PROPORTIONAL TO EXP(- (UNEW-UOLD)/KT).

IF(UNEW.LE.UOLD) GOTO8
DELTU=UOLD-UNEW
CEX=EXP(UOLD-UNEW)
DEX =RAND()
IF(CEX.LT.DEX) GOTO2

8 NSW=-1

MSW=MSW+1

CALCULATE THE TOTAL ENERGY AND PRESSURE OF THE CONFIGURA-
TION

UO=uUOLD

UN=UNEW
UTOTAL=UTOTAL+UN-UO
PO=PROL

PN=PREW
PTOTAL=PTOTAL+PN-PO

UPDATE PARTICLE COORDINATES
XC(1)=XIN

YC()=YIN

ZC()=ZIN

ACCUMULATE THE HISTOGRAM N(R) FOR G(R)
DO 5 J=1,NMOL

IF(.LEQ.J)) GO TO 5
RIJO=RIJOLD(J)
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RIIN=RIINEW(J)

N1=(RIJO)* DELRES+1

CONTINUE

IF(NLLE.NDIV) NN(N1)=NN(N1) -1
N1=(RIJN)*DELRES+1
IF(NLLE.NDIV) NN(N1)+NN(N1)+1
CONTINUE

CONTINUE

RETURN

END
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The Generation of Random Numbers

Most numerical applications involving GLE and LE methods require the generation of ran-
dom numbers and this is a much discussed and researched topic. The generation of
random numbers means finding a procedure to calculate numbers with no strong statistical
correlations. There are many procedures to test whether a given routine has dtatistical
correlation which we shall not discuss here. Suffice to say that not al random number gener-
ators are equally good and some produce numbers with strong seria correlation. Thus, each
routine should be tested before using in amajor program especidly if many such numbersare
to be generated. The key referenceinthisareais clearly Knuth,* however, the various versions
of Numerical Recipes? have a very good collection of routines to generate random numbers
and an excellent discussion of practical methods for their generation is given by Hammond,
Lester and Reynolds.®

L.1 GENERATION OF RANDOM DEVIATES FOR BD SIMULATIONS
As the random displacements, X; must be generated by calculating coupled random devi-
ates their calculation is one of the most time consuming operations and so efficient meth-
odsfor their generation are vital. This may be done by use of amultivariate normal deviate

generator or by the following scheme’.
First one generates normal un-coupled random deviates,

% (%) =0,(xx;) = 26 At]

and the coupled random displacements are given by a weighted sum of these,

X (A=Y, %

=1 (L.2)
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where the weighting factors are given by

i—1 1/2
o, =D, =Y 5,2
i ( i = ik j (L.Z)

j7
k=1

This method also shows that there are limitations on the form of the D;; used as they must
form a positive definite matrix or else eq. (L.2) will not yield real displacements.
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Hydrodynamic Interaction Tensors

One of the key elements in performing BD simulations on concentrated polymers and
colloidal suspensions is to evaluate the hydrodynamic interaction tensors, both friction
tensors and mobility tensors, which represent the indirect, solvent-mediated interaction
between the particles. As detailed in Chapter 7, there are many methods available to
calculate these tensors and references where these methods and results of their application
may be found are given in that chapter.

However, there are some forms of the mobility tensors for trandational effects, which
are commonly used, and we have thus included formulae for these particular cases below.

In al these formulae, i, = 1/(6nna,), & istheradius of particlei and rr is adyadic.

M.1 THE OSEENTENSOR FORTWO BODIES'

Wi/t =1 M.1)
Wi/t = rij_l(331/4)h+rijrij/rij2] .
M.2 THE ROTNE—PRAGERTENSOR FORTWO BODIES'
Wi/ko =1
° (M.2)

/o = (3a,/4r; )1+ xm, /7| =173 (3a/4) (aF +ad) r;r /r7 —1/31]

M.3 THE SERIES RESULT OF JONES AND BURFIELD FOR TWO BODIES?
Exact results are available for p; for two spheres with stick boundary conditions.®
However, a very convenient expansion in terms of (a/r) has been made by Jones and
Burfield,?

i' |] (I’)l‘ l'” /ru +ﬁij (I’)[ (r rIJ /I'” )} (M 3)
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where o;(r) and f3;(r) are functions of the function (a/r) given by

o (1) = (4mna) Y. all (arr)*™ ")
n=0

By (r) = (4mna) =y bl (arr)>™ ) (M.4)
n=0

where the expansion coefficients are tabulated for dlip and stick boundary conditions.
Many two-body tensors have been expressed in asimilar manner by Jones and co-workers,
for example for permeable spheres and droplets.*

M.4 MAZUR AND VAN SAARLOOS RESULTS FOR THREE BODIES®

/o = & 1+1; (38 /4n ) 1+1ym, /7| =17 ° (3a/4) (87 + a7 ) | x /7 —1/31)]

+ z {"iizrﬁz (—15/8)aa; (a,ay)|(1— 3(£ik'£kj/rijz)2)(rikrkj /Tl )]

K1)

+ri;2r|§4 (3/8) (& alf) (5312 + 3313) H(l_ S(riery /rikrkj)z)(rikrkj /Ml )]

T2y 1 /Nchig) (LB /i)

+ri;4r1;2 (3/8)(aa7) (587 +3a?)[[(1—5(r- g /il )2)(l'ik1'kj /Tl )|

F2( i /Mg )i T /Mg )]

+ °ryg *(1/64)3,3] (49— 117(r - g /My )*)1

—(93—315(r - Iy /Ml )2) (K Ml + M T Mg Mg ) 58X g /M) TikdF i /Mg i
+(729—1575(1 - I /rikrkj)z)(Lik' Ty /Mg Bt Ml “

(M.5)

Results for four-body translation, three-body translation—rotation and rotation—rotation
effects are also availablein ref. 5.

M.5 RESULTS OF LUBRICATION THEORY®

Ladd® gives the form of the friction tensor for two particles using lubrication theory as,

— YA 2 A _ 2
Gy = X () /Y ) [ 1=y /7 (M.6)

where details of the functions X;(r;)) and Y, (r;) are available in the literature’.
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M.6 THE ROTNE—PRAGERTENSOR IN PERIODIC BOUNDARY
CONDITIONS?®

As outlined in Chapter 7, the Rotne—Prager tensor may be summed in PBC'’s and the
result put in a convenient form by Graham et al. 2

1y =[ 1= (6/m)or +40/(3m) o |1

+ 3 MO ) +(ANV) Y, ' M@ (K)cos(k - 1) (M.7)

nez? k#0

wherer;, = r; — r; + nL, L isthelength of aside of the cubic box, « a parameter, the first
summation is over all lattice points n = (n,,n,,n,) with n,,n,,n, integers but excluding the
n = 0 = (0,0,0) and the second sum is over reciprocal lattice vectorsk = 2zn /L.

The explicit expressions for M® and M@ are,

M@ (r) = (C, erfe(ar) +C, exp(—or?) /(Vm))1

+(C, erfc(ar) +C, exp(—a?r?)/(Nr)|rr/r? (M.8)

and

M@ (K) = (r —1/3r3k?)(1+ /4o %k? +1/80 4 k*)6r/k? exp(— 1/ 4o 2k?)[1— kk/k?]

where
C,=(3/4r+12r%3)
C, = (4" r3* + 363 rr2 — 200°r3r? — 9/ 20r +140% % + ar3r 7?)
Cy=3/arr t=3/2r%73)

and

C, = (—4a'r%* — 3u*rr? +160°r3r? + 3/20r — 20°r® — 30r % 72)
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Calculation of Hydrodynamic
Interaction Tensors

For convenience, let us rewrite eq. (7.9) in the form,*
n . n .
Vi =2 n(i.k0,00E; +3 n(j.k 01T,

j=1 j=1

n n
=1

=1

(N.2)

that is, we denote the mobility matrix by p(j,k;a,¢").
Let us assume that the velocity v (r) obeys boundary condition x, for example either free
boundaries or PBC, then

u(r) = [T, (c,r)F()dr (N2)
where F(r’) is the induced hydrodynamic force density in the fluid, the integral is over R®

for free boundary conditions and over the periodic cell of side L for PBC and the Green
function is given by,

Trree(£,1) = (21)° [ (U )~ kkkK 2 explike(r —r)]dk (N.3)
R

and
Toac (1) = Y, (4n?n L) (1~ kk/kk) k™2 exp[2mik-(r —r)/L]

k#0

and if we write the induced force density as,

FO)=Yf (-r)d(r—r,|-a) (N.4)
k=1

where f,(r) is the traction on the surface of sphere k.
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In order to find a series solution, we introduce the spherical harmonics, Y, (r/r) and the
vector harmonicsA,,, ,B,, and C,,, by,?

