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1 Introduction

Classical statistical mechanics is formulated in terms of the probability that interacting particles
attain certain positions and velocities. Each given set of positions and velocities is referred to
as microstate. The probability for the occurrence of such microstates can be expressed in terms
of the interaction potential between the particles. In that sense, statistical mechanics is a micro-
scopic theory. In principle, equations of motion for macroscopic variables can be derived from
statistical mechanics. In this way, a microscopic basis can be given to many phenomenological
theories. In particular, microscopic expressions can be derived for phenomenological transport
coefficients in terms of correlation functions. Examples of such transport coefficients are diffu-
sion coefficients and the shear viscosity of a fluid. These correlation functions can be measured
by computer simulations, which then allows the determination of numerical values for transport
coefficients once the inter-particle potential is specified.

The aim of this chapter is to introduce the fundamental concepts and theories of classical (non-
guantum mechanical) statistical mechanics. The emphasis is on dynamics and response to small
external perturbations. Both atomic/molecular and colloidal systems will be treated. In section
2, the fundamental concepts in terms of which statistical mechanics is formulated are intro-
duced. The central quantity here is the probability density function, which specifies the prob-
ability of microstates. In section 3, time-correlation functions are introduced, which charac-
terize the dynamics of particles. These correlation functions can be formulated in terms of the
so-called time-evolution operator, which is defined through the equation of motion of proba-
bility density functions, as shown in section 4. Explicit forms for time evolution operators are
derived in terms of inter-particle potentials in the same section. Two cases are considered :
atomic/molecular systems and colloidal systems. Colloidal systems are solutions of very large
particles, so-called colloidal particles. Here, the interest is in the properties of the subset of these
colloidal particles. The solvent is considered as a continuous background on the length scale
set by the size of the colloidal particles. The most fundamental equation of motion within clas-
sical mechanics is the Liouville equation for atomic/molecular systems. For colloidal particles,
the so-called Smoluchowski equation is the relevant equation of motion. The latter equation of
motion involves only the position coordinates of the colloidal particles. The derivation of this
equation of motion relies on a separation of time scales on which the solvent molecules and the
momenta of the colloidal particles evolve, and on which the positions of the colloids evolve.
The Smoluchowski equation involves interaction contributions between colloidal particles me-
diated via the solvent, so-called hydrodynamic interactions. These interactions can be described
on the basis of phenomenological equations of motion for fluid flow. Such a phenomenological
description of hydrodynamic interactions is the subject of section 5. In section 6, the explicit
forms of the time evolution operators are used to calculate the response of observables to small,
conservative external fields. This theory is known as "linear response theory”. On the basis
of this theory, linear transport coefficients are expressed in terms of current-current correlation
functions in section 7. These expressions are known as "the Green-Kubo formulas”. Explicit
expressions for the self-diffusion coefficient and the sedimentation coefficient of colloids are
derived from the general Green-Kubo formula. Such formulas can be used to obtain numer-
ical values for transport coefficients by measuring the appropriate current-current correlation
functions in a simulation. For non-conservative external fields, like a shear flow, or for trans-
port coefficients where the driving force is proportional to gradients of observables, like the
collective-diffusion coefficient, the general Green-Kubo formula can not be applied. Here, an
intuitively appealing Ansatz as formulated by Onsager can be employed to obtain Green-Kubo-
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like relations. This so-called "Onsager’s regression hypothesis” is formulated in section 8. Two
transport coefficients are worked out explicitly : the collective-diffusion coefficient of colloids
and the shear viscosity of a molecular fluid.

2 Probability Density Functions (pdf’s)

It is not feasible nor meaningful to solve Newton’s equations of motion for a collection of many
particles : the problem is too complicated and the initial values for the position coordinates
and momenta that must be specified are not known when an experiment is performed. This is
where statistical approaches are useful, where one asks for the probability that, for example, the
position coordinates and momenta take certain specified values at some specified time.

2.1 Phase space, pdf's and ensemble averages

Imagine a collection of macroscopically identical systems contaifimgolecules. Thermody-

namic variables for each system are the same, but of course microscopically each of the systems
is generally in a different state, that is, the position coordinates and momenta of the molecules in
each system at a certain instant in time are generally different. Such a collection of macroscop-
ically identical systems is referred to as@msemble The phase spader spherical molecules

is defined as thé N-dimensional space spanned by the position coordinates- r y and mo-
mentaps, --- , py Of all V. molecules in each system. The instantaneous values of positions
and momenta specify thamicrostateof a system, and is represented by a single point in phase
space. The evolution of positions and momenta in a system is described by a curve in phase
space. Now suppose that we made a photograph of the entire ensemble, and that the microstate
of each system in the ensemble is determined from that photograpthis way a single point

in phase space is assigned to each of the systems, resulting in a point distribution for the en-
semble. The density of points is proportional to the probability of finding a single system in
that microstate at that particular time. Theobability density functiorfabbreviated hereafter
aspdf) P(X,t) of the phase space variable,

X = (rlf"aI‘N?pla"'apN)a (1)
is now defined as,

P(X,t)dX = the probability that positions and momenta
are in (X, X + dX) at time t . 2

Here,(X, X + dX) denotes an infinitesimal neighbourhoodbf extent,
dX = dry---drydp;---dpy . 3)

The pdf is normalized in the sense that,

/dXP(X,t) =1, (4)

which expresses the fact that the probability to find a system in some state is unity. Consider
a functionf = f(X) of position coordinates and momenta. Such functions are referred to as

1For the determination of the momenta one should actually make two subsequent photographs.
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phase functionsand may be scalar functions or vector fields. Phase functions are the micro-
scopic, thermally fluctuating counterparts of macroscopic variables. Frequently, phase func-
tions, and also (a subset of) the phase space coordinates themselves, are alternatively referred to
asstochastic variable§ he macroscopic variable corresponding to a phase function is obtained

by ensemble averaging, and is given by,

<f>= /dXP(X,t)f(X). (5)

The brackets< --- > are nothing but a short-hand notation for the integral on the right hand-
side. This average is ttensemble averagé f. Alternatively one may introduce the p&f f, ¢)
for a stochastic variablg instead ofX, by rewriting the above equation as,

<= /dfP(fJ)f- (6)

This pdf for f is equal to (withy the delta distribution),
P(1) = [ aXPX.0)8(f - £X0) @

as is easily verified by substitution into eq.(6), noting thfaf 6(f— /(X)) f= f(X). The
above expression faP(f,t) is simply a counting of the extent of the subset in phase space
where f(X) attains a particular numerical valye weighted with the local point density.

Other more complicated pdf’s can be defined. For exampl&, ¢, X, to) is the pdf forX to
occur at timet andX, at some earlier tim&,, or more precisely,

P(X,t,Xy,t0)dXdXy = the probability that positions and momenta
are in (X, X + dX) at time t
and in (Xo, Xo + dXo) at time tg <1 . (8)

By definition, the connection with the earlier defined pdf is,
P(X,t) = /dXo P(X,t,Xg,t0) - 9)

Equivalently, one may define pdf’s like( f, ¢, g, to) wheref andg are phase functions. Just as
above, we have thal)(f,t) = [ dg P(f.t,g.to).
Two stochastic variables andg are said to bestatistically independenihen,

P(f7tagat0> = P(f7t) P(g7t0) . (10)

An ensemble average like f g > is then simply equal to the product of the averages> and
<g>.

2.2 Conditional probability density functions

Consider again the photograph taken of the ensemble at tismdiscussed earlier, which allows
for the determination of the microstate of each of the systems in the ensemble. Now consider
only those systems which at a certain earlier tithe< ¢ were in a particular microstat¥,.
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Fig. 1: Three possible realizations of the time evolution of the phase fungti@iven that
at timet, the phase function had a particular valyg. The smooth curve is the conditional
ensemble average f >,.

This subset of systems in the ensemble is an ensemble itself, and pdf's may be defined as above
for this new ensemble. This new ensemble is an ensemble of systems which are prepared in
a specified microstatX, at timet,. The pdf’s forX are pdf’s with the constraint that at an
earlier timet, the system was in the microstaXg. Such pdf’'s are calledonditional pdf's and
are denoted aB.(X, t| Xy, t9), where the subscript” stands for "conditional”. Hence,
P.(X,t]|Xy,t0)dX = the probability that positions and momenta
arein (X,X +dX) at time t, given
that their values were Xq at time to < t . (11)

Similarly, conditional pdf’s of phase functiorfs given that the phase function had a particular
value f; at an earlier time may be defined as,

P.(f,t] fo,to)df = the probability that the phase function is
in (f, f+df) at time t,
given that its value was fy at time to <t . (12)

By definition, the connection between conditional pdf's and the earlier discussed (uncondi-
tional) pdf’s reads,

P<X7t7X07t0>
P(Xo,to)

and similarly for pdf’s of phase functions. The conditional ensemble average of a phase function
[, given thatf = f, at some earlier time,, is denoted as f >,

< fp= / 0f Pofo ] fouto) f (14)

PC(X,t|X0,t0) - (13)
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This ensemble average is in general a function of the tinide phase function evolves in time

for each system in the ensemble differently, since there are many different microettest
satisfy fo = f(Xo). Two such different realizations are depicted in Fig.2.2. The conditional
ensemble average is the average of all those possible realizations.

One can define time-independent conditional pdf’s. For example, one may ask for the proba-
bility that particles3, 4, - - - , N have positionss, ry, - -+ ,ry, given that particles and2 have
prescribed positions; andr,, respectively. That conditional pdf is, in analogy with eq.(13),
equal to,

P(rla"' ,I‘N)
Py(ry,1s)

whereP;(ry, ro) is the pdf for(ry, ry), which pdf will be discussed in more detail in the subse-
guent section.

To determine an ensemble average experimentally, there is no need to actually construct a col-
lection of many macroscopically identical systems. When an experiment on a single system
is repeated independently many times, the average of the outcome of these experiments is the
ensemble average. In many cases only a single experiment is already sufficient to obtain the en-
semble average. When the system is so large that the quantity of interest has many independent
realizations within different parts of the system, an ensemble average is measured in a single
experiment.

P.(rs,--- ,ry|ri,re) = (15)

2.3 Reduced probability density functions

According to eq.(5), the ensemble average of a phase function of just two position coordinates,
r; andr, say, can be written as,

<f >:/dr1~-/drNP(r1,~~ I, 1) f(ry,ro) :/dr1 /dI'QPQ(r17r2,t>f(r1’r2), (16)

where,

5 (11, 1o, /dr3 /drNP ry, - L,IN,t), (17)

is referred to aghe reduced pdf of ordex or the two-particle pdf Similarly, ensemble aver-
ages of phase functions of just one position coordinate are averages with respect the first order
reduced pdf or the single particle pdf,

1 (11, 1) /drg /drNP ry, -, Iy, t) . (18)

Higher order reduced pdf’s (such &g(r, ro, r3,t) ) are similarly defined.

