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Chapter 1

Useful Mathematical
Tools

1.1. Gaussian Integrals

1.1.1. Multidimensional Gaussian Integrals. Gaussian integrals are ubiquitous in theoret-
ical physics and constitute the basis of many calculations. Moreover, they allow us to introduce
the formalism of generating functions.

We begin by remembering the simplest of those integrals:

o0 (1$2
(1.1) / dee” 2 = 277

a
—00
which can be proven by considering the square of the integral and switching to polar coordinates.
The argument of the exponent can be regarded as a quadratic form on R (as a vector space);
we generalize that concept by introducing a n dimensional positive definite symmetric matrix A
(i.e. it has all positive eingevalues) that naturally induces a quadratic form A(Z) on R™
n
(1.2) A(f) = Z iL'Z‘Aiijj = fTAf
i,j=1

Embedding this in an exponential, for convenience with a prefactor 1/2, yields a Gaussian weight
G(Z) = exp[—A(Z)/2]. An example of such weight for a two-dimensional vector & = (z1, z2) and

3 -1

S
is shown in Fig. 1. A has eigenvalues \; = 2 and Ay = 4, which are inversely proportion to the
decay of the function G along the two orthogonal directions zj and zf,. In the following we adopt

G as a weight in the distriburion of Z. In this case, the off-diagonal terms Ao = As; introduce
a correlation between z1 and xo, i.e. their covariance is not zero.

Now consider the Gaussian integral
(1.3) Z[A] = / Az e 2A® = / dry e 2 2iy=1 i

The variables are in general coupled by A;; # 0 and the integral is solved by diagonalizing
the matrix A (this can be done thanks to the spectral theorem) via an orthogonal matrix
O : OOT =1, and changiing the variables: 2’ = Ox. The Jacobian of this trasformation is 1.
Hence, by calling a;,7 = 1...n the eigenvalues of A, we have

n oo & 271')”/2
1.4 Z[A] = drje” 3% = (
(.4 =11 et =T

I—‘I
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Figure 1. Three-dimensional plot (left) and contour plot (right) of the Gaussian weight dis-
cussed in the text. By expressing such weight in the orthonormal basis (z,z5), one would
obtain uncorrelated Gauss weights.

since [[i-; a; = det A.
The last result that we need is a further generalization of Z[A]; it is done by adding a linear
term to the argument of the exponential, i.e. Y " | bjx; = b'% =b -  where b € R™.

(1.5) Z[A ) = / Do SA@HEE _ g1a g 3PTATE

(we have defined Z[A, 0] = Z[A]). This result can be derived by either completing the square or
by changing the variables to ¥ = & — &* where * = A~1b is the extremum of the exponential’s

-

argument. From now on we call Z[A,b] a generating function.

1.1.2. Correlations Functions. Since we calculated Z[A, 0] we can now define a Gaussian
probability density over z € RY (namely a multivariate normal distribution with zero mean and
covariance matrix A~1),

-\ 1 _lA(i-’)
(1.6) p(x) = —Z[A, 0]6 2

From this distribution we can calculate expected values of products (also called correlation
functions) of [ of the variables x;.

1 —lA =
(17) <:L‘k1...l'kl> = m /Rn Tpy Ty € 2 (@)
where k; = 1...N. To do so we exploit the generating function property of Z[A, b], i.e.:

1 s
(Thy -xpy) = m/Rn Ty oy 2AE) =

1 0 0 1p ()t
= A"y e~ 2A@)+b-T
Z[A,0] Oby, Obgy Jun O C

b=0
1 0 0
- T 71Ab
Z[A,0] Oby, ~ Oby, [ ]b:O
0 0 1prp-ig
1.8 =
(18) Dby, gy

Hence, for symmetry, any correlation function that has an odd number of variables vanishes
identically (at least one x; remains with an odd power while this Gaussian is an even function
centered around the origin). Instead any even correlation function can be calculated using
Wick’s Theorem, as discussed below.
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1.1.3. Wick’'s Theorem. We discovered that correlation functions can be computed using
derivatives of Z[A,b]. Wick’s theorem states that any even-number correlation function can be

written as the sum of products of two points correlation functions. For instance, by defining

o= ATl
Cij= Ai,j , we have

(1.9) (exprcrq) = CapCed + CacCa + CadChe

where indices could also be equal (e.g. a = b is allowed but one still needs to compute all terms as
if they were distinct). In the right-hand side one notes that there are all possible pairs of indices
(a,b,c,d), obtained from their permutations. This is also the structure in general of Wick’s

Theorem. By defining a permutation P of indices (k1, k2, ..., k;) for even [ as (k{), k:f, A klp),
one has
(1.10) <$klxk2...$kl> = Z Ck{)kg...ckﬁlklp

“ali"p

Here we thus summed products of Cy;, taking into account all possible permutations of the
indices. The number of terms in this expression, in the case of [ = 2m variables, is (2m — 1)!!
(double factorial).

1.2. Steepest descent method

We recall the method of steepest descent to approximate integrals with Gaussian integrals in
some suitable limit. Here we deal with real variables and thus we are discussing Laplace’s
method. More in general, such integrals would be available also for complex variables within a
saddle point scheme.

We deal with integrals of the form [ d"x e F@/X for A — 0. We have
(2%)”/2
det(92F(Z,))"/?

where 7, is the maximum of F(Z) and 9?F(%,) is a shorthand notation for the matrix with
second derivatives of F', which plays the role of A in the previous section: (ﬁij (#.) = Aj. To

(1.11) o) = / I o~ F@/A o yn/2,—F(@0)/A

derive this result we just change the variable Z = &, + V/Ai/, expand the exponent argument in
A and ignore all factors O(A'/?).

Sometimes it is more natural to think of a parameter s — oo (e.g. the systems size in a
thermodynamic limit). Trivially, one may set s = 1/X in the previous treatment. In more general
contexts the integral could contain also another function g(x) as a prefactor of the exponential.
Moreover, the range C' of integration needs not to be the full real line. In the one-dimensional
case, such integral becomes

(1.12) I(s):/cg(:c)esf(“”)dx

 (2m)'2g(ac)esl ()
51" ()2
where z. is the maximum of f(z) within the interval C. This formula holds if the maximum z.

stays far from the boundary of C. See the exercises for an example in which it is better to not
apply directly this formula (because z. tends to the boundary for increasing s).

1.3. Fourier Transform (FT)

The FT of a function f(z) is here defined as

o0

F(f) = F(k) = / ¢ f(2)da

—00

and its inverse consequently is defined as

F) =g [ i

27 J_ o
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Note that other definitions with different splitting of the 27 factor and with opposite signs in
the exponential are also used in other contexts. We stick to this one in most of our lessons.

1.3.1. FT of the Dirac’s Delta J(x). One finds immediately that

F(o) = /OO e~ k25 (2z)dx = 1

—00
and consequently that there is a representation of the § function in terms of the inverse Fourier
transform, 6 = F~1(1), which becomes

d(z) ! / etk qk,

:% .

This is a form used often to perform useful mathematical tricks.

1.3.2. FT of the Heavyside function 6(z). The step function, or Heavyside function, is

defined as
1 ifx>0
O(x) = 1/2 ifzx=0
0 ifx<0

The 1/2 value at = 0 derives from the definition of the step function as a shift of the rescaled
“sign” function, 6(z) = 1/2 + sgn(z)/2, where

1 ifz>0
sgn(z) =< 0 ifz=0
-1 ifx<0
By noting that
d 1d
o(x) = %9(56) = iﬁsgn(x)

and by recalling (exercise: use partial integration) that the FT of a derivative of f(z) is

F (ie(@) —ikf (k)

we arrive at

(1.13) = — + (k)

where we used F(1) = 27(k) in the last step.

1.4. Gaussian with imaginary mean

We want to give a sense to the Gaussian integral

(1.14) / e ol@=ib)? g
R

where b € R. Since the integrand is analytic, we can continue it to a complex variable z and
consider a contour I'p = 71 Uyo U~y U~ where 7 is the interval [— R, R], —v, is [~ R+ib, R+1b],
v+ is [R, R+ ib] and ~_ is [-R + ib, —R]. The contribution for R — oo is zero on I'r and on
v+; instead 712 give opposite results, hence:

(1.15) / e~ @) gy — \/?
R a
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Ve

Figure 2. Contour used to compute the Fresnel integral.

This implies that

2
(1.16) / W b g — \/?ega
R a

for all b € C and a > 0.

1.4.1. Fresnel integral. The Fresnel integral

© dk . . ib?
(1.17) / 8 iak?—ibk (47ra2‘)_1/26f7

oo 2m
has a structure for example found in the FT of the Schrodinger equation (see below). It looks
like a normal Gaussian integral where complex variables are used for its variance and mean.
However, to prove its convergence, we follow an explicit procedure. We thus prove its formula
by showing that I(a,b) = lim._g Ic(a,b), where

R dk; i(m/2—e€ ;

(1.18) I(a,b) = lim [ Sfeak®e!("/2m—ibk

R—oo J_p 2T

is a deformed and regularized version of I(a,b).

We consider a,b € R and we start with the case a > 0. By looking at the exponent in Ic we
find it useful to introduce the variable z = ke!(™/4=¢/2) = ke'®e with angle ¢ = 7/4 — €/2 < w/4
for small € > 0. This variable moves along a line v in the complex plane that is tilted of ¢, with
respect to the real axis. We then construct a contour ' = vy U v+ UFg U~_ (see Figure 2)
composed of

o 72 ={z=Re?:0€[0,6]}
o v ={z=Re?:0¢c[mm+ b}
e vr={lz| < Rargz = 6.}
Yr = [ R, R] (with orientation reversed)

In T" a portion g is tilted as v and will tend to it for R — oo.

The closed contour in the complex plane allows us to use Cauchy’s Theorem. In this case
the contour encloses no pole and the full integral along I' of an analytic function is zero. The
strategy is to show that the contributions on v, and «_ become negligible for R — oo and that
the integral on 7 (after reversing its orientation) matches that on vg.
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Consider the integrand calculated on v, with parametrization z = Re? for 0 < § < ¢.. To
show that it becomes negligible we use an inequality for its modulus. Thus,

—ie , e
R|€ / e—0=izb g, < R / 0
2 v+ 0

be
— R/ do efaRQCos(QB)Jersin(@fd)é) 0
0 R—0

pif—aR?e* —iRpbe' 0= %)

because ¢, < m/4 and the term with cos(2¢) > 0 in the exponent guarantees the decay with R.
The same holds on v_.
By calling b’ = be~*<, on 5 we have
/2

. b
. eied B m\1/2 e 4a N_1/2 b2
lim emax iz — (—) —— (4mai)” e
R—oco 27 R a 2T €0

(to show how a Gaussian integral with imaginary b is computed, see the exercises). Since the
integral over I'g is zero by Cauchy we conclude that

* dk _. . b2
1(a,b) = lim I.(a, ) = / O gmiak? 0k — (i) /2 i

for a > 0.
For the case a < 0 use I(a,b) = I*(—a,—b), (—ia) = (ia)*, and b* = (b*)* to show that the
same formula holds.

1.4.2. Example: Schrédinger Equation. Consider the free Schrodinger equation:

, h?
(1.19) ihopp(z,t) = —%8§¢(x,t)
Set i =1 and move to Fourier space:
do - 4
(1.20) Y(a,t) = prw(p,t)e”“
T
~ p2 ~
1.21 ] t) = — t
(1.21) WOeh(p,t) = o (D, 1)
- ~ p2¢
(1.22) bp,1) = $(p,0)e 5
~ . 2
Since we use ¥(x,0) = d(z) we have ¥(p,t) = e~ . To find ¥ (x,t) we make use of Fresnel
integrals (a = 55 and b= —ix):
o \2
_ L —iP—Zt—s—ipm _ L. 12 1(47?7) ([ m 1/2 _ ma?
(1.23) P(x,t) = 2W/alpe 2 = <4772mz) e ‘zm = (27#2,) e 2

Putting back A:
m \1/2 _ma?
) e

(1.24) Y(x,t) = <27Tﬁit ~ 2hit

This is called the propagator for the free Schrodinger equation.

1.5. Indented Integrals and ¢ prescription

In some integrals of complex variables one finds poles tending to the real axis for say ¢ — 0,
which are dealt with a limiting procedure as follows. We show that these integrals, pictorially
represented by the green path in the upper panel of Figure. 3, are equivalent to another limiting
procedure in which the pole already lays on the real axis and is progressively encircled by a
contour (lower panel of Figure. 3). In the depicted scenario, the pole is approaching z( from
above and the contour is encircling the pole. The other case with contour not encircling a pole
that is approaching zg from below is found in the exercises.
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Figure 3. Contour used to compute the indented integral discussed in the text. The green
portion is the path I',,; where the principal value of the integral emerges.

The equation we want to prove is, for any analytic function in the upper complex plane
Im(z) > 0 that tends to zero sufficiently fast for |z| — oo,

(1.25) lim L),da: = IP’/ de +im f(xo)
e—=0+ Jp T — XTo — 1€ RZL— X0
The validity for a quite generic f leads physicists to crudely summarize the equation with the

notation ) )
lim — =P +imd(z — x0)
e—~0x — 9 — 1€ T — Xo

The notation P [ ... denotes the principal value of an integral:

I G/ /x”mdﬁ /; f(x)da:}

R — Zo =0 | J_o6 T — X 048 T — Zo

For instance, for f = 1/2? and xg = 0, for symmetry we have

1 _ =01 > 1 ,
P —Sd:c:hm —+ - =1lim0=0
RZT 0=0 | J_oo T 5§ T 6—0

Without principal value extraction, the integral of 1/2% in R would not be well defined.