Ay =11Vl Y, ()

(N.5)
By (t/r) =2V r Y, (o)
and
Cin(t/1) =17 VX Y, (/7))
and this leads to two families of vector functions for | = 1,
Vimo(0) =1 A (/1) N6)

Vi (1) = i 1'C (/1)
and

Vi (D)= [(021) (1 4+2) (2 +1) Ay (1/7) + By (1/1)]
which are solutions of the linearised Navier— Stokes equations and the adjoint set is

Wino (1) = D120 + 1)} r A (1/r) = 3(20 +3) By (1/1)]
Wi (1) = /{10 + D)} 771G, (1/r)
and

Wi (1) = 1A +1)(2 +1)}r 2B, (/1)

J a3 = @) Wi (1) iy (VAT = 6y Gy S (N.8)
R

Introducing the orthonormal set e ; = (1,—i,0)/N2, g, = (0,0,1) and g = —(L,i,0)~2
then

Alm([/r) = (3/4717)1/2 €m andclm([/r) = (3/47[)1/2 €m Xr
Now, we may expand the fluid velocity v about particle j in terms of the functions as,

Ot +1) = D Vi (1) Vi, (1) (N.9)
Ime
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and the induced traction as,

F @)= Ry (KW, () (N.10)
I'm'c’
which leads to
- n -
Vi (D=2, Y, T, (J,Imo; 'm(6") R, (K) (N.12)
k=1I"'m'¢’
where

Tree(hIMo; K I'Mla’) = a*@x%n,) > [ &r [ o1 [ w,, (ar)- (1= Kk/KKK 2w, (ar)
5 p R
Xexplik(r; +ar —r, —ar’)]dk

(N12)

and ¢S, is a unit sphere with its centre at the origin and,

Tegc (i, Imo; kI'mio’) = a* @ L) [ dr [ 'Y, wip,, (ar) (21— kk/kk) K 2wy, o, (ar’)
S S, k#0
xexpl2nik(r; +ar —r, —ar)L]

The stick boundary conditions at the particle surfaces meansthat v(r; + ar) = V, + Q; Xr
and thus,

Vino () = (4n/3)V2V €,
Vi (1) = —i(4n/3)"2 Q; €,

: (N.13)
Vimz(1)=0
V.. (j)=0if I =2
Fimo(J) = (3/4m)Y2E €, /a (N.14)

and

Fum () = —i(3/4m)" T, €, /a
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Equation (N.11) may be truncated at various levels to give approximate solutions and we
will call thisthe Lth approximation if 1 = | and I" = L which gives,

Vi, (1) = 2 i Y T (G Ime; Kk I'me) R, (K) (N.15)

k=11'=1m'c¢’

forl=I1=L.

Equation (N.15) may then be used to construct approximations to u(j,k;a,0"), which
may be done by regarding the objects in eg. (N.15) as elements in a vector space with
components indexed by (j,I,m,s), and the components of the matrix T,'* are indexed in
this way. This vector space may be partitioned into a subspace A composed of the
(j,1,m,0) components with ¢ = 0,1 and a subspace B consisting of the other components,
andthen, V- = V5 + V5, F- = F5 + Fsand THE = Trh, 0 + Thb g + T ga + T g, where
T op maps a vector from subspace D to subspace C.

Then,
L _ LL LL L
VA _T FA Tx AB FB (N 16)
Vg =T P 4T R '
B X BA'A X BB'B
and from eg. (N.13) V5 = 0 and so,
Ff = — Tt 1Ty, Fh and so eqg. (N.16) yields,
(TXLL _ X ABTXL BB*l TXLL BA)FAL

N.1
_ MUE (N.17)

Then we may construct V; and Q, (or E,and T,) and thus from eqg. (N.1) obtain,

1 1
(i ko0 =(3/4ma)i”" Y D MEH(j,Ime;k,Ime") e, €, (N.18)

m=—1m'=-1

It may be shown that*

1. For both free and PBC pt- from eqg. (N.18) is positive definite at all levels of trun-
cation;
2. Incompressibility holds for all L;



References 259

3. Atthelowest level of truncation if (eg. (N.18)) L = 1 then for free-boundary condi-
tions,

n
—(1/20) Y (1-3;3)(1— 3 )15 s> LA —3rjy 1,0
=]
=300/ + O j3/T3° 37303 Faic/Fja Ta)]

(N.19)
and the other components of p;*'(j,k;a,0")/ 1, are the standard Rotne—Prager ones (see
Appendix M, Section M.2).
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Some Fortran Programs

Some may have noted the paucity of diagrams in this book. This is quite deliberate as |
believe that it is preferable for the reader to go to the original literature and also to gener-
ate data for themselves. | also believe that the reader will profit greatly from generating
their own data for various parameter values, plotting this data for themselves and finding
out what effect changing various parameters has on the calculated values of the quantity
of interest.

To this end | have included below three FORTRAN programs, these are rather old pro-
grams and are not intended to be research tools but are only included as aids to under-
standing.

These programs are as follows:

=

voLsoL which computes a time correlation given an assumed memory function.

2. MEANBD which is a BD program based on the simple Ermak BD algorithm (egs.
(6.45) and (7.27)) in the diffusive limit. It will calculate the pressure, energy, radial
distribution function and mean-square displacement.

3. spHERE3 Which is a program to calculate the positions for three hydrodynamically

interacting spheresfalling in agravitational field. It usesthe mobility tensor of Mazur

and van Saaloos, Physica, 115A, 21-57 (1982) and was written by Dr. Keith Briggs.

Two excellent introductions to algorithms suitable for implementing many of the
numerical schemes discussed in this book are as follows:

1. SE. Koonin and D.C. Meredith, Computational Physics, Fortran Version, Addison-
Wesley, CA, USA, 1990, this book includes Fortran programs in particular some to
carry out Monte Carlo calculations including basic Quantum Monte Carlo ones.

2. FJ. Vesdly, Computational Physics, An Introduction, Kluwer Academic/Plenum
Publishers, New York, 2001.

Other programs may be found in the literature as a search on the World Wide Web will
reveal. Some of these programs are as follows:

1. BrownD which performed BD simulations in the diffusive limit using the Ermak-
McCammon agorithm with either Oseen or Rotne-Prager two-body hydrodynamic
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interactions with a simple cutoff. This program may be found at the time of writing
at http://www.mpikg-golm.mpg.de/th/physik/allen_tildesley/allen tildesley.33

2. T.J. Wadls, Kinetic Monte Carlo Smulations of Perovskite Crystal Growth with Long
Range Coulomb Interactions, Thesisfor Bachelor of Science with Honorsin Physics,
College of William and Mary, VA, USA, 1999, which contains a KMC program.

3. P Stoltze, Microkinetic Smulation of Catalytic Reactions, Prog. Surf. Sci., 65,
65—-150 (2000), which contains a KMC program.

4,  Routinesto construct a Quantum Monte Carlo code are available in:
B.L. Hammond, W.A. Lester Jr. and P.J. Reynolds, Monte Carlo Methodsin Ab Initio
Quantum Chemistry, World Scientific, Singapore, 1994.

5. The Quantum Monte Carlo code CASINO is available from http://www.tcm.phys.cam.
ac.uk/~mdt26/casino2.html but registration is necessary.

Various full MD codes are also currently available, some of which are free and some
which require the paying of fees, details of many of these program may be found on the
World Wide Web.

Subroutines are also available which may be used to construct an MD program, for
example:

1. M.P Allen and D.J. Tildesley, Computer Smulation of Liquids, Oxford University
Press, 1994.

2. D. Fincham and D.M. Heyes, Recent Advances in Molecular-Dynamics Computer
Smulation, M.W. Evans (ed.), Adv. Chem. Phys., LXIII, Wiley, 1985.

3. Frenkel and Smit have, at the time of writing, much useful information on the World
Wide Web, e.g. see http://molsim.chem.uvanl/frenkel_smit/README.html

4. At the time of writing Allen and Tildesley also have very useful information avail-
able at http://www.mpikg-golm.mpg.de/th/physik/allen_tildesley/allen_tildesley.33

5. Also at thetime of writing, the following web site isworth visiting http://www.CCP5

PROGRAM VOLSOL

C
C
C SOLVES THE VOLTERRA EQUATION FOR A TIME CORRELATION FUNC-
TION, Y(T), GIVEN THE
C CORRESPONDING MEMORY FUNCTION , FUNKY/(T)
C  B.J. Berne and G.D. Harp, On the Calculation of Time Correlation Functions, in
Advances in Chemical
C  Physics, XVII, Editors |. Prigogine and S.A. Rice, Wiley, New York, 1970, p. 217,
218, 221-222.
C TOCALCULATE THE MEMORY FUNCTION FROM A CORRELATION FUNC-
TION ISMORE
C DIFFICULT, SEE THE ABOVE REFERENCE, pp. 217-221
C

DIMENSION TIME(700),FUNKA(700),Y (700)
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COMMON/PARAMS/A,B
NP=700
TIMAX=100.0
DT=TIMAX/NP
DT2=DT*DT
T0=0.0
Y0=1.0
A=1.0
B=-1.0/2.00
FUNKYO=FUNKY (T0)
PRINT 1
PRINT 2,NPTIMAX,DT
PRINT 3,T0,YO,FUNKYO
1 FORMAT(///I/I1,40X,* MEMORY FUNCTION PROGRAM * ////If)
2 FORMAT(* NP =* [52X,* MAXIMIUM TIME =* E16.9,
12X * DT = * E16.9///)
3 FORMAT(* INITIAL TIME = * E16.9,5X,* YO = * E16.9,5X
1,* MO = *,E16.9,///)
T=TO+DT
TIME(L)=T
Y(1)=1.0-0.5*FUNKYO*T*T
T=T+DT
TIME(Q2)=T
Y (2)=1-DT2* (FUNKY (TIME(1))+FUNKYO* Y (1))
T=TO
DO 10 I1=1,NP
T=T+DT
TIME()=T
FUNKA(1)=FUNKY (T)
10 CONTINUE
DO 41=3NP
IM1=1-1
IM2=]-2
Y(1)=Y (IM2)-DT2* (FUNKA(IM1)+ FUNKYO*Y (IM1))
SUM=0.0
DO 5 J=2,IM1
IMJE=I-J
SUM=SUM +FUNKA(J)*Y (IMJ)
5 CONTINUE
Y()=Y (1)-2.0DT2* SUM
4 CONTINUE
DO 6 I=1,NP
PRINT 7,1, TIME(1),Y (1),FUNKA(l)



264 Appendix O

7 FORMAT(*| = *,15,2X * TIME = * E16.9,2X * Y (I)= * E16.9,
12X,* M(l) = * E15.9)

6 CONTINUE
STOP
END

FUNCTION FUNKY (T)

