Prof. Dr. G. M. Pastor

Institut fiir Theoretische Physik
Fachbereich Naturwissenschaften
Universitat Kassel

Statistical Physics IT (WS 2008/2009)

The purpose of this lecture is to cover some more advanced, yet fundamental subjects
in statistical physics which are usually not presented in the introductory lectures on
thermodynamics and statistical mechanics. The introductory courses usually follow the
historical development, starting from the first and second laws of thermodynamics. The
concepts of statistical mechanics are introduced later in order to provide a microscopic
justification of the thermodynamic principles, as was done by L. Boltzmann more than 100
years ago. However, it is presently more meaningful to abandon the historical pathway and
to start from the statistical perspective, based on our knowledge of quantum and classical
mechanics, and to derive thermodynamics as a byproduct. This will be our standpoint
while reviewing the basic concepts at the beginning of this course.

In the following we shall review the basic concepts in statistical physics including statisti-
cal ensembles and the maximum entropy principle. This should allow readers that are not
quite familiar with statistical physics to profit from the more advanced topics. A basic
background in classical and quantum mechanics will be assumed. Applications of statis-
tical mechanics to Fermi and Bose systems should follow. This includes in particular a
discussion of Landau’s Fermi-liquid theory and Bose-Einstein condensation. In the second
part of the course we shall discuss the theory of phase transitions and critical phenomena.
In contrast to the first part, which concerns the statistical physics of particles, our purpose
here is to move progressively into the statistical physics of fields.

1 Basic statistical concepts

A full mechanical description of the dynamics of a macroscopic system is both hopeless
and not very meaningful, since we lack precise information on the exact initial conditions
of all degrees of freedom and on the exact form of the Hamiltonian governing the system
and its environment. Moreover, for describing the equilibrium properties a precise know-
ledge of all its constituents is not necessary at all. What we actually need to know is only
the probability of finding the macroscopic system in each one of its possible microscopic
states. It is the goal of statistical mechanics to provide such an inherently probabilistic de-
scription of macroscopic systems. This motivates a brief discussion of some basic concepts
of probability theory.

1.1 Random variables and probabilities
Variables wich outcome cannot be predicted with certainty are usually known as random

variables. We consider a random variable z with a set of possible outcomes S.

S may be discrete (e.g., S = {x1,xq,...}) or continuous (e.g., S = R).



An event E is a subset of outcomes E C S, for example, E = {even result of a dice throw}
= {2,4,6}. To each event £ C S we assign a probabilty P(FE) with the following three
fundamental properties:

i) Positive definiteness: P(E) > 0.

FE; and FE5 are said to be disconnected events.

iii) Normalization: P(S) = 1.

Probabilities may be assigned in two ways:

i) Experimentally as

P(E) = lim ]Xf

’
N—oo

where Ng is the number of occurences of event E after N “throws” or outcomes.

ii) Theoretically by means of an estimation based on the determination of the set of
outcomes S and some hypothesis about the relative probabilities for a complete set
of events. For instance, knowing that S = {1,2,3,4,5,6} for a dice and assuming
equal probabilities P(i) = 1/6 Vi € S, we conclude that P(even) =3-1/6 = 1/2.
Due to the lack of knowledge of the precise mechanical properties of the dice (=
system) and the way of throwing it (= Hamiltonian of the environment), and in
the absence of any reason to believe that the dice is biased, we assume that all six
possibilities of the elements in S (= states) are equally probable.

All probability assignments in statistical mechanics are theoretical or “subjective”
(as opposed to “objective” in i) and their validity needs to be verified by contrasting
them to experiment.

Excercise 1.1:

A metastable nucleus decays through 5 emission. What is the probability density
p(¢, 8) for the electron to be emitted with a polar angle 6 (relative to the z axis)
and azimuthal angle ¢? Imagine the nucleus at the coordinate origin.

p(p,0) dp df = prob (emission with angle 6 € [0, 6 + df] and angle ¢ € [¢, ¢ + dy]) .

1.2 A single continuous random variable
We consider a continuous random variable x € R. The cumulative probability function
(CPF) is defined as the probability P(x) for any outcome smaller than x:

P(z) = prob (E C [—o0,x]).

The basic properties of a CPF are
i) P(—o0) = 0.



ii) P(x) is monotonically increasing, i.e,
P(z+ A) = P(z) + P(A) > P(x),
since any probability satisfies additivity and positiveness.

iii) Finally, the normalization condition implies P(400) = 1.

dP
The probability density function (PDF) is defined as p(z) = e Consequently,
T

p(x)dx = prob (E C [z,x + dx]).

Notice that, in contrast to probabilities satisfying P(x) < 1, there is no upper bound for
p(z).

If x is a random variable, any function F(x) of x is also a random variable with its own
PDF, which is given by

pr(f)df = prob (F(z) € [f, f +df]).

Let x; with i = 1,...v be the solutions of F(z;) = f, we have

pr(f)df = Zi: p(x;) dx;

dx

o (1.1)

:>pmﬂ=ipm>

z=x;=F~1(f).

Notice that |dxz/dF| is the Jacobian for the change of variables. Eq. (1.1) may be written
as

pr(H) =3 p(ri = F(P) 1o
=1 dx z=z;=F~1(f).

Such a change of variables often leads to divergencies, which remain of course integrable,
as one may easily verify by changing variables back to z.

Excercise 1.2:
Consider the Gaussian distribution

1 ~f/20°
with z € R and f = F(z) = 2% Show that pp(f) = NoET c 77
To

pr(f) =0 for f < 0. Verify the normalization of pr(f).

for f > 0 and

The expectation value of a function F'(z) of the random variable z is given by

—+00

(F@)) = |~ Fla)p(e) d

—0o0



Particularly important expectation values are the moments of the PDF
(z") = /x"p(x)dx

and the characteristic function x(k)

V() = (ko) = [ ke p(a) da,

which is just the Fourier transform of the PDF. The characteristic function is the generator

of the moments:
= (3 E ) 57 S (e,

| !
n—0 n. n—0 n.

from which we obtain

dkn

k=0
The PDF can be recovered from (k) by the inverse transformation

_1
27

/e“” (k) dk.

One can also easily obtain the moments around any other point z, from

p()

ek a0y (k) = (emihla=m0)y = Jiz (_ﬁ;)n ((z—x0)").

The logarithm of the characteristic function y (k) is known as the cumulant generating
function

X (—ik)"

Inx(k) =3

n=1

(z™).. (1.2)
The cumulants are defined implicitly from the previous series expansion of In x(k). Note
that Iny(k=0)=In1=0.

The cumulants and the moments are of course related. One can obtain the cumulants
from

) =1+ 3 S ) (1.9
and
+oo gl
Inx(k)=In(l+¢e)=> (-1)"" = (1.4)

l

=1
Using the definition of the cumulants (1.2) and replacing € from (1.3) in (1.4) we have

> E ey, =52 B (3 G0 <xm>)l.
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This leads to

Ye = {
Ye = (
(23). = (2*) —3(2?) (z) +2(x)®  skewness
be=(a2*) —4(2®) (z) =3 (2®)2+12(2?) (z)? —6(x)*  curtosis (or kurtosis).

A PDF can be described indistinctively in terms of its cumulants or of its moments.
1.3 Computation of moments in terms of cumulants

Theorem: The m-th moment (2™ ) is obtained by considering all possible subdivisions of
m points in p, groups or connected clusters of n points each. Of course Y, p,n = m.
Each possible subdivision contributes with the product of the cumulants (2" ). associated
to the connected cluster having n points.

Example:

Excercise 1.3:
Obtain the expression for (x?) in terms of (z'). and [ = 1-4. Obtain {z'). in terms
of (') for | < 4.

The theorem can be demonstrated by noting that

W) = 3= 00 (am) = exp ()
= exp {i (_;f{:)n (x”>c}

e {0 ()]
+oo +oo — 3 k\Ynpn x" jgn
=11 [Z ((n!))pn =) ]

|
n=1 |pn=0 Dn:

Matching the coefficients of the powers of (i k)™ with all the possibilities yielding 3,, p, =
m we have

~S I

oy o pal(

(1.5)

n' Pn



where the sum runs over all the possibilities of forming subgroups with 3>, n = m. After
rewriting Eq. (1.5) as

) = ST (e )
{pn}y m \Pr’ (nh)?

we can identify the different variables and factors as follows:

n: number of points in one cluster.

pn: number of clusters with the same number n of points inside.

m!: number of permutations of all the m points.

(n!)Pr: permutations of the points within each cluster.

pp!: number of permutations of the clusters with n points among them.
m!

W: number of ways of splitting m points in {p,} subgroups with n points each.
P! (n!)Pr

1.4 Cumulant expansion in classical statistical mechanics

The characteristic function

can be extended analytically to complex values of k, since p(x) — 0 for x — f00 more
rapidly than e®®, or simply because p(z) vanishes beyond some finite bounds. One can
then set ik = f € R > 0 in order to obtain

X(k=—if) = (e’"),

and according to the definition of cumulants

In(e P*) =

Replacing x by the interaction energy U of a classical gas we have

X (=)

n!

In{e V) = (U™)..

i
I

This can be related to the free energy of the interacting gas since

—BF(T,V,N)=InZ =1nZy +In(e V)0 (1.6)
:m%+icfyw%, (1.7)
=1 .

where ( )Y indicates average over the probability distribution of the non-interacting gas
and Zj is the partition function of the non-interacting gas. In order to demonstrate Eq.



(1.6) let us recall that

H / d°q; d°p; =B 22 pi/2m —BU(q1-qn)
3N

3. PPy, =B 2 P/2m
:ZOL I [ Lol P2

where

dpdeZ 75 p2/2m V N 1
Zo = N'/H RN B —(>\3> N

with A = h/\/27mmkgT.' The factor e=? > p?/Qm/Zo represents the probability distri-
bution of the non-interacting gas, which is of course independent of the coordinates ;.
The fact that the non-interacting gas is uniform renders the calculation of the cumulants
(U™)Y entering Eq. (1.7) very simple:

o= [T () Vo

(uniform distribution of independent particles). The expectation values of observables
O =0(p1,...Pn, q1,---qn) can be calculated perturbatively from
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we finally obtain

(0)=3 ooy,

= !

which provides a high-temperature perturbation expansion of (O ).