To prove (1.25), we use Cauchy Theorem for closed contours once more, and again we need
that the contribution of the integral in the outer semicircle I'¢;; (Figure 3) vanishes for R — oc.
In this case it is granted by the selection of functions f(z) that tend to zero quickly enough for
R — .
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The two remaining contributions to the integral for § — 0 become, respectively, the principal
value (integral on I'p; in the Figure) and half of the residue in z( (integral on the semicircle
[int), which is indeed im f(x¢)

1.6. Characteristic Functions

Here we define the characteristic function for a random variable and then prove the central limit
theorem for the sum of independent and identically distributed (i.i.d.) random variables. Let
be x a random variable with probability density p(z). Its mean or first moment p is defined as

(1.26) p= ()= /dwxp(a:)
and its variance, also known as second cumulant or central second moment, o2 is

(1.27) o’ = {(z —{))*) = (@*) — (@)°

In general for a function f(z) it holds that

(1.28) () = / dz f(2)p(z)
(1.29) p(f) = (5(f — f(@)) = / dx p(x)5(f — f(x))

(1.30) (f*) = / dz *(2)p(z)

If f(x) =  the expected values (z*) for k > 1 € N are called moments of the random variable
x. The moments are easily computed using the Fourier transform of the distribution of = (here
defined with plus sign in the exponent e***; the inverse thus gets a minus in the exponent, see
the Dirac §(x) = F~1(1) below), also known as the characteristic function of x, which we denote

by ¢(k):

(1.31) o) = () = [ doc*p(a)

Indeed, since e = 1 + ikx — %k2x2 +..=>2 inl‘:!xn, the series representation for (k) is
" = inE"
(132) o) = () = 52 )
n—

from which

(1.33) (z") = (—i)”ainw(k)

k=0

A nice property is that a probability density arising from the convolution of two other probability
densities,

p(x) = /dm’pl(m')pg(az —a) = /d:c'/dx"é(a; — a2’ —2")p1(a")pa(2”)
has a characteristic function that is the product of the other two

(k) = p1(k)p2(k)

Such property is useful when considering the sum =z = 2’ + z” of two i.i.d. variables x’ and
=z —2a.
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Figure 4. Convergence to a normal distribution (red curve) for the rescaled sum of i.i.d vari-
ables, each one following a flat distribution as in the first panel. The panels are for n = 1,2, 3,4
and blue curves are the probability densities of rescaled sums Y;,.

1.7. Central Limit Theorem

Consider a set = {x1,...,2,} of n ii.d. random variables with mean p and variance o2 and
call S, = 2?21 x; their sum. We want to prove that this sum follows to a better and better
degree a Gaussian distribution in the limit of large n, that is, we aim at proving the

Central Limit Theorem: a properly normalized sum of i.i.d. random variables tends toward
a normal distribution even if original variables are not normally distributed. It is required that
their distribution has a finite variance 0% < co.

A pictorial example of this convergence is shown in Figure 4.

With the sum S,, we define the random variable
(1.34) Y (z)=2n _"H

It is easy to find that (Y;,) = 0 and Var(Y,,) = 1. Thus, this variable is rescaled to remain with
a constant variance and zero mean for all n’s.

We want to find the distribution for Y;, in the limit n — oo:

p(Yn(z) =y) = (6(y — Ya(2)))

_ <1 / daem[ymxn>
2 R
<1 / dae—iay+m[zixi—nu]/<ﬁa>>
R

n

1 —joy—io—E - o g
=— [ dae " Vno dx;p(x;)evne™
o |, ZH1 ip(xi)

(1.35) - do e_ia(ﬁ%) (/ dz p(x)e jggx)

27T]R
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o

The quantity in the parenthesis is the characteristic function for k = hence for n — oo

Vno'
2
« .« « _
(1.36) ® <k = \/ﬁg> =1+ e 2no? (02 + %) +o(n™%/?) =
iap o | o(n=3/2)

(1.37) = eVno

Please spend a second to appreciate that in the last step there remains only —% in the second

order in « of the exponent. One can check that the Taylor expansion of the last function gives
the previous one in (1.36).

In the end,
(1.38) p(Yn(x) = y) = % /]R dore Vs <ei3%5 "22+o(n—1/2))
(1.39) = % [ da piay— % +o(n~!/2)
(1.40) - \/12?6_%2 for n — oo

Since we have lim,,_,o Y5 () ~ N(0,1) from the normal distribution properties we find S,, —
N (np,no?) and 1S, — N (p, %2) In Figure 4 there is an example of flat p(z) and distributions
of rescaled sums of up to n = 4 i.i.d. variables x.

Problems

Exercise 1.1. Given & = (x1,z2),
3 -1
(4
and b = (1,0), compute the Gaussian integrals
1
Z(A) = /d2m exp {—2fTA§3}
and
. 1 .
Z(Ab) = /d2x exp [—QfTA:E' +b- :Z’}
Exercise 1.2. With the saddle-point strategy, compute the approximation for large s of
I(S) — /OO esr—coshxdx
—0o0

Exercise 1.3. With the saddle-point strategy, compute the approximation for large N of

I(N) = / COS(SL‘)e_N[($—W/3)2+(x_7r/3)4}dx
0

Exercise 1.4. Show that the following formula holds for the Fourier transform (F(f) = f(k))
of a derivative of the function f(z) (under the usual mathematical assumptions for having a
Fourier transform and its derivative):

F (;;9@)) =ik f(k)

Exercise 1.5. Show that F(1) = 274 (k).

Exercise 1.6. To complete the case discussed during the lecture, compute

1 1
lim — =P | —imd(x — o)
e—=0 T — 1o + 1€ T — X
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Note that this limit and that discussed in the lecture are a physicists’ crude shorthand notation
for the full equation

f(z) / .
li —————dx =P d +
eg(r){r 0o T — o F ze T — T © £ i f (o)

and f(z) — 0 for |z| — oo and analytic in the I'm(z) > 0 portion of the complex plane.

Exercise 1.7. Compute the Gaussian integral

I = /oo dxefax%rbz — \/?eb2/(4a)
oo a

for a € R, a > 0 and complex b = 3 + iv (with 8,v € R). For the solution, one may shift to
a new variable z with * = z + 7q, so that the exponent in the integral does not contain a term
~ iz and the new path of integration can be mapped back to the real axis by using Cauchy’s
theorem.






Chapter 2

Stochastic Processes and
Path Integrals

2.1. Diffusion Equation

Suppose we have a particle in a bath composed of another kind of particles, e.g. a fluid as air
or water. Moreover, the inertia of this particle is low enough to make the collision between that
particle and the bath particles produce movement. This process could be described in principle
using Newton’s law of motion (we stay for now in the classical framework) but in practice this
is impossible: we would have to deal with a number of order 10?3 of equations of motion; the
solution to this problem is found treating the bath as a random noise applied to the particle
(this is possible if we are interested to time scales much larger than the time between successive
collisions of the particles of the bath). To begin, we introduce the particle density p at position
z € R? and at time ¢ such that the integral over a region A C R? of p gives the fraction of
particles inside that region:

(2.1) /Addwp(% t)

We are now considering an ensemble of independent particles, rather than just one, moving in
the fluid. Since the particles leave or enter the region A through the boundary, A, we need to
introduce the current vector j(z,t) whose surface integral [7(z) - j(x,t)dS is the net number
of particles crossing S per unit time. 7(z) represents the unit normal vector at the position x
on the surface S.

~

(2.2) 8t/Addacp(x,t) =— /8Aj(x,t) -n(z)dS = —/Add’xV jx,t)

In the previous equation 7 is oriented outward the region A: the minus sign is due to the fact
that when j(z,t) - n(z) > 0(< 0) particles are leaving (entering in) A. Since the region A is
arbitrary we get:

(2.3) op(z,t) ==V - j(,1)

At this moment we don’t have any external field so the only way to construct the current j(z,t)
is from p and its derivatives; assuming p is small (along with its derivatives) we choose:

(2.4) j(x,t) = =D(x,t)Vp(z,t)

(the minus sign is due to a similar argument as before); we arrive at:
(2.5) dupl,t) = V - (D(, )V pla, 1))

For constant D we derive Fick’s Law (diffusion equation):

(2.6) op(x,t) = DV?p(x, 1)
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Side note: we can always choose p normalized to 1 and interpret it as a probability distribution,
thing that we’ll do later on.

Let us consider for simplicity the 1-dimensional case and evaluate the average and the variance
of the position of our particle(s). In general the average of a function f(x) at time ¢ is defined
as

(2.7) (ai= [ T et f ()

Using eq. (2.6) and the boundary conditions lim,_,+ p(z,t) = 0 and
lim, o0 Op(z,t)/0x = 0 one finds that

d °° & f ()
(28) GU@n= = [ panTL T
from which we derive that d(z);/dt = 0 and d{z?);/dt = 2D. If the initial condition is
p(x,0) = §(z), i.e. initially the particle is at the origin, (z); = 0 and (22); = 2Dt implying
that Varyx = (22); — (x)7 = 2Dt. The last result is due to Einstein (1905)

2.2. Random walk and diffusion equation

We can derive diffusion equation using a more ”microscopic” (not in the strict sense) approach,
by means of Discrete Markov Process. Consider a particle moving on a one dimensional lattice
of spacing | and take a discrete time with unit e. We call the transition matrix of jumping in a
time step € from site j to site ¢ W;; whereas the probability of being at site i at time t, = ne
is denoted w;(t,). By the definition of the transition matrix we have the following evolution
equation, known as Master Equation (ME):

(2.9) wi(tn) = Z Wijwj(tn_l)
J

In vector form:
w(tn) = Ww(t,—1) = W"w(0)
Notice that since probability must be conserved, i.e. Y w;(t,) =1V t,, and this is guaranteed

if we require that Zj W;; = 1 ¥V i. Suppose that the only possible jumps are the ones from
nearest neighbour sites, i.e.:

(2.10) Wij = p40ij41 + p-0ij-1
where p, is the probability of a right jump, while p_ = 1 — py of a left one. We now derive
w;(ty); in n time steps ny steps on the right are done and n_ on the left such that ny +n_ = n;
the position 7 is ¢ =ny —n_, i.e.:
(2.11) n+En;Z€{0,l7...,n—1,n}

n—1

(2.12) n_=

5 €{0,1,...,n—1,n}

If n £ —i is odd or |i| > n the probability is zero (why?) otherwise the solution of the ME eq.
(2.9) is the binomial ny ~ B(py,n):

B L T T e e T LA S
(2.13) w;i(n) = pypt = Pl = Py
n4 n4 n4

Notice that the above solution satisfies the initial condition w;(0) = J; 0. To calculate moments
we use the generating function method. For our case we define the following function

n
(2.14) e = 30 & ()i = st )

n4 =0
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Why is w(z=1,n) =17
The moments of w;(t,) can be easily calculated as derivative of the generating function:

(2.15) (ny) = 2.1 = npy

(2.16) (n2) = (242) et = npy (14 (n = py)
Since x; = il(ny —n_) = [(2n4+ — n) we obtain:

(2.17) (@)1, =nl(p+ —p-)

(2.18) Vary, (z) = 4l*pip_n

2.2.1. The continuum limit. We consider now the continuum limit in space and time. We
start with the simplest case py = p_ = 1/2 and n =t/e. Then (z);, = 0 and
2

l
Vari(x) = —t
€
A meaningful continuum limit with fixed ¢, I — 0 and ¢ — 0 and thus n — oo is obtained
keeping % = 2D constant:

(2.19) Var,(z) = 2Dt

This is the same result obtained in previous section.
We want now to see where the exact solution of the ME, eq. (2.13) converges in the large n
limit for given ¢t = ne and x = lv. We use the Stirling’s approximation

(2.20) Inn! :nlnn—n—l—%ln(an)—l—O(l/n)

in order to evaluate Inwj;(t,). After some elementary steps one gets:

2 i2 )
(2.21) wi(ty) = | —e 2 TOE/7)
™

Consider now a Ax = 2kl such that | << Az << Dt with k and define the probability
distribution in the continuum limit as
i+k
(2.22) w(z, t) Az = Z wj(tn) =~ kw;(ty)
j=i—k

where t,, =t and x = ¢l and we have taken into account that only half of the terms appearing
in the summation is different from zero. The final result is:

2
(2.23) w(x,t) =

_ oz
e iDt

1
V4Dt

For further insights let’s take the continuum limit of the discrete ME itself, egs. (2.9) and (2.10):

(2.24) wi(tpt1) = % (wi—1(tn) + wit1(tn))

Since we are looking for a continuum distribution we substitute il with z ¢,, = ne and lw;(t,) =
w(z,t) the previous eq. can be re-written as:

(2.95) w(z, t +€) :%(w(x—l,t)+w(x+l,t))

(w(z—1Lt)+w(x+1t)—w(z,t))

N | =

(2.26) w(z,t+¢€) —w(z,t) =

Expanding according to Taylor w(x,t+¢€) = w(z,t) + edpw(z,t)+... and w(x +1,t) = w(z,t) +
10;w(z,t) +1/2120%w(x,t) + ... and taking € — 0, [ — 0 and n — oo keeping % = 2D fixed, we
obtain:

(2.27) oyw(z,t) = DO*w(x,t)

i.e. we arrived at the diffusion equation (2.6). Find out what the dots in the above Taylor
expansions are and show that in the continuum limit the neglected terms converges to zero.
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2.2.2. Solution of the diffusion equation in R. We assume that the diffusion occurs in R
since R? is just a trivial extension of the formulas we will derive. Thus V? is simply 02 whose
eigenfunctions are:

(2.28) B3k (x) = —Kpi(x)
(2.29) pr(a) = ™"

for k € R. We will use the measure dk/27 in k-space and the normalization of the eigenfunction
is such that

(2.30) /wk(aﬁ)goz,(x)dx = / e F=Re o — 976 (k — k)
R R
whereas
dk S/
xo NV i(z—a )k o
(231) | e@ei@ngs = [ o E — s —a)

Expanding w(z,t) in terms of eigenfuntions ¢y (it is a complete basis in L? and it leads to the
well known Fourier’s transform):

dk

(232) wat) = [ atiola)s

and using eq. (2.27) one obtains:

deg(t
2; ) = —DkQCk(t)
cp(t) = Ck(to)e_DkQ(t_tO)
(2.33) w(z,t) :/Ck(to)eDkQ(tto)eikxdk
R 2

The initial condition leads to: i

w(z,to) Z/Ck(to)eikx
R 271'

and inverting the Fourier’s transform
cx(to) = / w(z', to)e_ikx/dx'
R

If the particle is at g at time ¢ = to then w(z,ty) = §(x — xg) we obtain ¢ (o) = e~ %0 and:
1 _ (z—x0)?