C
C MEMORY FUNCTION
C

COMMON/PARAMS/A B
FUNKY =A*EXP(B*T)
RETURN

END

PROGRAM MEANBD
C

C  BROWNIAN DYNAMICS PROGRAM FOR A SPHERICALLY SYMMETRIC
PAIR POTENTIAL

C THISVERSION FOR A HYDRODYNAMICALLY DILUTE DISPERSION WITH
DIRECT

C COMPUTATION OF MEAN SQUARE DISPLACEMENTS

C IT CAN USE TWO DIFFERENT TIME STEPS, ONE DTP FOR EQUILIBRATION
C TWODT FOR RUN PROPER

COMMON/COREL/X2R(15,256),Y 2R(15,256),Z2R(15,256),

1X25(15,256),Y 25(15,256),Z25(15,256),
2SUMX2(256),SUMYY 2(256),SUMZ2(256),IACCUM

COMMON/MAID/DIAM

COMMON/CORDS/XH(256),Y H(256),ZH(256),X (256),Y (256),Z(256)

1,NN(200)

COMMON/INFO/NMOL XL XL 2,XL5RCUT,RCORE,RCORE2,NTY PE,IBCC,
INPRE,NTSTEPS,| TTOT,NPRINT,NWRITE,DT,DKTDT,DK TDTP,SQRVAR,
SQRVARP

2YL,YL2,ZL,ZL2

COMMON/FORCOR/INDIV,NCHAN,MULT,KMAX, TPIL

DIMENSION CXA(256),CYA(256),CZA (256),CRA(256)

IF NTYPE=2 CONTINUES PREVIOUS RUN

C

C IFNTYPE=1 RUN STARTSFROM FCC LATTICE

C

C IFNTYPE=3 RUN RE-ZEROS VARIABLES AND STARTS FROM END
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OF PREVIOUS RUN

SET UP DATA TO START A RUN

AND IF NTYPE NE 2 DO NPRE EQUILIBRATION STEPS
CALL STARTER

NNMOL=NMOL

Cc
Cc
Cc
Cc

CORRELATOR ROUTINE

NCHAN= NO. OF CHANNELS IN CORRELATION FUNCTION
EACH CHANNEL BEING SEPARATED BY A TIME TOR = MULT * H

O0O0000

TORT=MULT*DT
TORMAX=NCHAN*TORT
C NBIG=TIME STEPS EQUIVALENT TO TORMAX
NBIG=MULT*NCHAN
WRITE(9,134) TORT,TORMAX,NBIG
134 FORMAT(//,;TOR ="E16.9,' TORMAX ="E16.9,
1' NUMBER OF STEPS EQUIVALENT TO TORMAX ="15,//)
ISTART=ITTOT
KOUNT=KOUNT+1

IF(NTYPE.EQ.2) GO TO 2345
ICHAN=NCHAN+1

INITIALIZE THE NCHAN REGISTERS

OO0

ITSTEPS=0

6 CONTINUE
ITSTEPS=ITSTEPS+1
IF(ICHAN.LE.1)GOTO 6000
CALL MOVE(ITSTEPS,1)
IF(MOD(ITSTEPS,MULT).NE.0) GO TO 60
ICHAN=ICHAN-1
DO 61 IM=1,NMOL
X2R(ICHAN,IM)=XH(IM)
Y2R(ICHAN,IM)=YH(IM)
Z2R(ICHAN,IM)=ZH(IM)

61 CONTINUE

60 CONTINUE
GOTO®6

6000 CONTINUE

C
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C ZERO STORES

C
IACCUM=0
ITTOT=0
ISTART=1
DO 899 ICHAN=1,NCHAN
DO 899 IMOL=1,NMOL
X2S(ICHAN,IMOL)=0.0
Y 2S(ICHAN,IMOL)=0.0
Z2S(ICHAN,IMOL)=0.0

899 CONTINUE
DO 888 IMOL=1,NMOL
SUMX2(IMOL)=0.0
SUMY 2(IMOL)=0.0
SUMZ2(IMOL)=0.0

888 CONTINUE

2345 CONTINUE
IT=ISTART-1

7 CONTINUE
IT=IT+1
CALL MOVE(IT,2)
IF(MOD(IT,MULT).NE.0) GO TO 7000
DO 70 IMOL=1,NMOL

C  MAKE FIRST CHANNEL = CURRENT SAMPLE

X20=XH(IMOL)
Y20=YH(IMOL)
Z20=ZH(IMOL)

ACCUMULATE SUMS FOR X*X,Y*Y AND Z*Z

OO0

XOX0=X20*X20
YOYO=Y20*Y20

Z070=720*720
SUMX2(IMOL)=SUMX2(IMOL)+XOXO
SUMY 2(IMOL)=SUMY 2(IMOL)+YOYO
SUMZ2(IMOL)=SUMZ2(IMOL)+Z0Z0O
DO 700 KK=1,NCHAN

K=NCHAN-KK

MULTIPLY AND ADD INTO STORES

OO0

KP1=K+1
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OO0

X2RT=X2R(KP1,IMOL)

Y2RT=Y2R(KP1,IMOL)

Z2RT=Z2R(KPL,IMOL)

X2S(KP1,IMOL)=X 2S(K PL,IMOL)-2.0% X 20* X 2RT
1+XOXO+X2RT*X2RT

Y 2S(KP1,IMOL)=Y 2S(K PLIMOL)-2.0* Y 20* Y 2RT
1+YOYO+Y2RT*Y 2RT
Z2S(KP1,IMOL)=Z2S(KP1,IMOL)-2.0* Z20* Z2RT
1+Z0Z0+Z2RT*Z2RT

IF(K.EQ.0) GO TO 777

SHIFT REGISTERS
X2R(KP1,IMOL)=X2R(K,IMOL)

Y2R(KPL,IMOL)=Y 2R(K,IMOL)
Z2R(KPL,IMOL)=Z2R(K,IMOL)

700 CONTINUE
777 CONTINUE

X2R(1,IMOL)=X20
Y2R(1,IMOL)=Y20
Z2R(1,]MOL)=220

70 CONTINUE

IACCUM=IACCUM+1

7000 CONTINUE

IF(MOD(IT,NPRINT).NE.0) GO TO 77
FACTOR=FLOAT(NMOL)
FAC=FLOAT(IACCUM)
WRITE(9,800)I T,|ACCUM

800 FORMAT(IT =",19,'IACCUM =",19,//)

C
C
C

8000 FORMAT('EQUILIBRIUM VALUES OF X2Y2AND 22'//)

CALCULATE AVERAGE VALUE OF X2,Y2AND Z2

WRITE(9,8000)

CX=0.0

CY=0.0

CZ=0.0

CXYZ=0.0

DO 11 IMOL=1,NMOL
CX1=SUMX2(IMOL)/FAC
CY1=SUMY2(IMOL)/FAC
CZ1=SUMZ2(IMOL)/FAC
CXYZ1=CX1+CY1+CZ1

267



268 Appendix O

CX=CX+CX1
CY=CY+CY1
Cz=Cz+Cz1
CXYZ=CXYZ+CXYZ1
IF(INDIV.NE.Q)WRITE(9,12)IMOL,CX1,CY1,CZ1,CXYZ1

12 FORMAT(I =13, X2 = 'E12.6,'Y2 = ' E12.6,
1'72 ="E12.6, R2 =',E12.6)

C

11 CONTINUE
CX=CX/FACTOR
CY=CY/FACTOR
CZ=CZIFACTOR
CXYZ=CXYZ/FACTOR

C
WRITE(9,7776)CX,CY,CZ,CXYZ

7776 FORMAT(EQUILIBRIUM M.S.D. SAVERAGED OVER PARTICLES!//,
1'X2 =" [E12.6, Y2 ="[E12.6, Z2 = 'E12.6, R2 = ' E12.6)
WRITE(9,8001)

8001 FORMAT('TIME DEPENDENT MEAN SQUARE DISPLACEMENTS,//)
DO 555 1C=1,NCHAN
CXA(IC)=0.0
CYA(IC)=0.0
CZA(IC)=0.0
CRA(IC)=0.0

555 CONTINUE
DO 8 IMOL=1,NMOL
CX=0.0
CY=0.0
Cz=0.0
CXYZ=0.0
DO 9 ICHAN=1,NCHAN
CX1=X2S(ICHAN,IMOL)/FAC
CY1=Y2S(ICHAN,IMOL)/FAC
CZ1=72S(ICHAN,IMOL)/FAC
CXYZ1=CX1+CY1+CZ1
TORT=DT*ICHAN*MULT
IF(INDIV.NE.OQ)WRITE(9,10)| CHAN, TORT,CX1,CY1,CZ1,CXYZ1

10 FORMAT('CHAN NO.'I3,' TOR = 'E12.6,
1'X2="E126,Y2="E126'Z2="E126, R2 ="' E12.6)
CXA(ICHAN)=CXA(ICHAN)+CX1
CYA(ICHAN)=CYA(ICHAN)+CY1
CZA(ICHAN)=CZA(ICHAN)+CZ1
CRA(ICHAN)=CRA(ICHAN)+CXYZ1
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9 CONTINUE
8 CONTINUE
WRITE(9,15)
15 FORMAT('MEAN SQUARE DISPLACEMENTSAVERAGED OVERALL PARTI-
CLES
1, IN DIAMETERS SQUARED!' /)
DO 16 ICHAN=1,NCHAN
CX=CXA(ICHAN)/FACTOR
CY=CYA(ICHAN)/FACTOR
CZ=CZA(ICHAN)/FACTOR
CXYZ=CRA(ICHAN)/FACTOR
TORT=DT*MULT*ICHAN
WRITE(9,10)| CHAN, TORT,CX,CY,CZ,CXYZ
16 CONTINUE
WRITE(9,17)
17 FORMAT(MEAN SQUARE DISPLACEMENTS AVERAGED OVER ALL
PARTICLES
1, 'IN METRES SQUARED PER SEC',//)
FACT=FACTOR/(DIAM*DIAM)
DO 18 ICHAN=1,NCHAN
CX=CXA(ICHAN)/FACT
CY=CYA(ICHAN)/FACT
CZ=CZA(ICHAN)/FACT
CXYZ=CRA(ICHAN)/FACT
TORT=DT*MULT*ICHAN
WRITE(9,10)| CHAN, TORT,CX,CY,CZ,CXYZ
18 CONTINUE
77 CONTINUE
ITTOT=ITTOT+1
C DO 98221=1,NMOL
C  WRITE(9,5497)1 X(1),Y (1),Z()
C9822 CONTINUE
C DO 8776 1=1,NMOL
C  WRITE(9,5497)1 XH(I),YH(1),ZH(l)
C8776 CONTINUE
5497 FORMAT(' | ='I13 X ="' E16.9,'Y ="' E16.9,
1'Z ="E16.9)
IF(MOD(IT,NWRITE).NE.0)GO TO 7777
C
C  WRITE OUT RESTART INFORMATION
C
REWIND 10
WRITE(10)XH,YH,ZH,X,Y,Z, | TTOT
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REWIND 10
REWIND 11
WRITE(11)NN,X2R,Y 2R,Z2R,X2S,Y 25,22S,SUMX2,SUMY 2,SUMZ2,| ACCUM
REWIND 11
REWIND 12
WRITE(12) ITTOT,NN
REWIND 12