1.5 The Gaussian or normal distribution

1 _(a=)?

po) = =

The characteristic function has also a Gaussian form:

(k) = —— /d e ika
= re 2o .
X V2mo?

Setting £ = x — A and rewriting the exponent as

2 2
(:15202>\)+ikx:2502+ik§+ik)\

AV 212
:(§+za k) +02k: ik

one obtains

The cumulant generating function is simply given by

k2 o

2

Inx(k)=—ik\—

which implies

and
(2").=0 forn>3.

This makes the calculations using the cluster expansion particularly simple, since the
graphical expansions involve only one- and two-point clusters.



1.6 Many random variables

For more than one variable ¥ = (z1,...2y5) € R" the set of outcomes S C R™. The joint
probability distribution function (PDF) is defined by

N
p(@) [[ dzi = prob{event ' in x; < 2 < x; + da; Vi},

i=1

which satisfies the normalization condition
/ p(Z) dV¥r = 1.

If, and only if, the variables are independent we have p(Z) = [IY., pi(w;), where p;(z) is
the PDF of the random variable x;.

The unconditional probability density for a subset of random variables x4, ...z, is given
by

N
p(xl...xm):/ II dzip(zi.. 2 zmir .. zn).
i=m-+1

It describes the behavior of these x; ...z, variables irrespective of all the others. For
instance p(Z) = [ d®r p(Z, V) gives the particle density (i.e., probability distribution for
the position) irrespective of the velocity v.

The conditional PDF p(xy ... %y | Tmer ... xn) describes the behavior of some variables
X1 ...Tm, subject to the constraint that the other variables x,,.1...xy have specified
values. For example, one may search for the velocity distribution at a given point &,
which we denote by p(¥/| Z).

The joint probability is given by

p(T1. Ty Topgr - TN) = P( Tt - 2N) D(T1 o T | Tpg1 -+ - TN,

where p(Z,,11 ... xy) is the probability density for x,,.1 ...z y irrespectively of the other
variables xy ...z, and p(zy ... %y | Tyt - .- xy) is the probability of zy ...z, given the
values ;41 ...xyN. Thus

p(zy...2N)
(i1 xN)

p(T1. . T | Tprr -+ - TN) =
where p(x;...xy) is the number of events zy ...z, Ty ... ox (divided by the number

N of trials) and p(z,41 - . . xx) is the number of events x,,1; ... xy (divided by the number
N of trials). The expectation values are calculated as usual from

(F(@)) = [ @2 p(@) F(@)

The joint characteristic function is given by the Fourier transform



The joint moments and joint cumulants are obtained as

om onN N
iy = _ . , k
< 1 N > a(_z kl) a(_@ kN) X( ) o
and
om gn B,
"Ly kW) = .. 1 k

The graphical relation between moments and cumulants, that was demonstrated for one
variable, also applies to N variables. For instance,

(wras) = (o) (8)+(o0)=(@)e(ms)e+ (w1x5),

2 12

or

Joint cumulants of independent random variables

It is easy to see that (z, % x5). = 0 if x, and x5 are independent random variables. Let
the PDF be of the form

p(Z) =pi(z1.. . 20) po(Tma1 - TN).

Then

The joint moment

¢! Ix2
<x0< CL’B> = a(_z ka) a(_Z kﬁ) = <x01>1 <.T5 >2

forl<a<mand m+1<g < N. It follows that

In x(k) = Inx1(k1) + In x2(k»)
and consequently

o 0 -

if 1 <a<mand m+ 1< < N. The joint cumulant (z, * z3). is also known as the
connected correlation.

10



1.7 Gaussian distribution

The generalization to N variables of the normal distribution has the form

) = ! ex _ 1 -1 Ton — Ty —
P = s p{=g 2 (57, =) (5= M) .

where Y is a positive-definite symmetric matrix and X! refers to its inverse. Note that
Y71 is also positive definite. In other words, the argument of the exponential is an arbitrary
positive-definite quadratic form.

The characteristic function is given by

where we have introduced k = (ky, ... ky) and X = (A1, ... Ay).

-,

One may easily verify the normalization of p(#) and compute x(k) by changing variables
toy=1o— X, so that the Gaussian distribution is centered at the origin of the coordinate
system, and by performing an orthogonal transformation U such that U* 371U = 0,2 6,
is diagonal (X! is symmetric). The Jacobian of the orthogonal transformation being equal
to 1 (det U = 1) and denoting the eigenvalues of £=! by 1/02 > 0 we have

(Ut ! U) = Som Lith vtu=1

mn O-TQn
and
(Ut ) U)m = Sy 2

m:*
n

Setting U = §f = (& — ) we have

~ e det(n)

If we set for a moment k = 0 to verify the normalization, we see that the integral splits

(%) /dfe’iE'Ug exp{ - ; (Ug) =7 Ug}.

EUts-1Ué

in a product of N one-dimensional Gaussians each yielding an integral /2702 , so that
I, (1/270,27) =4/(2m)N det(X). The joint PDF is therefore properly normalized.

In order to compute X(E) one can use the result for one-dimensional Gaussians for k' =

7 5mn .
U k noting that (U'X~' U)y, = —5-. In this way one has
o

m
Lo 12,2
X(k> :e_lk.)\ He_kL
oo 1
—ik-X 12 2
- =Yk .
e exp{ pa mam}

11



Using that

I
=
=~
<
\g!
B!

I
=
\g
e

I
™
3
3
=~
3
=~
3

we finally obtain

Consequently,

which implies

and all higher cumulants vanish.

In the special case of vanishing mean values, i.e., \,, = 0 Vm, we have that all odd
cumulants vanish. Thus, all odd moments vanish and any even moment is given by the
sum of the products of cumulants obtained from all possible ways of forming pairs of
variables. For instance,

(Ta gy Ts) = (To*Tghe (Ty *x Ts)e +
+ (2o * Ty )e (Ta*T5)e
+

(To*Ts)e (T * Ty ).
This is analogous to Wick’s theorem in many-body Green’s function theory.
1.8 The central limit theorem

We consider the average & = % SN @, of N random variables 71, . .. xy having the joint
PDF p(zy,...xy). The PDF for the random variable Z is

=~

™=
=

i/

pz(z) = /dl’l...de p(z1,...2N) 0 <x—

12



and the characteristic function is

(k) = [ do ps(a) e
:/dxefikz/dxl_“dep(q;l’...xN) 6<x—N > xl,)

:/dxl...de p(ry,...2N) €'V 2o=t

k k
:Xp<k1:N7-'~kN:N>7

where Xp(lZ) is the characteristic function of p(z1...zn) [x, : RY = R].

Let us now assume that the z, are independent variables having all the same PDF p,(z),
ie.,

p(x1,...7N) = Ul pi(z),

where the index 1 in p;(z,) indicates that only one variable is involved. The characteristic

function for T = N > x, takes then the form

Xa(k) = ﬁ[l (/dxy pi(zy) 6‘“@””) = [Xl <;>]N

where x; is the characteristic function of p;(x). The cumulant generating function for
reads

Inyz(k) = N Inx; (;) . (1.8)

We can now expand y; or Iny; for small k/N| i.e., large N, in terms of the cumulants of
the probability distribution for one variable:

k k 1(EY »
In x1 <N> ——zN<x>c—2<N> (2°).+ O(N7?). (1.9)
Combining Egs. (1.8) and (1.9) we have

(2?)e

N+ O(N7?).

1
Inxz(k) = =ik (x)c - §k2

<$2 )e

The average of T is, as expected, equal to { z) and the variance is given by (7%), = ,

which vanishes for N — oo. Transforming back to pz(z) we have asymptotically

~ 1 1 2
pale) = m“p{‘w(“m)}

2
o
with 02 = —. The distribution of the average follows a Gaussian distribution for N —

oo. Notice that this holds independently of the form of the PDF, i.e., for any p;(z) of

13



the random variable x. The details of the physical processes behind p;(x) are therefore
irrelevant. This important result is known as the central limit theorem. The same holds
for the sum of N independent random variables X = 3, x,. In this case the average
(X)=N{(z)and (X?). = N (z?)., so that also in this case the fluctuations around

the mean as measured by the standard deviation T = \/( X2), = v/N 7 scale with v/N.

The relative fluctuation @ ~ —— — 0 for N — oo.

() VN

Excercise 1.4:

In many specialized populations (e.g., in the ensemble of marathon runners) there
are very little fluctuations among the performances of the best individuals. Is this a
consequence of optimal performance selection?

i) Let {r,} be a set of n random numbers 0 < r, < 1 with a probability density
distribution p(r) (r € [0, 1]). Calculate in terms of p(r) the probability p,(z) dx
that the largest value of 7, is in the range [z, z + dz]. p(x) is the probability
density for the random variable = max{ry,...r,}. Verify the normalization
of p,(x) for an arbitrary p(r).

ii) Assume r is uniformly distributed in [0, 1]. Calculate (z ) and 02 = (22 ) —(x )?

as a function of n and analyze the corresponding limits for large n.

Excercise 1.5:

Benford’s law [F. Benford, “The law of anomalous numbers”, Proc. Amer. Phil.
Soc. 78, 551 (1938)] is a phenomenological law also called first digit law or leading
digit phenomenon. The law states that the first digit of data appearing in listings
and statistic tables (e.g., population, addresses, cost data, stock prices, death rates,
etc.) follows a particular non-uniform distribution. The averages and probable error
recorded in Benford’s original paper are

First digit 1 2 3 4 5 6 7 8 9
Occurrence | 30.6 | 185 | 124 | 94 8.0 6.4 5.1 4.9 4.7
in % +0.8 | 204 | £0.4 | 0.3 | £0.2 | =0.2 | £0.2 | 0.2 | £0.2

It has been said that the validity of this law may be empirically verified (qualita-
tively) by noting that the first pages of the tables of logarithms are much more worn
out than the later pages [Newcomb, Amer. J. Math. 4, 39 (1881)]. However, this is
not very helpful, since 21st century students hardly ever had a table of logarithms
in their hands. The phenomenon is counter-intuitive since naively one would have
expected that the probability of each digit 1-9 would have been % = 11.1%. It is
important (actually crucial) to know that Benford’s law applies to data that are
not dimensionless, so that the numerical values depend on the units. If there is a
universal probability distribution for the data p(x) over several orders of magnitude,
it must be invariant under a change of scale. Find a formula for the probability p(7)
that the first digit is ¢ which fits Benford’s data. While Benford’s law applies unques-
tionably to many situations a reasonable explanation has only been given recently
[T. P. Hill, Amer. Sci. 86, 358 (1998)].