2.34 w(x,t) = W(x,t|lxg,tg) = ————¢ 1P0-10) t > to,

234 (#:0) = Wi, tao to) = s

which is the same as eq. (2.23) as obtained in the continuum limit of the discrete ME. In the
previous equation we have introduced the the so called propagator for the Brownian motion,
W (zx,t|xo, to), which is the solution of the diffusion eq. (2.27) satisfying the initial condition
W (z, tolxo, to) = 0(x — zp). It satisfies:

W(LE, t’CL‘o, to) = W(CE - xo,t - t0|0, 0)
Show that the general solution of eq. (2.27) with arbitrary initial condition w(z, ) is given by

(2.35) wlt) = [ dooW (2.t to)w (a0 o)
Considering now tg < t' < t:

w(x' t) = /dacOW(:U’,t'|x0,t0)w(xo,to)

w(z, t) :/dm'W(w,t!w',t')w(w',t')
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we obtian by combining these two equations:

w(z,t) = /dm’W(x,t\x’,t’)/deW(x',t’\xo,to)w(:vo,to)
by comparison with the previous result (2.35), given the generic w(zx,tg), we get:
(2.36) W (z,t|xo,to) :/dm'W(x,t|1:’,t')W(x',t'|x0,t0)

i.e. the propagator satisfies the Einstein-Smoluchowski-Kolmogorov-Chapman relation.

2.2.3. Scale invariance of the diffusion. If we set 2o = 0 = ¢( we notice that eq. (2.34)
obeys the following homogeneity equation

(2.37) W (x,t]0,0) = AW (Az, A?t|0,0)

This could have been deduced directly from the diffusion eq. (2.27). Indeed it is immediate
to prove that if W (z,t|0,0) satisfies the diffusion equation then also W (Ax, A2t|0,0) satisfies it.
The extra factor A in the r.h.s. of eq. (2.37) is a consequence of the fact that the lLh.s. is
normalized to 1.

2.3. Wiener Path Integral

2.3.1. Correlation functions. The joint probability distribution to find the Brownian par-

ticle at positions in the intervals (x1,dz1) at time ¢, (x2, 2+ dx2) at time to, ..., (zp, Ty + dxy)
at time t,, with g <,..., <, is given by
dPtl,...,tn (5517 ceey $n|$07 tO) = W(ftna 75n|$nfla tnfl)W(xnfh tn71|$n727 757172)

e W($1, tl‘l‘o, to)d$1d$2 e dxn =

(2.38) exp{ En (@i — xi_1)2} |”| (i
) = exp{—
2o aanp U EDAy,

where initially, at time to, the particle is at zg. The average of a generic function, f(z(t1),...,z(tn)),
of the positions of the particle at times ¢y, ... ¢, is then defined as
(2.39) (f(x(t1), ..., x(tn)))w = fx1, . zn)dPy g, (1, ..., Tol@o, to)

]Rn

Let T be a finite subset of R or an interval, e.g.: T = {t1,...,t,} or T = [0,00) and R” as the set
of all functions having as domain T in our example if T = [0, 00), R” is the set of all functions
z:[0,00) = Rorif T = {t1,....,tn}, RT is the set of all sequences {x1,..., 7} = {z(t1)...7(t,)}
for some z;’s. In the following we will be interested in 7" = [0,¢) where 0 < t < oc.

Using T and R”, we want to construct a Brownian motion measure P, for appropriate sets
A C RT | i.e. associate a probability to this set.

We begin with a special case: consider n € N and a finite set of time instants {¢1,...,t,} (where
t; < tiy1 and t; € R). Define At; = t;—t;—1 and H; = [a;,b;] Vi = 1...n with a; < b; € R. We now
define the cylindrical sets of R” as subsets of the form A = {x(t) : x(t1) € Hy, ..., x(t,) € H,}.
We can now use the probability distribution (2.38) to define the measure of A-like sets as:

n

1 (z; — xi1)?
2.40 P,(A) =P A) = dry... d ———¢ —_—— 5
240 Rt =P = [ o [ ] e - p
which is nothing else that the probability of a Brownian particle, starting at xg at time tg, is
found, at later times ¢;, in the interval H; with ¢ = 1,...,n. Notice that this relation is valid
for any n € N and by the use of Kolgomorov extension theorem we are free to extend this result
to any subset of the o- algebra of R, F, generated by the cylindrical subsets. This way we
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constructed a probability space (R”, F, P,) where F is the set of measurable subsets of R” to
which A belongs. ' The measure so obtained will be written as

(2.41) Py(A) = /Adarw(f),

Practically for any computation we rely on discretization; for example, if we have to find the
expected value of a functional of the trajectory (7) such as F(2(7)) = [ a(7)z(7)dr we should
use y o At;a(t;)x(t;), use the finite dimensional probability distribution (2.38) and at the end
of the calculation take the limit n — oo (in the following n we will denoted by N with the tacit
assumption that at the end N — oo). This is what we will be illustrating in the next section
for some typical examples where the calculations can be analytically performed.

2.4. Some Calculations

Before continuing we define C = [0, 0;¢] as the ensemble of trajectories of RT starting from 0 at
time 0 and lasting a time span ¢; C = [0,0; z,t] as the ensemble of trajectories of RT obtained
by fixing the endpoints: the particle starts at time 0 from position 0 ending up, after a time t,
at position x.

2.4.1. Identity. Using normalization of Wiener measure:
(2.42) (1) = / ldxy (1) =1
C=[0,0;¢]

2.4.2. Probability of returning at the origin after a time ¢. We already know the answer
since this is nothing else W(z = 0,t0,0) = (47Dt)~'/? as given by eq. (2.34). We want to
re-derive it using the path integral.

(2.43) W (w,110,0) = (8(z = 2(t)))w = lim Wiy(,#0,0)

where
N+1

(2.44) Wy (z,t]0,0) = / 11
=1

N2
dmi —Zﬁio i1 —2s)

4DAt; —
JATDAL (= zNi)

The delta sets xy11 = z(t) to x. For simplicity we illustrate the procedure for 2 = 0 and we
will use a uniform time mesh, i.e. At; = t/(N + 1) = ¢, even though the calculation can be
done without any difficulty for a generic mesh (a more practical method will be developed in a
successive chapter). Since the argument of the exponential in the integrand is quadratic in the
2’s we can introduce a matrix A such that

1
(2.45) W (z = 0,t]0,0) = (47De)"2 dNze 1™ ANT = (47 Dedet Ay) /2
L€ 2
with
An(iyi) =2

AN (i, 5) = =6ijj+1 — Gij—1
Notice that in the above equations we have used the fact that xg = zxyy1 = 0 and we are
integrating over x; with ¢ = 1,..., N. We need to compute the determinant of Ay: using
Laplace expansion in the last column we obtain:
det Ay =2det Ay_1 —det Ay_o
with initial conditions A; = 2 and Ay = 3 w obtain:
det Ay =N+1

IFor a very nice and rigorous account of the above procedure see chapter 7 of Billingsley, P. (2013) Probability and
measure, John Wiley & Sons.
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leading to Wy (z = 0,t0,0) = [4rDe(N 4+ 1)]7'/2. Since (N + 1)e = t we have that Wy (z =
0,t]0,0) is independent of N and so the limit is trivial and we get

(2.46) Bty = ——

(4m Dt)1/2’
which is the expected result.

2.4.3. Two point correlation. To compute the two point correlation function it’s straight-
forward to use egs. (2.38)and (2.39):

)> / dzy da —% —(?D_ﬁf
w = e e T1T9
\/47TDAt1 \/47TDAt2

Using « = z1 and y = x5 — x1 one immediately gets:

(2.47) (z(t)z(t2

< l‘(tl)x(tg) >= 2Dt
If the initial condition is x(ty) = o the above equation becomes (see exercises)
(2.48) (x(t1)x(t2))w = .1‘% +2D min{t1 —tg,t2 — t(]}
2.4.4. Averaging a functional of the full trajectory. We want to compute the expected

value for the functional F(fot a(7)x(7)dT). First introduce A(7) = th a(s)ds, i.e. A(T) = —a(r);
then integration by parts and using that x(0) = 0:

t t a(t)
(2.49) /Oa(7)$(7')d7':/0 A(x(T))x'(T)dT:/O A(z)dx

Discretizing:
N N
Z Azi)(w; — x4-1) = Z Ai(xy — x4-1)
i=1 i=1

Then the average of the functional F' is the limit N — oo of (we set D = 1/4 in the following ...
the D can be recovered in the final formulas by replacing ¢ with 4Dt):

2
(zj—wj_1)

(2'50) IN = /H WF(Z Al(xz - 1’1‘_1))6 i=1 Aty
i=1 v i=1

and by the change of variables x; — ;1 = y; (show that the Jacobian of the transformation is
1) we get

2
N N Y

N
dy; -N
=1 ¢

=1

We introduce the identity [d(z — ZZ]\; 1 Aiy;)dz = 1 and interchange the integrals so that the
last to be done is the one over z and then use the Fourier representation of the delta’:

N 2
do iz dy - Zil(%'i‘ia/‘iyi)
/%/dze F(z)/ll;[l (wAti)l/Ze i

9 N
:/dZF(Z)/;ianp{—O;ZA?A'Q"‘Z.OZZ} =
T
i=1

N
1
= |— = [ dzF(2)expd —z2 AzAti
\/wzfle?Ati/ * p{ /24 }

2276(x) = Jg €% do
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As N — oo:
N

(2.52) lim " A?At; = /Ot A%(1)dr = /Ot[/:a(s)ds]sz =R

N—o00 4
=1

(2.53) (F( /0 a(r)alr)d) = \/g / dzF(z)e /"

For D # 1/4 send R — 4DR.
As an example use F'(z) = ¢"*. We obtain the moment generating function for f(f a(T)z(T)dT:

(2.54) (eh o aMa(r)dry - h*R/4

2k+1

(2.55) ((/Ota(r)a:(T)dT> b =0

0 ([ atwimrar) )= (5) 50

2.4.5. The Gelfand-Yaglom method. In this section we want to compute the expected
value for the functional:

(2.57) e Jo p(r)e*(7)dr
Start by discretizing:
N 2
(M) _ dv; \ _sN (EimmieD® ey
2.58 I,V = i=1 . i
- (1)

We can re-written the argument of exponential as a bilinear form using the matrix a: this matrix,
calling a; = p;e + % fori=1...N —1 and ay = pye+ %, is a three-diagonal matrix having as
diagonal elements a;’s and —% as the other two off-diagonals elements.

(a7 -1 0 ... ... 0]
1 ¢

¢ a9 I 0
0 -1 a3 -1 0
. :

_1

: €

0 ... ... 0 -1 ay]

So, in terms of det a, we have that:
IiN) = (eN det a)_1/2 = (det(ea))_l/2

We denote the determinant of the matrix ea by DY and define DY as the determinant of the
matrix obtained by removing the first £k — 1 rows and columns from ea.

reap, —1 0 --- 0
-1 eaxy1 -1 O 0
0 1 . .
2.60 DY =
(2.60) : oo
. : . -1 €EanN_1 -1
| 0 0 .- 0 —1 €a N
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By Laplace expansion on the first row of D,JCV :

2.61) DY = carD}ly — DYy = (i + 2D, — D
DY —2D¥ | + DN
(2.62) G =Dl

Calling 7 = (k — 1)/N, DY | = D(7) in the € — 0 and N — oo at fixed 7 we arrive at:
(2.63) 97D(r) = p(7)D(7)

From this we find that DIV — D(0).
Since D(N) = pye? + 1 we find that D(t) = 1.
Since DJ(V )1 = pNPN_1€* + 2pNne® + py—_1€2 + 1 we have that:

(V) (N)
. Dy’ —D
D(t) = lim —& Nl
e—0 €
Going back to our integral:
I, = !

D(0)
For p(1) = k%
(2.64) D(1) = Ae"™ + Be™F7
(2.65) D(r) =k (Ae’” _ Be””)

Using the previous stated final conditions, D(t) = 1 and D(t) = 0:

1 1
(2.66) D(r) = 5e@f—ﬂk + 56_(t_T)k = cosh[(t — 7)k]
(2.67) D(0) = cosh(kt)
From which:
(2.68) lim 1M == L
N—o0 cosh(kt)

A generalization of the previous computation is:
(2.69) (= Jo PP 52 (8) — 2)).

i.e. the previous expected value but with fixed endpoint. Start by rewriting the delta function
in its Fourier representaion we get:

¢ > d
(2_70) <€— fo p(‘r):z:Q(‘r)cl‘r(s(.r B $(t))>w _ / 2@ zax< fo dTe—zaz(t)>w
oo 2T
As usual we discretize the expected value (a is the matrix above) and obtain that the above
expectation is the N — oo limit of:

A . (Tj—a;_ )2 .
(2.71) M (z) = / gl / (H dw@) - SN pia2e—iaan] _

22

* da i de —zTaz—iax N Tat
(272) :/OO %6 /(7_[_6)]\[/26 N = (WGNND( )) 1/26 N,N

where a~1 is the inverse matrix of a. The value of a]_le can be determined from the form of the
matrix a:

|a’ N|a/| D(N 1)

1
(2.73) an N = |a| DgN) DgN)
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we introduced a’ as the matrix obtained from removing the last row and column from a. Intro-

duce now D,(CNfl) as the determinant of the matrix obtained from Dngl) = ¢"V|d'| by eliminating
the first k¥ — 1 rows and columns:
feap,  —1 0 oo e 0
1 eap —1 0 - 0
_ 0o -1 ' :
(2.74) DINTD — ¢ o
0 e =1 0
: : . =1 ean_o -1
| 0 0 - 0 -1  ean_1]

As N — 0o we get for D the same differential equation as the one of D:
(2.75) 82D(r) = p(r)D(r)
but with different initial conditions (remember that ¢ = t/N with fixed t:

(2.76) DV = ay 1 =py1 +26 -0
(2.77) b](VN__Ql) =€ (62(1]\[_261]\[_1 — 1) =
(2.78) =€ (pN—le—2€4 +2(pN—1+DpN—2) € + 3)
D(N—l) - D(N—l) B 9
(2.79) N-1 Noa o Zezdetol)t
€ €

leading to the final conditions D(t) = 0 and D(t) = —1. So given D(7) and D(7):
p(M

T N—T) A 1 _g220©

(2.80) M@ = — e Y L) = ——— 0

\/mDW Y 7D(0)

2.4.6. A special solvable case. For the special case p(7) = k% we have to solve the following
differential equations:

(2.81) O’D(1) = k*D(r), 0<7<t, D(t)=1, 0;D(T)|r= =0

2

|

(2.82) 02D(1) =k*D(r), 0<7t<t,  D(t)=0, &D(1)|r= = -1

The two independent solutions for both differential equations are exp{£k7} (see also eqs. (2.64)
- (2.66)) . Thus

(2.83) D(7) = AeF™ + Be ™™, D(7) = Ae"™ + Be "

where the constants A, B, A, B have to be chosen in oder to satisfy the final conditions. This
immediately gives

(2.84) D(1) = coshlk(t — 7)], D(1) = sinh[k(t — 7)]
and, using (2.80),

7 _ k —x2k coth(kt)
(285) La(w) = \ ﬂ'SiIlh(k?t)e

Integrating the above equation over z we get

(2.86) /Oo dely(z) = /Oo dx(e” fotp(T)$2(7’)5(gj —z(t))w = 14

—0o0 —0o0

where I, is given by eq. (2.68).