7777 CONTINUE
IF(ITLT.NTSTEPS) GO TO 7
STOP
END

SUBROUTINE STARTER

C ROUTINEWHICH INITIALIZESA RUN

COMMON/COFM/CMXO,CMYO,CMZO
COMMON/CORDS/XH(256),Y H(256),ZH(256),X (256),Y (256),Z(256)
1,NN(200)
COMMON/COREL/X2R(15,256),Y 2R(15,256), Z2R(15,256),
1X25(15,256),Y 25(15,256),Z25(15,256),
2SUMX2(256), SUMY 2(256),SUM Z2(256),IACCUM
COMMON/INFO/NMOL XL XL 2,XL5RCUT,RCORE,RCORE2,NTY PE,IBCC,
INPRE,NTSTEPS,I TTOT,NPRINT,NWRITE,DT,DK TDT,DK TDTPSQRVAR, SQR-
VARP
2YLYL27ZL,ZL2
COMMON/FORCOR/INDIV,NCHAN,MULT,KMAX, TPIL
COMMON/FORDF/DEL REC,DELTA,PRODEL ,NDIV
COMMON/STORE/IGAPIFILE,KOUNT
1,IXYZ(256,10)

READ INPUT INFORMATION AND SET UP RUN

OO0

CALL SETUP
IF(NTYPE.NE.1) GO TO 1
IF(IBCC.EQ.1)GO TO 984
C
C SET UPAN FCC LATTICE
C
NC=(NMOL/4)**(1./3.)+0.01
CUBE=XL/FLOAT(NC)
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WRITE(9,5)

5 FORMAT(/,F.C.C. LATTICE /)
X(1)=0.0
X(2)=0.5* CUBE
X(3)=0.0
X(4)=0.5* CUBE
Y(1)=0.0
Y (2)=0.5* CUBE
Y (3)=0.5* CUBE
Y(4)=0.0
Z(1)=0.0
Z(2)=0.0
Z(3)=0.5* CUBE
Z(4)=0.5* CUBE
M=0
DO 13 I=1,NC
DO 13 J=1,NC
DO 13 K=1,NC
DO 14 11,4
L=1J+M
X(L)=X (1) + CUBE* (K-1)
Y(L)=Y (1)) + CUBE* (3-1)
Z(L)=Z(19)+CUBE*(I-1)
XH(L)=X(L)

YH(L)=Y(L)
ZH(L)=Z(L)
WRITE(9,2)L X(L),Y(L),Z(L)

2 FORMAT(L ='I5'X ='E126'Y ='E126'Z ="
1,E12.6)

14 CONTINUE
M=M +4

13 CONTINUE
GOTO3

984 CONTINUE

C

C SETUPB.C.C.LATTICE

C
WRITE(9,6)

6 FORMAT(/,B.C.C LATTICE'//)
IL=(NMOL/2)**0.333333+0.01
IF(2*IL**3.LT.NMOL) IL=IL+1
D=XL/IL
D1=D/2.0
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L=0
DO 200 I=1,IL

DO 200 J=1,IL

DO 200 K=1,IL
L=L+1
X(L)=(I-1)*D
Y(L)=(F1)*D
Z(L)=(K-1)*D
XH(L)=X(L)
YH(L)=Y(L)
ZH(L)=Z(L)
L=L+1
X(L)=(I-1)*D+D1
Y(L)=(31)*D+D1
Z(L)=(K-1)*D+D1
XH(L)=X(L)
YH(L)=Y(L)
ZH(L)=Z(L)
IF(L.GE.NMOL) GO TO 33

200 CONTINUE
33 CONTINUE

3

CONTINUE
CMX=0.0

CMY=0.0

CMZ=0.0

DO 201 I=1,NMOL
WRITE(9,211) 1,X(1),Y (1),Z(1)
CMX=CMX+X(1)
CMY=CMY +Y(I)
CMZ=CMZ+Z(l)

201 CONTINUE
211 FORMAT(' I =13 X ="E12.6,'Y ="E12.6, Z =',E12.6)

O00 kR

FM=FLOAT(NMOL)
CMXO=CMX/FM
CMYO=CMY/FM
CMZO=CMZ/FM
GO TO 300
CONTINUE

IF NOT A NTYPE = 1 READ RESTART INFORMATION

REWIND 10
READ(10)XH,YH,ZH,X,Y,Z,ITTOT
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REWIND 10

READ CORRELATOR RESTART INFORMATION

OO0

REWIND 11
READ(11)NN,X2R,Y 2R,Z2R,X2S)Y 25,72S,SUMX2,SUMY 2,SUMZ2,|ACC
REWIND 11

READ RADIAL DISTRIBUTION INFORMATION

OO0

REWIND 12
READ(12)I TTOT,NN
REWIND 12
C
IF(NTYPE.EQ.2) GO TO 4
300 CONTINUE
DO 2222 IG=1,NDIV
NN(IG)=0
2222 CONTINUE
C DO EQUILIBRATION
C
ITTOT=0
DO 111 IT=1,NPRE
CALL MOVE(IT,3)
ITTOT=ITTOT+1
111 CONTINUE
C
C  SET UP CHECKERBOARD CO-ORDINATES IN MAIN CELL
C AFTER EQUILIBRATION
C

DO 19 I=1,NMOL
XH(1)=X(1)
YH()=Y (1)
ZH(1)=2(1)

19 CONTINUE
DO 20 IG=1,NDIV
NN(IG)=0

20 CONTINUE
ITTOT=1

4 CONTINUE
RETURN
END

C
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C

SUBROUTINE MOVE(ITKL)
C
C BROWNIAN DYNAMICS MOVE ROUTINE SEARCHESALL PARTICLES FOR
INTERACTIONS
C

COMMON/COFM/CMXO,CMYO,CMZO

COMMON/CORDS/XH(256),Y H(256),ZH(256),X (256),Y (256),Z(256)
1,NN(200)

COMMON/INFO/NMOL XL XL 2,XL5RCUT,RCORE,RCORE2,NTY PE,IBCC,
INPRE,NTSTEPS,I TTOT,NPRINT,NWRITE,DT,DKTDT,DKTDTP,SQRVAR,
SQRVARP
2,YL,YL2,ZL,ZL2

COMMON/FORDF/DEL REC,DELTA,PRODEL ,NDIV

DIMENSION TFX (256), TFY (256), TFZ(256)

DELT=DKTDT

SQRV=SQRVAR

ZERO POSITION OF CENTRE OF MASS

OO0

CMX=0.0

CMY=0.0

CMZ=0.0
IF(KL.EQ.3)DELT=DKTDTP
IF(KL.EQ.3)SQRV=SQRVARP

ZERO THE TOTAL FORCE ON EACH PARTICLE

OO0

DO 10 1=1,NMOL
TFX(1)=0.0
TFY (1)=0.0
TFZ(1)=0.0
10 CONTINUE
NMUL=NMOL-1
DO 11 I1=1,NMUL
X1=X(1)
YI=Y(l)
z1=2(1)
K=l+1
DO 11 J=K,NMOL
C
C  MINIMIUM IMAGE CONVENTION
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C

OO0 OO0 OO0 OO0 OO0

OO0

DXI1=XI1-X(J)
IF(DXI.GT.XL2) DXI=DXI-XL
IF(DX1.LT.-XL2) DXI=DXI+XL
DYI=YI-Y(J)

IF(DYI.GT.YL2) DYI=DYI-YL
IF(DYI.LT.-YL2) DYI=DYI+YL
DZI=ZI-Z(J)

IF(DZI.GT.ZL2) DzI=DZI-ZL
IF(DZI.LT.-ZL2) DZI=DZI+ZL
XNER=(DXI**2+DY [**2+DZI**2)

RDIS=SQRT(XNER)
CHECK FOR SPHERICAL CUT-OFF

IF(RDIS.GE.XL2) GOTO 11
RS=RDIS

UPDATE COUNTER FOR G(R)

NR=RS*DELREC+1
IF(NR.LE.NDIV) NN(NR)=NN(NR)+1

WORK OUT PAIR FORCE AND POTENTIAL
CALL POTFN(POT,FORCE,XNER)
F = -DU/DU *X/R = X COMPONENT OF F
F=DXI*FORCE
TFX()=TFX(1)+F
TRX(J)=TFX(J-F
Y COMPONENT OF F
F=DY* FORCE
TRY()=TFY(l)+F
TFY ()=TFY(J-F
Z COMPONENT OF F

F=DZI*FORCE

275
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TFZ()=TFZ(I)+F
TFZ()=TFZ(J)-F

11 CONTINUE
C
C WORK OUT RANDOM FORCE
C
AM=0.0

DO 12 1=1, NMOL
CALL GAUSS(SQRV,AM,RFX)
CALL GAUSS(SQRV,AM,RFY)
CALL GAUSS(SQRV,AM,RFZ)
TEX()=TFX(I)* DELT

TFY ()=TFY (I)*DELT
TFZ()=TFZ(l)* DELT

ERMAK ALGORITHM FOR R(T+DT) - R(T)