The probability of finding a particle at some positiomt timet is proportional to the macro-
scopic number density(r, t), which is the average number of particles per unit volumesaitd
at timet. Normalization sets the proportionality constant,

Pie.t) = < olr,1). (19)

A similar relation forP, will be discussed later, when the pair-correlation function is introduced.
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When the system is in thermal equilibrium, the time-independent pdf for the position coordi-
nates is proportional to the Boltzmann exponential of the total potential edgigy- - - ,ry)
of the assembly o particles,

exp{—0®(ry,--- ,rn)}
Q(N,T,V) ’

with 8 = 1/kgT (kp is Boltzmann’s constant arfidis the absolute temperature) a@dN, 7', V)
is theconfigurational partition functign

P(ry, - ,ry) = (20)

Q(N, T, V) = /drl---/drN exp{—p®P(ry, -+ ,ry)}. (21)

When the total potential energy is known, the reduced pdf’s can thus be calculated in prin-
ciple for systems in equilibrium, except that the integrals in eqs.(17,18) are too complicated.
Finding good approximations for the first few reduced pdf’s for systems in equilibrium, either
from eqs.(17,18) or by other means, is the principle goal of equilibrium statistical mechanics.
These equilibrium pdf’s are often a necessary input for explicit evaluation of non-equilibrium
ensemble averages also.

2.4 The pair-correlation function

When particles do not interact with each other, all reduced pdf’s are produéissofin par-
ticular, Py(ry,ro,t) = Pi(ry,t) Pi(re,t). Interactions can formally be accounted for by an
additional factory(ry, ry, t), the so-callegbair-correlation function

1
Pg(rl,rg,t) = Pl(rl,t) P1<I'2,t) g(I'l,I'Q,t) = m p(rl,t) p(rg,t) g(I'17I'2,t) . (22)

Similarly, thethree-particle correlation functiap "corrects” for the effect of interactions for
the third order pdfs,

Ps(ri,ry,13,t) = Pi(r1,t) Pi(re,t) Pi(rs,t) gs(ri, 12,13, 1) (23)
1
= p(r1,t) p(ra,t) p(rs, t) gs(ri, r2,13,t) .

For large distances; —r, | between two particles, the pair-correlation function attains its value
without interactions, which i$ by definition. The three-particle correlation function becomes
equal tol when all three particles are well separated.

In case of homogeneous and isotropic fluids in equilibrium, the pair-correlation function is a
function ofr =|r; — ro | only, and can be expanded in a power series of the number density
p=N/V as,

g(r) = go(r) + por(r) + p°ga(r) + -+ . (24)

The leading terng, describes interactions between two particles without the intervening effects

of other particles. This is nothing but the pair-correlation function for a system containing

just two patrticles. It is the relevant pair-correlation function for systems which are so dilute

that events where three or more particles interact simultaneously are unlikely. According to
eqs.(20-22), with?, = 1/V, we thus obtain,

exp{—pU(r)}
[ dry [ dry exp{—pU(r)}’

go(r =|r; —ra|) = I7%&
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Vi j\/

Fig. 2: (a) The pair-correlation function in eq.(27) for a volume fractipr= 0.1. (b) A sketch

of the pair-correlation function of hard spheres at large concentrations. (c) A sketch of the
pair-correlation function for charged spheres. In all three figures, the horizontal line indicates
whereg = 1.

whereU (r) is the potential energy of an assembly of just two particles, the pair-interaction
potential. Now noting that,

/ dr, / dry exp{—AU(r)} — / dr, / d(r: — 12) exp{—BU(r)}
=V {/dr [exp{—BU(r)} — 1] + v} ~V?,

since the integral in the last equation is of the or#gr with Ry, the range of the pair-interaction
potential, it is found that,

go(r) = exp{—pU(r)} . (25)

The phrase 6n the pair-level is generally used whenever interactions between three or more
molecules simultaneously are disregarded. Hence, eq.(25) is the pair-correlation function on
the pair-level, and can be used to calculate ensemble averages for dilute systems. In general, the
pair-correlation function includes "higher order interactions”, that is, it includes the intervening
effects of the remaining particles on the interaction between two given particles. The next
higher order contributior g; in eq.(24) can be expressed in terms of so-calleger-functions

f(r) =exp{—pU(r)} — 1as,
g1(r =|r1 —ra|) = exp{—pV (|11 — rg\)}/drg f(lry —r3]) f(|re — 3]), (26)

This term describes the intervening effect of a single molecule on the effective interactions
between two given molecules. The derivation of this result can be found in most standard texts
on statistical mechanics.

For hard-sphere spheres, that is, for spherical molecules which do not interact when their cores
do not overlap and where the pair-potential is infinite when the cores ovgriagound to be
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equal to (the subscript "hs” stands for "hard-spheres”),

gns(r) = go(r) + por(r) = 1, for r=>da,

T 1 /r\3
= 1+@|:8—35+E(a> :| , fOTT’G[QCL,éLCI,),
= 0, for r<2a, (27)

whereaq is the radius of the hard-core apd= < a?p is the fraction of the total volume that is
occupied by the cores of the particles, the so-calt@ldme fraction This pair-correlation func-

tion is plotted in Fig.2.4a fop = 0.1. At larger concentrations, the pair-correlation function
develops a large contact value (defined as the valueadf = 2a + ¢ with ¢ arbitrary small),

and peaks appear at larger distances, as depicted in Fig.2.4b. A "layered structure” of spheres
is formed around the central sphere. The pair-correlation function behaves quite differently in
case of long ranged and strongly repulsive interacting particles, such as charged molecules, as
depicted in Fig.2.4c. In this case the contact valug isfessentially zero, since the probability

that two particles touch is small due to their strong repulsive interaction. The peak position
shifts to smaller distances for higher concentrations. This is due to the tendency of the particles
to remain far apart from each other so as to minimize their (free) energy. The peak position
varies approximately ak/p'/? for such systems. For the hard-core systems, the peak position

is essentially independent of concentration.

Consider a molecule at the origin. One may ask about the average density around that particle,
which density is a function of the distance from the particle due to interactions. This density is
N Py, asin eq.(19), with the additional condition that there is a particle in the origin. According

to eq.(11) (witht = t5, Xq = 0 =the position of the particle at the origin aiXd = r) this
conditional probability is equal t@%(r,r’ = 0,¢)/P;(r' = 0,t¢). Hence, from the definition

(22) of the pair-correlation function,

Number density at r with a particle at the origin =

Py(r,r' =0,t) ,
= t =0,1). 28
Pl(I'/ — 0,t> p(I’, )g(I‘,I‘ ) ) ( )

Well away from the origin, where interaction with the particle at the origin is lost, so that
g(r,¥' = 0,t) = 1, this is simply the macroscopic densjtyr, ¢), as it should. The peaks in

the Figs.2.4 thus imply enhanced concentrations around a given particle at those distances. For
hard-core interactions there is also an enhanced concentration close to contact. This enhance-
ment is due to depletion : particles are expelled from the gap between two nearby particles
leaving an uncompensated repulsive force from particles outside the gap that drives the two
particles together. Each molecule in a dense liquid, charged or uncharged, is thus surrounded
by a "cage” of other particles.

The "effective interaction potentialt/¢//(r) can be defined for isotropic and homogeneous
systems in equilibrium as,

g(r) = exp{-pU(r)}. (29)

According to eq.(25), this effective potential is equal to the pair-interaction potential on the
pair-level. From the definition of the pair-correlation function and the expressions (20-22), the
average forcd "/ (r) between two particles for arbitrary concentrations can be shown to be
equal to—VU*(r), provided the system is in equilibrium. The effective force includes the
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effects of intervening particles on the interaction between two given molecules. Hence, by
definition,

F(r) = p7'Vin{g(r)} = 57" tdln{g(r)}/dr, (30)

so that there is an attraction for those distances wtigfe)/dr < 0. For hard-spheres near
contact there is thus attraction due to depletion as already explained above. Around the peak
in the pair-correlation function the effective force changes from strongly repulsive to attractive.
Multi-particle interactions may thus lead to attractions even if the pair-interaction potential is
purely repulsive.

3 Time-Correlation Functions

Dynamics of many-body systems can be characterized in terms of so-tialleaorrelation
functions In order to define these correlation functions, consider first the conditional ensemble
average,

<g>p= /dg P.(g.t] fo.to) g - (31)

This ensemble average is a time dependent function, also for systems in equilibrium. It de-
scribes the average evolution of the phase functipgiven that at time, < ¢ the value

of the phase functiory was f,. When this conditional average is subsequently averaged
with respect tof,, the result is simply the unconditional ensemble average > : since

P(g,t| fo.to) = P(g,t, fo,t0)/P(fo,to) we have,

<<g>p> = / dfo P(fo, o) / dg P.(g,1| forto) g
= /dg/dfoP(g,t,fo,to) g=<g>.

v~

=P(g,t)

The second pair of brackets --- > on the left hand-side denotes ensemble averaging with
respect to the initial conditiorf,. This ensemble average is time independent for systems in
equilibrium. The most simple unconditional ensemble average that contains information con-
cerning the dynamics of stochastic variables, also for systems in equilibrium, éettedation
function of f andg, defined as,

<< g>p fo>= /dfop(fo,to)/dgpc(gaﬂfo,to)gfo- (32)

In an experiment one usually measures such an unconditional ensemble average, since the sys-
tem is not prepared in a certain state before the experiment is started. Alternatively, the correla-
tion function may be written in terms of pdf’s of phase space coordifatddsing that,

P(g,t, forto) — / ax / 01Xy P(X, 1, Xo,10) (g — 9(X)) 6(fo — F(Xp)) . (39)
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which is an alternative formulation of eq.(7), it is easily shown that,
< f(X(to)) g(X(t)) > = /dX/dXO f(Xo) 9(X) P(Xo, to) Pe(X, ] Xo, to)

- /dx/dxo f(Xo) 9(X) P(X,t, X, to) . (34)

where the left hand-side is just a more transparent, alternative notation for the correlation func-
tion<< g >4, fo >. The correlation function is a function oandt,. For equilibrium systems,
however, in which there is no preferred instant in time, the correlation function in eqgs.(32,34)
depends only on the differenc¢e .

For very large time differencés- ¢, the dynamics off becomes independent of whatever value

f had at time,. Formally this means that

P(X07t) PC(X7t|X07tO> = P(X7t7X07tO) - P(X7t) P<X07t0)'

The correlation function is thus seen to tendtg > < g > ast —t, — oo. The time required to
renderf andg statistically independent, to within some degree, is referred theasorrelation
time for f andg.

4 Equations of Motion for Probability Density Functions

In order to calculate time-correlation functions analytically, an equation of motion for the appro-
priate pdf needs be derived. Before formulating the two most important fundamental equations
of motion, let us first see how to calculate time-correlation functions from such equations of
motion.
Equations of motion for pdf’s are of the form,

0 .
B P(X,t) = LP(X,t), (35)
where is the time evolution operatdmostly a differential operator) that acts on the phase
space variableX. Depending on the type of system under consideration, the opetasies
different forms, two of which will be discussed at the end of this section. At tintbe phase
space variables are supposed to be equXltorhe pdf is thus infinitely sharply peaked around
X = X at timet=t,. From the normalization condition (4) it thus follows that,

with ¢ the delta distribution. Note that the solution of the equation of motion (35) with this initial
condition is actually the conditional pd?(X,t | Xo,t). The formal solution of egs.(35,36)
reads,

P(X,t]|Xo,ty) = exp{L(t — to)} §(X — Xy) , (37)

where theoperator exponentiad defined by the Taylor series of the exponential function,

(t—to)" 4
!

exp{L(t—to)} = > L (38)

n=0
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Here, forn > 0, £* = £ L --- £, while £° = T is the identity operator which leaves phase
—_——
n X
functions unaltered, that ig,f = f for any phase functiorf. That the formal expression (37) is
indeed the solution of egs.(35,36) follows from differentiating term by term,

9 wplEt—1g)} = E (=t o
8teXp 0 a — n—l
t—to Y,
= L E "= Lexp{L(t —1to)}.