Problems 23

2.5. Heuristics

2.5.1. Formal expression of the Wiener measure. Eqs. (2.38) and (2.41) can be written is
the suggestive form

¢
(2.87) dzy(T) =N H dx(T)e_é Jo #(r)%dr
=01

where the normalization constant A is given by:

. -
(2.88) N = [/ [] de(r)e o Jod?dr

=0+

1

and it is infinite! Of course this formula is purely formal and we have seen several instances how
one should interpret it: discretize it together the functional of which we wish to calculate the
Wiener expectation value and, only at the end of the calculation, take the continuum limit of
the chosen discretization. 3 The fact that the above expression is formal derives also by the fact
that the Brownian trajectories, {z(7) : 0 < 7 < t}, are never differentiable, as explained in the
subsection 2.5.3. However the formal expression (2.87) will be very useful for the calculation of
averages of functionals that are exponentials of quadratic expressions of the trajectory, {z(7) :
0 < 7 < t}, or for powerful approximations based on a generalization of the saddle point method.
We will see applications to the former case later on.

2.5.2. Continuity of the Brownian trajectories. The rigorous proof that Brownian trajec-
tories, {z(7) : 0 < 7 < t}, are continuous it is not easy. One has to go through: i) the definition
of a suitable c-algebra in R”, i.e. the ensembles of trajectories that are measurable; ii) the
definition of a suitable probability measure, i.e. the Wiener measure; iii) then show that the
ensemble of trajectories that are continuous belongs to the o-algebra; iv) and finally show that
the ensemble of trajectories that are not continuous has measure zero. For a very nice and
rigorous account of the above procedure see chapter 7 of Billingsley, P. (2013) Probability and
measure, John Wiley € Sons. * An heuristic account of the continuity of Brownian trajectories
can be derived estimating how probable would be to observe a jump Az < ¢ at some generic
time 7 when the discretized form of the Wiener measure with a mesh size At — 07. This entails
to evaluate the following integral:

(2.89) P(|Ax| < &)= 1i diz a0
: x| <e)= lim ————e ,
At—=0t J|Az|<e VATDAL

which can be easily shown to be 1 independently of € > 0 (see exercise 2.15), i.e. the probability
to observe a discontinuity less than an arbitrary small amount is equal to 1.

2.5.3. Differentiability of the Brownian trajectories. Similar comments as above can be
done concerning the differentiability of Brownian trajectories. Using an heuristic approach and
from the following result (see exercise 2.16):

dAzx (Ax)?
2.90 P(|Ax/At] > k) = lim ————¢ 4pat =1 vk >0,
(2.90) (et >y = Jim [

one argue that the Brownian trajectories are never differentiable.

Problems

Exercise 2.1. Use [(“ 2" 'e "dz = T'(n), n > 0 and that I'(n + 1) = n! together to the
saddle point approximation to derive the result used in chapter 2 of the Lecture Notes (LN in
the following) Inn! = nlnn —n+ (1/2) In(27n) + O(1/n), eq. (2.20).

3Notice that besides the naive discretization we have used, there are other methods: for example there is one described
in your textbook in sec. 1.2.7.
4The proof presented in your textbook in sec. 1.1.2, besides not being rigorous, is not correct.
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Exercise 2.2. Implement a numerical simulation to explicitly show how the solution of the ME
for the 1-dimensional random walk with p+ = 1/2 tends to the Gaussian.

Exercise 2.3. Write the analogous of eq. (2.25) in the LN for the case with py =1 —p_ #p_
and determine: i) how they depend on [ and € in order to have a meaningful continuum limit;
ii) the resulting continuum equation and how to map it in the diffusion eq. (2.27).

Exercise 2.4. Write the analogous of eq. (2.25) for the case where the probability to make
a step of length sl € {£nl : n positive integer} is p(s) = (1/Z)exp{—|s|la} where a is some
fixed constant. Determine: i) the normalization constant Z; ii) what is the condition to have a
meaningful continuum limit, discussing why the neglected terms do not contribute to such limit;
iii) which equation you get in the continuum limit.

Exercise 2.5 Use eq. (2.34) to determine (z);, (x2); and Vary(z).

Exercise 2.6 Consider the diffusion eq. (2.27) in the domain [0, 00) instead of (—oo,c0) like
in the sec. 2.2 of the LN. To do that one needs the boundary condition (bc) that w(z,t) has
to satisfy at 0. Determine the bc for the following two cases and for each of them solve the
diffusion equation with the initial condition w(z,t = 0) = 6(z — x¢) with z¢ > 0.

1) Case of reflecting bc : when the particle arrives at the origin it bounces back and remains in
the domain. How is the flux of particles at 07

2) Case of absorbing bc : when the particle arrives at the origin it is removed from the system
(captured by a trap acting like a filter!) What is w(x = 0,¢) at all time ¢? Notice that in this case
we do not expect that the probability is conserved, i.e. Survival probability P(t) = fooo w(x,t)dx
decreases with ¢. Calculate it and determine its behavior in the two regimes t << z3/D and
t >>x3/D. Why 23/D is a relevant time scale? °

(Hint: use the fact that e are eigenfunctions of 92 corresponding to the same eigenvalue
and choose an appropriate linear combination of them so to satisfy the bc for the two cases.
Be aware to ensure that the eigenfunctions so determined are orthonormal. Use the fact that

|z e dx = 6(q))

Exercise 2.5. For a Brownian motion X (s), 0 < s < ¢, with diffusion coefficient D and initial
condition X (0) = 0 show that

2 o0 22 a
2.91 Prob | sup X(s)>a | = / e 1bidz = erfc [ ——
( ) <0<sgt (s) 2 ) vVarDt Jq <\/4Dt>

(Hint: some of the results of previous exercise are useful to derive the above result.)

Exercise 2.6. Solve the diffusion eq. Ow(x,t)/0t = DV?w(x,t) in R% 1) Determine the
propagator w(xX, t|xo,tp); 2) the averages (x) and (x2); 3) the general solution for a generic
initial condition w(xo, to).

Exercise 2.7. Deduce the analogous of eq. (2.37) in the Lecture Notes for the d-dimensional
case of the previous exercise.

Exercise 2.8. Prove by a direct calculation that the propagator in eq. (2.34) satisfies eq. (2.36)
(ESCK relation).

Exercise 2.9. If in eqs. (2.49-53) we use a(7) = §(7 — t') with 0 < ¢’ < t and F(z) = §(z — x)
what do we get? Is this a known result?

5This case has some relevance for the determination of the extinction time distribution of species with initial population
equal to zg. Indeed one might consider that the population of a species undergoes a 1-dimensional random walk and an
extinction occurs when the population reaches zero for the first time.
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Exercise 2.10. Using the Wiener measure explain what the following average means
(2.92) (0(x1 — x(t1))0(xe — x(t2)) - - d(zn, — 2(tn)))w
where 0 < t1 <ty < ---<t, <t.

Exercise 2.11. Determine the following average J(z) = <e‘ik2 I xQ(T)dTé(x — 2(t)))w using the
Wiener measure as done in sec. 2.4.5 with the initial condition x(0) = 0. Determine also

Jg J(z)d.

Exercise 2.12. Determine K(a,k) = (e~ fot[“(i(T))QHki(T)]dUw, where a and k are arbitrary
(real) constants. How this result can be used to determine (d(z — x(t)))y?

(Ax)?
Exercise 2.13. Show that P(|Az| < €) = lima; g+ f|A$|<€ \/%e_ ipat = 1 for Ve > 0. We

have used this result to argue that Brownian trajectories are continuous with probability 1.

(Ax)?
Exercise 2.14. Show that P(|Az/At| > k) = lima;_,o+ f\Az|>kAt \/%e_ At = ] for Vk >

0. We have used this result to argue that Brownian trajectories are never differentiable with
probability 1.






Chapter 3

Fokker-Planck Equation
and Stochastic Processes

In this chapter we will define more general stochastic processes starting from discrete time and
discrete state space and then considering both the continuum time and state space version. This
will naturally lead to the so called Fokker-Planck equation describing the time evolution of the
probability distribution function of a generic state variable. An corresponding description in
terms of single trajectories of the state variable will lead to the Langevin equation, the analogous
of the Newton equation with a stochastic noise. We will show that the Langevin equation can be
formulated in terms of path integrals using what we have learn in chapter 2. The introduction of
the stochastic noise necessitates of new rules for the differential calculus, which we will illustrate
using practical examples.

3.1. Master Equation

We want to describe a process where a particle evolves in time via a discrete Markov Process:
this particle would jump from state/position j to a state/position ¢ in a time step € > 0 according
to a transition matrix W;;. The probability w;(t,+1) at time ¢,11 would then be given by:

(31) wi(thrl) = Zvv’ij(tn)wj(tn)’

where the following condition has to be satisfied by the transition matrix:
(3.2) 1= Wi(tn),
i

which guarantees that eq. (3.1) preserves normalization (see exercise 3.1). The time instants
are t, = ne, n € N, while the position is taken to lie in a one dimensional lattice of spacing .
We want define a continuous version of this equation. Let us introduce the probability density
w(z;, t,) such that the probability to find the particle in an interval of size ¢ around position
x; = i, is w(w;, ty )l = w;(ty,). Instead of using the previous equation we prefer the more general
integral formulation

(3.3) w(z,tyy1) = /dz W (z|z — 2z, th)w(z — 2,t,)

where W (z|z — z,t) describes the probability of moving by an amount z starting from = — z with
the analogous of (3.2) being

(3.4) 1= /dz W (z|z,ty) .
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Using (3.4) we can re-write eq.(3.3) as:
(3.5) w(z, tht1) —w(x, ty) = /dz[W(z|x — 2z, th)w(z — 2,t,) — W(zlz, ty)w(z, t,)] -

The goal is now to find a suitable W depending on the temporal step, €, so that in the small
€ limit we get a meaningful continuum time limit. The Lh.s. of eq. (3.5) can be expanded
as w(z,tnr1) — w(x, t,) = Ow(w,t,)e + O(€?), whereas in the r.h.s. we can expand W (z|z —
z,tp)w(x — z,t,) in the argument x — z for z &~ 0. Indeed we expect that in the very short time
interval t,1 — t,, = € the probability to make large jumps is negligible. We thus obtain

(3.6) dw(z,t,) = — lim dz{z@x (W (2|2, ty)w(z, tn)]+
e—0
52
(3.7) - SOW Gla ta)w(e, ta)] + . }/e
Exchanging the derivatives with the integral and writing ¢,, =t we get:
(3.8) Oyw(zx,t) = i (_1)k8k [w(:c t)lim [ dzzFW (z|x t)/e}
’ 1 k! * T eSS0 ’

If the jump is the one of a Brownian motion we expect that [dzz?W(z|z,t) ~ e since it
represents the mean square average of a jump during the time intervale. On the other hand if
there is a bias due to some external force (analogous to the py in sec. 2.2) we expect that that
also [ dzzW (z|z,t) ~ e. This is consistent with the Newton equation of a particle moving in a
viscous fluid in presence of an external force Fept(z), mi(t) = —ya(t) + Fext(x(t)), where 1/ is
the mobility (v is the friction coefficient ... see more later on). If m/v, which has the dimension
of a time scale, is much smaller of the time scale of observation, the dynamics becomes simply
#(t) = Fepe(2(t)) /7y and for a small time increment z(t+¢€) —x(t) = eFop(2(t))/7+O(e?). These
observations on the mean and variance jump size being both of order of the time interval ¢, lead
to the following ansatz for the transition matrix:

z— f(x,t)e 1

VeDa.t) ) \JeD(a.1)

for some functions f, D and F satisfying the following conditions:

(3.10) /dyF(y) =1
(3.11) /dyF(y)y =0.

The first condition on F' imply the normalization, eq. (3.4) (see exercise), whereas the second
condition guarantees that

(3.9) W(z|x,t) = F

(3.12) /dzzW(zya;,t) — o t)e
Furthermore (see exercises)

(3.13) /dz 2W(ela,t) = eD(x, 1) /dyF(y)y2 + o)
and

(3.14) /dz KWl ) = O(l?), k>3,

that is all other integer moments of F" are negligible in the small € limit. Thus taking the the
€ — 0 limit and setting D = 3D [ dyF(y)y? we finally get:

(3.15) Ouw(z,t) = 0, [~ f(z, hw(@, t) + 0 [D(z, hw(w, 1)]]
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This is the Fokker-Planck equation and it is a particular case of continuity equation
(3.16) Ow(z,t) = —0J(x,t)

where J(z,t) = f(z,t)w(x,t) — 0y [D(z, t)w(x,t)] is the probability current. The form eq.(3.16)
guarantees probability conservation during the time evolution. Notice that in the particular case
f =0 and D(x,t) = D independent of x and t we recover the diffusion equation of chapter 2,
eq.(2.27).

3.2. Langevin Equation

We will now introduce a more intuitive and physical approach based on the Brownian motion
described in chapter 2 and on Newton equation. Let’s go back to the Wiener path integral and
in particular to the probability density of a jump of size ;11 — x; = z at a generic time instant

t; during the time interval At;:
e ti

VarDAL; ’

which is equivalente to the following (discrete) time evolution:

(317) dP(l‘H_l — Ty = Zi) =

(3.18) Tiv1 = Ti + 2
where x; = z(t;) and z; is a random noise drawn from a normal distribution, i.e.
(3.19) zi ~ N(0,v/2DAt;) .