14



Try first to find your own solution and then follow separately each of the hints given
below.

Hint 1

Consider a given data characterized by the random variable z, and let p(z) be the
probability density of finding the value z. Assume p(x) is invariant under a change of
scale. This means, for example, that the p(z) of the price of goods must be the same
function if you express the price in US$, Euro or Argentine pesos! Mathematically
this means p(kx) = f(k) p(z) where f(k) is some function of k.

i) Find f(k).
ii) Take advantage of the relation and find p(z).
iii) Normalize p(x) assuming 10" < 2 < 10 with ¢; € Z, i.e., x runs over several
orders of magnitude but has natural cutoffs.
iv) Find an expression for p(i), i.e., for the probability that the first digit is 4, in
terms of p(z).
v) Solve this expression and obtain p(i) in a simple form.
vi) Verify the normalization of p(7).
vii) Compare it with the experimental data of Benford.

Hint 2

Benford’s law applies not only to scale-invariant data, but also to data obtained
from a variety of different sources. Consider numbers that are obtained as the result
of multiplications of a large number of random numbers. For example stock prices in
Wall Street change, say, every minute or hour v by a factor r,, which has some un-
specified distribution p(r). The random variable we are interested in is z = [[}_, r,,
where r, > 0 is a random variable with some probability distribution.

i) Consider the random variable [ = Inz. Can you use the central limit theorem
to infer the PDF p({) for 7
ii) Write down p(l) assuming [ = (1) and 0% = (12) — (1)2.
iii) Obtain the PDF p(z) of the variable x.
iv) Find an expression for p; = {prob. of the 1st digit being equal to i} in terms
of p(z). Assume 107 < z < 10%.
v) Express p; in terms of p(l).
vi) Solve p; ignoring multiplicative constants independent of i by assuming that
p(l) ~p(q) for ¢ +1nypi <1 < qg+1In(i+1).
vii) Find the normalization constant for p; and compare with Benford’s data and
with the solution from hint 1.

1.9 Information content of a probability distribution or probability density

function

Consider a random variable with a discrete set of outcomes S = {z;, i =

1,... M} having
the probabilities p;. Suppose we construct a message i ...xy with /N independent out-
comes of the random variable x;. We intend to quantify the possible information content of

such a message as a function of the probability distribution {p;, i = 1,... M}. Analyzing

the number of different possible messages will allow us to infer how much of the apparent
information content of the message is already contained in the probability distribution.
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For instance, if the probability distribution is {p; = 1 and p; = 0 Vi > 1} there is just
one possible message (z7...x1) and actually no information can be conveyed. All the
information is in the probability distribution (PD). In the other extreme case, where x;
is uniformly distributed, the PD carries no information at all.

Let us first consider the case where the values of z; in the message x; ... xx can be chosen
at will. Since there are M possibilities for each x;, the number of different messages
is ¢ = M?Y. The number of bits K necessary to transmit such a message, or, if you
want, the number of bits to distinguish one message from the other, is K = Inpg =
Ing MY = N Ing M (since 25 = M¥). On the other hand, if the x; are taken from the
probability distribution p;, the possible choices of z; are limited. For instance, if p; > ps
it is unlikely to construct a message with more occurences of zo than x;. In the limit
of large number of message elements N, the number of occurrences of x; in the message
approaches asymptotically N; = p; N. In fact the probability of finding |N; — N p;| > v N;
becomes exponentially small as N — oo. Taking into account the restriction that the
message contains NV; occurrences of x;, the number of possible messages is reduced to

N!

7P Ny

This corresponds to the number of possible ways of arranging the Ny, ... Ny, occurrences
of x1...xy. To specify the message we therefore need

M
KZIHQQZIDQN!—ZIHQNZ‘!
i=1

M
1=1

=—-N L Iny —=—-N p; Ing p;
Lty g

bits of information. As expected, we recover here the two limiting cases discussed above:
Inpg=0forp, =1and p; =0Vj # ¢ and lnpg = N Iny M for p, = 1/M Vi (uniform
distribution). For any non-uniform probability distribution the information content of the
message Iny g is smaller than N Iny M, which is the information content in the absence
of any information on the relative probabilities p;. One assigns this difference to the
information carried by the probability distribution {p;}. The information content of {p;}
is thus defined as

M
Hp:} =Ins M+ p; Ins s,

i=1
i.e., the reduction of information per unit message-length or transmitted token.

Introducing the definition of the entropy of a probability distribution

M
S{pi} ==>_ pilnp;=—(lnp;) >0 0<p; <)
i=1
we have

I{pi} = (Srnax - S{pz}) /11127
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where

S, ——f:ilni—lnM
max Z:1 M M

is the maximum of S{p;} corresponding to p; = 1/M. A distribution with maximum en-
tropy carries the least possible information. Therefore, S gives a measure of diversity of
the distribution. S is actually the logarithm of the number of possible microscopically dif-
ferent states (messages) that can be constructed with elements satisfying N;/N = p;. For
the distribution p; = ¢;; (for some j) there is only one possible microscopic configuration
or message (x;x;...x;). In this case, and only in this case, we have S = 0.

The entropy does not depend on the values of the random variables. Any one-to-one
mapping z; — f; = F(x;) leaves the entropy unchanged since p(z;) = p(f;). This implies
in particular that the (non-equilibrium) entropy of system of interacting particles (e.g., an
interacting electron gas) with occupation probabilities nj for each quasi-particle state k is
the same as the entropy of a non-interacting having the same nj. The actual equilibrium
entropy at a given temperature 1" will of course be different, since in this case the entropy
corresponds to the maximum value of S{n;} compatible with the constraint of fixed
average energy ( F).

In contrast, any many-to-one mapping will reduce the entropy of the probability distri-
bution, since it reduces its diversity or, in other words, it increases the definiteness or the
information content. For example, given p; and ps, the mapping

I
= f

T2

gives
p(f) =p1+ po.
The resulting change in the entropy reads
AS = —p(f) np(f) + (pr Inpy + p Inpy)
=57 — 519

+ b2

=D ln D2 hl )
D1+ P2 p1+ D2

which is negative, provided that py # 0 (or p; # 0). Conversely, removing a constraint in
a probability distribution systematically increases S.

The entropy S can also be used to infer subjective (theoretical) estimates of probability
distributions. For instance, in the absence of any information of p; the best unbiased
estimate of p; is that all possible outcomes M are equally probable, i.e., p; = 1/M. This
distribution maximizes the entropy, the diversity of the distribution and the number of
possible microscopic states for the given M available states or outcomes. One may also
say that this choice of p; minimizes the information content of {p;}.

If additional information is available the unbiased estimate for p; is obtained by maximiz-
ing S subject to the constraints imposed by the available information. As an example let
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us assume that we know the average value ( F'(z)) = f of some function of the random
variable z. In this case we obtain the unbiased p; from the extremum of

Lipt =" Sin} _a<i§/l:1pi_1> —6(?21%1?(%)—]‘),

- >, pilnp;
where a and f are Lagrange multipliers. Straightforward derivation yields

oL B
Ip; B

—lnp;—1—a—pF(x;) =0

= p; = e (1He) o BF) o o=BF(z:)
efﬁF(xi)

>y e fF@)’

= D=

Zij\il e~ BF (i) F(z;)

where (3 is such that f = (F(z)) = S PP
i € i

Excercise 1.6:
Find the unbiased probability p(z;) for a random variable x; (i = 1,...M)
knowing the first » moments of p(x;) (i.e., (") = M,). i) Show that p(z;)

exp <Z a, x?) with certain coefficients a,. ii) Consider the partition function

Z = Zexp {Z Qp T "} and show that the coefficients are given by the equations
dln Z

da, 7

In analogy with the discrete case we can define the entropy of a continuous probability
density distribution p(Z) as

S =—(Inp(¥ /p Inp(Z

However, notice that this definition does not have some of the nice properties of S =

— > pi Inp; for discrete random variables. For instance, for a uniform distribution in the
interval [a, b], i.e

1/(b—a) fora<zxz<b
play = /O dore S0 S
0 elsewhere,

we have

_/abbia ln(bia) =In(b — a).

For large intervals this is positive and diverges logarithmically [S — +oo for (b — a) —
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+0o0]. In the opposite limit of a very narrow PDF around some point zg, we have

1 fi —g/2<x < 2
p(z) = Je forxgy—e/2<z<xi+6€/
0 elsewhere,

and S — —oo for e — 0.

Notice that S can take negative values for very sharp p(z) ~ §(x) since p(x) is not
bounded. These situations, however, never appear in the description of macroscopic sys-
tems. It is interesting to observe that S decreases as the diversity of the distribution
decreases (e.g., S[d(x)] — —o0) as in the case of discrete random variables.

In order to avoid this problem, or rather to understand the origin of the divergence in
(Inp(z)) for p(x) = ¥; 0(x —x;), it is useful to derive the expression for S for continuous
PDF starting from the expression for discrete variables

SZ—ZPi In p;

and introducing a finite lower bound or threshold A below which two outcomes (differing
by less than A) are considered to be equivalent. With this coarse graining the logarithm
of the number of possible messages (i.e., the diversity of the probability distribution) is
given by

S=-Y Plr;<z<z;+A) ln[lf’(xi<x<xi+A)]

where z; = i A (2,41 = z; + A) and p; = P(x; < x < x; + A) is the probability for = to
lie in the interval [z;, z; + A]. Using that

~ z;+A
Plr; <x <z +A)=Ple;+A) — P(z;) = / p(x) dz,

dP
where P(x) refers to the cumulative probability function and p(x) = T to the probability
T

density function, we have
z;+A zi+A
Sz—Z(/ p(m)dx) In (/ p(x)d;z:) > 0.