Substitution of eq.(37) into eq.(34) and integrating with respeXyields,

< f(X(to)) g(X(t)) > = /ng(X) exp{L(t — to)} [ /(X) P(X,t)] - (39)

For systems in equilibrium, wher@ is time independent, this expression shows explicitly that
the correlation function is a function of the time differertcet, only. The advantage of this
expression as compared to eq.(34) is that the conditional pdf does not appear explicitly. In
principle this expression can be evaluated once the opefatothe equation of motion (35) is
specified. A drawback on the expression (39) is that each term in eq.(38) for the operator ex-
ponential must be evaluated to obtain the correlation function, and this is in general technically
not feasible. Since the'" term in the definition (38) of the operator exponentiakigt —t,)",
evaluation of the first few terms in the expansion leads to an expression that is valid for short
times, where is not much larger thak,. Such expansions are referred tosg®rt-time ex-
pansions An explicit example for such a short time expansion will be given at the end of the
present section.

4.1 The Liouville equation

The most fundamental equation of motion is theuville equationp which is the equation

of motion for the pdf of the position coordinates and the translational momenta of spherical
atoms/molecules. Consider an arbitrary volumyein the 6/ NV-dimensional phase space. The
total numberV of systems within the ensemble with a microstate inside this volume is propor-
tional to,

N(t) = /W X P(X, 1) | (40)

The rate-of-change of the number of systems with a microstate withia due to in- and out-
flow through the surfacéV of W. Since only the component of the velocitX /dt in phase
space that is orthogonal to the surface norXidéads to in- and out-flow, we have,

AN(t) OP(X.t) . [dX
e /WdXT - ‘ngdsx' {d_P(X ”} ’ @

wheredS' is an infinitesimal surface area. The minus sign in front of the surface integral ac-
counts for the fact thal" decreases in time wheiX /dt is alongX. Using Gauss’s integral
theorem to convert the surface integral into a volume integral leads to,

/de{%+vx-[%mx,t)” =0, (42)
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Here,V x is the gradient operator with respect to t€-dimensional phase space variaie
Since the voluméV is an arbitrary volume, the integrand in eq.(42) is equal to zero. This can
be seen as follows. Suppose that the integrand is positive at somé&pothen the integrand

is a continuous function oKX, there is by definition a neigbourhood of the poKyg where

the integrand is strictly positive. Taking’ equal to this neighbourhood shows that eq.(42) is
violated. Hence,

OP(X, 1)
ot

V- [%P(X,t)}

al dr; dp;
= — .| =L P(X,t | =L P(X,t 43
Z{v x| v, | e lh @
wherer; andp; are the position and momentum of parti¢l@ndV, andV, are the respective
gradient operators. Since,

drj P g P

dt m dt
with m the mass of the particle$); the force on particlg and® the total potential, which is
due to interactions between the particles and possible due to an external field. Substitution of
eq.(44) into eq.(43) thus leads to,

= F; = _vr]-q)(rh"' TN) (44)

OPXY) LP(X,t), (45)
ot
where/ is the Liouville operatar
N
A p
LGy = 3=, () +19,0]-9,,()] (46)

Jj=1

Sometimes the imaginary uriit= \/—1 is introduced as a prefactor in egs.(45,46) to render the
Liouville operator Hermitian with respect to the un-weighted inner product. The brdekelts

in eq.(46) are used to indicate that the action of the gradient operator is limited to the potential
o,

One implication of the Liouville equation is that the pdf remains unchanged in time when fol-
lowing a point along its trajectory in phase space, which is sometimes referred iauagle’s
theorem This can be seen as follows. The temporal chabg¥ Dt of the pdf when one moves
along with a point in phase space is equal to,

DP(X,t) _ dP(X(t),t)  dX(t) SP(X.1
Dt = y = — ~VXP(X,t)+T
N
= b OP (X, 1)
B ;{5'V”P(X’”‘[VTJ-@]'VPJ-P<X¢>}+T
- —EAP(X,t)_F%7 -

where eqs.(44,46) have been used. According to the Liouville equation (45) this is indeed equal
to zero. Since trajectories in phase space can not cross each other, Liouville’s theorem implies
that the volume of an arbitrary volume element does not change in time during its motion
through phase space.



Statistical Mechanics B1.15

4.2 The Smoluchowski equation

In very asymmetric mixtures of different kinds of particles, there can be a pronounced separa-
tion of time scales associated with the various phase space variables of the different species. In
that case one can consider the fast species as being always in equilibrium with the instantaneous
configuration of the slower species. The fast variables can then be eliminated from the equation
of motion by averaging with respect to the equilibrium distribution of these variables in the
instantaneous field imposed by the remaining slow species. Such a procedure is referred to as
coarse grainingimportant examples are solutions of large particles, such as colloids and poly-
mers. For suclsuspensionghe dynamics of the large particles is much slower as compared to
the relatively small solvent molecules. The solvent molecules are always in instantaneous equi-
librium with the field imposed by the slowly moving large particles. In addition, the momentum
coordinates of the big particles, hereafter referred toa®idal particlesor simply colloids
are also fast variables in comparison to their position coordinates. This can be seen as follows.
Newton’s equation of motion of a single colloidal sphere with massan be written as,

MO e (48)

dt

The first term on the right-hand side is the average interaction force of the colloidal sphere with
the solvent molecules once it attains a certain veloeitySince the colloids are much larger
than the solvent molecules, this interaction force can be described as a friction force, where
(¢ is the friction coefficient of the colloid with the solvent. In addition to this friction force
there is a fluctuating forcédue to random collisions of the solvent molecules with the surface
of the colloid. Equations of motion with a fluctuating contribution are commonly referred to
asLangevin equationsSince the systematic force is included in the friction contribution, the
ensemble average of the fluctuating forc@.isdence, averaging of the Langevin equation (48)
leads to,

== (49)
dt
the solution of which is,
v(t) = vg exp{—t/Tg} With 75 = M/(, (50)

wherevy is the initial velocity. Using thaf = 67nya, with 7, the shear viscosity of the solvent
anda the radius of the spherical colloidal particle (typically of the orded@f 1000 nm),
the momentum relaxation time; is found to be of the order df ns. If the interest is in time-
dependent phenomena in colloidal dispersion on time scales much larger than typically
one can regard the momenta as fast variables. The time scale that is largey, thatstill small
enough to probe the position coordinates of the colloidal particles is referredte dgfusive
time scalerp. The minimum resolution in length scale, after coarse graining to the diffusive
time scale is equal to the distance that a colloid traverses during the timietegration of the
velocity in eq.(50) over a time much larger thangives,

TD>>TR
Ap = vg/ dt" exp{—t'/m8} = vo7B . (51)
0

A typical value for the initial velocity can be found from the equipartition theorem as,

Vg ~ \/m (52)
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Substitution of typical values leads 1g, ~ 1073 a. The length resolution after coarse graining

to times much larger thary in eq.(50) is thus much smaller than the radiusf the colloid.

One should thus be able to coarse grain the Liouville equation for a mixture of solvent molecules
and colloidal particles to obtain an equation of motion for the pdf of just the position coordinates
of the colloidal particles. This equation of motion is commonly referred thasmoluchowski
equation Integration of the Liouville equation for such a mixture with respect to the solvent
phase space coordinates and the momenta of the colloids [1, 2] is technically quite involved
and will not be discussed here. The Smoluchowski equation can be obtained alternatively as
follows. First, repeating the arguments leading to the first expression in eq.(43), where now

X = (ry, -+ ,ry) = R specifies the configuration of the colloids, gives,
OP(R,t) dR c
— = —VF[d—PRt} Zv” vIPR, )], (53)

whereVy, is the3 N-dimensional gradient operator with respect to the position coordinates of
the colloidal particles. Here, the superscripj™on the velocities indicates that these velocities
are coarse grained to the diffusive time scale, that is, velocities averaged over a time interval
equal to the diffusive time scalg,. Secondly, an explicit expression for the velociti#/dt =

(v, -+, v5?) can be obtained, noting that on the diffusive time scale the momenta are long
relaxed. Relaxation of momenta implies that inertial forces are very small in comparison to all
other forces acting on a colloidal particle. These other forces are :

(i) The force due tadirect interactiondetween colloids, which is equal teV, ® with ¢ the

total potential energy of an assembly/éfcolloids averaged over to the phase space coordinates
of the solvent molecules with respect to the equilibrium pdf of the solvent degrees of freedom
in the instantaneous field imposed by the colloids.

(i) The force due to friction with the solvent. When a colloidal sphere moves, it induces a
fluid flow which affects other colloids in their motion (see Fig.4.3). These interaction forces are
referred to asiydrodynamic interactionsSince the hydrodynamic equations that describe the
induced fluid flow (as will be discussed in the next section) are linear, the hydrodynamic force
Fjl on spherg is linearly related to the velocities of all other spheres,

ZTU v, (54)

where the friction tensor¥; are referred to aBydrodynamic friction tensorsvhich are com-
plicated functions of all colloid positions. With the neglect of hydrodynamic interactions these
tensors reduce to (with; the Kronecker delta antithe identity tensor),

T, = Ciéij no hydrodynamic interactions (55)

thatis,F; = —( v§?, where( is the friction coefficient of a sphere with an otherwise quiescent
fluid (which was already introduced in connection with the Langevin equation (48).

(i) Due to coarse graining, a third force is of importance which is of an entropic nature and
is referred to aghe Brownian forceF]BT. We will specify this force in terms of positions
coordinates later.

These forces add up on the diffusive time scale, as discussed above,

N
—V, =3 Y vI@+F =0, (56)

J=1
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or equivalently in3 N-vector notation,

~Vp®-Y -v9+FP =0, (57)
where,
Yy Y - Yin
o (59
TNI TN2 TNN
is the3N x 3N-dimensional hydrodynamic friction tensor. Furthermor®,= (vi’,--- ,vy)
andFPr = (Fh ... 'F%). Inverting theforce balance equatiofp7) leads to the following
expression for the velocities (with = 1/kzT),
v¥9 = D-{-3Vr®+BF"} (59)
where themicroscopic diffusion tensas defined as,
D = kgT Y, (60)

with Y1 the inverse of the tensdf. This tensor can be written analogously to eq.(58) in
terms of3 x 3-dimensional tensorB®;;, where the indices are colloidal particles numbers, so
that eq.(59) can be written as,

N
vi? = ) Dy - { -8V, &+ F]} (61)
j=1
Substitution into eq.(53) gives,
OP(R, al
% = > V,-D;R)-{BPR,1)V, ®R) - BP(R,t)F}"} . (62)

ij=1

The Brownian force can now be specified, noting tRat- exp{—3®} ast — oo. According
to the above equation of motion, this is the case when,

FP" = —kgTV, n{ P(R,t)} . (63)
Substitution into eq.(62) finally leads the Smoluchowski equation

OP(R,1)
5 = OPR.1). (64)

where,

O() =Y V. DyR)-{B()V,®R)+ V., ()}, (65)

ij=1

is the Smoluchowski operatoFhe Smoluchowski operator is denoted her&as distinguish

it from the Liouville operator. This is the fundamental equation of motion for colloidal and
polymeric systems. The equation of motion for the pdf of the positions of the beads for a single
polymer chain is obtained from this equation by introducing an appropriate poténtradt
connects the beads to each other. The resulting equation of motion is referrethéozsim

or Rouse equatigmepending on whether hydrodynamic interactions are accounted for.
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4.3 The dynamic structure factor for non-interacting colloids