We can re-write the above equations in terms of a rescaled random variable AB; such that

Zi =V QDABZ (1e ABl ~ N(O, Atz)) as:

(3.20) Axz(t) = z(t + At) — z(t) = V2DAB(t) with AB(t) ~ N (0, At) ,
or in the infinitesimal form:
(3.21) dX(t) = V2DdB(t) ,

where B(t) is a Brownian motion. We recall eq.(2.38) for the joint probability distribution of
a Brownian trajectory to visit positions in the intervals (B, dB;) at time t1, (B2, Ba + dBs) at
time to, ..., (By, By + dBy) at time ¢ty with tg <,..., <ty

(3.22) dP (B By|B t)—efzﬁilW 122
) et N 1y---9y DON|DOyL0) — pale \/m

In the following we will assume that the initial condition By = 0. Very often in the physics
literature one finds that eq.(3.21) is written in the formal way:

dX dB
(3.23) E(t) = V2D¢(1) E(t) =<()
One can show that the statistical properties of B(t) imply that £(¢) is a gaussian variable (and
as such its statistical properties are determined only by its mean and covariance) with (see

exercise)

(3.24) (€() =0 and (£(t1)&(t2)) = 0(t2 —t1) .

However as seen in sec.2.5.3 Brownian trajectories are never differentiable and thus the above
equation has no rigorous meaning and Van Kampen refers to it as a quasi equation. Eq.(3.21)
is the rigorous way to write it and AB(t) as appearing in eq.(3.20) is given by

(3.25) AB(t) = / e dB(t)

where the r.h.s. represents the first (trivial) case of stochastic integral (see next sections for a
simplified introduction).
If the motion occurs in 3-d space the generalization of the above equations is

(3.26) Az, (t) = zu(t + At) — 2,(t) = V2DAB,(t) p=1,2,...,d,
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In the infinitesimal form:
(3.27) dX,(t) =v2DdB,(t) ,

and AB,(t) = tt+At dB,(t) in eq.(3.26). where AB,(t) are random variable with normal
distribution A'(0, At)!. In the infinitesimal form:

(3.29) dX,(t) = V2DdB,(t) ,

and AB,(t) = tt+At dB,(t) in eq.(3.26). In order to make progress we now consider a particle
of mass m whose size is much larger than the particles composing the fluid where it is moving,
referred as Brownian particle in the following. The fluid particles could be of the order of 1nm
in diameter whereas the Brownian particles could be as small as a dust particle, i.e. of order
10—1000 nm in diameter (see exercise). In general the Brownian particle, besides to the friction,
is also subjected to force composed by a deterministic external force, Fi,;, and the one, F,;ise,
due to the collisions with fluid particles of the thermal bath. Thus the Newton equation becomes
(we consider again the 1-D case for simplicity but the generalization to general case is obvious):

(3.30) mi(t) = —y&(t) + Fegt(z(t),t) + Froise(t),

where v = 671 R is the friction coefficient, 1 is the fluid viscosity and R is the radius of the
spherical particle we are considering 2. If we are interested at time scales t > m/y (m/7 is the
time scale after which a particle of mass m relaxes to an almost uniform velocity, i.e. acceleration
becomes almost zero), the previous equation simplifies and can be re-written as:

. 1 1
(3.31) Z(t) = = Fegt(x(t),t) + — Froise(t)
Y Y
or in its differential form:
1 1
(3.32) dz(t) = ;Fext(q:(t), t)dt + anoise(t)dt ,
or its corresponding discretized form:
1 1
(3.33) Tip1 = x; + gFe:ct,iAti + anoiseJAti ,
where Fepi = Fege(i,ti). When Fyy = 0 we expect to recover the equations egs.(3.20) and
(3.21). We thus ought to identify:
1 1
(3.34) —Fhoise(t)dt = V2DdB(t) or equivalently —Fse(t)At = V2DADB(t)
Y Y

Setting f = Feyi /vy we get the Langevin equation, known as over-damped Langevin equation:
(3.35) d(t) = f(z(t), t)dt + V2DdB(t)  f(a(t),t) = Feur((t),1)/7 .

or the corresponding quasi equation expression:

(3.36) i(t) = f(w(t),t) + V2DE(1) ,

which generalizes eq.(3.23). The discretized form of eq.(3.35) takes the form (remember that B
is not differentiable):

(3.37) Tit] = Tj + f(.%'z, tl')Ati +V2DAB; .

Un this case eq.(3.22) becomes simply
(BY-BY )2 N

- 21'\,:1 Zdzl —2At;, ddBi
3.28 dP Bi,...,By[Bo,to) = e >i=1 =i T ||
(3:28) t1,.tn (Bl NIBo,to) =€ IS RCTINBTE

2In the textbook 7 has been denoted 7, not typically done in the physics literature.
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3.3. Stochastic Calculus

3.3.1. Introduction. In the previous section we have introduced the quantity AB; and its
infinitesimal version dB(t). Thus ones faces the problem to define a new kind of integrals such
as:

t
(3.38) S= [ G(s)dB(s)
to
for some class of function G. Since B(t) is never differentiable we cannot use directly Riemann
or Stieltjes-Riemann integral®. This integral must be understood in a mean squared sense:

n

(3.39) S =ms lim > G(n)(B(t:) — B(ti-1))

max{At;:i=1,2,...,n}—0 1

where 7; is a point lying in the interval [t;—1,¢;]: 7; = At; + (1 — A)t;—1 for 0 < A < 1 and ¢, = t.
The mean squared limit means, calling S, = Y1 | G(r;) (B(t;) — B(ti—1)):

(3.40) lim ((S —5,)%) =0,

n—oo

where the simplified notation

(3.41) lim means ms im
n—00 max{At;:i=1,2,...,n}—0
and
n
i=1

In the following we will use the simplified notation

(3.43) m%X{AtZ-} =max{At; :i=1,2,...,n} .

Since [(S) — (Sn)| < (S - Sn)2>1/2 (why?) we have that eq.(3.40), i.e. ms -convergence, implies
also that
(3.44) lim (S,) = (S) .
n—oo
A = 0 is known as the Ito prescription and corresponds to the choice 7; = t;_1 (it preserves
causality: the noise acts before the jump occurs) whereas A = 1/2 is known as the Stratonovich
or mid-point prescription and corresponds to 7; = (¢; + t;—1)/2 (it is symmetric with respect to
the two interval extrema and has the advantage to be invariant with respect to time inversion).
When one of these two prescriptions is used the integral eq.(3.38) is denoted as
t

(3.45) Sro= | G(s)dB(s) A=0 TIto

to

t

(3.46) Ssirat = G(s)odB(s) A=1/2 Stratonovich

to
As a warm up, let’s calculate the expected value of S, when G = B in eq.(3.38). In this case:
n
(3.47) Sn=> B(m)AB; with AB;=B(t;)— B(t;_1) .
i=1
We now use the properties of the Brownian trajectories and in particular eq.(2.48) (where we were
using x(t) instead of B(t) with D = 1/2 since in the above equations we are taking into account

3The rest of this chapter is adapted from the textbook by Gardiner, Crispin W. Handbook of stochastic methods, 111
ed., Springer, 2004, sec. 4.1- 4.3
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D explicitly) with the initial condition B(t = t9) = 0. Thus (B(¢t)B(t')) = min{t — to,t' — to}.
We thus obtain

n
(3.48) (Sn) =Y [ri —to—ti1 +to] = (t — to)\ .

i=1
Thus stochastic integrals will depend on the discretization, i.e. on the free parameter \): by
fixing it we choose a particular set of rules for stochastic integrals containing Brownian trajec-
tories. We now continue our calculation with G(s) = B(s) and use Ito prescription (for generic
A see exercises). From eq.(3.47) we have now:

_ - 1 - 2 2 2
(349) S, = ;Bz’—l (Bl — Bi—l) = 5 ; [(Bz'—l + ABZ) — Bi—l — (ABz) ] .
The first part is:
(3.50) S (Bioi+AB)? — B2, =Y (B}~ BY,) = B2~ B},
i=1 i=1
which leads to:
B2 B 1 )
(3.51) Sp=—"g—"—3 > (AB))

i=1
For the second term we have to make a guess. Since ((AB;)?) = At;, due to eq.(3.22), it follows
that (3" | (AB;)?) =t —to. Thus our guess is that the ms-limit of > 1 | (AB;)? is t — to. We
want to show that indeed

n 2
(3.52) Tim. < <Z(ABi)2 (- t0)> > ~0

i=1
Notice that the previous equation is equivalent to

n 2
(3.53) Tim. < (Z [(AB;)? - Ati]> > ~0

i=1
since the AB;’s are independent gaussian random variable with zero mean and variance At; =
ti —ti1. Thus O°,(AB;)?) = Y, At; = t —ty. The average appearing in eq.(3.53) can be
re-written as
n

< (Z[(ABi)2 - Ati]) > = O _[(AB;)* - At;]*)+

i=1 =1
(3.54) + (O _[(AB:)? — AL)[(AB;)* — Aty]) =2 Zn:(AtiV
i#j i=1

(see exercise). Notice that Y & | (At;)? < maxP{At;} Y7 | At; = (t — tp) max}{At;}. Thus

n 2
(3.55) lim (<Z(ABZ-)2— (t—to)) ) < lim 2(t—t0)m7léx{Ati} =0.

n—00 — n—00
This conclude the proof that:
t B%(t) - B*(0) t—t
(3.56) slto:/ B(7)dB(r) = ®) 5 © _ 5 0 (A=0).
0

This is the result using the Ito prescription, the one we will be using through the notes. The
Stratonovich prescription consists in finding the mean square limit of:

(3.57) Sp = ZB (t+2t_1) (B(t:) — B(ti-1))
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i.e. taking 7; = (¢; + t;—1)/2, i.e. the midpoint of [¢t;_1,¢;]. The full calculation gives:

_ B*(t) - B*(0
(3.58) Strar = / B(r ()2() (h=1/2).
An heuristic proof of this result is easily obtained by substituting B((t; + t;—1)/2) in eq.(3.58)
with (B(t;) + B(ti—1))/2. One gets S, = (B%(t) — B%*(0))/2 independently of n and so the
ms-convergence to eq.(3.58) is trivial. See exercise for a rigorous proof of the more general
result

(3.59) /Ot B(m)dB(7)|x = (B(t) — B%(0))/2 + (t — to)(2A — 1) /2

where |\ means using A-prescription. The result (3.59) contains both eq.(3.56) and eq.(3.58) as
particular cases.

3.3.2. Ito Integrals. In general a stochastic integral ft 7)dB(1), understood according
to Ito prescription, is well defined if the integrand is a non antlclpatlng function, i.e. G(t)
independent of B(s) — B(t) for Vs > t. In other words G(t) does not depend on te Wiener
process B in the future of ¢ (causality). We will be interested in the general Langevin eq.(3.35)

(3.60) dx(t) = f(z(t), t)dt + /2D (a(t), t)dB(t)

whose integral form is

(3.61) 2(8) = 2(to) + ttf(x( d¢+/ /2D {(r), 7)dB(r

and so D should be non-anticipating (so not necessarily constant like in eq.(3.35)). Examples
of non anticipating functions are:

(1) B(t)
(2) = ftt dTg )dB(1) for g non anticipating

ft 7)dr for g non anticipating

= Jy F(B(1))dB(7)

In the case 4 we have
n

(3.62) G(t) = lim » F(B(ti-1)) (B(t:) — B(ti-1),

n—oo i—1
with ¢,, = ¢, which obviously does not depend on B(s)—B(t), Vs > t (see the joint B- distribution
eq.(3.22) where N > n and s =5, n <k < N). As a consequence we have that

t

(3.63 ([ o) = [ (F@e)ase) =

to to
since F(B(7)) is independent of dB(7) (see the discretized form eq.(3.61)) and (dB(7)) = 0.
Now we want to prove a very powerful differential relation:
(3.64) (dB(7))? = dr .
Indeed given a non-anticipating function G we want prove that:
t t

(3.65) G(t)(dB(1))?* = [ G(r)dr

to to
Since we have to prove the ms-convergence, the previous equation is equivalent to prove:

(3.66) lim [, =0 where

n—o0

(3.67) I, = < (zn: Gi_1(AB? — Ati)>2>
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(remember the notation in eq.(3.41)) where we have used the fact that

t n

(3.68) G(r)dr = lim > Gi 1At

to max] {At; }—0 =1

In order to prove eq.(3.66) we re-write eq.(3.67) as follows

(3.69) I, =) (Gi1Gj-1(AB? — At)(AB] — Aty)) =
(3.70) = i(G?fl ((AB:)? — At;)*) +2 > (Gi-1Gi_1(AB; — At;)(AB; — Aty))
i=1 >

Consider the first term in the previous expression; since GG;_1 is non anticipating it is independent
of ABz

(3.71) (G2 ((AB)? — At;)") = (GL,)((ABY) —2At; (AB2) +(At;)?) =
3AL2 At;
(3.72) = 2(At)X(G7y)

where we have used eq.(3.22) to calculate the averages terms involving B. Consider now a
generic addendum in the second term in eq.(3.69):

(3.73) (Gi-1Gj—1(AB} — At)(AB; — Aty))
where ¢ > j. The fact that ¢ > j implies that (Gi,lGj,l)(AB? — At;) is independent of
AB? — At; and the previous equation factorizes and becomes:
(3.74) (Gi-1Gj-1(AB; — Aty)) (AB} — Aty))
—_—
=0

(the second factor is zero since (AB2?) = At;). Thus eq.(3.69) simplifies and becomes:

(3.75) I, =2) (At)XGE ) < 2m%x{Ati} > AL(GE).
i=1 i=1
If Y°.(G2_1)At; < 00 or supy, ., (G*(7)) < oo
(3.76) lim I, < const lim max{At;} — 0
n—o00 n—oo 1

We have proved eq.(3.64), that is (dB(7))?> = dr. Along the same arguments the following
generalization can be proved (see exercise):

(3.77) (dB(r)*2 =0 Vk>0 and dB(r)dt=0

The idea behind the above rules is simply due to the distribution eq.(3.22) according to which
AB(1) ~ At and thus the only non-trivial integrals are [ dB(7)- and [(dB(7)?- all the other
[(dB(7))**%. being of order (maxf{At;})¥*1, at least (see exercise).