OO0

XH(1)=XH(1)+RFX+TFX(l)
YH()=YH(I)+RFY +TFY(l)
ZH()=ZH(l)+RFZ+TFZ(1)

ACCUMULATE CENTRE OF MASS POSITION

OO0

CMX=CMX+XH(l)
CMY=CMY +YH(l)
CMZ=CMZ+ZH(l)
12 CONTINUE
C
C SUBTRACT OUT CENTRE OF MASS MOVEMENT
C
RNMOL=FLOAT(NMOL)
CMX=CMX/RNMOL
CMY=CMY/RNMOL
CMZ=CMZ/RNMOL
DO 14 I=1,NMOL
XH()=XH()+(CMXO-CMX)
YH(1)=YH(1)+(CMYO-CMY)
ZH(1)=ZH(1)+(CMZO-CMZ)
14 CONTINUE
C
C  NOW APPLY THE PERIODIC BOUNDARY CONDITIONS
C
DO 15 I=1,NMOL
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X(1)=AMOD(XH(1)+XL5,XL)
Y (I)=AMOD(YH(I)+XL5,YL)
Z(1)=AMOD(ZH(1)+ XL5,ZL)

15 CONTINUE
IF(MOD(IT,NPRINT).NE.0) GO TO 13

WRITE OUT DATA TO OUTPUT FILE 9

OO0

IF(KL.EQ.1)GO TO 13

R.D.F. PRINTING ROUTINE

OO0

YDB=(ITTOT+1)*NMOL

WRITE(9,123)

DO 18 11=1,NDIV

XDB=NN(II)

Z7=XDB/YDB

Z1=(11-0.5)* DELTA

zZY=71

Z1=71*71* PRODEL

77=77/71

WRITE(9,124)I1,2Y,2Z
123 FORMAT(//,RADIAL DISTRIBUTION FUNCTION '//)
124 FORMAT(I ='14,' R =" F12.6, G(R) = 'F12.6)
18 CONTINUE
13 CONTINUE

RETURN

END
C

SUBROUTINE SETUP

C
COMMON/INFO/NMOL,XL,XL2,XL5RCUT,RCORE,RCORE2,NTY PE,|IBCC,
INPRENTSTEPS,ITTOT,NPRINT,NWRITE,DT,DKTDT,DKTDTR,SQRVAR,SQR-
VARP
2YLYL2ZL,ZL2
COMMON/FORCOR/INDIV,NCHAN,MULT,KMAX,TPIL
COMMON/MAID/DIAM
COMMON/FORPOT/CONST,TOR
COMMON/RANF/ISEED
COMMON/FORDF/DELREC,DELTA ,PRODEL ,NDIV
DATA PI1/3.141592654/,BK/1.38E-23/,EL CH/1.602E-2/,
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1PERM)/8.854/ AVAG/60.225 /
OPEN(UNIT=8,FILE='BDSC.IN',FORM="FORMATTED',STATUS='OL D)
OPEN(UNIT=9,FILE="BDSC.OUT',FORM="FORMATTED',STATUS='0LD)
OPEN(UNIT=10,FILE="BDSC.POS,FORM="UNFORMATTED',STATUS='0L D)
OPEN(UNIT=11,FILE="BDSC.RES,FORM="UNFORMATTED',STATUS='0L D)
OPEN(UNIT=12,FILE='BDSC.GR',FORM="UNFORMATTED',STATUS="OLD')
C
C READ IN CONTROL DATA
C
WRITE(9,9876)
9876 FORMAT('BROWNAIN DYNAMICS PROGRAM//)
REWIND 8
READ(8,1000)NMOL ,CONC, TEMPFRACT,VISC,EPS RAD,RCORE,SURPOT,DTP
1,DT,NTY PE,NPRE,NTSTEPS,NPRINT,NWRITE,NDIV,NCHAN,MULT,KMAX | POT
2,INDIV,IBCC
1000 FORMAT(16,/,F10.0,/,F10.0,/,F10.0,/,F10.0,/,F10.0,/,F10.0,
1/,F10.0,/,F10.0,/,F10.0,/,F10.0,,13/,16/,16/,16./,16./,
213,/,13,/,13,/,13,/,13,/,13,/,13)
C
RAD=RAD*1.0E-10
| SEED=-2000
DIAM=RAD+RAD
BKT=TEMP*BK
1234 FORMAT('TOR =',E16.9, CONST = ' E16.9,//)
DEBKAP=2.0* AVAG* CONC/(EPS* PERM* BK T)
1235 FORMAT('DEBKAP = ',E16.9, KAPPA D = ',E16.9,
1' 1.0/DEBKAP = ' E16.9,//)
DEBKAP=SQRT(DEBKAP)*ELCH
DEB=1.0/DEBKAP
RT=DEBKAP*RAD*2.0
WRITE(9,1235)DEBKAPRT,DEB
CONST=2.0* PI* RAD* EPS* PERM* SURPOT* SURPOT
CONST=CONST*(1.0E-12)
TOR=-DEBKAP*RAD*2.0
CONST=CONST/BKT
CONSTT=CONST*2.0*RAD
WRITE(9,1234) TOR,CONSTT
IF(IPOT.EQ.1) GOTO 543
C
C  WRITE OUT PAIR POTENTIAL AND FORCE VERSES R
C
WRITE(9,8709)
8709 FORMAT('PAIR POTENTIAL AND PAIR FORCE'//)
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RR=RCORE
RHO=6.0* FRACT/(100.0* PI)
XL=(NMOL/RHO)**0.3333333
XL2=XL/2.0
DELR=(XL2-RCORE)/100.0
DO 11=1,100
RR=RR+DELR
R2=RR*RR
CALL POTFN(POT,FORCE,R2)
WRITE(9,2)RR,POT,FORCE
2 FORMAT(R ='[E126, POT ='E12.6,' FORCE ='E12.6)
1 CONTINUE
543 CONTINUE
RHO=6.0* FRACT/(100.0* PI)
X=(NMOL/RHO)**0.3333333333
WRITE(9, 3)CONC,RAD,DEB,RHO,FRACT
3 FORMAT(///CONC ="',F10.6, RADIUS = ',E12.6,' UKAPPA ="' E125
1, RHO =',F10.6, FRACT ="F10.6,/)
XL=X
XL2=XL/2.0
YL=XL
YL2=YL/2.0
ZL=XL
ZL2=7L/2.0
RCUT=XL2
RCUT2=RCUT*RCUT
XL5=5.0%XL
RCORE2=RCORE*RCORE
TPIL=2.0*PI/XL
DELTA=(XL2)/NDIV
PRODEL=2.0* PI* DELTA*RHO
DELREC=1.0/DELTA
DKTDT=DT/(6.0*PI*VISC*RAD)
DO=DKTDT/DT
DO=BKT*DO0
DKTDTP=DKTDT*(DTP/DT)
WRITE(9,4390)D0
4390 FORMAT('DO = ',E16.9,//)
SQRVAR=SQRT(2.0* DKTDT*BK* TEMP)
SQRVARP=SQRT (2.0 DK TDTP*BK* TEMP)
SQRVAR=SQRVAR/DIAM
SQRVARP=SQRVARP/DIAM
DKTDT=DKTDT*BKT/(DIAM*DIAM)
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DKTDTP=DKTDTP*BKT/(DIAM*DIAM)
WRITE(9,212)SQRVAR,DKTDT,SQRVARPDKTDTRDELTA
212 FORMAT('SQRVAR ="[E16.9,' DKTDT ="'E16.9
1,/;SQRVARP ='E16.9, DKDTP = ',E16.9,//,
2DELTA FOR RDF =",F16.9,//)
WRITE(9,318)XL,XL2,XL5RCORE,RCORE2
318 FORMAT('XL ="F16.9, XL/2 ="F16.9,' 5 XL ="F16.9,
1//RCORE =",E16.9,' RCORE X RCORE =",E16.9,//)
TORT=MULT*DT
WRITE(9,414)NCHAN,MULT,KMAX,TORT
414 FORMAT('NO. OF CHANNELS =",13, MULT ="13,
1'KMAX ="I3, TOR =",E16.9,//)
RETURN
END

SUBROUTINE POTFN(STAT,DERIV,S)
C PAIRPOTENTIAL AND PAIR FORCE/R
C THISVERSION FORA SCREENED COULOMB POTENTIAL
C

COMMON/FORPOT/CONST,TOR
Y=SQRT(S)
X=Y-1.0

PAIR POTENTIAL

OO0

STAT=CONST*EXP(TOR*X)/Y

PAIR FORCE/R

OO0

DERIV=-STAT*(TOR*Y-1.0)/Y
DERIV=DERIV/Y

RETURN

END

SUBROUTINE GAUSS(S,AM V)