As a simple example, let us evaluate the dynamic structure factor for non-interacting colloids,
which is valid for very dilute suspensions. Without hydrodynamic interactions, according to
egs.(55,60), the microscopic diffusion tensors reduce to,

D;; = Doldy; (66)
where,
kT
Dy = ——, (67)
¢
which is theEinstein diffusion coefficientfThe Smoluchowski equation (64,65) thus reduces to,
P(r,t
0 é; ) DV Pt (68)

wherer is the position coordinate of a single colloidal sphere ®rid the gradient operator with
respect ta. This equation of motion is known #3ck’s equation It should be noted, however,

that this equation is also valid for high concentrations of colloids, provided that gradients in
concentration are small on the length scale set by the range of the direct interactions between the
colloids. The diffusion coefficient is then different from the Einstein diffusion coefficient

Fick’s law for higher concentrations can actually be derived from the Smoluchowski equation
(64,65) by means of a gradient expansion. The dynamic structure factor is defined as (with

i= V=),
S(k,t) = <exp{ik-(r(t)—r(t=0)}>, (69)

where the wave vectdt measures the length scale on which the motion of the colloidal sphere

is probed. This structure factor is typically measured by means of scattering experiments (light,
X-ray and neutron scattering), where the wave vector is connected to the scattering angle, that
is, the angle between the incident beam and the detection direction. The dynamic structure
factor is a time-correlation function of the form (39), with= 0, X = r, f = exp{—ik - r}

andg = exp{ik - r}. Hence,

S(k,t) = %/Vdr exp{ik - r} exp{t DyV*} exp{—ik -t} , (70)
where it is used that the pd¥(r,¢) = 1/V, with V' the volume of the system under considera-
tion. Itis easily verified tha¥/? exp{—ik - r} = —k? exp{—ik - r}, and hence, from eq.(38),

exp{t DyV?} exp{—ik -r} = exp{—Dyk*t} exp{—ik-r} . (71)
Substitution into eq.(70) thus gives,

S(k,t) = exp{—Dok*t} . (72)

The explicit evaluation of the full time dependence is possible due to the fagt thatp{ —ik-

r} is an eigenfunction of the time-evolution operafbrin more general cases this is of course

not true, and approximations must be made to evaluate correlation functions. For example, the
calculation ofS(k, t) for interacting systems, where the Smoluchowki operator in eq.(65) is the
relevant time-evolution operator, can not be done exactly.
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Fig. 3: Hydrodynamic interactions : when spheramoves it creates a fluid flow that affects
sphere2 in its motion.

5 Hydrodynamics

In this section we shall consider hydrodynamic interactions between spherical colloids. First
of all, the equations which govern fluid flow, the continuity and Navier-Stokes equations, are
derived. Inertial terms in the Navier-Stokes equation are then shown to be small for colloids,
to leading in the so-called creeping flow equations. The Green’s functions of the creeping flow
equations are calculated, and from that, the hydrodynamic diffusion tEnses determined to
leading order in an expansion with respect:fd?, with a the radius of the spheres aftthe
distance between the spheres.

The mechanical state of the solvent is characterized by the local veldeity) at positionr at

time ¢, the pressure(r, ¢) and the mass densip(r, ¢). All these fields are averages over small
volume elements that are located at the various positioiifiese volume elements must be so

small that the state of the fluid hardly changes within the volume elements. At the same time,
the volume elements should contain many fluid molecules, to be able to properly define such
averages. In particular we wish to define the thermodynamic state of volume elements, which is
possible when they contain a large amount of solvent molecules, and when they are in internal
equilibrium, that is, when there Iscal equilibrium In this way the temperature fielfl(r, t)

may be defined. The temperature dependence of, for example, the mass density is then described
by thermodynamic relations. These thermodynamic relations are an important ingredient in a
general theory of hydrodynamics. For our purposes, however, the temperature and mass density
may be considered constant. Temperature variations due to viscous dissipation in the solvent
are assumed to be negligible. At constant temperature, the only mechanism to change the mass
density of the solvent is to vary the pressure. For fluids, however, exceedingly large pressures
are needed to change the density significantly, that is, fluids areigoipressibleBrownian

motion is not so vigorous to induce such extreme pressure differences, so that the density will
also be assumed constant. The assumption of constant temperature and density is also a matter
of time scales. Relaxation times for local temperature and pressure differences in the solvent
are much faster than typical time scales relevant for Brownian motion.

Assuming constant temperature and mass density leaves just two variables which describe the
state of the fluid : the fluid flow velocity(r,t¢) and the pressurg(r,¢). Thermodynamic
relations need not be considered in this case, simplifying the phenomenological analysis con-
siderably.
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5.1 The continuity equation

The rate of change of the mass of fluid contained in some arbitrary volwneequal to the

mass of fluid flowing through its boundat)V. The local velocity at surface elements on
0V can be written as the sum of its component parallel and perpendicular to the surface. The
parallel component does not contribute to in and out flux of mass through the bounlgsee

also the discussion that lead to eq.(41)). Only the compownentof the flow perpendicular to

the surface gives rise to in and out flux of mass, wheigthe unit normal of the corresponding
surface element. Hence,

d

G Loty = =4 as-gotr vl

wheredS = n dS, with dS an infinitesimal surface area. The minus sign on the right hand-side
is added, because the mas3indecreases whenis along the outward normal. Using Gauss’s
integral theorem, this leads to,

/Wdr {%p(r,t) + V-{p(r,t)v(r,t)}] _ 0,

whereV is the gradient operator with respectitoSince the volumé&V is an arbitrary volume,
the integrand must be equal to zero, so that,

5 P + VAol )v(r,t)} = 0. (73)
This equation expresses conservation of mass, and is referred toasithriity equation
For a fluid with a constant mass density, the continuity equation reduces to,

V-v(r,t) = 0. (74)

Fluids with an essentially constant mass density are referred iecasipressible fluidsand
eq.(74) is therefore sometimes referred to asittw®mpressibility equatian Being nothing

more than the condition to ensure conservation of mass, this single equation is not sufficient to
calculate the fluid flow velocity. It must be supplemented by Newton’s equation of motion to
obtain a closed set of equations.

5.2 The Navier-Stokes equation

The Navier-Stokes equation is Newton’s equation of motion for a small amount of mass con-
tained in a volume element within the fluid. Consider such a mathematically infinitesimally
small volume element, the volume of which is denoted@asThe positionr of that volume
element as a function of time is set by Newton’s equation of motion. The momentum that is
carried by the mass element is equabte, t) (ér)v(r, t), so that Newton’s equation of motion
reads,

dv(r,t)

) or —12 — f
p(r,t) or o :

wheref is the total force that is exerted on the mass element. Since in Newton’s equations of
motionr is the time dependent position coordinate of the volume elementjidd = v is the
velocity of the volume element, the above equation can be written as,

av(r,t)

p(r,t) or g

+v(r,t)-Vv(r,t)| = f.
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force = dS e 3(F 1)

Fig. 4: Definition of the stress tensai.

Here,Vv is a dyadic product, that s, it is a tensor of which t}{& component is equal tv/;v;,

with V; the differentiation with respect tq, thei’* component of.

The total forcef on the volume element consists of two parts. First of all, there may be external
fields which exert forces on the fluid. These forces are denotddihy¥“'(r), that is,f*** is

the external force on the fluid per unit volume. The second part arises from interactions of the
volume element with the surrounding fluid.

The forces due to interactions with the surrounding fluid are formally expressed in terms of the
stress tensoE(r, ¢), which is defined as follows. Consider an infinitesimally small surface area
in the fluid, with surface are&S and a normal unit vectai. The force per unit area exerted by

the fluid located at the side of the surface area to which the unit normal is directed, on the fluid
on the opposite side of the surface area, is by definition equ# toX, with dS=ndS (see

fig.4).

Hence, by definition, the force of surrounding fluid on the volume elemeistequal to,

f s’ -3(r',t) = / dr' V' -3(r' t) = or V- X(r,t),
Odr or

whereddr is the boundary of the volume element. We used Gauss'’s integral theorem to rewrite
the surface integral as a volume integral. The last equation is valid due to the infinitesimal size
dr of the volume element at positian The forcef” on the volume element due to interaction
with the surrounding fluid is thus given by,

f'(r,t) = (0r) V- 2(r,t). (75)

There are two contributions to the stress tensor : a contribution resulting from gradients in the
fluid flow velocity, and a contribution due to pressure gradients.

Consider first the forces due to pressure gradients. Let us take the volume edencabic,

with sides of lengthyl. The pressure is a force per unit area, so that the force on the volume
element in thex-direction is equal to,

2 1 _ 1 _ s 9
(67) (p(:v 25l,y,z,t) p(:v+25l,y,z,t) = —(0l) aJCP(af,y,z,t),

where (61)? is the area of the faces of the cube. The force on the volume element is thus
—(0r)Vp(r,t). We therefore arrive aly - ¥ =—Vp. The contribution of pressure gradients to
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the stress tensor is thus easily seen to be equal to,
Y(r,t) = —p(r, )1,

with I the3 x 3-dimensional unit tensor. This contribution to the stress tensor is referred to as
the isotropic part of the stress tensa@ince it is proportional to the unit tensor and therefore
does not have a preferred spatial direction.

Next, consider the forces on the volume element due to gradients in the fluid flow velocity.
When the fluid flow velocity is uniform, that is, when there are no gradients in the fluid flow
velocity, the only forces on the volume element are due to pressure and possibly external forces.
There are friction forces in addition, only in case the volume element attains a velocity which
differs from that of the surrounding fluid. The contribution to the stress tensor due to friction
forces is therefore a function of spatial derivatives of the flow velocity, not of the velocity itself.
This contribution to the stress tensor can be formally expanded in a power series with respect to
the gradients in the fluid flow velocity. For not too large gradients (such that the fluid velocity
is approximately constant over distances of many times the molecular dimension) the leading
term in such an expansion suffices to describe friction forces. The contribution of gradients
in the fluid flow velocity to the stress tensor is thus a linear combination of the derivatives
V.v,(r,t), whereV; is the derivative with respect to thi& component of, andv;(r, t) is the

4t component of(r, t).

There are also no friction forces when the fluid is in uniform rotation, in which case the flow
velocity is equal tov = © x r, with  the angular velocity. Such a fluid flow corresponds to
rotation of the vessel containing the fluid, relative to the observer. Linear combinations of the
form,

Vﬂ/j (I', t) + vjvi(ra t) ) (76)

are easily verified to vanish in case= €2 x r. The stress tensor is thus proportional to such
linear combinations of gradients in the fluid velocity field.

For incompressible isotropic fluids, with no preferred spatial direction, the most general expres-
sion for the components,; of the stress tensor as a result of friction is therefore,

Ypij = no {Viv;+ Vv } (77)

where the subscriptD ” stands forthe deviatoric part of the stress tensdhe terms~ V -

v(r,t) on the right hand-side arising from the linear combinations (76) withj are zero for
incompressible fluids (see eq.74)). For incompressible fluids, the Navier-Stokes equation thus
reads,

ov(r,t)
ot

Together with the continuity equation (74) for incompressible fluids, this equation fully deter-
mines the fluid flow and pressure once the external force and boundary conditions are specified.