If the spectrum of outcomes is discrete or shows very narrow peaks (narrower than A) we
can still compute S and recover the limit of discrete random variables. However, if p(x)
is smooth we can write

523 ([ ) mpte

i [

1%

- ( /w " () da:) np(z;) + In Al

i

= —/p(x) In [p(x)] de — In A.

The term In A cancels the divergence of S = —(Inp(x)) for p(z) — §(z).
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Another problem of the definition

= — [ p(@) mp()] da

is that it is not invariant under any bijective mappings f = F'(x). In fact one has

‘ -

p(f)df =px)dz = p(f)=p(r)

ol
815

and therefore

—/p(f) Inp(f /p [hlp —In
—/p(m) Inp(x) d$+/p(l‘) In leF dx

dF
—| | d
dx ] v

In the case of many random variables we define

/p In p(&

S [p(F)] = 5 @) + (|70 ),

and consequently

afi
(%cj
The entropy is thus invariant under canonical transformations in classical mechanics and
unitary transformation in quantum mechanics, which have Jacobian equal to 1.

where J(f) = ‘ is the Jacobian of the variable transformation f; = fi(zy,...zn).

Excercise 1.7: Loaded dice
A dice is loaded such that ps = np; (e.g., n = 2). In other words, six occurs n times
more often than 1.

i) Find the unbiased probabilities for the six faces of the dice.

ii) What is the information content of the probability distribution function p;
(1 =1-6) as a function of n?
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2 Stochastic dynamics

So far we have discussed the fundamental properties of probability distributions for both
discrete and continuous random variables from a static point of view. The purpose of this
chapter is to study how probability distributions evolve in time. After introducing some
useful definitions of probability theory, including now the time as explicit variable, we
derive the main equation governing the dynamics of probability distributions: the master
equation. In this context we discuss the concept of transition probabilities, transition
rates, and the notion of Markov process in which memory or inertial effects are neglected.
The master equation, which controls the dynamics of Markov processes, is one of the most
important equations in statistical physics. This is due to its simplicity and wide range of
applicability, for example in chemical reactions, relaxation dynamics of complex systems
such as glasses or spin glasses, the process of protein folding, population dynamics of
biological systems, data processing and data transfer in complex computer networks, etc.

Once the basic equations are derived we present some of the methods for its practical
solution in the context of complex energy landscapes. This includes the important case of
Markov chains, either by reducing the problem to eigenvalue equations using an exponen-
tial ansatz, or by the kinetic Monte Carlo algorithm. The master equation is, however,
useless without a sound theory of transition rates. This motivates the study of transition
state theory, first, in the framework of classical mechanics, and then in quantum mechan-
ics, under the simplifying assumption of separability of the Hamiltonian with respect to
the reaction coordinate.

2.1 Time-dependent probability distributions

We consider a system described by a random variable z, which can be a single variable
or more generally a vector [z = (z1, 23 ... x,)]. The following notions are introduced:

Py (xy1,t) = probability density for the stochastic variable
z to have the value z; at time ¢.

Po(x1,t1; xo,ta; ... @y, t,) = joint probability density that x has the values
xr1 at t1, x9 at te, ... and x, at t,.

The joint probabilities can be reduced as

Pn—l(xl tl; L ;xn—lytn—l) - /dxn Pn(xl tly R . | tn—l; xnatn) (2]—>

This relation, known as the Chapman-Kolmogorov equation, is central to probability the-
ory. Note that the actual value of the time variable ¢, is irrelevant, as well as the actual
variable (here z,) with respect to which one integrates. If x is a discrete variable, the
integrals are replaced by sums over the set of outcomes {zy, ... zx}.

Of course, the P, satisfy the usual properties of a probability density: P, > 0, additiveness
and normalization. For instance,

/del(x,t) =1 Vt.
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A process is said to be stationary if
Po(xy,t1; ... wpty) = Po(xy, 61+ 75 oo, by + 7)

for all n and 7 > 0. Consequently, for a stationary process the probability density P;(x)
is independent of time:

P(z,t) = Pi(x).

All physical processes in equilibrium are stationary.
For the conditional probabilities we introduce the notation
Py (1t | 22 t3) = Probability density for the random variable

x to have the value x5 at time ¢, given that it
had the value z; at time ¢; (usually t; < t5).

Py is given by the relation
Py(x1ty; waty) = Py(wty) Pty | w2 ts).

The reduction of P, according to the Champan-Kolmogorov equation (2.1) yields the
important relation

Py(xats) = /Pl(xl,tl) Pyji(21,ty | 2o ty) doy.

Note that the fixed value of ¢; at which Pi(x1,t1) and Pyji(x1t1, 2215) are evaluated is
irrelevant.

Conditional probabilities are of course normalized:
/P1|1(.231 tl |ZB2 tg) d.l?g =1 V.Tl,tl and t2.

This can be easily demonstrated (if necessary) by integrating the previous relation.

It is also useful to introduce the joint conditional probability densities

Pz ty .. wpty |20 8] ... 27t;) = probability density that the random variable
x has the values 2} at t], o}, at t,... and ]
at t; given that it had the values z; at ¢y, ...
and T at tk.

Py, describes correlations between the dynamics of the random variable at different times.
They are important if the variable z has memory effects, also known as inertial effects.

The dynamics and the form of P,; simplify considerably if the random variable has mem-
ory only of its immediate past, i.e., when the probability of finding the system in a given
configuration z,, at time ¢,, does not depend on the previous history, except for its last
configuration x,_; at time ¢,_;. This is actually a good approximation when the pro-
cesses, which dynamics one is interested in, are rare events. By this we mean that the
typical time At = t, — t,,_1 involved in changes of state is much larger than the ther-
malization times, so that memory effects are washed away. This is actually the case in
a number of important slow relaxation processes, such as a thermally activated chemical
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reaction across an energy barrier AE > k;, T', where vibrational periods are much shorter
than transition times. Other physical situations, where the previous history can be safely
neglected, are the following:

A = B unimolecular reaction

Large molecule relaxations (e.g., protein folding)

Proton transfer in proteins

Magnetic relaxation of nanoparticle ensembles, where the precession of the nanoparticle
moments is much faster than the collective rearrangements of magnetic order of the
nanostructure as a whole.

e Domain wall motion, where the precession time of atomic spin is much shorter than the
typical times of domain-wall motion.

Let us consider a stochastic process or stochastic path, which can be mathematically defined
as a time-indexed collection of random variables:

(Sl')ltl; Tolo; ... .I’nfltnfl) with ) <ty <...<t,—1.
The probability for the state x,, at a subsequent time ¢,, > t,,_; is formally given by
P11 (z1ty; 2ota; ... Tp_1tn_1|Tnty).

We say that a process is Marcovian when the conditional probability for x to take the
value z,, at t, is fully determined only by the value of x,,_; at ¢,_;. Formally, a Markov
process is definend by the condition

Pn71|1(x1tl ce. xn—ltn—l|xntn) = P1|1(xn—1tn—1|$ntn)-
The fundamental conditional probability
Py (x1t|2ats)

is known as the transition probability. A Markov process is completely defined by only
two functions

Py(x,t) and Py(z,tla’,t),
from which the probability for any stochastic process can be derived. For example,
P(x1t1; 2aty; 2sts) = Pi(w1ty) Pip(witi|zats) Pri(vate|xsts).

We can now eliminate xoty on the left-hand side by using the Chapman-Kolmogorov
relation

P(z1ty; wsts) = Pi(x1t1) /P1|1($1t1|952t2) Py (zata|asts) das

which implies

P(xity; zsts)

Pr(nahy) = Pip(a1ti|asts) = /P1|1(x1t1‘x2t2) Piji (wata|zats) das.

This is known as Chapman-Kolmogorov equation for Markov processes. It allows to split
the transition probability for x1t; — x3t3 into two successive steps xi1t; — xots and
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ZTote — x3t3 involving all possible intermediate states xots. The Markov character of
the dynamics is reflected by the fact that the probability of the two successive steps is
given by the product of the probabilities of the individual steps. In a Markov process
the successive transitions are statistically independent, i.e., the transition probability for
Zote — xst3 is not affected by the nature of the previous transition xt; — zots. We can
iterate the Chapman-Kolmogorov relation at will by introducing an arbitrary number £
of intermediate times t; <t} < ... <t < t3 and write

Pl‘l(.’,lj'ltl’.ilfgt;g) = /dﬂfll Ce d&?; P1‘1<I1t1|$/1t/1) P1|1($/1t/1’l’/2t/2) Ce Pl‘l(xztuﬂfgtg)

This allows us to split a complex evolution into the succession of elementary (statisti-
cally independent) processes, for example, by allowing to sum over different competing
pathways, or eventually by going all over to a continuous functional-integral formulation.