IT NEEDSA FUNCTION RAND(ISEED) WHICH GENERATES RANDOM

C
C ANIBM ROUTINE TO RETURN A GAUSSIAN RANDOM NUMBER
C
C NUMBERSUNIFORMLY DISTRIBUTED ON (0,1)
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C SUCH A FUNCTION MAY BE FOUND IN,
C  "Numerica Recipesin Fortran: The Art of Scientific Computing", Chapter 7,
C  Cambridge University Press, UK.
C
COMMON/RANF/ISEED
A=0.0
DO 1 I=1,12
1 A=A+RAND(ISEED)
V=(A-6.0)*S+AM
RETURN
END
C
PROGRAM SPHERE3
C
C VERSION OF KEITH BRIGG S N-SPHERE STOKESIAN DYNAMICS PRO-
GRAM
C THISVERSION USESTHE MOBILITY TENSOR OF MAZURAND VAN SAAR-
LOQOS,
C  PHYSICA 115A,21-57,1982. AND WASWRITTEN ON 24/9/1990 FOR THE 3-
SPHERE CASE
C
COMMON/DATAIN/A(3)
COMMON/INFO/IOUT
COMMON/FT/FORCE(3,3), TORQUE(3,3)
DIMENSION POS(18),DPOS(18),VEL (18)
C EXTERNAL F
C
C  SET UP FORCES ,TORQUES AND INITIAL POSITIONS FOR THREE SEDI-
MENTING SPHERES
C
C  N.B. THE FIRST 9 LOCATIONS IN ARRAY POS ARE THE X,Y AND Z CO-
ORDINATES OF THE
C PARTICLESAND THE LAST 9 LOCATIONSARE THE ANGLES
C AND THEY ARE STORED AS X1,Y1,71,X2,Y2,72,X3,Y3,Z3
C TXLTYLTZ1TX2TY2TZ2,TX3,TY3AND TZ3
C
C FIRST INITIALIZE POSITIONS, FORCES AND TORQUES TO ZERO
C
PRINT 500
500 FORMAT(//,' 3 SPHERE SEDIMENTATION MAZUR TENSOR TO O(R-4)"//)
C
CALL INIT(POS)
C
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PRINT 1239,POS(1),POS(2),POS(3),POS(4),POS(5),
1POS(6),POS(7),POS(8),POS(9)
1239 FORMAT(3(2X,E12.6))
C SET UP SPHERE RADII
C
A(1)=0.4
A(2)=0.4
A(3)=0.4

NOW FOR THE INITIAL POSITIONS

X1, X2 AND X3

O00O00O0

POS(1)=0.0
POS(2)=0.00
POS(3)=0.0
POS(4)=0.0
POS(5)=1.0
POS(6)=1.0
POS(7)=0.0
POS(8)=1.0
POS(9)=-1.0

FORCE DUE TO GRAVITY IN X - DIRECTION

O00

FORCE(1,1)=1.0
FORCE(2,1)=1.0
FORCE(3,1)=1.0

REPOSITION Y| 'S FOR CONVENIENT DISPLAY

DO 999 1=1,3
IT=3*I-1
POS(1T)=170./0.1
C999 CONTINUE

C
C
C
C
C
C

C
C SOLVE VEL=MUTT.F+ MUTR.T

C OMEGA =MURT .F + MURR . T

C FORRAND THETA ,WHICH ARE STORED IN ARRAY POS
C BY USE OF THE RUNGE-KUTTA O.D.E. SOLVER

C

C

N.B. DPOS(K) CONTAINS DPOS(K)/DT =LINEAR AND ANGULAR VELOCI-
TIES, WITH THE SAME
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STORAGE NOTATION AS FOR POS(K)
ALSO IN THIS CASE TORQUE,T =0.0 SO SECOND TERMS IN EACH
EQUATION = 0.0

OO0 00

INITIALIZE THE TIME,T,THE TIME STEPDT AND THE INTEGRATION TOL-
ERANCE,EPS
C
T=0.0
DT=10.0
EPS=1.0E-13
PRINT 550,A(1),A(2),A(3),DT,EPS
550 FORMAT(' SPHERE RADII'/,;' Al =" E12.3,
1'A2="E12.3' A3 ="E12.3/, TIME STEP = ' E12.5,
2' INTEGRATION TOLERANCE,EPS = ' E12.5,/)
loUT=2
PRINT 555
555 FORMAT(//, STARTING POSITIONS ' //)
CALL OUT(T,POS)
PRINT 560
560 FORMAT(' FORCES ON PARTICLES'//)
DO 556 J=1,3
PRINT 570,J FORCE(J,1),FORCE(J,2), FORCE(J,3)
570 FORMAT(' J="'13,3(1X,E12.3))
556 CONTINUE
C
C INTEGRATE THE EQUATIONS OF MOTION FROM T = 0 TO NTSTEPS*DT
C  BUT ONLY PRINT OUT THE TRAJECTORY EVERY NPRINT TIME STEPS
C

NTSTEPS=1000
NPRINT=10

SET UP CONSTANTS FOR DOPRIS5

OO0

CALL DOPCON(1)

DO 100 I=1,NTSTEPS
TEND=T+DT
CALL DOPRI5(T,POS, TEND,EPS,DT,DT)
T=TEND
IF(MOD(I,NPRINT).EQ.0)CALL OUT(T,POS)
100 CONTINUE
STOP
END
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OUTPUT ROUTINE

C
C
C
C

SUBROUTINE OUT(T,POS)

OUTPUT ROUTINE WHICH EITHER PRINTS
A) X,Y,Z CO-ORDINATES OF EACH PARTICLE

OR

B)CALCULATES THE COMBINATIONS OF X,Y AND Z
DISPLAYED BY CAFLISCH ET AL:PHYS.FLUIDS,31,3175 (1988)
AND PRINTS THEM
DIMENSION POS(18)
COMMON/INFO/IOUT
PRINT 1,T
FORMAT( AT TIME T =',D12.5)

O0O00000O000

DECIDE WHAT TYPE OF OUTPUT IS NEEDED

O0O0

IF(IOUT.NE.1) GO TO 2

CO-ORDINATE OUTPUT

OO0

PRINT 1,T
PRINT 200,POS(1),POS(2),POS(4),POS(5),POS(7),POS(8)

200 FORMAT(6D12.3)

GOTO3

CONTINUE

CAFLISCH ET AL CO-ORDINATES

2
C
C
C
C EXPRESS CO-ORDINATESABOUT THOSE OF PARTICLE 1
C

Y 1=POS(4)-POS(1)

Y 2=POS(5)-POS(2)

Y 3=POS(6)-POS(3)

Z1=POS(7)-POS(1)

Z2=POS(8)-POS(2)

Z3=POS(9)-POS(3)
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A =\Y + ZVV2 =LENGTH OF MIDLINE

B =\Y -ZV2 = LENGTH OF BASE

C=(Y1+ Z1)/(\Y +2\) = COSINE OF ANGLE BETWEEN MIDLINE
AND VERTICAL

D =(Y1-2Z1)/(\Y-Z2\) = COSINE OF ANGLE BETWEEN BASELINE
AND VERTICAL

E = COSINE OF ANGLE BETWEEN BASE AND MIDLINE

OO0O00O00O0O0

A=SQRT((Y1+Z1)** 2+ (Y 2+Z2)** 2+ (Y 3+ Z3)**2)/2.0D0
B=SQRT((Y 1-Z1)** 2+ (Y 2-Z2)** 2+ (Y 3-Z3)**2)
C=(Y1+Z1)/(2.0D0*A)
D=(Y1-Z1)/B
PRINT 2000,T,A,B,C,D
2000 FORMAT( T='[E125'A="' E93'B="'E9.3'C="'E93,
1' D="E9.3)
3 CONTINUE
RETURN
END

SUBROUTINE INIT(POS)

C
C INITIALIZE POSITIONS, FORCESAND TORQUES TO ZERO
C

COMMON/FT/FORCE(3,3), TORQUE(3,3)
DIMENSION POS(18)
DO 11=1,18
POS(1)=0.0

1 CONTINUE
DO21=1,3
FORCE(1,1)=0.0
FORCE(1,2)=0.0
FORCE(1,3)=0.0
TORQUE(1,1)=0.0
TORQUE(1,2)=0.0
TORQUE(1,3)=0.0

2 CONTINUE
RETURN
END
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C  MATRIX HANDLING ROUTINES

C
SUBROUTINE RMV(A B,C)

C

C  FINDS THE VECTOR C WHICH IS THE DOT PRODUCT OF MATRIX A BY

VECTORB

C
DIMENSION A(3,3),B(3),C(3)
C()=A(L1)*B(1)+A(L2)*B(2)+A(1,3)*B(3)
C(2)=A(2,1)*B(1)+A(2,2)*B(2)+A(2,3)*B(3)
C(3)=A(3,1)*B(1)+A(3,2)*B(2)+A(3,3)*B(3)
RETURN
END

SUBROUTINE ADDPOS(X,A,K)

ADD A VECTOR A TO COMPONENTS OF VECTOR X WHICH REPRESENTS
THE POSITION OF SPHERE K

OO0

DIMENSION X(18),A(3)
KT=2*K+K-3
DO11=13
KPI=KT+I
X (KP)=X(KPI)+A(l)
1 CONTINUE
RETURN
END

SUBROUTINE ADDANG(X,A,K)

ADDSA VECTORA TO THE COMPONENTS OF VECTOR X
WHICH REPRESENTS THE ANGLES OF SPHERE K

OO0

DIMENSION X(18),A(3)
KT=3*(3+K-1)
DO 11=13
KPI=KT+I
X(KP)=X(KPI)+A(l)

1 CONTINUE
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RETURN
END

SUBROUTINE TRANPOS(A,B)

C
C  FIND THE MATRIX B WHICH IS THE TRANSPOSE OF INPUT MATRIX A
C

DIMENSION A(3,3),B(3,3)
DO11=1,3
DO 2 )13
B(J,)=A(l,J)
2 CONTINUE
1 CONTINUE
RETURN
END

C
C FORCE AND TORQUE ROUTINES
C

SUBROUTINE GETFORC(J,T,FORCEJ)

C  THIS PLACES THE ELEMENTS OF 2-D FORCE MATRIX IN 1-D ARRAY
FORCEJ
C
COMMON/FT/FORCE(3,3), TORQUE(3,3)
DIMENSION FORCEJX3)
DO11=1,3
FORCEJ(1)=FORCE(J,\)
1 CONTINUE
RETURN
END
C
C HHHHHHHHHH A HH A H A H A
C
C SIMILARLY FOR TORQUES
C

SUBROUTINE GETTORC(J, T,TORC))

ANALOGOUS TO GET FORCE

OO0
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COMMON/FT/FORCE(3,3), TORQUE(3,3)
DIMENSION TORCJX(3)
DO11=13
TORCX(1)=TORQUE(J,I)
1 CONTINUE
RETURN
END