+pv(r,t)-Vv(r,t) = V-X(r, 1)+ (r, 1) = noV>v(r,t)—Vp(r, t)+f (r). (78)

5.3 The creeping flow equations

The different terms in the Navier-Stokes equation (78) can be very different in magnitude,
depending on the problem at hand. In the present case we are interested in fluid flow around
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small sized objects (the colloidal spheres). Let us estimate the magnitude of the various terms
in the Navier-Stokes equation for this case. A typical value for the fluid flow velocity is the
velocity v of the colloidal objects. The fluid flow velocity decreases from a valudose to a
colloidal particle, to a much smaller value, over a distance of the order of the colloid-radius
Hence, typically,| V*v |~ v/a®. Similarly, | v - Vv |~ v?/a. The rate of change of is v

divided by the time it takes the colloidal particle to loos its velocity due to friction with the fluid.
This time interval is equal to a few timdg /¢, as was discussed in section 4 in connection with

the derivation of the Smoluchowski equation. Introducing the rescaled variables,

vi=v/v , ¥ =r/a and t' = t/(M/(),
transforms the Navier-Stokes equation (78) to,

a*¢ ov'
P M770 ot’

+ Rev' - V'V = V' —V'p + . (79)

whereV’ is the gradient operator with respectrfo Furthermore, the dimensionless pressure
and external force are defined here as,

p/ — ip and f/emt — a_2femt7
Tlov MoV

The dimensionless numbék is the so-calledReynolds numbewhich is equal to,

pav
Mo

Re =

(80)

Using typical values for the various quantities shows fRatz 103 — 102, By construction
we have,

v -VV |=| VW |~ 1.

Hence, for very small values of the Reynolds number, the term proportionaN in the left
hand-side in eq.(79) may be neglected. Furthermore, for spherical particles we hare)ya

so thatp a®¢/Mny = 9p/2p, ~ 9/2, with p, the mass density of the colloidal particle. The
prefactor ofov’/0t’ is thus approximately equal 89'2. The time derivative should generally be

kept as it stands, also for small Reynolds numbers. Now suppose, however, that one is interested
in a description on the diffusive time scatg > M/( (the significance of the diffusive time

scale has been be discussed in section 4). For such times, the time defivafiv€ is long

zero, sincev goes to zero as a result of friction during the time intetvBl(. One may then
neglect the contribution to the time derivative which is due to relaxation of momentum of the
colloidal sphere as a result of friction with the solvent. The remaining time dependenrce of

on the diffusive time scale is due to the possible time dependence of the external force and
to interactions with other colloidal particles, which vary significantly only over time intervals
larger than the diffusive time scale. The value of the corresponding derivatix@ can now

be estimated as above : the only difference is that the time should not be rescaled with respect
to the timeM /¢, but with respect to the diffusive time scatg. We now havet’ = t/7p,

v = v/v,and|ov’/0t’ |~ 1. The transformed Navier-Stokes equation in this case reads,

9 p M/C OV

e R /‘v//:v/QI_vl/ fleact
2 o o 8t’+ ev v v D+ )
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where all derivatives of the fluid flow velocity are of the ordet. Sincerp > M/(, the time
derivative due to changes of the fluid flow velocity as a result of the time varying external force
and interactions with other colloidal particles may now be neglected.

For small Reynolds numbers and on the diffusive time scale, the Navier-Stokes equation (81),
written in terms of the original unprimed quantities, therefore simplifies to,

Vp(r,t) —noViv(r,t) = f(r). (81)

This equation, together with the incompressibility equation (74), arergeping flow equa-
tions "Creeping” refers to the fact that the Reynolds number is small, which is the case when
the typical fluid flow velocityv is small.

5.4 The Oseen tensor

An external force acting only in a single poiriton the fluid is mathematically described by a
delta distribution,

£t (r) = f6(r—1'). (82)

The prefactorf, is the total force[dr’ f**!(r') acting on the fluid. Since the creeping flow
equations are linear, the fluid flow velocity at some poiit the fluid, due to the point force in
r’, is directly proportional to that point force. Hence,

vir) = T(r—1') - fy.

The tensofT is commonly referred to as th@seen tenspnamed after the scientist who first
derived an explicit expression for this tensor [3]. The Oseen tensor connects the point force at
a pointr’ to the resulting fluid flow velocity at a poimt Note thatT is only a function of the
difference coordinate — r’ due to translational invariance for a homogeneous fluid. Similarly,
the pressure at a points linearly related to the point force,

p(r) = g(r—1')-fo . (83)

The vectorg is referred to here as th@essure vector

Consider an external force which is continuously distributed over the entire fluid. Due to the
linearity of the creeping flow equations, the fluid flow velocity at some poistsimply the
superposition of the fluid flow velocities resulting from the forces acting in each point on the
fluid. Hence,

v(r) = /dr’T(r — 1) (). (84)

The same holds for the pressure,

p(r) = /dr’g(r — 1) - £ (). (85)

In mathematical language, the Oseen tensor and the pressure vector are the Green’s functions
of the creeping flow equations for the fluid flow velocity and pressure, respectively. Once these
Green'’s functions are known and the external force is specified, the resulting fluid velocity and
pressure can be calculated through the evaluation of the above integrals. The calculation of the
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Green’s functions is thus equivalent to solving the creeping flow equations, provided that the
external forces are known.

Let us calculate the Oseen tensor and pressure vector. To this end, substitute egs.(84,85) into
the creeping flow equations (74,81). This leads to,

/dr' [V -T(r—-1)] () = 0,

/dr’ [Vg(r —1) = V2T (r — 1) —16(r — 1) | - £(x') = O,

where, as beford, is the3 x 3-dimensional unit tensor. Since the external force is arbitrary, the
expressions in the square brackets must be equal to zero, so that the Green’s functions satisfy
the following differential equations,

V-T(r) = 0,
Vg(r) —noV?T(r) = I14(r). (86)

A single equation for the pressure vector is obtained by taking the divergence of the second
equation, with the use of the first equation,

Vig(r) = V-14(r) = Vi(r).

Using thatV?(1/r) = —4x §(r), it follows thatg(r) = —(1/47)V(1/r) + G(r), whereG is a
vector for whichV2G = 0, while G — 0 asr — oo. It can be shown that such a vectoiis

Hence,

11 1 r
The differential equation to be satisfied by the Green’s function for the fluid flow velocity (the
Oseen tensor), is found by substitution of eq.(87) into eq.(86),

V2 [ili—nofr(r)] L [3E—ii} |

4 r

An obvious choice for the term between the square brackets on the left hand-side of the above
expression is of the form,

11. 1. lrr
—=I-nT(r) = ao; I+
4 r rn

e
with ag 1, n andm constants. These constants can indeed be chosen such that this Ansatz is the
solution of the differential equation (with the boundary condition fhat) — 0 asr — c0). A

somewhat lengthy, but straightforward calculation yields,

) = — 2 [i+”} . (88)

8mNo ; ﬁ

This concludes the determination of the Green’s functions for the creeping flow equations.
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5.5 Hydrodynamic interactions

The starting point for the calculation of the microscopic diffusion matrices that appear in the

Smoluchowski operator (65) is the Green’s function representation (84) of the creeping flow
equations. In the present situation, the external f6fteis due to forces that surface elements

of the colloidal spheres exert on the fluid. For the multi-sphere problem considered here, the
integral in eq.(84) is now a sum of integrals ranging over the surfates j = 1,--- , N of

the NV spherical Brownian particles,

v(r) = Z ]gvdS'T(r—r’)-fj(r'), (89)
pr) = D0 dS e 1)), (90)

wheref; is the force per unit area that a surface element with positiof colloidal spherg

exerts on the fluid.

We shall assume stick boundary conditions, that is, the velocity of the fluid at the spheres surface
is assumed to be equal to the velocity of the corresponding surface element. Hence,

N
vi—i—Qix(r—ri):Z]{ dS'T(r—1')-f;(r') , r €0V, (92)
=1 YoV,
wherev; and (2, are the translational- and rotational velocity of #/e sphere, respectively.
Since this equation is valid fanypositionr on the surfacéV; of particle:, both sides can be

integrated over that surface. Due to symmetry, the rotational component on the left hand-side
drops out, and we have,

v = 4m2fgvdsévds (r—r)-f 4m22fgvds]gvds (r—1')-f;(r').

(92)
Since, 2
7{ dST(r—71') = for v’ € OV} , (93)
av; 3770
the first term on the right hand-side of eq.(92) is thus equal to,
! 7{ dSy{ dS'T(r — ') - £i(r) L g
r—r)-f,(r)=— ;
dra? Joy, oV ' 6rnoa "’
where the total force that the fluid exerts on ffeBrownian particle is equal to,
Fli'(t) = — 7{ ds’ £;(r') . (94)
oVi

The double surface integrals in the second line on the right hand-side of eq.(92) can be ap-
proximated, in case the distance between the colloidal spheres is large, as follows. First, the
integrations are performed with respect to the translated coordiRates —r; andR’ = r'—r;

(see Fig.5).
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Fig. 5: Definition of the position® and R’ on the surface of Brownian particles relative to
their position coordinates; andr;, respectively.

Let 9V denote the spherical surfad®; with its center at the origin. The integrals on the right
hand-side of eq.(92) are written as,

1
—_— d dS"T(R - R . —r;) f (R .
o fgvo Sjévo S"T( +r,—r;) - f;(R +r))

Now suppose that the distance; — r; | between the Brownian particlésind; is much larger
than| R — R’ |< 2a, with « the radius of the sphere. The Oseen terlBdR — R’ +r; —r,)
may then be replaced, to a good approximatiorI®y; —r;). With eq.(94) it then follows that,

: h
Ira? fgv a5 7§V dS'T(r — 1) - £,(t') ~ ~T(r; — 1;) - F}.

For these large separations between the Brownian spheres, eq.(92) can thus be approximated as,

N
1
;= — Fr — T(r; —r;) - F. 95
v 6mnoa* ; (r; —1;) - Fj (95)

We thus find the following leading order expansion of the microscopic diffusion tensors with
respect tau/r;;,
3 a [~ . . . .
D'L’j = kBTT(I'l — I'j) = Z_lDO_ [I —+ rijrij} , 2 7£ 7, (97)

Tij

wherer;; = r; — r; is the distance between the spheiesd j, andr;; = r;;/r;; iS a unit
vector. FurthermoreD, = kT /6mnoa is the same Stokes-Einstein diffusion coefficient that
we encountered before.

The above expression#ie Oseen approximation for the microscopic diffusion matriees
valid for large distances between the Brownian particles, that is, for small valueg-gf
These results are the leading terms in an expansion with respeot;jo
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On the two-particle level, where only two particles interact simultaneously, the general form of
the diffusion matrices reads,

N
D; = Did+Dy ) {As(ﬁ'j) vyt + Ba(ri) [i - Fzﬂm]} :

=1, %0

D;; = Dy {Ac(Tz‘j) It + Bc(ﬁ'j) [I - fijfij:| } L 1F] (98)

The summation in the expression for the "self” diffusion maldy accounts for the fact that

all particles in suspension reflect the field of tieparticle back to that particle. The scalar
functions A, , By, A. and B, are referred to asobility functions These functions depend

only on the scalar distanog; between the two spherésandj. The mobility functions with

i = j are sometimes calleself-mobility functions and those with # 5, distinct- or cross-
mobility functions The subscripts andc refer to "self’ and "cross, respectively. The mobility
functions can be calculated as a Taylor expansion with respect to the inverse distance between
two colloidal spheres. The first few terms in such an expansion read,

A, = —% <i)4+%(i>6+0((a/w)8)7

Tij Tij
17 [ a 6
B, = -5 <E) +0 ((a/ry)?) ,
3 a a\® 75/ a\’
N o fa 9
Ae = 271 (Tij) * 4 (Tij) +O((@/ra))
B, = 2o (e 3+o(( Jrii)°) (99)

where the leading terms correspond to our result in eq.(96). Nowadays, the numerical values
of many hundreds of coefficients are known [4]. There are analytical expression for the hydro-
dynamic interaction tensors for very close approach of two spheres. This so{célt@ation
contribution to hydrodynamic interactiofts] is not accounted for in the above mentioned ex-
pansions. The expansions allow the calculation of transport coefficients up to leading order in
concentration, although for attractive interactions lubrication contributions should be taken into
account. For higher concentrations, when simultaneous hydrodynamic interactions between
more than two particles are important, one should derive expressions involving three and more
particles. So far, only the leading order expressions for three particle hydrodynamic interactions
are known. Alternatively one can perform simulations to take hydrodynamic interactions into
account.