In order to illustrate the functional-integral formulation of the stochastic dynamics we
express the transition probability from the state x; at time ¢, to a state xp,; at an
arbitrarily close time t.; = t; + At in terms of the change of an auxiliary function
AS(xg, tg; Tpy1,ter1), which can be regarded as an action:

Pi (Thty| mppaty) = e 2@ tni bt AL,

In the limit of small time steps At — 0 we can regard ) as a function of ¢ and associate
x, = 2(t) and 7., = x(t + At), so that AS becomes a function of x(t), ¢, x(t + At) and
At. Assuming that x(t) is a differentiable function of ¢, AS can be considered to be a
function of z(t), ¢, ©(t) and At. Taking into account that Py (zk, tk, 5, tx) = 1 we must
have AS = 0 for At = 0 and therefore

AS = AS(x(t), a(t + At), t, At) = s(x(t), @(t), t) At (At >0),

where 3(:1:'(15), x(t), t) reprensents the rate of change of S. Consequently, we can write Py
as a functional integral of the form

t .
— ft13 s(x,z,t) dt

Pyji (21t |wsts) = /D[iﬁ(t)] €

with the constraints z(t1) = z; and z(t3) = zs.
2.2 The Master equation

Let us return to the relation
P(z1ty; zsts) = Py(a1ty) /P1|1($1t1|$2752) Pyjy(wata|wsts) doy
and integrate it with respect to ;. In this way one recovers the known expression
Pi(asts) = [ Pilast) Pu(antalosts) doy - Vi
which can be rewritten as

Pi(z,t) = / P2, t) Py (2t |at) da’ V. (2.2)
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In order to derive the equation for the time dependence of P(z,t), we consider its change
after a time increment At. This is given by

P(z,t + At) — P(z,t) = /Pl(x’, t) [Puu('t|e,t + At) — P (', ¥'|e,1)] do’,

where the conditional probability Py, (2't'|x, t + At) can be expanded for small At. First
of all, for At =0 and t' =t we have

Py (2't|lzt) = 0(x —a') Vi

In order to infer the form of Py (2',t|z,t + At) for At > 0 one must consider the cases
x =2’ and x # 2’ separately. For = £ 2’ it is useful to introduce the transition probability
per unit time k(z’, z,t) for the system to change from the state z’ to the state z. In terms
of k the conditional probability can be expanded as

Py (' tlz, t 4+ At) = k(2! z,t) At + O(A?).

The quantity k(z’, x,t) is known as transition rate or rate constant for the transition from
2’ to x, which in the most general case k depends on t. The conditional probability for
x = 2/, i.e., the probability density that no transition occurs, can be obtained from the
normalization condition

/P1|1(m',t’|x t)ydr =1

applied to the first order approximation of Pyj;(z't|z,t + At). The total probability that
the system changes its state from 2’ to any other state x is equal to

At/k(x',:c) dr + O(At?), (2.3)

which is smaller than 1 since At — 0. Here and in the following we drop for simplicity
the time dependence of k. From Eq. (2.3) it follows that the probability that the random
variable x remains equal to 2’ is equal to 1 — At [ k(2, x) dz. Summarizing, the conditional
probability density that the random variable has the value x at time ¢ + At, given that it
had the value z’ at time ¢, reads

Pyu(e te, ¢ + Ab) = §(z — o) (1 ~ [ dy k() At) + At k(' 2) + O(AP),

Knowing that a Markov process is fully defined by P(z,t) and Py;(2t'|x t), one concludes
that for short times At — 0 the dynamics is controlled by the transition rate k(2', z,t).
Let us now return to the fundamental relation (2.2) and determine the time derivative of
Pl (l’, t)
Pi(z,t) = /Pl(a:’,t’) Py (2t |, t) da’
dP(z,t d
1d(t) = [P #) Pt e, t) da’
= /Pl(x’,t) {k(m',x) —o(x — x')/dy k(x,y)} dx’

= [ P ) b ) def — Py t) [ G y)dy.

Total probability of going Total probability of changing
from any z’ to z. from x to some y # x.
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In conclusion we obtain the master equation

dP(x,t

1d(t) = / [P, t) k(2 2) — Pi(x,t) k(x, 2")] da’, (2.4)
which governs the dynamics of Markov processes. The physics of the problem is contained
in the transition rates k(z’,z), which give the transition probability per unit time that
the system changes its state to x at time ¢ + At given that it was in the state 2’ at time ¢.

2.3 Fokker-Planck and diffusion equations

For continuous random variables z, for which the elementary changes of state along the
Markov dynamics take place by small jumps & = x — 2/, we can derive a differential
equation for P(z,t) known as Fokker-Planck equation. If the transitions occur by small
jumps &, this means that the transition rate k(z’, x) for x = 2’ 4 £ decreases rapidly with
increasing || = |z — '|. It is then useful to change the variables of k by replacing k(2’, )
by k(2',&) = k(z — &) for the transition ' — = = 2’ + £. Note that the rate constant
for the reverse process © — =/ = x — £ is now given by k(z, —§). We can then write the
master equation

aPéf,t) = /dx' k(x',x) P(2',t) — P(gj’t)/dq;/ k(z, )
8P((9:§,t) — /df k(x —&,&) P(x —&,t) — P(g;’t)/dg k(z, —£). (2.5)

We now expand the product k(z—¢&, ') P(z—&,t) appearing in the first integral in powers
of £ for £ — 0 (i.e., || < |z|) and any value of the size of the jump ¢, which is the second
variable of k:

Ko —€.€) Plo — &,1) = b, €) Pla,1) & 3 [k(a,€) Pla, )
b3 & ke ) P ] OE).  (26)

For many variables, i.e., x = ¥ we have

M@= &) PE =& 1) = K& &) P(#,1) — € Vi [k(FE") P(3,1)]
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Replacing Eq. (2.6) in the master equation (2.5) and neglecting the higher-order terms
beyond &2 we obtain

apé?t) — [ k(z. ) Pla.t) ~ [ ¢ ;x [k(z, &) Pz, )] de

43 [€ S8 Ple, ) de - Plast) [ de bz, —¢)
= [ Lk Plalde + 5 [ € k() Pla, 1) de

= b [crwode) + 5 2 P [ hwoac).

Introducing the n-th order jump moments

an(e) = [ € k(w,€) de
the master equation takes the form

OP({(;,t) = —;x(al(x) P(x,t)) + ; (98;2(0[2@) P(x,t)), (2.7)

which is known as Fokker-Planck equation. It is important to recall that in order that
the Fokker-Planck equation is applicable, the random variable must be truly continuous,
and the transitions must occur by infinitesimally small steps. However, very often the
physically relevant changes of state or rare events, to which the Markovian hypothesis
applies, involve discrete, non-infinitesimal changes of the random variables. This is for
example the case when a molecule changes its conformation between two local energy
minima across an energy barrier.

If the system is isotropic, k(z,§) = k(z, —£), i.e., left and right jumps are equally probable,
the odd-order jump moments and in particular «;(z) vanish. Moreover, if the system is
homogeneous, all values of the random variable are equivalent and therefore k(z,&) is
independent of x. In this case «; is also independent of z and the Fokker-Planck equation
takes the form

OP(x,t) 0?

S =D o Plat), (2.8)

where D = ay/2 > 0 is the diffusion coefficient. The solution of the diffusion equation can

be easily obtained by applying the usual methods for linear differential equations. One
can write

+o0 " 1

P(,t) = / R ik ) dk o pkt) = —

—00 2m

+oo
/ e kT p(x,t) da

—o0o
and replace it in the diffusion equation to obtain

Op(k, 1)
ot

= —Dk*p(k,t).
Straightforward integration yields

bk, t) = p(k,0) e P*1,
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so that, after Fourier back transformation, the probability distribution is given by

+oo |
Plo,t) = [ ek 0) 5 k.

— 00

As an example, let us consider the distribution P(z,0) = §(x) as initial condition; which
corresponds to the particle at the origin. In this case p(k,0) = 1/27 and

1 ptoo
P(x,t) = / etk o= DR g,

27 o
_ /+°° o~ (DR t—ika) g1
27 J-x

Completing the square of a binomial as

. 2 . 2
DIt —ike=Dt |2 —iok " <m>—<m)
e l Y TREY7 2Dt

iz \* 22
=Dtk — — —
( 2Dt> + 4Dt’

and integrating the Gauss function in the complex plane

332 1 +oo ix 2
P(z,t) = e 10t — e_Dt(k_wt) dk,

27 —00

one obtains

22

1 _ 22
P(x,t) = m € 4Dt

—————
V2mo?

The solution is therefore a Gaussian distribution with a time-independent mean value
x = 0 and a square mean deviation o = v/2 Dt that increases monotonously with .

Excercise 2.1:

Starting from the corresponding equations (2.4), (2.7) and (2.8), show that the
master, Fokker-Planck and diffusion equations preserve the norm of the probability
distribution P(z,t). If necessary, state any conditions on k(z,z’) or a,(z) for the
norm to be independent of .

2.4 Discretization of complex energy landscapes

In order to motivate the physical background behind some of the theoretical methods to
be discussed below it is useful to make a small digression and to discuss how the energy
landscape of complex systems can be simplified in a way that allows one to focus on the
relevant dynamical processes of physical interest.

We consider a system described by a configurational coordinate Z. This can be, for ex-
ample, a molecule or cluster where ¥ refers to the coordinates of the atoms, a magnetic
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nanostructure composed of an ensemble of nanospins where ¥ stands for the ensemble
of polar and azimuthal angles defining the direction of the magnetization of each parti-
cle, or a magnetic material undergoing a magnetization reversal process (e.g., a domain
wall motion) where @ refers to the size and orientation of the local magnetic moment at
each atom. In the following we assume that we know the energy V(%) of the system as a
function of the configuration of ¥ and that we are equally able to calculate the gradient
VV and if necessary the Hessian matrix at each point. Except for very small systems
consisting of a few degrees of freedom, it is clear that a full description of the dynamics
in the continuum is hopeless. It is therefore important to identify the degrees of freedom
that are really relevant for the dynamical process of interest and, in a way, integrate out
the other degrees of freedom which may vary too rapidly to be considered explicitly.

Suppose you want to describe a chemical reaction
A+ B=_C.

It is clearly uninteresting to follow the position of each atom through every possible reac-
tive trajectory. One would rather like to identify and understand the physically relevant
reaction path or paths. Which are the parts of the molecules that actually interact? How
does the reaction depend on temperature? What are the intermediate transition states?
Are there several competing reaction paths? Following atomic vibrations in detail is obvi-
ously irrelevant for this, although the entropy associated to vibrations is likely to condition
the actual pathway or rate. The same holds for a number of magnetic relaxation processes
where the precession of individual spins is too fast compared to domain-wall motion or to
the changes in the relative orientation of the nanoparticle moments in a nanostructure.
In these cases, it is neither possible nor meaningful to consider the short-time dynamics
explicitly.