3.3.3. Differentiation rules. Consider now a function h(z(t),t) which is differentiable as
many times we need. We have the following Taylor expansion (up to second order):

Ah(z,t) = h(x + Az, t + At) — h(z,t) = Oph(z, t) At + O f (x, 1) Ax+
1 1
+ iafh(x, t)(At)? + iﬁih(x, t)(Az)? 4 -
If z(t) was B(t), i.e. a pure Brownian motion, we would have:

1 1
(3.78) Ah = 8;h(B,t)At + Ogh(B,t)AB + 5afh(B, t)(At)? + 58%h(B, t)(AB)? + - -
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Considering the differentials (one formally makes the substitution At — dt and terms of higher
order than dt are ignored) and remembering that (dB(t))? = dt (see eq.(3.64)) we get the so
called Ito formula:

(3.79) dh(B,t) = [0,h(B,1) + %8%%1(3, t)]dt + Oph(B,t)dB(t)

i.e. the terms of order dt are coming from the first derivative w.r.t. time and the second
derivative w.r.t Brownian motion.
Example Compute the differential of B"(t), i.e. h(B,t) = B™ in the above equations:

AB () = (B(1) +dB(H)" — B(1) = (Z () B”’“(t)(dB)k(t)) ~ B
k=0
Ignoring all terms (dB(7))™2 for m > 0 (they are zero!):

n

d(B" (1)) = <0> B™(1) + <711> B (t)dB(t) + <Z> B "2(t)(dB(1))*(t) — B"(t)

n(n—1)
2

The differential is made up of the regular part (nz"!) coming from standard calculus and the

(3.80) d(B™(t)) = nB" " Y(t)dB(t) + B"2(t)dt

Ito part related to second derivative! (@w"‘z). Now take n =m + 1:

1
d(B™L(t)) = (m + 1)B™dB(t) + m(m2+)Bm_1dt
Divide by m + 1, integrate ad rearrange:
t Bm+1 t) — Bm+1 t t
(3.81) / B (r)ap(r) = 2 o) 7 pm (7).
to m+1 2 to

Notice that for m = 1 we get again the result eq.(3.56) (remember that we are always using
Ito-prescription).

3.3.4. Correlations. Let G and H non anticipating functions. We want to prove that:

t t
(3.82) (| G(m)dB(m) H(Tg)dB(72)>:/ (G(T)H(T))dT

to to to

t

As usual we proceed with the discretization with the Ito-prescription:

<Z Z Gi-1H;_1AB;AB;) =

i=1 j=1
(3.83) = (Gi-1Hi 1(AB)*) + Y ((Gi1Hj_1 + G;_1H;_1)AB;AB;)
i=1 i>7

Since AB; is independent of (G;—1H;j_1+G;—1H;—1)ABj, the second term factorizes leading to:

(384) Z<(Gi—lHj—l + Gj_lHi_l)ABjABZ‘> = Z((Gi—lHj—l + Gj—lHi—l)ABj> <ABz>
i>j i>j 0

The remaining term, the first one in eq.(3.83), is (again due to independence):

n t

(3.85) S (GioaHi1) (AB)) = [ (G(r)H(r))dr.
i—1 \_:\A/tl—/ tO

In the last eq. we are dealing with standard numerical series and not with random variables.
Thus the limit is the standard one (no ms-convergence is involved!).
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3.3.5. Change of Variables. Here we want to generalize the Ito formula eq.(3.79) for the
general Langevin equation (3.60).

(3.86) dz(t) = f(z(t),t)dt + g(z(t),t)dB(t) with g(x,t) =+/2D(x,t).
We want to determine the change of a function h(z), d ( ) h(x+dz)—h(z), due to eq. (3.86):
)

dh(z( t)):dx<)8a:+( é i 8x2+
(

W ((t)) [f(x(t), t)dt + g(x(t), t)dB(t)] +

h”(:;(t)) [F(2(t), 8)dt + g(z(t), )dB(D)]* +

Using the results eqs.(3.64) and (3.77) we get (omitting the arguments for simplicity):

(3.87) +

"

h
(3.88) dh = [h’ f+ 292] dt + ' gdB

where the neglected terms are of higher order in dt. Ito formula eq.(3.79) is recovered when
D =1/2,i.e. g(x,t) = 1. From the previous equation we obtain the very important integration
formula for the Ito stochastic integrals in terms of ordinary integrals

/ W(a(r))g(z(r), 7)dB(7) = h(x(t)) — h(z(to))+

to
t h/l
(3.50) - [ e, + (“””2(7”92@(7» )| dr.
to
In the case of a non-anticipating G(z ( )) the stochastlc integral ft (1))dB(7) can be calcu-

lated using eq.(3.89) by defining h(z fxo G(2')/g(2)dz’" (see exercise 3 11)

3.3.6. Derivation of the Fokker-Planck from Langevin equation. Our goal is to determine
the probability distribution of z(t) for trajectories satisfying the Langevin equation (3.86) or
(3.60). This is given by w(z,t) = (0(z — z(t))) s (the average is done over a Brownian motion as
explained in chapter 2). Take an arbitrary function h € C?(R) (set of functions with continuous
second derivative with compact support, i.e. the function is zero outside a closed and bounded
subset of R). From the change of variable formula (3.88) we have (now we make the slight
generalization with h having also an explicit time dependence):

h(x(t))g?(x(t), t) )
2

(dh(z(t))) s = dt(h'(x(t))f(z(t),t) + BT
(3.90) + (W' (x(t)g(z(t), t)dB(t)) 5
-0

The last term is zero due to the non-anticipating character of both h and g (i.e. D) so that
h'(z(t))g(z(t),t) is independent of dB(t) = B(t+ dt) — B(t) (see definition just before eq.(3.60))
and the fact that (dB(t)) = 0 (see eq.(3.22)). Going from differentials to derivatives the previous
equation becomes:

s 2(y
<% B = (N (z(t))f(z(t),t) + h"( (t))g2 ( (t),t)>B.

As we have learnt for a generic function a(z) we have the following identity:

(a(z(t)))B = </Rd:1:5(a;—x(t))a(g;)> —

(3.91)

B

(3.92) /Rdx<(5(x—:1:(t))>3a(m) :/dxw(m,t)a(m).

R
In terms of w eq.(3.91) becomes:

d dxw(z,t)h(x)dx = /

s W'(z)g*(z,t)
dt Jr R 2 '

dzw(z,t) [h'(x)f(x, )+
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Since h and its derivatives are zero at infinity (remember that h € C2(R)) we can integrate by
parts the r.h.s. of the previous equation (why?) and get:

(3.93) /R dx%:(x,t)h(x)d:n: /R dzh(z)0, [— f(x,t)w(:v,t)—l—%@x (92(x,t)w(x,t))].

Since h is arbitrary we can choose its support smaller and smaller around a generic point x and
in the limit we get

(3.94) Opw(z,t) = Oy [—f(a:,t)w(:z,t) + %ax (f(;p,t)w(x,t))}

i.e. the Fokker Planck (FP) equation eq.(3.15) (since g = v2D).

Remark: Notice that the FP equation (3.94) is concerned only with the time evolution of the
probability distribution of the final point of the stochastic trajectories z(t) obeying the Langevin
eq.(3.60).

Problems

Exercise 3.1. Show that the master equations Egs. (3.1) and (3.2) in the lecture notes preserve
the normalization, i.e. if ), w;(t,) = 1 when n = 0 then it holds for all n > 0. Idem for
[ dzw(z,t,).

Exercise 3.2. Show that egs. (3.9) and (3.10) in the Lecture notes imply the normalization
condition eq.(3.4).

Exercise 3.3. Show that the ansatz eq. (3.9) together with egs. (3.10) and (3.11) in the
Lecture notes imply [ dz zW (z|x,t) = ef(x,t), [dz 2*°W (z|z,t) = eD(z,t) [ dyy*F(y) + O(e?)
and [ dz 2FW (z|z,t) = O(e*/?) for k > 3.

Exercise 3.4. Consider a spherical particle of radius r subjected to the collisions of an ideal
gas of N particles in a volume V' at equilibrium at temperature 7. If the number of collisions
during a time interval At satisfies the central limit theorem, determine the average number of
collisions and its variance in a time interval At.

Exercise 3.5. Show that the statistical properties of the Brownian motion, B(t), implies that
(&) =0 and (£(t1)&(t2)) = d(ta — t1). We have defined in a purely formal way £(t) =

B(t)/dt in eq. (3.23) (remember that the Brownian trajectories are not differentiable) (Hint:
(AB;) =0 and (AB;AB;) = 6;;.). This result is also consistent with the following formal
expression for the £ trajectories dP({£(7}) o< [], dﬁ(T)e_% Jdr€(7) which can be deduced from
the analogous expression for the dP({B(7}) (see egs.(2.38), (2.87) and (3.22)).

Exercise 3.6. Use the probability distribution for a Brownian trajectory,

n (Bi—Bj;_ 1)

APy, 4 (Bi,...,Bn|Bo,ty) = e =i=' 2t H

\/27rAtZ

to show that
<(ABZ)2(AB])2> = 3(51',]‘At12 + (1 - 51])Atl2At§

Exercise 3.7. Show that <[Z?:1 <(AB¢)2 - Ati>r> =23"" [ (At;)? as in eq. (3.52) in the

lecture notes.

Exercise 3.8. Show that for the generic A-prescription

[ B = OB 2Ly,

2 2

where we have considered a generic initial condition, B(tg), at 7 = tg.



38 3. Fokker-Planck Equation and Stochastic Processes

/2 + (t — to)(2\ — 1)/2 (using

Exercise 3.9. Show that fg dB(t)|x = (B*(t) — B*(0) )
= 0,...,2n with t9, = t, t9;_1 =

the A prescription). (Hint: Con31der the time mesh t;,1
Ao; + (1 — )\)tgi_g and S, = Zi:l Bgl_l(BQZ — Byi_9 )

Exercise 3.10. Show that (dB(7))k*2 =0 Vk > 0. This is done in a similar way as in the proof
of (dB(7))? = dr. You have to show that ft )(dB(7))**t*k = 0 using ms- convergence. Assume

for simplicity that G is bounded. On the same token derive also that ft 7)dB(T)dT = 0.

Exercise 3.11. . Use the following Ito formula (see eq.(3.90)),
t

W(a(7))g(z(r), 7)dB(7) = h(x(t)) — h(z(to))+

D) 2 o), )|

(3.99) - | s +
to give an expression in terms of ordinary integrals of ftto G(z(1))dB(7) where G in a non-
anticipating function. The trajectory z(7) satisfies the Langevin eq. dx(t) = f(z(t),t)dt +
g(x(t),t)dB(t). Explain the meaning of the obtained result... has it to be considered an equality
valid for any trajectory x(7)?

Exercise 3.12. Generalize the results for the change of variable of section 3.3.5 to the case of
a generic \-prescription and re-derive the result of problem 3.9.



Chapter 4

Particle in a Thermal
Bath

The goal of the present chapter is to apply the theory developed in chapter 3 to the paradigmatic
case of the harmonic oscillator, a particle in a thermal bath at temperature T and subjected to an
harmonic external force. This example will also allow to identify the noise amplitude D in the
Langevin equation so that the particle reaches equilibrium at large times. The result is known as
FEinstein relation. A generalization of the approach to the case of an arbitrary external potential
will be presented. Then we will consider the further generalization to the case when, besides to
the spatial coordinates, we want to keep track also of the particle velocity/momentum. This will
lead to the underdamped Langevin equation and to the corresponding Fokker-Planck equation
that, for this case, is known as Kramers’ equation. We will also deal with the formal solution of
the Fokker-Planck equation that will alow to derive the backward Fokker-Planck equation.

4.1. Over-damped Langevin equation

We will consider the motion of a particle in a fluid at temperature T" and subjected to an external
force Feyt(x,t) as described by eq.(3.30). For large enough time scale this, as explained in sec.3.2
lead to the over-damped Langevin equation:

(4.1) da(t) = f(x(t), t)dt + V2DdB(t)  f(x(t),1) = Fear(2(t), 1) /7 ,

where D is considered constant. If the external force is harmonic with elastic constant mw?, i.e.
Fopi(x) = —mw?z, the previous equation becomes:

(4.2) dz(t) = kx(t)dt + V2DdB(t) k= mw?/~,

and its discretized version, as given by eq.(3.37), reads
(43) T; = Tj—1 — k?l‘iflAti + V 2DABZ k= mwz/’y.

where AB; = B; — B;_1 and B; = B(t;) as usually done. The discretized Wiener measure for
B; is given by eq.(3.22). The Jacobian matrix, J, for the change of variables from B to x, has
its (i,7) entry given by:

5 0 j>1
4.4 = —{V2D i=
( ) J] aB] . t J

9B, otherwise
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Jij is a lower diagonal matrix so the Jacobian is |J| = (2D)"/2. From eq.(4.3) we obtain that
AB; = (Az; + kx;—1At;)/v2D and thus the measure eq.(3.22) transforms as:

(45) dP(I‘l, s 7xN‘$070) - |J‘71d]P>(B17 s 7BN‘B070) =
N

N
da:i (ALU, + kxi_lAti)Q
4, 2 ep(-% _
(4.6) 1;[1 Var DAL eXp( 2 1DA;

Expanding the square in the exponential argument we get:

N N N N
dl‘i A£C2 kﬂfi_lALEi kzl’z_l
4. —_— — : -y ————— =y At;——
4.7 1;[1 VATDAL P ( ; 4DAti> P ( ; 2D ; 4D
Taking the formal N — oo limit (in the mean squared sense):
t
(4.8) dP({x(r}|z0,0) =N ] dx(r)e~ 0 Jo r#* () o= 3p Ji w(r)da(r)— 55 [ 2*(r)dr

=0+

dry (1) eq.(2.87)
Some remarks follow:

(1) The normalization constant, N, is the same as in eq.(2.87) (see discussion there), i.e.
' -1
(49) N - [/ H dx(’i')e_i f(f i‘(T)ZdT ;
T=07F
(2) The stochastic integral f(f x(7)dz(7) is the ms-limit, as defined in chapter 3, of its discrete
version Zf\i 1 kxi—1Az; using the Ito-prescription.
Due to the Wiener measure factor, d,z(7), in eq.(4.8), corresponding to the Langevin eq.

dx(1) = V2DdB(T), using the results of sec.3.3.5 and in particular eq.(3.89) with ¢ = V2D, f =
0, W' (x) = « with dz = \/gdB, we get the following result for the Ito stochastic integral:

t 204 _ 2
4.10 $Td$T:M—Dt,
( ; 5
(compare to eq.(3.56)) which inserted in eq.(4.8) leads to:
¢ 172 t —m2
(11 dB({e(rYe0,0) = N ] de(rle b o ami®0) OG0 1 2 i
=0T

Now we are ready to compute the propagator, the analogous of eq.(2.34):
(1.12) W (a, 20, 0) = (8(a(t) — 2)) = / dP({a(7)})d(a(t) — z) =

2 _ .2 kt 2
(4.13) — exp{_kx 4D$o n 2}<efn 0 T2 (MAT§((4) — x)>

where, we have used the usual notation for the Wiener average of a generic functional the
trajectory, F({z(7)}),

w

JTIE s da(r)em D o 4O P({x(7)})
J Ty da(r)e b Jo 472

No need to do anything else, since we have already computed the last term for D = 1/4 in
sub-secctions 2.4.5 and 2.4.6; we just need to send ¢t — 4Dt and k — k/4D:

k2 b2 k sz
4.1 —4p Jo #¥(T)dr _ — B2 coth(kt)
(4.15) (e~ 1D Jo 0(z(t) — ) D sinh (k1) e~ 4D

(4.14) (F{z(m)})w =
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Assembling everything together and, for simplicity setting x¢ = 0:

W(z,t0,0) = #e*k%+%f%coth(kt) _
T 47D sinh(kt)

(4.16) = u eI
' |/ 27D(1 — e—2kt) '

Notice that in the limit & — 0T we get the propagator of the Brownian particle eq.(2.34). In
the large time limit, ¢ — oo we get that the propagator relax to the stationary solution

(4.17) W) = | e
. xTr) = 27TD€

Since the particle is immersed in a thermal bath at temperature 7" and it is subjected to an
harmonic potential V(z) = mw?z?/2, we must have that W*(z) = Z lexp{-V(x)/kpT},
the Boltzmann weight (Z being the partition function/normalization) corresponding to thermal
equilibrium. In order for the two distributions to coincide one must have that

k 2
(4.18) D = kpT

(4.19) D = kel — kol

Eq.(4.19) is the famous Einstein relation relating the amplitude of the fluctuation, VD, to the
temperature and to the dissipation term ~y (see eq.(3.30) and its over-damped version eq.(4.2)).
This is a particular case of the fluctuation dissipation theorems. Notice that in this relation there
is no trace of the external force, suggesting it is valid beyond the particular case considered here
(see next section).