6 Linear Response Theory

Equations of motion for ensemble averaged, macroscopic quantities can be obtained in principle
from the equations of motion for probability density functions. E&X) be a phase function.

The corresponding macroscopic variable that can be measured in an experiment is the ensemble
average< F' >, which is referred to as an observable. Multiplying both sides of eq.(35) with
F(X) and integrating with respect to the phase-space varidblesads to,

a ~
o <F>= /dX F(X)LP(X,t) . (100)
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The right-hand side should now be expressed in terms of relevant observables to obtain a de-
scription on the macroscopic level. Such a microscopic derivation of equations of motion for
macroscopic, observable quantities is the main challenge of statistical mechanics. As a special
case we shall consider the response of observables to a (possibly time-dependent) external field,
which is assumed to be weak enough to linearize appropriate equations of motion with respect
to the external perturbation. Such a theory is called "linear response theory”.

6.1 Derivation of the linear response equations

Let ﬁeq be the time evolution operator in the absence of the external fielaﬁé‘ﬁd) the (pos-

sibly time-dependent) contribution due to the external field, thafis; L., + £(t). The
equation of motion (35) is thus written as,
0 2 Aext
5 P(X.1) = {z,eq + L (t)} P(X.1). (101)
Since the external field is supposed to be weak, the deviation from the probability density func-
tion (pdf) P,, ~ exp{—(£®} without the external field will be small as well. Hence, we shall
write,

P(X,t) = Poy(X)+AP(X, 1), (102)

whereAP is the small contribution due to the external field. Substitution into eq.(101), using
thatoP.,/ot = L.,P., = 0 and neglecting a termi**(¢)A P, which is of second order in the
strength of the external field, it is found that,

0

o AP(X.t) = L) Pog(X) + Log AP(X, 1) . (103)

The solution of this equation can be found by variation of constants, leading to,

t
AP(X,t) = exp{Legt} AP(X,t = —0c0) + / dt' exp{Leg (t —t'} L% (") P.y(X) . (104)
To make further progress, we have to specify the operatdrdue to the external field. We

shall consider the time evolution according to the Smoluchowski equation (64,65). Liouville
dynamics can be treated along similar lines. We chose here to consider Smoluchowski dynam-
ics, since this is not treated in most standard textbooks, contrary to Liouville dynamics. As
before, the operators on the diffusive time scajeare denoted Q.

In this section we shall consider conservative external fields. By definition, a conservative
external field can be incorporated in the time-evolution operator through an additional potential.
According to eq.(65), the operatél<*! is thus equal to (her& = R = (ry, -+ ,ry)),

N
O“t(--r) = B V,, Dy [V, @R 1) ] (), (105)

i,j=1

where®<* is the external potential. As an example, consider an external electric field. In that
case,

N
O RE) = > g™ (r)1) (106)
j=1
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whereg; is the charge of particlg and¢“**(r;, t) is the external electric potential. This can be
written as,

P (R, t) = /dr p(r|R) o (r, 1), (207)
where (withé the delta distribution),
N
p(r|R) = ) qid(r—r;). (108)
j=1

This is the phase function that complies with the charge density at painntegration of
p(r | R) over a volumeAV gives the charge within that volume at the particular timdn
analogy with eq.(107), the general form of the external potential is written as,

PR, 1) = / B(r|R) o™ (r.1) (109)

where®®! is the external fielénd,
N
= ) Bj(r—r;), (110)
j=1

is the phase function that specifies the microscopic density of a vafabl@is phase function
describes how the external field couples to the total potential energy. Substitution of eq.(109)
into eq.(105) thus leads to,

Ot () (- - ﬂ/dr o (r, {Zv,ﬂj D,; - ---)Ver(r]R)} : (111)

2,7=1
We shall assume that the external field is absehntat-oco. In that case,
APR,t=—-00) = 0. (112)

The response of the density of a variadledefined similarly as the variablé in eq.(110), thus
follows from eq.(104) (withX equal toR),

< AA> (r,t) = /dRA( IR) AP(R, ) ﬁ/ dt/dr Er—r,t—t)e™ (), (113)

wherethe response functidha is equal to, withr =t — ¢/,
. N
Er—r,7) = / dRA(r|R) exp{O.7} YV, - Di;- Py(R)V, B(r'|R), (114)
i,j=1

Where@eq is the equilibrium Smoluchowski operator. Sinfg, ~ exp{—3®}, it is readily
verified that,

ZV Dy - Py(R)V, B(r|R) = O [Pey(R) B(r|R)] (115)

i,7=1
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where the form (65) for the Smoluchowski operator has been used. Substitution into eq.(114)
for the response function thus leads to,

Er—-1,7) = g_ / dRA(r|R) exp{O.,7} [ P.y(R) B(r'|R)] , (116)
T
and hence, according to eq.(39), in obvious notation,
Er—1r,7) = g < B(r',0)A(r,7) >0, (117)
T

where the subscript)’” is used to indicate that the ensemble average is to be taken in the equilib-
rium system, without the external field. Note that since the equilibrium system is translationally
invariant, the response function is a functionrcdndr’ only through their difference — r’.

The response to an external field is thus expressed in terms of correlations in the equilibrium
system, in the absence of the external field. This is of course only valid for small external fields.
Also note that in the integral in eq.(113), the time-argumerx & always positive. We could
extend the upper time-integration range in eq.(113) 40, demanding that,

E(r,t) =0 , for t<0. (118)

This expresses causality : the effect of an external field at ting not be affected by future
events at timeg > t¢.

The time-integration in eq.(113) for the response of an observabkflects the fact that the
response depends on earlier states. This "memory-effect” extends over times on which the
variablesA and B in the expression eq.(117) become statistically independent. The spatial
integration in eq.(113) reflects the effect on the response at a given point from neighbouring
points. The range of these "non-local” effects is set by the range of the interactions between
particles.

6.2 Static and dynamic response of the number density

As an example, let us consider the response of the number density of colloidal particles due to
an external potential. In this case, bothand B are equal to the microscopic density,

p(r|R) = > d(r—r;), (119)
j=1
and hence, according to eq.(117)
9 N
Er—rt—t) = o D <o —ri(t) 6(r —rj(t) >o (120)

i,j=1

The response is most conveniently expressed in terms of Fourier transforms. The spatial Fourier
transform of a functiory(r) is defined here as,

fk) = /dr f(r) exp{—ik-r}, (121)

wherek is referred to as a wave vector. The magnitudg @) measures the relative contri-
bution of variations off (r) on a length scale- 1/k. If, for example,f (k) is relatively small
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for large k, the spatial variations of (r) are predominantly smooth. The temporal Fourier
transform of a functiork(¢) is defined here as,

h(w) /_ b h(t) expl—iwt} | (122)

[e.9]

wherew is the frequency. Again, the magnitude /ofv) measures the relative contributions
to h(t) which vary on a time scale 1/w. Fourier transformation of eq.(113), using eq.(118),
gives,

<Ap> (kw) = BE(kw) o (k,w) . (123)
¢, From eq.(120) for the example under consideration we have,
Ek,w) = iwpSk,w), (124)

wherep = N/V is the mean number density addk, ¢) is the time-Fourier transform dhe
dynamic structure factd$(k, t), which is defined as,

N
S(k,t) = %Z < exp{—ik- (r:(t) =5t = 0))} >0 , for t >0, (125)

1,j=1

while S(k,t) = 0 for ¢ < 0. This function can be measured by scattering experiments, where
the wave vector is related to the scattering angle. It has been evaluated for non-interacting
colloids in subsection 4.3. In the derivation of eq.(124) we used that,

N
Skt = x0) = % 'S < exp{ik o} > |7 (126)

=1

and,
<exp{—ik-r;} > = é/ dr exp{—ik-r} ~ d(k), (227)

where it is used that the single-particle pdf is nothing bit. For wave vectork # 0, the

delta distribution is zero. Hence, the result in eq.(124) is only valid for non-zero wave vectors,
which excludes a position independent external potential. The linear response result in eq.(123)
can thus finally be written as,

80> M@)o a8 w) o (ko w) (128)

S is generally a complex quantity. The imaginary partSoflescribes the response that is in-
phase with the external potential, while the real part describes the out-of-phase response.
Since in the derivation of this result we assumed kst 0, which excludes a spatially constant
potential. Let us now consider a potential that is constant for times-7, wherer is the time
interval during which the density relaxes, that is, the time interval whkelenon-zero. For

t > 0, the response is then due to a constant external potential, independent of both time and
position. Physically this means that the state of the system at times$ is beyond the time
where the system "remembers” previous states during which the potential was switched on.
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In the derivation of the Smoluchowski equation, we considered a closed system, since it was
assumed tha® ~ exp{—/®} in equilibrium. The number of particles is thus fixed. A potential

that is constant throughout the system therefore can not have an effect on the overall density. In
order to analyze the response to a constant potential, we therefore divide the system into two
parts : in half of the system the potentialgg > 0, say, while in the other half the potential

IS —pg. The increase of the number density in the two parts then cancels, ensuring that the
total number of particles remains unchanged. Since the width of the "interface” between the
two parts is equal to the range of interaction between particles, which is the range over which
= varies with position, one can simply consider one of the parts on the basis of the equations
derived above. Interpreting the volume integral in eq.(113) as the zero wave vector limit of the
dynamic structure factor (126), it is found that the static response of the density is given by,

< Ap > .
T = =B o llclil% S(k) (129)
where,
S(k) = S(k,t=0), (130)

is the dynamic structure factor (125) foe= 0, which is referred to aghe static structure factor
Clearly, if the potential is positive, the density will decrease, since then the internal energy will
be decreased. It can be shown that the static structure factor at zero wave vector is related to the
osmotic compressibility as,

lim S(k) = kT

131
£ (5,7 11)/ 05 (131)

wherell is the osmotic pressure (herd,is considered a function gf, 7" and the chemical
potentialy; of the solvent). The change in density is larger as the system is more easily "com-
pressed”, thatis, if a relatively large change in density is required to induce a significant change
in osmotic pressure.

7 The Green-Kubo Formula

Linear transport coefficients can be related to time-integrals of current-current correlation func-
tions. Such relations are referred to@seen-Kubaelations. They can be employed to obtain
numerical values for phenomenological transport coefficients (such as the viscosity, diffusion
coefficients and conductivity) from microscopic simulations where the current-current correla-
tion functions are measured in equilibrium systems.