The solution to the problem is to focus on the stationary states of the system, namely,
the local minima of V' (Z) and the transition states or first-order saddle-points connecting
them. The local minima are actually the regions of configurational space where the system
spends most of the time and where the thermalizations occuring between the transition
between the minima occur. The first-order saddle-points define the bottlenecks through
which the relatively rare elementary transition processes take place. This Markovian ap-
proach based on stationary points is expected to work as long as the temperature or
average energy is smaller than the energy barriers, so that the residing time in each min-
imum allows for a thermalization which washes away any memory effects. The idea is to
discretize the energy surface V(&) by the following transformation

V(%) = min{V (&)}, (2.9)

where min{. ..} refers to the local minimization following the gradient at the point 7.
The ensemble of points in configuration space that lead to a given minimum is called the
catchment volume of the given minimum.

The idea of attaching all points that fall to the same minimum to this minimum seems
to leave away the transition states, which belong to the surfaces separating the different
catchment volumes. Transition states are, however, important and need to be recovered
for the calculation of transition rates and in order to understand the dynamics. In the
context of global optimization methods the transformation (2.9) of V(¥) leads to the bassin
hopping method. Notice, for example, that a transition x; — x5 is highly improbable if
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the true energy difference AV = V(zy) — V(x;) is taken into account (kg7 < AV),
but that it becomes extremely favourable in terms of AV. Quenching the configuration
to the nearest minimum allows to explore large volumes in configurational space and to
efficiently localize the lowest energy configurations. A huge amount of computer time is
saved by increasing the acceptance rate of configurations located on the other side of
potentially large energy barriers, which leads to true configurational changes. In practice,
the most effective approach appears to be to relax the structure to the new minimum
configuration (Li and Scheraga, see Wales p. 342 and refs. 669 + 670 therein). In this way
the cooling down to the new minimum is accelerated.

The bassin hopping global optimization algorithm can be summarized as follows:

i) Given a configuration at a minimum Xold with energy Vi q, propose a rearrangement
Markov step by perturbing the configuration and minimizing to obtain the new mini-
mum enerqy View. Large displacements are used here, since the idea is to hop between
different attraction bassins. Typical maximum displacements are about 30% of the
NN distance with an acceptance rate of about 0.5.

ii) Accept the move if Ve, < Vg or if e~ (Vnew=Vaua/ksT) ig Jarger than a random number
in the interval [0,1]. In this context the temperature 7" is the only parameter of the
simulation. The maximum step size can be adjusted dynamically to a fixed acceptance
rate.

iii) Usually the structure is relaxed to the current (accepted) minimum.

The idea of attaching the same minimum energy to the whole catchment area of a mini-
mum suggests to split the configuration space in these zones and to calculate the thermo-
dynamic properties or even the long-time dynamic properties in terms of the contributions
from the different local minima. For thermodynamics we can split the configuration space
in the catchment bassins A; associated to each minimum 7. The density of states can be
written as

(E) = Y 0,(B)
and the partition function

Z(T) = /dE e IEQE) = Y Z(T).

The microcanonical and canonical probabilities of finding the system in the catchment
bassin 7 are given by

and

It should be, however, noted that the properties are not always the weighted average of
the properties corresponding to each minimum. The entropy S(E) = kg InQ(E) is an
interesting example in this context. The entropy associated to minimum ¢ is given by

30



S; = kp InQ;(F) and the microcanonic average over all minima reads

S P(E)S(E) = ks Y P(E) n4(E).

Vi<E Vi<E

Using that

ZP ) InQ(E) = Q(E +ZP» [?2((51 (%:Pi=1>

= InQ(E +Z Pi(E) In P{(E)

we have

S(E) =k InQ(F) = Z P(E)S;(E) — kg Z P,(E) In P|(E). (2.10)

The first term on the right-hand side of Eq. (2.10) represents the entropy within each
bassin, while the second term represents the entropy associated to the different occupa-
tions of the bassins. The latter term takes into account the entropy of mixing throughout
the different minima. It vanishes when only one bassin is occupied.

2.5 Marcovian dynamics based on stationary points

A knowledge of the local minima and the development of V() in its environment allows
to determine equilibrium properties including possible anharmonicity effects. If we want
to get insight in the dynamics we need to take into account the transition states that
connect the various minima with each other.

The dynamics of an elementary transition between two nearby minima ¢ and j is character-
ized by the rate constant for the transtion A — B. This rate constant can be determined
in the framework of transition state theory and is given by

kT Q(T)
2mh Qi(T)’

where Q*(T") is the canonical partition function at the transition state, and Q;(T) is the
partition function at the initial minimum . @;(7") can be determined by expanding the
potential at minimum 4 in the harmonic approximation. Q*(7) is obtained in the same
way as @Q;(T) under the constraint that the system is at the hypersurface separating the
two minima, which goes through the saddle point. The basic assumption of transition
state theory is that in the time evolution of the system there are no recrossings of the
hypersurface separating the two minima. This implies that the flux from “left to right”, i.e.,
from ¢ to j through the dividing surface S is equal to the number of transitions from 7 to j.
In other words, the possibility that a trajectory starting at minimum ¢ crosses the dividing
surface from the i-side to the j-side and then returns to minimum ¢ is neglected. A clear
derivation of k;;(T") is given by Miller [Acc. Chem. Res. 26 (1993)] and shall be reviewed
briefly later on. For the moment we will content ourselves with the fact that k;;(7) can
be determined from local properties of V(Z) and with its physical interpretation. Indeed,
Eq. (2.11) shows that k;;(T") depends on the probability that the system finds a channel
to get through the hypersurface S dividing the minima, which is proportional to Q*(T),

kii(T) = (2.11)
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relative to the probability of finding the system in minimum ¢, which is proportional to

Qi(T).

Besides these elementary transitions we must take into account the probability of finding
the system in each local minima and the transitions between different local minima.
This problem can be handled by the master equation by assuming that each minimum
corresponds to one of the possible values of the random variable z. In the following
we discuss some important properties of the Markov processes taking Markov chains as
particularly relevant example. The general solution of the master equation is discussed at
a second step under the assumption of detailed balance.

2.6 Markov chains

One of the simplest examples of a Markov process is the Markov chain, which can be
characterized by two main assumptions: i) The random variable takes discrete values
X1, Ta,...xpr, which presupposes a discrete set of outcomes, and ii) the transitions occur
at a discrete set of times t = s7, where 7 is some characteristic time interval and s € N.
For the moment we can picture 7 as a measure of the typical vibrational or precession
period in the system. Later on we shall either solve the master equation as a function of
time as a continuous variable or replace 7 by the actual waiting time between transitions
in the kinetic Monte Carlo method.

Given the initial probability distribution P;(z;,0) at time t =0 (i = 1,... M), the prob-
ability distribution at time 7 (time step 1) is given by

M
P1($C¢77') :Z P1($j,O)P1|1(SCj,0’1?i>7')7 (2-12>
j=1

where, as usual, Pij(x;,0]z;, 7) gives the probability for a transition to the state z; at a
time 7 given that the system is at state z; at time 0. We will simplify the notation by
introducing

Pi(s) = Py(z,t = s7)
and
ng = P1|1(yj7 0|y’bv7—) = P1|l(yj7 ST|yia (S + 1)7—)7

where the last equality expresses the assumed time independence of @);;. Note that @;;
is the transition probability from j to i. Let us recall that the usual normalization of
conditional probabilities involves a sum over the final states and therefore reads

L=3 Py tlyt) = 3 Qy=1 Vi

The sum of probabilities over the final states ¢ is 1 irrespectively of the initial state j.

We can then write Eq. (2.12) as

Pi(1) =>_ Qi P;(0)
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or, introducing the column vector P(s) = [Pi(s), Py(s) ... Py(s)], as
B(1) = QP(0).
where @) is the M x M matrix @);;. Note that Q;; # Qj;. After s time steps we have
P(s) = Q*P(0) (@ indep. of s).
It is easy to see that }°; Q;; = 1V j implies that the normalization is preserved, since

> B(1) =33 Qi P(0) =3 F(0)=1.

2.6.1 Some properties of ()

The matrix @);; is, according to our convention, a left stochastic matriz. Mathematically,
this is defined as a square matrix whose columns consist of positive real numbers summing
up to 1 (ie., >; @Qij = 1 Vj). The columns of the left stochastic matrix are also called
stochastic vectors, having positive components that sum up to 1. The set S of all non-
singular stochastic matrices forms a group, namely, the stochastic group. The fundamental
group properties are easily demonstrated:

1) Closure: Let @ and P be stochastic matrices, then

Z(Qp)ij = Z Qi Prj = Z (Z Qik> Py =1

—_——
=1

2) Existence of neutral element: 1 € S.

3) Existence of inverse: Let @ be a non-singular stochastic matrix and Q! denote its
inverse: (QQ™ ") =1 = > Qu Q,;jl = 0;;. It follows that

Z(; @M}) =1 = k;(z Qik> ngl:;cz;;ﬂ.

%
~—_—
=1

Consequently, Q! € S.

2.6.2 The limit of large s: Equilibrium

The behaviour of the probability distribution for large times (s — 00) depends on the
structure of the transition matrix ). We are particularly interested in reqular or ergodic
transition matrices (). These are characterized by the property that for some power k all
elements of Q* are non-negative, i.e.,

(Qk)ij > (0Vij forsomek > 1. (2.13)
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This is equivalent to requesting that for every pair of states ¢ and j there is a path that
connects ¢ and 7 through a finite number & of transitions:

@) =2 > Qi Quiy Quts - Qu_yy (2.14)

Iy 12 ly—1
with all matrix elements of @) strictly positive.

If (Q%);; > 0 Vij for some k we can apply the Perron-Frobenius theorem which states
that the largest eigenvalue of () is equal to 1, and that this eigenvalue is non-degenerate.
This implies that all other eigenvalues A have |A| < 1. The eigenvector corresponding to
A = 1 satisfies

QI =10

and describes the equilibrium state. The Perron-Frobenius theorem also ensures that IT; >
0 V7, which means that the probability of finding the system in any of its states is finite.
This justifies denoting the underlying transition matrix () as ergodic. Moreover, one can
show that

lim Q° P(0) = I

§—00

for any starting configuration P(0).