An alternative way to derive the expression of the propagator is by using the Fokker-Planck
equation (3.94) associated to the Langevin equation (4.2):

(4.20) WW (x,t|xo,0) = Oy [kxW (2, t|20,0) + DOW (z,t|z0,0)]
The stationary state is easily obtained as solution of:
(4.21) 0 = 0y [kaW™*(x) + DO,W* ()]

and it coincides with eq.(4.17). To derive the full time dependent solution we lean on the Fourier
transform that poses the Fokker-Planck equation in ”momentum” space. In order to do this we
need to know how to transform a function like z f(z):

F(zf(x)) (p) = / draf(z)e” " = / da f (x)(i0pe~""") = i0p f (p)
The expression of the FP equation for the Fourier transform is:

To solve this equation one uses the method of characteristics (see exercise 5.3) and derive result
(4.16).

4.2. Multidimensional Wiener Path Integral

The generalization of the Wiener path integral to more than one dimension is quite straightfor-
ward: each dimension is independent so we just consider a collection of d independent Brownian
motions B* a=1,...,d; i.e.:

d
(4.23) dPy,...1x(B1,....Bx|Bo,to) = [ [ dPr...en (BY, ..., BYIBS, to)
a=1

where B is a d-dimensional vector B = (B*,..., BY)T and (see eq.(3.22):
(BB )* N pa
?

N
4.24 dP BY, ... BY|BS ty) = e =1 oAy i M
( ) t1 tN( 1 N‘ 0 0) E\/m

.....
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The properties of the measure are easy to derive. For example:

(4.25) (dB*(1)) =0

(4.26) (dB*(1)dB" (1)) = 6“?dr,

and the analogous of eqs.(3.64) and (3.77) for the ms-convergence:
(4.27) dB(1)dB® (1) = 6“Pdr

(4.28) dB*(T)dT =0

(4.29) dB*'...dB* =0 Vk > 2.

can be re-derived without much effort.
The multidimensional Langevin equation reads:

(4.30) 2 (1) = fo(x(t), t)dt + /2D (x(t), t)dB* (¢t

along with the change of variables formula, analogous to (3.88):

(4.31)
d 14
dh(x(t),t) = dtd;h(x, 1) +) " Ouh(x, t)dz +2 Y Oadsh(x, t)dz*da”
— _ 2 -
x=x(t) q=1 x=x(t) a,f= x=x(t)
(4.32)
d d
=dt |Oth+ Y (0uhf* + DO2h)| + > V2D*0,hdB"(t)
a=1 a=1

For h not explicitly dependent on time and D =D Va:
(4.33) dh(x(t)) = dt[f - Vh + DV*h] + V2DVh - dB
The Fokker-Planck counterpart is (see exercise 5.4):
(4.34) dyw(x, t|xg,to) = Z Do [— fOw + 0o (Dw)]

The last thing we need derive is the multidimensional Wiener measure for x(¢). We start from
the discretized version of eq.(4.30)
(4.35) Ax? = l’a(ti) — :Ea(ti_l) = ffé_lAti + 2D?71AB?

with f&* = f*(x;,t;), D{ = D“(x;,t;) ,AB{ = BY* — B{* ;. The Jacobian is:

(4.36) J= '6(“’“%‘ HH (2D
Jd(By,.. et
and the discretize measure:

d]P)tl, ,tN (X17 XN|X07t0) =

N d
(Az§ — & At;)?
(4.37) = H H \/m exp <_ Z Z 4D?_1A1ti )

i=1a=1 i=1 a=1

which we can write in a formal form as N — oo:

dIP’({x(T}|x0, 0) =

T) _1rt d e _fa 2 «
4.38 e 4fo dr 3 o1 [2% (7)=f* (x(7),7)]"/D*(x(7),T)
( ) H H \/47rD0‘ (x(7),7)dT

=0+ a=1

which generalize eq.(4.8).
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4.2.1. Observation. A further generalization of the Langevin equation (4.30) is

d
(4.39) da(t) = f“(z,t) + Y gi(e,)dB*(t) w=1,....k
a=1
where B is the d-dimensional Brownian motion egs.(4.23) and (4.24) and quite generally k # d.
The corresponding FP is (see exercise):

k
(4.40) dyw(x,t) = Z (—f<(z, t)w(z,t) + Z@V(D“”(x,t)w(x,t)),
w=1 v=1

where DY = 22:1 g¥gk is a semi-positive definite matrix (why?). The case considered above

corresponds to k = d and g% (x,t) = 04+/2D%(x,t). There exists also a path integral formulation
similar to the one given above for the case when k = d and ¢ is invertible (see exercise).

4.3. The Fokker-Planck Equation with Velocity

As an application of multidimensional Wiener path integral of the previous section consider the
so called under-damped Langevin equation for a particle in a thermal bath (we have already
seen the corresponding 1-d case, eq.(3.30)):

(4.41) mv(t) = —yv +F(r) +yV2D¢

where we use the notation F instead of F.,;, for simplicity. The previous second order differential
equation can be re-written in the form of two first order differential equations, as known from
the course of analytical mechanics:

{dv(t) - (—ﬂ + %) dt + 22D B

m

442 dr(t) = vdt

This system is a six dimensional system of Brownian particles in the variables x = (vz, vy, vz, x, v, 2)T

and with diffusion constants:
2D
0 a=4,5,6

Since the diffusion constants for the position variables (z,y, z) are (going to) zero the Gaussian-
like measures involving (z,y, z) collapse into delta functions (the zero variance limit of the
gaussian distirbution is a delta function). The formal Wiener measure in the continuum limit,
is:

dP({x(7), v(7)}[%0,v0,0) =
t 43 3/ t 2
v 0°(r(1) — v(7)) 1 / . v F(r)
(444) 1__[ ( AxDdrP2 (dr)3 Plap T T T | )
The Fokker-Planck equation can be derived using eq.(4.34) and (4.43):

(4.45) Dy (v x, tvo, %0) = Vo - Kw _F(r)

m m

’D
> w+ 1 5 va} — V., (vw)
m

The stationary version of this equation is called Kramers’ equation. If the force is conserva-
tive, i.e. F(r) = —VV/(r) with V being the potential, the stationary solution is the Maxwell-
Boltzmann distribution, as one would have expected:

1 mv Tn/V
(4.46) W= e (v /d3 /dsm +V(r))
with V being the volume of the system and 1/ = kT if D satisfies the Einstein relation
eq.(4.19) (see exercise).
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4.4. Stationary Solution of the Fokker-Planck Equation

! The FP eq.(4.34) with the force derived from a potential V, i.e. f*(x) = 9,V (x), and
D% = D = constant becomes:

d
(4.47) AW (x,t) =Y [~0V W + DO W].
a=1

If we define W (x,t) = eV®/@CD)W (x, t) and using the rule
(4.48) e (el g) = (0f +9)g

eq.(4.47) can be re-written as

d
(4.49) OW =D (00 — 0aV)(0a + 0aV)W = —D ZATA

a=1

where V = V/(2D), Aa(X,8a) = 0o + 04V is a differential operator and Al (X,04) = =00 +0aV
its adjoint. Notice that

d
@as0) [ atofx) Z AT Ay 6(x) Z / Ay b(x) Aab(x Z WH(x))? > 0,

where the equality holds if and only if 0 = A,¢(x) Yo, that is W = W* o« e~V. Thus W*
is the stationary solution of eq.(4.49) and W* = exp{— V/D}/Z = [a d’zexp{-V/D})
is the stationary solution of eq.(4.47). The operator Dza:1 AL A, is self adjoint and due
to eq.(4.50) it has positive eigenvalues except for the zero eigenvalue associated to the eigen-
function W*. Let us call ¢; the eigenfunctions and F; the corresponding eigenvalues with
Yo = exp{—V/(2D)}/VZ & W*2, Ey = 0 and E; > 0. The general solution of (4.49) satisfying
the initial condition Wy = exp{V/(2D)}Wj is

(4.51) W(x,t) =) ciy(x)e PHt

>0

where ¢; = [pa d%x )} Wo, 1¥ being the complex conjugate of v; and Jga A ;= 6;5. Thus
in the t — oo limit we get

* _ o—V/(2D) _ V/(2D) _ ,~V/D_€0_ € _ l e~ V/D
(4.52) w tlgglo W(x,t) = coboe” A 7€ ,

where we have used that

(4.53) co = /Rd Az Py Wo = /Rd dlz Wyexp{-V/(2D)}/VZ =1/VZ.

since the initial condition Wy is normalized, i.e. 1= [, d%2Wy = [p. d%x Woe_%. In conclu-
sion, we have proved that a FP equation with potential force have the time dependent solution
that, independently of the initial condition, for large times tend to the Boltzmann distribu-
tion. Remember that f = F.y;/v € R%. Then if we insist to denote with V the potential, i.e.
F.;: = —VV then the V we have used in the above derivations should have been divided by ~.
In this way the stationary distribution would be exp{—V/(vD}, which is indeed the Boltzmann
distribution due to the Einstein relation (4.19).

I This section is optional

2Since we want that the eigenfunctions constitute an hortonormal basis we must have that 1 = f]Rd dd:mpg =1, which
holds with Z = [4 ddz exp{—V/D}.
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4.5. Formal Solution of the FP Equation and the Backward FP Equation
We begin writing the FP eq.(4.34) as follows
(4.54) Jyw(t) = Lyw(t)

where L is a matrix-like operator such that operating on a generic function h gives (from now
on z, y etc. will denote d-dimensional vectors)

d
(455)  (Lb)(x) = / AL, )h(y) = 3 Ba [= (1) + Ba(D° (2,1)] h(x),
a=1

that is

d 0 a 0 « d _ d
(4.56) Z B [ 9 x,t) + %D (m,t)] 6z —y) = L(x, Va, )04z — 1)

L(2,Vat)

where the derivatives are intended to operate on everything on their right. Integrating eq.(4.54)
with the initial condition w(ty) = wp, we have

(4.57) w(t) = wo + /t Ltlw(t1)dt1

to

and iterating

t t1
w(t) = wWo +/ Ly, <’LU0 +/ LtQ'IU(tQ)dt2> dt;1 =

to to
t t t1
==y —|—/ Ly, wo —I—/ dtl/ dtthlLtQU)o—{—
to to
t1 to
(4.58) / dtq / dto / dtthl Lt2 Lt3 wo + -
to to to

which is the formal solution of (4.54). Indeed if we take the time derivative of the previous
equation we have (of course d;wo = 0)

t
8tw(t) = 8t/ LtltU(]‘F

to

t t1
+8t/ dtl/ dtQLtlLtQ’LUo-f-
t

t t1 to
+ Bt / dtl / dtg / dtthl Lt2 Lt3IU() + -
t, 0

t t t2
= Lywy + Ly dtQLt2w0 + L / dto dt3Lt2Lt3w0 —+ .-

to to to
to
= Lt (UJ() +/ dtthQU)O +/ dtg/ dtthQLt5w0 + - )
to

(4.59) = Lyw(t).

An equivalent way to write the solution eq.(4.58) is:

t
w(t)—wg+/ Lt1w0+/ dtg/ dt1 Ly, Ly, wo+

(460) / dtg/ dtQ dtlLtlLtthng —+ e
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A much nicer and synthetic way to write the above solution is by introducing the time ordering

product operator, T. Given ¢y, t2,...,t, and the n operators L;, ¢ =1,...,n we define
Ly, -+ Ly, if bty >ty > >t

(4.61) T (Lt1 .. 'Ltn) — tiq ti, L lig ‘ io ins
0 otherwise.

In terms of T eq. (4.58), or its equivalent (4.60), can be written as:

t 1 t t
w(t) = wo + / Ltlwo + / dtl / dtQT (Lt1 LtQ) wo+
to to

1

3' dt1 / dto / dtsT (Ly, Ly, Ley) wo + - -
(4.62) = Z ol (H/ Ly, dt; ) wy = Teho 1707y,

n>0

where, by definition, T operates through the integrals ordering the matrix operators L’s. Using
the last expression and taking into account the time ordering product

t t t
(4.63) ayTelio Py = T (Ltefio LTC”) wo = LiTedo T %y,

which, again, prove that eq.(4.62) is the formal solution of (4.54). If we now derive (4.62) or
(4.60) with respect to tg we obtain

t t
(4.64) Opw(t) = 8,50T6fi0 LTdng =-T (efto LTdTLt()) wo.