FIND MU . FORCE AND MU . TORQUE

Cc
Cc
C

SUBROUTINE F(TIME,POS,DPOS)

FINDS THE VECTORS ARISING FROM THE DOT PRODUCT
OF THE TENSOR MU WITH VECTORS FORCE AND TORQUE
WHICH = DPOS(I) =D(POS(1))/DT

O0O000

DIMENSION POS(18),DPOS(18)
COMMON/FT/FORCE(3,3), TORQUE(3,3)

DIMENSION FI(3),T1(3),FX3), TX3),RMUF(3),RMUT(3)
DIMENSION RMUTT(3,3),RMUTR(3,3),RMURR(3,3)

INITIALIZE DPOS = DPOS/DT TO ZERO

O00

DO11=1, 18
DPOS(1)=0.0D0

1 CONTINUE
DO 21=1,3
CALL GETFORC(I,TIME,FI)
CALL GETTORC(I,TIME,TI)

DO DIAGONAL TERMS

OO0

CALL GETRMU(I,I,POSRMUTT,RMUTR,RMURR)
CALL RMV(RMUTT,FI,RMUF)

CALL ADDPOS(DPOS,RMUF,)

CALL RMV(RMURR,TI,RMUT)

CALL ADDANG(DPOS,RMUT,)

NOW THE OFF-DIAGONAL TERMS

OO0

DO 3JXF13
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CALL GETFORC(J TIME,F))

CALL GETTORC(JTIME,TJ)

CALL GETRMU(I,J,POSRMUTT,RMUTR,RMURR)
IF(ILLE.J) GO TO 4

TRANSLATIONAL CONTRIBUTION

OO0

CALL RMV(RMUTT,FJRMUF)
CALL ADDPOS(DPOS,RMUF)

NOW RMUTT = RMUTT(J,1)

OO0

CALL TRANPOS(RMUTT,RMUTT)
CALL RMV(RMUTT,FI,RMUF)
CALL ADDPOS(DPOS,RMUF.J)

NOW DO ROTATIONAL CONTRIBUTION

OO0

CALL RMV(RMURR,TJRMUT)
CALL ADDANG(DPOS,RMUT,I)

NOW RMURR = RMURR(J,1)

OO0

CALL TRANPOS(RMURR,RMURR)
CALL RMV(RMUTT,TI,RMUT)
CALL ADDANG(DPOS,RMUT,J)
CONTINUE

TRANSLATION-ROTATION CONTRIBUTION

OO0

CALL RMV(RMUTR,TJRMUT)
CALL ADDPOS(DPOS,RMUT,I)

NOW RMUTR = RMUTR(J,!)

OO0

CALL TRANPOS(RMUTR,RMUTR)
CALL RMV(RMUTR,FJRMUF)
CALL ADDANG(DPOS,RMUF])
CONTINUE
2 CONTINUE

RETURN

END

w
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C
C MOBILITY MATRIX ROUTINE THISVERSION ISKEITH BRIGGS REALIZA-
TION OF
C THE MAZUR AND VAN SAARLOOS SERIES EXPANSION FOR THREE
SPHERES UP TO R-4

I.E. P43 OF MAZUR AND VAN SAARLOOS, PHYSICA, 115A 21-57 (1982).

C
C
C FORTHISPROBLEM AS TORQUE = 0.0 ONLY RMUTT AND RMUTR
C ARE NEEDED AND THUSRMURR ISONLY FOR THE TORQUE

C FREECASE

C

SUBROUTINE GETRMU(I,J,POS,RMUTT,RMUTR,RMURR)
c
C GET THE1JBLOCK OF THE MOBILITY TENSOR MAZURAND VAN SAAR-
LOOS P43
C
DIMENSION POS(18), RMUTT(3,3),RMUTR(3,3),RMURR(3,3)
COMMON/DATAIN/A(3)

INITIALIZE MOBILITY ARRAYSTO ZERO

OO0

DO 1K=13
DO2L=13
RMUTT(K,L)=0.0
RMUTR(K,L)=0.0
RMURR(K,L)=0.0

2 CONTINUE

1 CONTINUE
IF(I.NE.J) GO TO 3

I=J

OO0

B=1.0/A(l)
C=0.75*B/SQRT(A(1))
RMUTT(1,1)=B
RMUTT(2,2)=B
RMUTT(3,3)=B
RMURR(1,1)=C
RMURR(2,2)=C
RMURR(3,3)=C
GOTO4

3 CONTINUE
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Cc
Cc
Cc

OO0

O(A/R) TO O((A/R)**3) TERMSIF | NE J

IT=3*I

JT=3*J

R1=POS(I T-2)-POS(JT-2)
R2=POS(I T-1)-POS(JT-1)
R3=POS(IT )-POS(JT )
RS=R1*R1+R2*R2+R3*R3
R=SQRT(RS)

R1=RUR

R2=R2/R

R3=R3/R

B=0.75/R

C=0.25* (A(I)**2+A(J)**2)/RIR
D=B+C

E=B-3.0C
RMUTT(1,1)=D+E*R1*R1
RMUTT(2,2)=D+E*R2*R2
RMUTT(3,3)=D+E*R3*R3

RMUTT(1,2)=E*R1*R2
RMUTT(1,3)=E*R1*R3
RMUTT(2,3)=E*R2*R3

RMUTT(2,1)=RMUTT(1,2)
RMUTT(3,1)=RMUTT(1,3)
RMUTT(3,2)=RMUTT(2,3)

B=-0.75/RS

RMUTR(1,2)= B*R3
RMUTR(1,3)=-B*R2
RMUTR(2,3)= B*R1
RMUTR(2,1)=-RMUTR(,2)
RMUTR(3,1)=-RMUTR(L,3)
RMUTR(3,2)=-RMUTR(2,3)
CONTINUE

ADD THREE-BODY TERMS
D=15.0/8.0

DO 5K=1,3
IF(I.EQ.K.OR.JEQ.K) GO TO 6
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C
C INEKANDJNEK
C

IT=3*I

Jr=3*J

KT=3*K

RIK 1=POS(I T-2)-POS(KT-2)

RIK2=POS(I T-1)-POS(K T-1)

RIK3=POS(IT )-POS(KT )
RIKS=RIK1*RIK1+RIK2*RIK2+RIK3*RIK3
RIK=SQRT(RIKS)

RIK1=RIK I/RIK

RIK2=RIK2/RIK

RIK3=RIK3/RIK

RK J1=POS(K T-2)-POS(JT-2)

RK 22=POS(K T-1)-POS(JT-1)

RKJ3=POS(KT )-POS(JT )

RKJS=RK J1* RK J1+ RK J2* RK J2+RK J3* RK J3
RKJ=SQRT(RKJS)

RKJ1=RKJI/RKJ

RKJ2=RKJ2/RKJ

RKJ3=RKJ3/RKJ

R11=RIK 1*RKJ1

R22=RIK2*RKJ2

R33=RIK3*RKJ3

B=(R11+R22+R33)**2

C=D*A(K)* (A(K)**2)/RIKS/RK JS* (3.0 B-1.0)

RMUTT(1,1)=RMUTT(1,1)+C*R11
RMUTT(2,2)=RMUTT(2,2) + C*R22
RMUTT(3,3)=RMUTT(3,3)+C*R33
RMUTT(1,2)=RMUTT(1,2) +C*RIK1*RKJ2
RMUTT(1,3)=RMUTT(1,3)+C*RIK1*RKJ3
RMUTT(2,3)=RMUTT(2,3) +C*RIK2*RKJ3
RMUTT(2,1)=RMUTT(2,1)+C*RIK2* RKJ1
RMUTT(3,1)=RMUTT(3,1)+C*RIK3*RKJ1
RMUTT(3,2)=RMUTT(3,2)+C*RIK3*RKJ2

C

C LET RIJ=C*(RIK CROSS RKJ)
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C
C=45.0/8.0* A(K)* (A(K)** 2)* B/RKJS/RIKS/RIK
RIJ1=C* (RIK 2*RKJ3-RIK 3*RK J12)
RIJ2=C* (RIK 3*RKJ1-RIK 1* RK J3)
RIJ3=C* (RIK 1* RK J2-RIK 2* RK J1)
RMUTR(1,1)=RMUTR(L,1) +RIJ1*RKJL
RMUTR(2,2)=RMUTR(2,2) +RIJ2*RKJ2
RMUTR(3,3)=RMUTR(3,3)+RIJ3*RKJ3
RMUTR(1,2)=RMUTR(L,2) +RIJ1*RKJ2
RMUTR(1,3)=RMUTR(1,3) + RIJI*RK J3
RMUTR(2,1)=RMUTR(2,1) + RIJ2* RKJ1
RMUTR(3,1)=RMUTR(3,1) + RIJ3* RKJ1
RMUTR(3,2)=RMUTR(3,2) + RIJ3*RK 12
RMUTR(2,3)=RMUTR(3,2) + RIJ2*RK J3
CONTINUE
5 CONTINUE

RETURN

END

]

RUNGE-KUTTA D.E. SOLVER

SET UP CONSTANTS FOR DOPRIS

c
Cc
Cc
Cc
Cc

SUBROUTINE DOPCON(I)

SETS UP THE CONSTANTS FOR THE DORMAND-PRINCE

(4)5 ORDER RUNGE-KUTTA INTEGRATION ROUTINE

SEE E.HAIRE, "SOLVING ORDINARY DIFFERENTIAL EQUATIONS 1",
APPENDIX. THISISA VERSION BY 1.K.S.,25/9/1990

O0O0000

COMMON/RUNGE/C1,C2,C3,C4,C5,C6,C7,C8,C9,C10,
1C11,C12,C13,C14,C15,C16,C17,C18,C19,C20,
2C21,C22,C23,C24,C25,C26

C1=3.0/40.0
C2=9.0/40.0

C3=44.0/45.0
C4=56.0/15.0
C5=32.0/9.0
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C6=19372.0/6561.0
C7=25360.0/2187.0
C8=64448.0/6561.0
C9=212.0/729.0