For the mathematical demonstration of this important statement we expand P(0) =
Zf\il «; U;, where 7; is the ith vector of the Jordan basis of the matrix @ (7, = ﬁ) Note
that @) need not be diagonalizable, but that it can always be brought into the Jordan form.
Applying Q* P(0) and taking the limit of s — 400, only the non-degenerate eigenvector
IT with the largest eigenvalue survives, since |A| < 1 for all 7; # 0. Consequently, if the
transition matrix is ergodic, the equilibrium state I is unique and independent of the
initial state.

Transition matrices that are regular (or ergodic) are also said to be irreducible. Actually,
it is the Markov chain and the directed graph associated to () that are irreducible, when
all the possible states of the system are connected under Q). In the directed graph derived
from @ there is a connection from state j to ¢ whenever @);; # 0. The irreducibility of
a directed graph means that all states i can be reached starting from any state j [see
Egs. (2.13) and (2.14)]. In our physical problem of the dynamics of a system in an energy
landscape, this implies that the ensemble of local minima and intermediate transition
states forms a connected set.

2.6.3 Reducible transition matrices and absorbing states

Examples of reducible or non-ergodic transition matrices are matrices that are lower or
upper diagonal, or that can be brought to this form by a simple reordering of the states.
Another situation in which @ is reducible is when ) can be brought to a block diagonal
form. In this case one has more than one equilibrium state. The probability distribution
in the limit for s — 400 depends on the initial state, since no transitions between the
blocks are possible.
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In this context it is interesting to introduce the concept of absorbing states, which are
states from which the system cannot escape (e.g., extinction in the case of a population).
Let us consider, for instance, the matrix

1/2 1/3 0
Q=11/21/30
0 1/31

for which the state x3 is absorbing. In fact, Q32 = 1/2, but Q;3 = 0 Vi # 3. One never
gets out of the state 3. In this example there is a unique equilibrium state Il = (0,0, 1).
However, the system is obviously not ergodic.

2.7 Master equation dynamics

The master equation we derived for a continuous random variable = reads
P t) = [ [P ) b, 2) = Pa,t) ke, 2')] da'

We focus now on a discrete random variable with a discrete set of outcomes x1, xa, ... x)y.
Each value of z; corresponds, for example, to one of the minima of our energy surface.

We then have

oP, <l
ﬁ (Zﬁz,t) = Zl Pl(])j,t) ]{Z(CL’J’,IZ’) - Pl(xz,t) k(l‘i,l’j)7
j=

where k(z;, z;) is the transition rate for going from state x; to state ;. Let us recall that
k(xj, ;) represents the probability per unit time of making a transition to z; at time
t+ At given that the system is in the state x; at time ¢. Let us simplify the usual notation
as P;(t) = Pi(x;,t) and k;; = k(z;, ;) and rewrite the master equation as

M

[kiy Py(t) — ki Pi(8)). (2.15)

J=1

Notice that the term with 7 =i in the sum cancels out, although k;; is not defined. The
“process” that consists in making no transition does not affect P;(¢) and therefore does
not contribute to dP;/dt. The following simple rearrangements allow us to bring Eq. (2.15)
in a compact form:

dr;

pra Z (kij P;) — P (Z kli)

or equivalently,

dap, M
dt = Z [(1 - m 0i (Z kll)
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where we identify

Wi = — Z ki
I£i

as the total rate out of state 7 and
Wi = kij

as the rate from j to i (i # 7). With this definition of the transition matriz W, the master
equation can be written as

ar, M
or iIl vector fOI"IIl as

dpP .

— =WP.

dt

If the matrix k;; is regular or ergodic, the matrix W is also ergodic, i.e., it cannot be
decomposed into blocks.

Notice that

Y Wii=> [(1 = 0ij) kij — 0y (Z klz)]
i G 1£i

i#j 1]

Therefore, the matrix ¢ = 1 + aW for some small & > 0 has all the properties of a
stochastic matrix. First, we have W;; = k;; > 0 Vi # j. Second, concerning the diagonal
terms, we can always choose a sufficiently small «, or scale the unit of time, so that
izj ki <1V jin order that @Q;; > 0 for all j.

We can then apply the Perron-Frobenius theorem and conclude that W has a unique
eigenvalue equal to zero and that all other eigenvalues are negative. One can write ) =
1+ aW with @ > 0 (usually 0 < o < 1). If ¢; are the eigenvalues of @), we have
—1 < ¢; <1 with ¢ = 1 being the largest eigenvalue (Perron-Frobenius theorem). Thus,
the eigenvalues \; of W satisfy -2 < ¢, —1 < 0= —-2/a < \; <0, with \; =0 a
non-degenerate eigenvalue and all other eigenvalues being strictly negative.

Let us first consider the equilibrium configuration Il = ﬁeq. It is given by the condition

dp, q
1=0 & WP,=0.

Il = ﬁeq is the eigenvector with vanishing eigenvalue. The Perron-Frobenius theorem
assets that this eigenvalue always exists and that all the components II; = P of the
unique eigenvector are strictly positive. In terms of the rate constants k;; the equilibrium

condition reads

J
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In most cases of interest the equilibrium is established between every possible pair of
states of the system, for example, between every two nearby minima. This is the so-called
detailed balance condition

kij Hj == kji Hz for all 7 and j

In other words, each term in the sum vanishes separately. This is a stronger condition
than the general equilibrium condition (2.16). It excludes the possibility of three-state
equilibrium. However, in the problems of physical interest we have that each pair of
minima equilibrates through one or more connecting transition states. In particular the
rate constants k;; derived from transition-state theory satisfy detailed balance.

Detailed balance can be used to bring W to a symmetric form and to solve the master
equation analytically. We shall assume detailed balance in the following and define

3 1,
Wi = ﬁj Wi II; > 0 Vi (Perron-Frobenius)

= \/?TZ (1= 0ij) kij — b (Z k‘h)] :

1£i
Since k;; 11, = kj; I1;, we have k;; 1/% \/% =k & ki 1/% = kji ,/% and therefore
Introducing P;(t) = P,(t)//II; we have

ap; dp; 1 1
=YWy R e S=Y Wy I, —P
dt ’ J =7 dt ; Hz J J HJ J
dP,(t .
< dt<>:ZW” ](t>
J

Since W is real and symmetric, it is diagonalizable. Let 7, be the ath eigenvector of W

with eigenvalue \,, and let us expand the vector P in the form
Pty =3 palt) 7 (2.17)
with p, € R. From Eq. (2.17) it follows that

dP

o > Pty WUy =Y pa(t) Ao va.

o

Comparison with the straightforward differentiation of Eq. (2.17) implies

dpa .
Z %Vazzpa(t)/\al/a.

«

This system of first-order linear differential equations is solved by the usual exponential
ansatz

Pa(t) = pa(0) et
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Replacing in Eq. (2.17) one obtains

P(t) = X pa(0) 7 !

«

with A\; = 0 and A\, < 0 Va > 2. Notice that the coefficients p,(0) are given by the initial
condition P(O) They are obtained by expanding the latter in terms of the eigenvectors

7, namely, po(0) = P(0) - 7,. If one wishes to abandon the compact vector notation in
favor of the more explicit component form, one may write v, = (14, V24, - - - Vaa) and

E(t) - Z Pa(0) vig e "
Finally, the solution of the Master equation reads

P(t) = VI Y pa(0) vig €.

Since all eigenvalues are negative except A\; = 0, it is clear that for ¢ — oo we have
]3(15) — 7, = II for any initial condition. In this context it is important to remark that
p1(0) > 0 for all initial conditions P;(0). In fact, the probabilities P;(0) > 0, which implies
f’Z(O) > 0 for all 7. Since the components of the equilibrium state II; = v;; are all strictly

positive (Perron-Frobenius theorem), we always have p;(0) = P(0) - 7, > 0. In other
words, ergodicity implies that all initial states have a non-vanishing projection on the
equilibrium state. Let us finally point out that the eigenvalues of W and W are the same
since

S Wy B =AP = Y Wy B/\I=AP/\/I, = Y W, P = AP,
J j j

The analytical solution of the master equation requires the diagonalization of 1. It has the
advantage that, once W is diagonalized, all possible initial conditions can be propagated
at a low computational cost. If the size of the problem is too large, i.e., for a too large
number M of local minima, one can take advantage of the sparse character of W and use
propagation methods. First of all the Lanczos method can be applied to the matrix W
in order to estimate the eigenvalue with the largest |A.|. At a second step the relevant
spectrum for long times, i.e., |[A\.| — 0, can also be computed with the Lanczos method
after introducing an appropriate spectral shift so that the smallest eigenvalue has the
largest absolute value. If the spectrum of eigenvalues of W is wide, very fast and very slow
processes are present. In this case it is advisable to introduce a variable time-integration
step size to account for fast initial relaxation followed by slower processes until equilibrium
is reached.

2.8 The stationary point network

In order to understand the dynamics of a complex system it is important to determine
the connectivity of the network of local minima. This information is of course contained
in the matrix of transition rates k,,,. It is clear that systems with similar distributions of
local minima and barrier energies can have very different dynamical properties depending
on how the minima are linked together. A practical strategy to sample the stationary
points (minima and saddles) is discussed in the following.
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2.8.1 Sampling stationary points

For the dynamics we need a set or network of minima that is connected through saddle
points. One can follow the following scheme:

i)

ii)

iii)

iv)

Starting from a given minimum one searches for the “closest” saddle point (SP)
starting along the direction of the eigenvector of the Hessian matrix with the lowest
frequency. It is along this direction that one can reasonably expect to find the lowest
energy barrier or the most important relaxation (i.e., change of configuration) for a
given barrier height.

Once the SP is found, one follows the gradient starting from the SP along the two
opposite directions defined by the eigenvector with negative frequency (é; and —éy).
This provides the minimum energy path (MEP) which contains the physically rele-
vant information on the relaxation mechanism, the path length and barrier height
(compare with catastrophe theory). In this way one usually finds two different min-
ima. However, in some cases (for example when the landscape looks like a mexican
hat) the MEP starting along €; and —é; might lead to the same initial minimum.
These rather rare situations are of course irrelevant for the relaxation.