One can not rely on Smoluchowski dynamics here, since the current-current correlation func-
tions exhibit contributions from times shorter than the momentum relaxation time s¢ale
Currents, or equivalently, velocities of colloidal particles relax on a time sgale M/( to
equilibrium with the heat bath of solvent molecules (see section 4.2), which relaxation process
is excluded in Smoluchowski dynamics. A treatment on the diffusive time sgate 75 would

not include such short-time contributions to current-current correlation functions. Without these
"relaxation contributions”, Green-Kubo formulas some times even predict negative values for
inherently positive phenomenological coefficients.
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7.1 Derivation of the Green-Kubo formula

Consider the linear response of the currgnof an observablel. The current is defined as,
N

= D Ajvio(r—ry), (132)
j=1

where, as compared to eq.(110) (wittreplaced byA4) the velocityv; is added here. Ensemble
averaging of this current gives the average amount tfiat flows through a unit surface area

per unit of time. Substitution into the linear response result (113) of the previous section leads
to,

Cias () = 8 / dt /dr = _ Y (1, 1) (133)

where it is used that the currentdsn equilibrium. The response function (117) is now equal
to.

Er-rt—t) = % < B(r',t")ja(r,t) >0 . (134)

This correlation function can be rewritten in terms of a current-current correlation function as
follows. Firstlet’'s go back to eq.(116) (where the Liouville operator replaces the Smoluchowski
operator),

St = #) = [ dXGaC[X) explLft ~ )} Loy [PL(X)BEIX)] . (135)
Now let us define the conjugate operafcjg to the Liouville operatorﬁeq as,

Log [Pog(X)F(X)] = Poy(X) LI, F(X) (136)

for any phase functio’. Since the Liouville operator (46) contains only first order derivatives,
and..,P., = 0, itimmediately follows that,

LI, = Leg. (137)
It is furthermore easily verified from the expression (46) that,
Leg0(r—1,) = v,-Vé(r—r,). (138)

Hence, from eqs.(110,132),
Lo, B(r'|X(t ZB Vit 6(r' — (1) = V' - jer' | X(t)) . (139)
After a partial spatial integration, the linear response equations can thus be written as,

<ja>( 5/dt/dr@r—r t—t) - F (), (140)
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where the tenso® is equal to,
O —1't —t') = <jp(r',t') jalr,t) >0 . (141)
The external force in eq.(140) is equal to,
Fol e’ 1) = =V o1/, t) . (142)

That the force instead of the potential as such appears here is intuitively clear since a current is
indeed driven by a force rather than the absolute value of the potential itself. When this external
force changes slowly in time as compared to the decay time of the current-current correla-
tion function, which is of the order of microstructural relaxation times, and the force changes
slowly on the length scale set by the range of the inter-particle interactions, the external force
Fe'(r' ¢') in eq.(140) may be taken equall* (r, ¢). In addition, in an isotropic, rotationally
invariant system, the off-diagonal elements of the current-current correlation function are zero.
Also, all diagonal elements are equal, and he®ce I, wherel is the identity tensor. Finally
using that,
N o0
/dr/dr’ < jB(I‘/,O) jA(I',T) >0 = Z B; Aj / dr < Vz(O) : Vj(T) >0, (143)
0

ij=1
we can rewrite the above expressions to arrivihatGreen-Kubo formula

<ialr D) > = BOFT(r,1),

N

1 0o

6 = W E BZA]/(; dr <Vz‘(0)'Vj(T) >0 - (144)

,5=1

It should be noted that the variabieis determined by the way the external potential acts on to

the system, as formally described in eq.(109).

These equations are at the basis of many computer-simulation calculations of linear phenomeno-
logical transport coefficients. Expressions for the self-diffusion coefficient and the sedimenta-
tion coefficient are derived in the following two subsections on the basis of the Green-Kubo
formula.

7.2 Self-diffusion

Consider a single colloidal spher#hé tracer partichein a possibly concentrated dispersion of
other spherestfie host particlgs The host spheres are assumed to be identical to the tracer
sphere. An external forcE**! is applied that acts only on the single tracer particle, not on the
host particles. The thermally averaged velocity that the tracer particles attains in the stationary
state can be written as,

1
<vV>= a Fet (145)
where(, is the self-friction coefficient This friction coefficient includes both friction with the
solvent and interactions with the force-free host particles. The analysis in section 4 to arrive at
the Smoluchowski equation (68) can be repeated for a subset of tracer particles which are so
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dilute that they do not interact with each other. The derivation of the Smoluchowski equation
can be done from the start with the neglect of interactions between the tracer particles. The
only forces acting on a tracer sphere are now the Brownian force and the hydrodynamic force
F" = —(, v where( is the same friction coefficient that appears in eq.(145). Hence,

0

> P(r,t) = D,V*P(r,t), (146)
whereP(r,t) is the (non-equilibrium) pdf for the position coordinate of the tracer sphere. The
same expression (67) for the diffusion coefficient is found, where now the friction coefficient
includes interactions of the tracer sphere with the host spheres. The diffusion coefficient,

kgT
G

is referred to ashe self-diffusion coefficientt is a long-time diffusion coefficient in the sense

that it contains the friction coefficient of the stationary translating tracer sphere, long after the

external force has been switched on. This diffusion coefficient describes the dynamics of a
single sphere in a matrix of other spheres. It is related tartban-squared displacement

D, = (147)

W(t) =<|r(t) —r(t=0)*> . (148)

of the tracer sphere. The connection between the mean-squared displacement and the self-
diffusion coefficient can be obtained from the Smoluchowski equation. Multiplying both sides
of eq.(146) withr? and integration gives (with(¢t = 0) taken equal t®),

d

EW(z&) = Ds/dr r? V2P(r,t)

= D, / dr P(r,t) V*r* = 6D, , (149)

where in the second line, two partial integrations have been performed. i8ifice 0) = 1, it
follows that,
W(t) = 6Dt . (150)

This specifies how the self-diffusion coefficient characterizes the dynamics of the tracer sphere.
A Green-Kubo formula for the self-diffusion coefficient can be obtained from a comparison of
the Green-Kubo formula (144) and eq.(145) in the form,

<j>=p<v>= BD,pF" (151)

with p the number density of tracer spheres (which should be small enough to prevent tracer
spheres to interact with each other). Since the external potential couples to the density of the
tracer particles, both; and B; in the Green-Kubo formula (144) are equalltoFurthermore,

since the tracer spheres do not interact with each othet(0) - v;(7) >o= 0 wheni # j. The
Green-Kubo formula (144) thus leads to,

1 o

D, = 3 / dr <v(0)-v(r) >0, (152)
0

wherev is the velocity of a tracer sphere. In a simulation, tracing the velocities of the particles

thus allows to compute the self-diffusion coefficient for any concentration of host particles and

arbitrary interaction potentials
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For non-interacting colloidal spheres, eq.(50) can be used in combination with eq.(152) to obtain
D, = kgT/¢, where it is used that v? >¢= 3kgT /M, which follows from the equi-partition
theorem. This reproduces Einstein’s expression for the single-particle diffusion coefficient.
Note that this value for the diffusion coefficient is determined entirely from dynamics for times
shorter than the momentum relaxation time scale. A treatment on the diffusive time scale would
have given the wrong answer.

7.3 Sedimentation

Instead of a force on a single particle, now consider the case where the same force acts on all
particles. This force may be thought of as the earth gravitational force, due to which colloidal
particles slowly sediment to the bottom of the container. Similar to eq.(145) we have,

<j>:p<V>:pClFext, (153)
where nowp is the total number density of colloidal particles afdis a collective-friction
coefficient This friction coefficient differs from the "self-friction coefficient” in the previous
subsection, due to the fact that each given particle interacts with other particles that move on
average along with the given particle. Both direct interactions and hydrodynamic interactions
differ on average in both cases. Comparing eq.(153) with the Green-Kubo formula (144) im-
mediately gives,

N 00
L %z/ dr < vi(0) - v;(r) >0, (154)

since, as before, botd; and B; are unity. This result can be reformulated in termstfod
sedimentation coefficiertt, which is defined as the ratio of the velocity of a colloidal particle
and the velocity, of a colloidal sphere in pure solvent. Singe= 3D, F*!, whereD, is the
Einstein diffusion coefficient (67), the sedimentation coefficient follows from eq.(154) as,

dT <v;(0)-vi(1) >0 . (155)

2—1

Contrary to self-diffusion, cross terms where# j are non-zero, since the particles under
consideration now interact with each other.

In the next section it will be shown on the basis of the Green-Kubo formula that there is a
connection between the sedimentation coefficient and the collective diffusion coefficient.

8 Onsager’s Regression Hypothesis

The Green-Kubo formula derived in the previous section allows for the calculation of trans-
port coefficients that relate to a conservative external field, that is, an external field for which
a potential can be defined (see eq.(105)). This excludes transport coefficients such as the shear
viscosity and thermal conductivity. It also excludes transport coefficients which connect a flux
with spatial gradients of an observable, like for collective diffusion. For non-thermodynamic
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transport coefficients such as the shear viscosity, the above analysis can be repeated with a dif-
ferent form for the operator due to the external field as compared to eq.(105), which is beyond
the scope of this chapter. For thermodynamic transport coefficients such as the thermal con-
ductivity, and for example collective diffusion, a different approach must be taken. In all cases,
Onsager’s regression hypothesis can be employed to obtain the relevant Green-Kubo formula.

8.1 Formulation of Onsager’s regression hypothesis

Onsager’s regression hypothesis states that equilibrium fluctuations of a phase variable relax
on average in the same way as the corresponding macroscopic variable. Suppose, as a simple
example, that a macroscopic variableobeys a linear kinetic, phenomenological equation of
motion of the form,

DA(r, 1)
ot

wherelM is a linear transport coefficient. Onsager’s regression hypothesis implies that the phase
function A(X) that complies with the macroscopic variable that is< A(X) >= A(r,1),

obeys the same equation of motion on average. Wheh > at timet = 0 is specified to be

equal toA,, this implies that,

= MV?A(r,t), (156)

0 < A>q(r,t)
ot
where the subscript0” refers to the initial condition for A >. The initial condition for

< A > resembles a typical fluctuation of the equilibrium system. The time derivative in this
equation should be interpreted as,

= MV?<A>q(r,t), (157)

< A>y(r,t)  <A>y(r,t+7)— <A>q(r,t)

ot T ’

wherer is much larger than the time,;; between collisions of particles and much smaller than
the relaxation time,,.,;,.. of fluctuations,

(158)

Teoll << T << Trelaz - (159)

When fluctuations decay within a few particle collision times, macroscopic equations of motion
can not describe the decay of such fluctuations. It takes a large number of collisions before the
decay of a quantity obeys macroscopic equations of motion.

In the following two subsections, Green-Kubo formula for the collective-diffusion coefficient
and the shear viscosity of a molecular fluid will be derived from Onsager’s regression hypothe-
sis.