C10=8.0/9.0

C11-9017.0/3168.0
C12=355.0/33.0

C13=46732.0/5247.0

OQO0

O0O0O0000

C14=49.0/176.0
C15=5103.0/18656.0

C16=35.0/384.0
C17=500.0/1113.0
C18=125.0/192.0
C19=2187.0/6784.0
C20=11.0/84.0

C21=71.0/57600.0
C22=71.0/16695.0
C23=71.0/1920.0

C24=17253.0/339200.0

C25=22.0/525.0

C26=1.0/40.0
RETURN
END

SUBROUTINE DOPRI5(X,Y,XEND,EPSIN,HMAX,HGUESS)

DORMAND-PRINCE RUNGE-KUTTA (4)5 ORDER METHOD
SOLVESY '=FCN(X,Y) OVER X TO XEND TO ACCURACY EPS.
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SEE E.HAIRE," SOLVING ORDINARY DIFFERENTIAL EQUATIONS 1",

APPENDIX. THISISA VERSION BY 1.K.S. ,25/9/1990

DIMENSION RK1(18),RK 2(18),RK 3(18),RK 4(18),RK5(18)

DIMENSION Y1(18),Y(18)
COMMON/RUNGE/C1,C2,C3,C4,C5,C6,C7,C8,C9,C10,
1C11,C12,C13,C14,C15,C16,C17,C18,C19,C20,
2C21,C22,C23,C24,C25,C26
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C

LOGICAL REJECT

COMMON/STAT/NFCN,NSTERNACCEPT,NREJECT

MAX STEP=3000

ZERO=0.0

ONE=1.0

UROUND=1.0E-10

CONTINUE

UROUND=UROUND/2.0
IF((ONE+UROUND).GT.ONE) GO TO 1
PRINT 111,UROUND

111 FORMAT(' UROUND ='E12.6)

Cc
Cc
Cc

@]

nNOOO

OO0

POSNEG=SIGN(ONE,XEND-X)
INITIAL PRERARATION

H=MIN1(HGUESS,ABS(HMAX))
H=SIGN(H,POSNEG)
EPS=MAX1(ABS(EPSIN),7.0* UROUND)
REJECT=.FAL SE.

NACCEPT=0

NREJECT=0

NFCN=1

NSTEP=0

CALL SOLOUT(X,Y)
CALL F(X,Y,RK1)

BASIC INTEGRATION STEP

CONTINUE
XH=X+H/10.0

IF(NSTEPGT.MAXSTEPOR.XH.EQ.X) GO TO 79
IF(((X-XEND)* POSNEG+UROUND).GT.ZERO) RETURN
IF((X + H-X END)* POSNEG.GT.ZERO) H=XEND-X

NSTEP=NSTEP+1
CH=H/5.0

THE FIRST 6 STAGES

DO 22 1=1,18
Y1(1)=Y (1) + CH*RK 1(1)

22 CONTINUE

CALL F( X+CH,Y1,RK2)
DO 231=1,18
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Y 1()=Y (1) +H* (C1*RK (1) + C2*RK 2(1))
23 CONTINUE
CALL F(X+0.3*H,Y1RK3)
DO 24 1=1,18
Y=Y (1) +H*(
1C3*RK1(1)
2-C4*RK2(1)
3+C5*RK3(1))
24 CONTINUE
CALL F(X+0.8*H,Y1,RK4)
DO 251=1,18
Y L(D=Y (1) +H*(
1C6*RK1(1)
2-C7*RK2(1)
3+C8*RK3(1)
4-C9*RK4(1))
25 CONTINUE
CALL F(X+C10*H,Y 1,RK5)
DO 26 1=1,18
Y L(D=Y (1) +H*(
1C11*RK1(l)
2-C12*RK (1)
3+C13*RK3(I)
4+C14*RK4(1)
5-C15*RK5(1))
26 CONTINUE
XPH=X+H
CALL F(XPH,Y1,RK2)
DO 27 1=1,18
Y (=Y (1) +H*(
1C16*RK1(l)
2+C17*RK3(I)
3+C18*RK4(I)
4-C19*RK5(1)
5+C20*RK2(1))
RK2(1)=(C21* RK 1(1)
1-C22*RK3(1)
2+C23*RK4(I)
3-C24*RK5(1)
4+C25*RK2(1))
27 CONTINUE
C THELAST STAGE
C
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CALL F(XPH,Y1,RK3)
DO 281=1,18
RK4(1)=(RK 2(1)-C26* RK 3(1))*H

28 CONTINUE

C
C
C

NFCN=NFCN+6
ERROR ESTIMATION

ERR=ZERO
CON=MAX1(1.0E-5,2.0- UROUND/EPS)

DO 411=1,18
DENOM=MAX1(ABS(Y 1(1)),ABS(Y (1)),CON)
ERR=ERR+ (RK4(1)/DENOM)**2

41 CONTINUE

O0O00O0

OO0

ERR=DSQRT(ERR/18.0)

COMPUTATION OF HNEW

WE REQUIRE 0.2 < = HNEW/H < = 10.0
FAC=MAX1(0.1,MIN1(5.0,((ERR/EPS)**0.2)/0.9))
HNEW=H/FAC
|F(ERR.LE.EPS)THEN

STEP ACCEPTED
NACCEPT=NACCEPT +1
DO 44 1=1,18

RK1(1)=RK3(1)
Y(H=Y1()

44 CONTINUE

OO0

X=XPH
IF(ABS(HNEW).GT.HMAX)HNEW=POSNEG*HMAX

|F(REJECT)HNEW=POSNEG *MIN1(ABS(HNEW),ABS(H))

REJECT=.FALSE.
ELSE
REJECT=.TRUE.

STEP ISREJECTED
IF(NACCEPT.GT.1) NREJECT=NREJECT +1

ENDIF
H=HNEW
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GOTO?2
C
C FAIL EXIT
C
79 PRINT 80,X

80 FORMAT(' DOPRI5 FAILED TO SATISFY TOLERANCE AT X = 'E11.4)
PRINT 90,NACCEPT
PRINT 91,NREJECT
90 FORMAT(' ACCEPTED STEPS',19)
91 FORMAT(' REJECTED STEPS',19)
RETURN
END

SUBROUTINE SOLOUT(X,Y)

DIMENSION Y (18)
X=X

Y(1)=Y(2)
RETURN

END

C

C ROUTINE TO CHANGE POSITION ARRAY POS FROM OLD NOTATION TO
NEW,THE RESULT OF

C WHICH IS STORED IN ARRAY SOP

C

SUBROUTINE CHANOT (POS,SOP)
C
C CHANGE NOTATION FOR POS

DIMENSION POS(18),SOP(18)
SOP(1)=POS(1)
SOP(2)=POS(4)
SOP(3)=POS(7)
SOP(4)=POS(5)
SOP(5)=POS(5)
SOP(6)=POS(8)
SOP(7)=POS(3)
SOP(8)=POS(6)
SOP(9)=POS(9)



Appendix O 299

SOP(10)=POS(10)
SOP(11)=POS(13)
SOP(12)=POS(16)
SOP(13)=POS(11)
SOP(14)=POS(14)
SOP(15)=POS(17)
SOP(16)=POS(12)
SOP(17)=POS(15)
SOP(18)=POS(18)
RETURN

END
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Accelerated Molecular Dynamics see
Molecular Dynamics Accelerated

Boundary Conditions
For Elongation Flow 129
For Hydrodynamic Interactions 136, 255
Hydrodynamic 135, 255
In a Shear Field 129
In Equilibrium 128
Periodic Boundaries 136, 142
Brownian Dynamics 95, 133, 197
Brownian Dynamics (BD) Algorithms 113,
116-118
Approximate Algorithms 142-146
Brady and Bossis in a Shear Field 147
Ermak and McCammon Algorithm
138-142, 146-147
Ermak and McCammon for Rigid Bodies
164-166
Ermak and McCammon in Shear 146, 147
Higher Order Schemes 120, 121, 125
In aShear Field 146-148
In an External field 127
In the Diffusive Limit 120, 141
Limitations 148
Other Schemes 126
Verlet-type 123
Brownian Limit 29-30, 71, 76-77, 82, 83, 92,
93, 97-104, 197-198
Brownian Motion 1, 29, 61, 69, 71, 146, 148
Bulk Properties of Colloids and Polymers 235

Chapman—Kolmogorov Equation 182

Classical Mechanics, or Newtonian Mechanics
Classical Equations of Motion or
Newton's Equations of Motion 1, 2, 5-7,
10, 11, 27

Continued Fraction see Mori Continued
Fractions

Correlation function and Autocorrelation
Function see Time Correlation Functions

Deutch and Oppenheim and Albers, Deutch
and Oppenheim Methods 71, 74, 75, 77,
83, 86, 107, 109, 229, 233

Diffusive Limit or “Overdamped” 69, 83, 95,
97, 120, 121, 171, 198

Diffusion Monte Carlo see Quantum Monte
Carlo

Distribution Functions 4, 17, 22, 74, 75, 86,
95, 97, 169-173, 201, 202

Dissipative Particle Dynamics see
Hydrodynamic Interactions

Dyson decomposition 16, 31, 35, 39, 63, 211,
212

Elementary Processes 170, 184-186
Ensemble Average 4, 12, 13, 30, 64, 68, 134,
201, 235, 237, 241
Equation of Motion see also Classical
Equations of Motion, Generalised
Langevin Equation, Langevin Equation
For aTypical Particle 21
For A(t) 32, 75, 87
for the velocity autocorrelation function 28,
33
Equilibrium and Equilibrium properties 4, 5,
7,11, 21, 42, 74, 128, 134, 201,
235, 241
Ergodic Hypothesis 4, 5, 18
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