There are several possibilities after step ii):

a) One or both of the minima found are already known. For example, one of the
ends of the MEP is likely to be the minimum from which we started. If one of
the minima is new, this is added to the list of minima. Then, either we keep on
searching SPs from the minimum where we were at i), or we move to another
minimum. This decision will actually be taken at step iv).

b) Both minima M; and M, found from the SP are new. In this case one adds them
to the list. At the end one checks if they get connected to the network. If not,
one may try to connect them by force with double-ended techniques such as the
nudged elastic band method.

¢) One or both of the minima are already known, but they are not the starting min-
imum at i). In this case one attaches the link to the list of transitions, provided
the saddle point is new.

To follow the search and in order to explore the landscape systematically one may
search along the two directions of the normal mode with lowest frequency at the
minimum and then follow systematically with increasing vibrational frequency. A
full search of all normal modes is neither feasible nor really necessary. One may
then conceive different criteria for stopping the search on one minimum and move to
another one. These are dictated by the physical problem and the available resources.
For example, one may stop once the barriers found are beyond a given threshold,
hoping that the other modes will lead to higher barriers and lower rates, or one
may search preferentially in a given “direction”, i.e., one may bias the search in the
spirit of forward flux approaches. For instance, if the dynamics of a magnetization
reversal process is investigated, one may search preferentially in directions where the
projection of the total magnetization along the applied field increases. Calculating
projections along a given direction or distance in configurational space provides a
means of quantifying a physically motivated bias.
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As in any simulation, an exhaustive search of stationary points is not necessary to predict
the results with a given accuracy. One actually expects that the dynamics of the phe-
nomenon under study can be understood by identifying the most relevant relaxation mech-
anisms. However, it is also clear that as the temperature increases, incomplete searches
will systematically underestimate the relaxation rates. A partial remedy for this can be
to reweight the superposition sums [Energy Landscapes, D. J. Wales, Cambridge Univer-
sity Press, Cambridge/UK, 2003]. In any case the sampling strategy has to cope with
the compromise between exploring some part of the landscape more exhaustively or to
explore larger regions more superficially. The appropriate choice depends of course on the
specific problem under study.

2.9 Kinetic Monte Carlo method

The kinetic Monte Carlo (KMC) scheme provides an alternative solution of the master
equation. In the approaches discussed so far, which were based on the eigenvalues and

eigenvectors of W or on the numerical propagation of P using P = Wf’, one needs to
determine the relevant set of starting points and rate constants prior to the simulation.
The KMC method allows one to perform propagations by determining the rate constants
and the visited minima “on the flight,” thereby avoiding the exploration of large domains
of the energy landscape, which might not be visited when the simulation starts with the
initial conditions of actual experimental or theoretical interest.

Consider a system in a minimum i. The total rate or probability per unit time for the
system to jump to another minimum is

J#i
provided that all possible transitions from minimum ¢ to another minimum j are indepen-
dent processes. This presupposes that the resident time at minimum ¢ is large enough, so
that any memory or inertial effects are washed out. In other words, we assume that the

system is thermalized at minimum ¢, which is quite reasonable for the rare processes we
are interested in.

The transition out of minimum 7 is a Poisson process or continuous-time Markov process.
It can occur at any time, just the probability for its occurrence per unit time & is known.
What is then the probability that the transition to some other minimum occurs between
the times t and ¢ + At? This defines the so-called waiting time probability density P(t)
and can be calculated as follows:

P {decay within [t,t + At]} = P(t) At = (1 —p)"p,

t kt
where N = A and p=kAt = N Then we have

kt N N—oo —kt
P(t)At=(1- 5| kAt 225 oM kA

Notice that P(t) is properly normalized, since

—+00 “+o00
/ P(t)dt = k:/ e Fat =1.
0 0
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The average waiting time 7 is therefore given by

“+o00 “+o00 1 +oo 1
7':/ tP(t):/ tke‘ktdt:f/ re Tdr = —.
0 0 k Jo k

The KMC method simulates the succession of Markov processes as follows:

i) Starting from a given minimum 4, calculate the rates k;; for all significant escape
routes out of 7. In practice, one computes the total rate k& = >, kj; until it con-
verges within a predefined reasonable accuracy. This yields the average waiting time
7 = 1/k. Notice that omitting a significant relaxation channel, i.e., omitting some
kj; > 0, systematically implies an underestimation of k and thus an overestimation
of .

ii) Choose randomly one of the escape channels j according to the probability

_ ki
> ki
iii) Draw randomly a waiting time ¢t > 0 according to the probability density function
for the waiting time P(t) = ke ™.

pj =T k?ﬂ

iv) Move the system to the minimum j drawn in step iii) and advance the time of the
simulation by the time ¢ drawn from the Poisson distribution in iii). Finally, go back
to i).

How to obtain random numbers with a probability distribution P(t) = ke™*? We seek
for a function ¢ = t(z) such that P(t) = ke when x is uniformly distributed in the
interval [0,1]. For this we must have

P(t)dt = p(x) dx = dx,
where we have used that p(x) = 1 for 0 < x < 1. Substituting one obtains

a1
ke Mdt=dr & —=—e.
e x Friai A
This equation can be easily solved by the method of separation of variables:
/ke’ktdt = /d:c = —eM=r—20 = —kt=In(z,— 1)
1

t=——1In

( ) {szfortzo = z9=1
To — T
k

r—1 = t— 4+

Finally, one obtains

1 1 1
t=—In(l—z)=-1 :
pld-n =g
Since 1 — x is uniformly distributed, one can also use t = —(1/k) Inx.

The KMC algorithm provides a formally exact solution of the master equation provided
that all the transition processes are taken into account. As in the exponential solution,
the limitation comes from the detail with which the landscape is described. One expects

41



that the dynamics will not be distorted significantly if some rare processes (with small
k) are neglected unless these rare processes are very numerous. However, this situation
can be encountered in glassy systems or in other highly connected networks of low-energy
local minima.

It is interesting to compare the transition rates k;; corresponding to the different saddle
points ¢ surrounding a given minimum j in the framework of transition-state theory. These
are given by

g — kel Q4(T)
Y2rh QUNT)
where (J;; is the partition function at the saddle point connecting j to ¢. Thus, for a given
starting minimum j, k;; oc Q;;(T) and the probability of escaping from j through the
saddle point leading to minimum ¢ (channel 7) is given by

Q5 (T)

Py Q)

It is tempting to explore the possibility of avoiding the calculation of “all” (in practice
many) relaxation channels and their rates before doing a move. Instead, one could search
for a saddle point starting from j along a random direction, find the neighboring minimum
¢ and calculate the rate k;;. One could argue that the resulting probabilities of escaping
through channel i would roughly correspond to p; o< Qj;(T), since Qj;(T') gives a measure
of the catchment area of the saddle point ¢. The rate k;; is, however, much smaller than
the total escape rate k = Y_; k;;. Consequently, the escape time 7; = 1/k;; is much longer
than the actual escape time 7 = 1/k. It is therefore not reasonable to advance the time by
7; = 1/k;j. In fact, other faster mechanisms could largely dominate the dynamics in this
time scale. Without a knowledge of the dominant channels, it is possible that the system
escapes with a large probability in some other minimum different from the one found
by starting in a randomly chosen direction. One would then have to take a small time
step At, and make the jump to ¢ on the basis of the rate k;; using that for At < 1/k;;
the probability of jumping is k;; At. The consequence would be a very small acceptance
rate for the jump to 7. One would then search another direction until }>; k;; converges.
The method is no better than the original KMC, actually worse, since in KMC one would
search systematically in the directions that are likely to yield the largest k;; (low frequency
eigenmodes). In addition, one can bias the search on physical grounds taking into account
the magnetization relaxation or in general the distance to the product, if known.

2.10 Time dependence of the configurational entropy

The configurational or mixing entropy S resulting from the distribution of the system
throughout its stationary states is given by

S=—kg > P InPp, (2.18)

where the sum runs over all local minima. This represents the logarithm of the num-
ber of accessible states for a given probability distribution P;. Eq. (2.18) holds both at
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equilibrium and out of equilibrium, at any time ¢. The time dependence of S is given by

ds dp
dt__BZ< dt>'

Since Y, P, =1 Vt, the sum of the last terms vanishes. It follows that

ds dP,
R 2.1
dt b Z dt (2.19)

According to the master equation, i.e., assuming a Markovian dynamics without memory
effects, we have

=> (ki Py — ki By). (2.20)

j
Replacing Eq. (2.20) in (2.19) we obtain

as

i —kp Z (kij Py — kji i) In P,

]
or equivalently

as _ ks

- 5 > (ki Py — ki P) (I P, —In Py)

tj

as
In general k;; # k;; and consequently — does not have a defined sign. Therefore, S needs

not to increase monotonously with time. This should be clear since the assumption of
Markovian dynamics does not exclude, for example, the presence of absorbing states for
which the equilibrium configuration 7 has zero entropy (m; = d;0, where 0 is the absorbing
state). This is not in contradiction with Boltzmann’s H-theorem, since the configurational
or mixing entropy does not take into account the change in the entropy associated to the
other degrees of freedom. In particular the change in phase space due to the change in
kinetic energy is ignored in Eq. (2.18).

However, in a microscopic quantum theory we know from Fermi’s golden rule that the
transition rate

2w
kij = (h) Vij|* 0(E; — Ey)
is symmetric (k;; = kj;, since Vi; = V7). In this case (k;; = kj;) we have

as

k
vy

Since In(z) is a monotonously increasing function, (In P, — In P;) has always the opposite

as
sign as (P; — P;). Consequently a > 0Vt andV P;(t). The assumption of symmetric rates

(ki; = kj;;) and of Markovian dynamics (master equation) implies that the time evolution
always leads to an increase of the entropy of the system.
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2.11 Transition state theory

We follow here an article by W. H. Miller [Acc. Chem. Res. 26, 174 (1993)] to which the
reader should refer for further details.
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