8.2 Collective-diffusion

In a phenomenological approach to describe diffusion, the particle current is assumed to be
proportional to the gradient of the particle number density. This is a good approximation for
small gradients of the concentration. Hence,

<Jjp>= —D.Vp, (160)
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where the transport coefficient. is referred to asick’s diffusion coefficient Contrary to the
self-diffusion coefficient, Fick’s diffusion coefficient describes the collective motion of many
particles simultaneously. It is therefore alternatively referred tthasollective diffusion coef-
ficient The minus sign is introduced here to rendermositive. This Ansatz is known d&Sck’s

first law. The continuity equation (73) (applied to colloidal particles instead of fluid molecules)
leads toFick’s second lawalso referred to abkick’s diffusion equation

0

ap(r,t) = D.V?p(r,t) . (161)
¢, From Onsager’s regression hypothesis (157) and eq.(32) it thus follows that,
% < p(r,t) p(r', ') >0 = D.V? < p(r,t) p(r',t') >o . (162)
Fourier transformation with respectio- r’ gives,
O < pll ) ok t) >0 = ~Dek? < plk, 1) (=K. ) >, (163)

the solution of which reads,
< p(k» t) p(_k7 t,) >0 =< p(ku O) p(_ku O) >0 eXp{_DC k2(t - t,)} : (164)

An expression for the current-current correlation function can be obtained as follows. Consider
the time-derivative,

O <ol t)p(k 1) >0 = O3 < p(k|X) explLaglt — 1)} [PlX) p(K|X)] >
— < p(K|X) exp{Loglt — )} L2, Py(X) p(—K|X)] >0 . (165)

By partial integration, it is easily shown from the expression (46) for the Liouville operator that
for any two phase functions andG,

< F(X) Ly G(X)} >0 = — <G(X) Loy F(X) > . (166)
Hence, using eqs.(136,137),

0? , . . . .

o5 < plkt) p(—k.t) >o= — < [Eeq,o(k|R)} xp{Leg(t—t')} Poy(R) [Eeqp(—k|R)] >0 .
(167)

¢,From the Fourier transformed version of eq.(138),

Loy exp{—ik -1,} = —ik-v, exp{—ik 1.}, (168)

it thus follows that,
62 / . . / 1 2 . . /
prel < p(k,t) p(=k,t") >o= —kk :< j(k,t) j(=k,t') >o= —gk <jk,t)-j(=k,t") >0,

(169)
where in the last line it is used, as before, that the off-diagonal of the current-current correlation
function are zero and the diagonal elements are equal. Substitution into eq.(164) and time-
integrating leads to,

1 1

Dc = = d . k, i —k’() . 170
3 < p(k,0) p(—k,0) >0/0 T <j(k,7) - j(—k,0) > (170)
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Note that,

% < p(k,0) p(=k,0) ”21 < exp{—ik - (r;(0) —r;(0)} >0, (171)
is the static structure factai(k) (see egs.(125,130)), which can be measured by means of scat-
tering experiments. Substitution of the definition of the particle current (the Fourier transform
of eq.(132) withA; = 1) and the expression (131) for the zero wave vector limit of the static
structure factor in terms of the osmotic compressibility into eq.(170) finally gives the Green-
Kubo formula for the collective-diffusion coefficient,

B OI( p,T [is)
D. = 5 ; T dr <vi(0)-v;(1) >0 . (172)
The zero wave vector limit is taken here, since the phenomenological theory that is at the basis
of the derivation is valid only in that limit.

Comparing the Green-Kubo formula for sedimentation (155) and collective diffusion (172)

shows that,

M (p, T, pus)
dp
The interpretation of this relation is as follows. One can ask for the force experienced by a
colloidal particle embedded in a concentration gradient. Assume that it is actually the gradient
in osmotic pressurd that drives the colloidal particles, that is, the force per unit volume equal

to F = —VII. The force on a single colloidal particle is then equatte ' VII. When there

are only gradients in the density, this is the sam&'as p‘laHVp The flux of colloidal
particles is, according to eq.(153), equapte: v >= —Ci%—ng Fick’s diffusion coefficient

would then be equal td, = L% = D3 S which reproduces eq.(173). The osmotic
compressibility is thus mdeeé the driving force for collective diffusion. The sedimentation
coefficient describes the friction as an assembly of spheres that move simultaneously. The result
(173) for the collective diffusion coefficient can thus be interpreted as the ratio of a driving force
and a friction. This is qualitatively the same as in eq.(147) for the self-diffusion coefficient,
wherekgT is the thermal driving force for Brownian motion aggis the friction factor.

This intuition reveals why the Green-Kubo formula (144) can not be used directly for collective
diffusion. The driving force for collective diffusion is inherently related to properties of the

system itself, and is not simply determined by an external force.

= DB S (173)

8.3 The shear viscosity

In this section we shall derive the Green-Kubo formula for the shear viscqsity a fluid.
For low Reynolds numbers (see section 5.3) and in the absence of an external body force, the
Navier-Stokes equation (78) for an incompressible fluid reduces to,

p a_t V(I‘, t) = V- E(I‘7 t) = 7’]0V2V<I'7 t) - vp(rv t) ) (174)
wherep the mass density of the fluid, is the fluid flow velocity,X is the stress tensor and
is the pressure. We shall consider a laminar flow inatkdirection, that isy = (v,.(y, 1), 0,0),
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with y the gradient direction, which is the direction along which the velocity varies. Since
there is only a force in the-direction on surfaces orientated with their surface normal in the
y-direction, it follows from the definition of the stress tensor (see section 5.2) that onjy:the
component:,, of the stress tensor is non-zero. Furthermore, the pressure can only vary in the
y-direction in this case, so that eq.(174) simplifies to,

2

0 0
pavx(ynf) = a—yny(y,t) = noa—yzvx(y,t), (175)

Note the similarity of this equation of motion and the equation of motion (161) for the number
densityp of colloidal spheres (not to be confused with {hi the above equation, which is the
mass density of the fluid). Fourier transformation with respegtdwes,

p 9 valht) = ik Sa(yt) =~k vk, ) (176)
According to Onsager’s regression hypothesis we thus have,
0 / 2 /
P a < Ux(ka t) Ux<_k7 13 ) >0 = —To k= < Ux(ka t) UﬂC(_k? 13 ) >0 - (177)

with the solution,
< vg(k, t) vo(—k,t') >0 = < vy(k,0) v,(—k,0) >¢ exp {—% E* (t — t’)} : (178)

Since the equilibrium pdf isv exp{—3[® + m >, v3]}, where the interaction potentidl

is independent of velocities, position coordinates and velocities are statistically independent
variables, the velocities of different particles are independent, and the average velocifies are
Here,m is the mass of a fluid molecule. Hence, (with, the z-component of the velocity and

y; they-component of the position coordinate of partifle

< Up(k,0) ve(—Fk,0) >¢

N
= /dy/dy’ exp{—ik(y — y)} Y < via a0y — i) 5y — ;) >0

ij=1
N
= Z <exp{—tk(yi —y;)} >0 < Vigvjz >0 = N <v,0,; >0,
ij=1

wherev, is the transversal velocity of a single particle. According to the equipartition theorem,
< v, v, >o= kpT/m. Substitution into eq.(178) gives,

N kgT
< gk, t) v (—k,t') >0 = B exp {—@ E* (t — t’)} : (179)
m p

Consider the second order time-derivative of the left hand-side,

2

% <0y (k, 1) vp (=, t') >0 = < v, (k| X) exp{Leq(t — ')} L2, [ Peg(X) vao(—k|X)] > .
(180)
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¢From eqs.(136,137,166) this can be rewritten as,

2
% < valk ) vk, t) >0 = = < [Logualk| X)] exp{Leg(t=#)} Pg(X) | £og va(—k| X)
N
= _ﬁ < J:v(kat>]$<_k’t) >0 (181)

where the "current’j is defined as,

J=(k[X) = mﬁeqvx(MX)
d al . pj,ypj,:v .
= m (K| X() = Z{sz . ﬂ} exp{—iky;} . (182)

J=1

The second equation follows from,
— F(X(t)) = Leg F(X), (183)

for any phase functio’, which is consequence of Newton’s equation of motion. The second
part of these equations follows from explicit differentiation with respect &md using the
expression (46) for the Liouville operator. This equation showsjthiatthe momentum current.
Since this current is in the-direction andk is the magnitude of the wave vector that points in
the y-direction, it is commonly referred to d@be transversal currenDifferentiating eq.(179)
twice, a subsequent time-integration and using that the mass dgrsiggual tonN/V leads

to the Green-Kubo formula for the viscosity,

1 1 &
lim —/ dr < ju(k,7) j.(=k,0) >¢ , (184)

= VT k=0 k2

where the zero wave vector limit has been taken, since the phenomenological theory is only
valid in that limit.

The Green-Kubo formula can be written in terms of a stress-stress correlation function. In order
to obtain a microscopic expression for the stress tensor, we should find the desiscn that

Jj» = ikoy,, iIn analogy with its macroscopic counter part in eq.(175) in Fourier transformed
form. According to eq.(182) the microscopic stress tensor should obey the relation,

ik o,k X) = ju(k|X) = ik Z { PiyPie _ —kF } exp{ —iky;} . (185)

In the small wave vector limit we have,

1 , 10 .
g exp{—iky;} = T exp{—iky;} = —y; exp{—iky;}. (186)

Hence, combining eqs.(185,186), the following expression for (the small wave vector limit) of
the microscopic stress tensor is obtained,

N
p B P j .
oy (k] X) = Z { % +y; Fju } exp{—iky;} . (187)

J=1
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Generalizing this to more general flows, the position dependent microscopic stress tensor is
given by,

N
o(r|X) = Z{%Jrerj}é(r—rj). (188)

=1

¢,From eq.(185) and the Green-Kubo formula (184) in terms of the current-current correlation
function we thus arrive at the following formula in terms of the stress tensor correlation function,

1 . >
m = g I / 07 < 0ye(k,7) 7y (—k,0) o | (189)

Together with the microscopic expression (187) for the stress tensor, this formula enables to
obtain the shear viscosity by means of simulations where particle coordinates and velocities are
tracked.

8.4 Some remarks on the Onsager approach

Phenomenological equations of motion in combination with Onsager’s regression hypothesis
predict an exponential time dependence of time-correlation functions. Such an exponential
dependence is also predicted from linear response theory when non-local effects and memory
effects in response equations like (133) are neglected, that is, when the response fi(rction

r’',t —t') is assumed to be only non-zero o= v’ andt = t’. There may be non-exponential

time dependencies like long-time tails. The analysis is valid more generally, also for non-single
exponential decay. The generalization of, for example eq.(161) to include memory and non-
local effects is,

t
%p(r, t) = /dr’/ dt' Do(r — 1/ t — ) V'2p(r',t) . (190)

where the kerneD. is the generalized collective diffusion coefficient. The analysis can now be
repeated after Fourier transformation both with respeetand¢, which gives,

iwplk,w) = — D.(k,w)k* plk,w) . (191)

Onsager’s regression hypothesis can be applied here to obtain eq.(164) in time-Fourier trans-
formed form. The entire analysis can be copied to obtain the Green-Kubo formula (172), again
in time-Fourier transformed form. Now the limit whexe — 0 of the resulting Green-Kubo
formula must be taken, since the phenomenological coefficient in the original Fick’s law (161)
is only valid for slowly varying fields, such that memory effects can be neglected. The Green-
Kubo formulas obtained in the previous two subsections are therefore more generally valid, also
when the correlation functions are not single-exponential in time.

Two important theories are not addressed here : the Mori-Zwanzig formalism to derive from
the Liouville equation, without any assumptions, equations of motion for time-correlation func-
tions, and Einstein’s theory where probability density functions for fluctuations of thermody-
namic variables are defined. The treatment of these theories is beyond the scope of the present
chapter.



B1.44 Jan K.G. Dhont

9 Additional Reading

Much of the above treated material can be found in textbooks. Linear response theory and
Green-Kubo formulas are treated in the book of Kubo [6] and, for example Reichl [7]. Com-
puter simulations techniques to obtain transport coefficients based on Green-Kubo formulas are
treated in ref.[8]. The books of Russel [9] and Dhont [10] are specialized to colloidal systems.
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