In the relevant case wy(z) = 84 (x — x0), the initial condition corresponding to the propagator
w(z,t) = W(x,t|xo,ty) we have

w(a, t) = Wz, o, to) = (Teffo P ) () =
(4.65) = /ddy (T <eftt0 LTdT)) (z,y)wo(y) = (T (eftto LTdT)) (x, ).

t
that is the propagator is equal to the matrix element of Tefto Lrdr,

00,V (oo, t0) = By, t) = — [ty (7 (507 Ly ) ) o, )un(y)
=— <T (eftto LTdTLtO)) (z,20) = /ddy <T (eftto LTdT)) (x,y) Lty (y, x0) =

=W (x,t|ly,to) by (4.65)

—/ddyW(:c,t!y,to)Lto(y,xo) = —/ddyW(ﬂc,t\y,to)E(% Vy, t0)0%(y — x9) =

(466) = —ﬁT($U,va,t0)W($,t|.’E0,t0)
where

d 9 &
(4.67) L2,V 1) :; [fa(:z: t)a—qLDo‘(x Doy 2],

Eq.(4.66) is the backward FP equation for the propagator, which, written explicitly, reads
8t0 (ZL' t|l‘07t0) =

(4.68) = — Z [ .7}0, t()

9 2
W(a:,t|ac0,t0) +Da<l‘0,t0) <(9.CC[)> W(a:,t|ac0,t0)] s

O,a
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If both f and D® do not depend on time, that is the stochastic process is homogeneous, then
there is time translational invariance and W (z,t|zg,t9) = W(x,t — tg|xo,0) implying that
O W (x, t|xo, to) = —OW (z, t|xo, to) and eq.(4.68) have also the alternative expression

8tW($, t|$0, to) =

81‘0704

d 2
(4.69) = Z [fa(wo,to)aaiw(iﬂaﬂiﬁoato) + D%(o, to) < ) W(l‘,t’onato)] :
a=1 &

Similar derivations can be carried out also for master equation as shown in exercise 5.7.

Problems

Exercise 4.1. The propagator for a stochastic harmonic oscillator was derived in sec. 4.1. We

2
found W (x,t|0,0) =

T

ko a?
me 2D 1-¢=2F  Derive the analogous result for W (x, |z, to).

Exercise 4.2. Derive the stationary solution of the FP equation for the harmonic oscillator,

W*(x), which obeys to the following eq. 0 = 9, [kaW*(x) + DI, W*(x)], explain the hypothesis
underlying the derivation and its validity for the derived solution.

Exercise 4.3. Use Fourier transform to derive the full time dependent propagator W (z, |z, to)
of the FP equation of the harmonic oscillator

W (x,t|xo, to) = Oy [kaW (z, t|xo, to) + DOLW (2, t|x0, to)] -

Exercise 4.4. Derive the multidimensional FP equation associated to the Langevin eq. dz®(t) =
Fex(t),t)dt + 1/2Dq(x(t),t)dB(t).
Exercise 4.5. Derive the discretized Wiener measure for the the under-damped Langevin equa-

tion mdv(t) = (—yv+F(r))dt +~vvV2DdB (see sec. 4.3) and discuss the formal continuum limit
eq. (4.42).

Exercise 4.6. Verify that the Maxwell-Boltzmann distribution eq. (4.44) satisfies the Kramers
equation (4.43) if the noise amplitude D is given by the Einstein relation.

Exercise 4.7. Let P;(t) the probability that a system is found in the (discrete) state ¢ at time
t. If dtW;;(t) represents the transition probability time to go from state j to state ¢ during the
time interval (¢, ¢ + dt), then prove that the master equation governing the time evolution of
the system is:

(4.70) Pi(t) =Y (Wi (O Pi(t) = Wii(t) Pi(t)) = (H()P(t);

where Hz'j (t) = Wij (t) — (Sz'j Zk Wkl(t)
(1) If a; is an observable quantity (not explicitly dependent on time) of the system when it is
in state ¢, show that
d{a)¢
dt

(4.71)

where (a); = >, Pi(t)a;.

(2) If the initial condition is P;(t9) = dii,, the corresponding solution of the master equation
is called propagator and it will be denoted P, ;,(t|tp). Thus P(t|tp) is a matrix satisfying
6P(t\t0)/8t = H(t)P(t|t0). Show that (‘)P(t|t0)/8t0 = —P(t‘to)H(to).

(3) Assume now that the transition rates do not depend on time and that an equilibrium
stationary state exists. A stationary state P* satisfies the stationary condition HP* = 0.
An equilibrium stationary state, P, besides to the stationary condition, satisfies also the
so called detailed balance (DB) condition W;; Pj* = Wj; P/* (explain what this means). If
S is the diagonal matrix S;; = d;;1/P;?, show that, as a consequence of the DB condition,
the matrix H = S~1HS is symmetric and semi-negative definite. Under the hypothesis

= (HTa>t7
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that each state i can be reached through a path of non-zero transition rates from any state
j show that the equilibrium state is unique.

Exercise 4.8. Show that the matrix D" = Zi:l g¥ gk is semi-positive definite (w,v =1,...,k)
with k& and d are arbitrary.

Exercise 4.9. Consider the Langevin eq.(4.39) and, for kK = d and an invertible matrix g(z,t),
determine the discretized measure dPy, . ;, (X1, ..., XN|X0,%0) and its formal continuum limit.

Exercise 4.10. Derive the FP equation (4.40) from the Langevin equation (4.39).



Chapter 5

The Bloch Equation and
the Feynman-Kac
formula

In the previous chapter we have seen that in the calculation of the propagator for the harmonic
oscillator we end up with the evaluation of an average of the kind (exp{— fg V(z(r)dr}é(z —
x(t)))w with the Wiener measure. We show that similar averages are rather common and that
they satisfy the Bloch equation, leading to the well known and widely used Feynman-Kac formula.
In other words the formula expresses the solution of a dzﬁerential equation involving a function
V', the Bloch equation, in terms of average of exp{— fo (1)dt} over Brownian trajectories.

5.1. Path Integral for Over-damped Langevin Equation with Conservative Force

Consider the overdamped stochastic dynamics of a particle under an external potential U(r);

setting f = —w

the Langevin equation reads:
(5.1) dr(t) = f(r)dt + V2DdB
whose associated Fokker-Planck equation for the propagator is:

(5.2) dw(r,tlrg) = V [—f(r)w(r, t|rg) + DVw(r,t|ro)]

The solution of this equation is given by a Wiener path integral (see sec.4.2):

5.3 r,t|ro,0 —1p Jo drGO—FT)? 5d(p (1) — p
(4 Dd d/2
7w Ddr)

or in terms of its discretized form W&V (w(r,tlro,0) = limy_ 00 W®) with ¢ty = t indepen-
dently of N):

(5 4 W(N) _ H d T Zv 1 EL%I‘Al)tleQD ZZ L Arif; 11— 4D ZZ . f Atz(sd(r _ I')
(4r DAL N

where we have used the general eq.(4.37) with D® = D = constant. W) can also be seen as
an expected value over the discrete Wiener measure:

(5.5) W) = (¢35 T Arifioi—qp 2L = Al ey — 1))y
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where, by definition,

d T N—l (A"i)2
(5.6) (Ofx: )N /H DAL 3¢ 2= DAL O({2;}).

The second term in the exponential’s argument in the N — oo limit leads to a standard integral
fo f2(r(7))dr. To deal the remaining term we use the finite difference analogous of eq.(4.33) !
for a generlc function A(r)

Ah(r) = h(r + Ar) — h(r) =
= Ar- Vi(r) + Z Ar® () Ar? (1)0ad3h(r) + O(Ar®) =

(5.7) = Ar- Vh(r) + DAtV2h(r)

Consider the increment between ry and rg and apply the previous formula, using the usual
convention Ar; =r; —r;_1:

N N N
= r;- r,_1 2 r,_
(5.8)  h(ry) — Z Ah(r;) = ;A i - Vh(r; )+DAt;V h(ri_1)

:h(ri)—h(ri, 1)

In the continuum limit the previous equation leads to the following expression for the Ito sto-
chastic integral:

(5.9) /0 dr(7) - Vh(r(r)) = h(r(t)) — h(r(to)) — D/o drV2h(r(T)),

a version of the fundamental theorem of stochastic Ito calculus. Taking the continuum limit,
N — o0, in eq.(5.5), where eq.(5.9) is used with h = )

, we get:

U0y L 3 drv2U— 1y [ dr(VU)?

(5.10) w(r, t|rg,0) = (e 27 ot x(t) —r))w
If we define
__ 1o 2
(5.11) V(r) = 27V U(r) + 4D’72<VU(I‘))
and recall that kT = 37! = vD we arrive at:
(5.12) w(r, tro, 0) = e~ 3WE=UE0) (o= [f V(DT 5 (p(p) _ 1)y,

where we have taken into account that all Brownian trajectories start at rg at time ¢ = 0 and,
due to the presence of 0%(r(t) — r) in the average, end at r at time ¢. This is a version for the
propagator obeying eq.(5.2), as an average over Brownian trajectories of exp{— f(f V(r(r))dr}.
Notice that the Brownian trajectories entering in the average in eq.(5.12) are the ones obeying
the Langevin equation dr(t) = V2DdB whereas the propagator is the one corresponding to the
Langevin eq.(5.1), which contains also the force f. The above derivation is valid without changes
if the force f depends on time as far as it is given by f(r,¢) = —VU(r,t)/v. Eq.(5.11) remains
the same with the substitution of U(r) with U(r,t) leading to a V(r,?) in eq.(5.12).

5.2. Feynman-Kac Formula for the Bloch equation

As one may notice, we happened to have to compute more than once egs. (2.69) (4.12) (5.12)
expectation values such as:

(5.13) Wa(a, tlzo, to) = (e~ Jo VEDDT 502(4) — 1)),

IThe rule is simply due to the discrete Wiener weight (5.6): one has that the following substitutions are Ar® () Ar? (t) =
2D§*Pdt and Ar®(t)ArP(t)Ar7(t) = 0, etc. are valid as far as the continuum limit, N — oo, is concerned
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where we now allow V' to have also an explicit time dependence (see observation at the end of
previous section). We want to prove, in two different ways, that 5.13 obeys to the so called
Bloch equation, i.e.:

(5.14) 8,5WB (l‘, t’l‘o, t()) = D8§W3(x, t‘aﬁo, t()) - V(x, t)WB({L', t‘l’o, to)

with initial condition Wg(z, to|zo,t0) = é(x — zp). Notice that for V' = 0 this is what we have
proved already in chapter 2 with the diffusion equation. Eq.(5.13) represent the Feynman-Kac
formula for the fundamental solution of the Bloch equation (5.14).

5.2.1. Proof 1. The first proof starts from eq.(5.13) and derives the Bloch equation (5.14).

Start by discretizing Wg, as we usually do, and introduce Wg) defined as (for simplicity we
choose all At; = e = (t —tg)/N, so that t; = to +ie and V; = V (x4, 8;))*:

N+1

(5.15) W (2, tn 41|70, t0) = /H

Aa:
- ZN+1 iDe € Zﬁitl Vi

\/m 5($N+1 —33),

so that lim,_,g+ Wg)(x,t\xo,to) = Wpg(x,t|xo, to). Integration over zyy; is immediate, due to
the presence of the ¢ of Dirac, and we get:

N Az2

N

dx; N (zy —2)°

Wg)(az,tN+1|xo,to) :/H ! o= Xim1 ape ¢ Xim1 Vigm ape <V (@int1) —
i vVamDe

de" - N Az% i N : B (IE/—:L‘)2 .
\/m (/H \/ZTZDGB 2i=1 7D —€ 2im1 Vz5($N _ 37/)) o~ Zior Viwtnit)

(516) = [ —T w9 inlwo, to)em SHE—V @tne)
JiDe
Set z = \";ﬁ:
e dz
(5.17) Wé)(xatN+1’x07to)= = 2wl (z + 2V2De, ty |0, to)e Y (Bin+1)

A ( B
and expand W](;)(:c + 2v2De, tn|zg, tg) around = (small zv/2De: since the main contributions

to the integral come from values of |z| < 1, due to the presence of the Gaussian term in z, then
the expansion is allowed). In order to simplify the notation in the following equation we set

P = WBE)(QZ tN‘xO,tO) 1/1/ ang)(CC,tN‘xo,tQ), etc.

—eV(z,tn41) ﬁe—zz/?

W](;)(:U,tNH\:UO,tO) =e N
: [¢ + ¢/ 2v/2De + 4" 22 De + } -
= (1—€V(z,tn41) + O(€%)) [ + Dey” + O(e*)] =
(5.18) = +e[DY' —V(a, ty)p] + O(),

where we have taken into account that V(z,tn41) = V(z,tn +€) = V(z,tn) + O(e) from which
(ty =tand zny1 =1t +€):

W (@, + €|zo, to) — W (@, t|zo, to)
€

(5.19) — (DO2 - V(2)) WS (2, t|z0, t0) + O(e)

For N — oo, i.e. € = 07, we get the Bloch equation (5.14):
(5.20) 6tWB(9: t0|$0,t0) (D82 V(.’L‘,t)) WB(a},t()’a}o,t()>

2Remember that with the notation Az? we mean (Az;)? and not A(z?).
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5.2.2. Proof 2. The second proof is based on two observations.
Observation 1 Wp, as defined by eq.(5.13), follows ESCK relation (see chapter 2). Indeed if
we divide the time interval (¢g,t), in N + N’ steps. The discrete propagator from ¢y up to the
instant ¢’ =ty is given by:

N’
&) 1 u . dx;
5.21 W o, t0) = | | -
( ) B (2, £'lo, t0) /i1 \/47TDAtie

The one from ¢ =ty to t =ty is:

N (Aac-)2 NG
-2t iDAL, —€> g V(xi’ti)(S(x/ )

N+N/ / 2 ’
dr; NN C e NN Vi(wit)
(5.22) WY (x,t]a’,t)) = / [[ e v A v Vg gy )
. \/47TDAtZ'

i=N'+1

Multiplying eqs.(5.21) and (5.22) and integrating over 2’ we get:

(5.23) / do! W (@, ta! YW (@ o, to) =

) =/ by -
N Py 4 DAE;

In the limit ¢ — 0T we obtain ESCK relation:

N+N' (Az;)? N’
721';; E;D:CAZL 7€Zi:t V(Iivti)(;(

(5.24 r —znyne) = W (@, t]ao, to).

(5.25) Wi, o, to) = / o' Wi (@, .Y W (' ¥ ]z0, o).

Observation 2 If we take h € C'(R) and set u(t) = exp(— ft'; h(s)ds) we obtain trivially that:
du _
dt

Integrating the differential equation and using the previous solution for wu(t):

(5.26) u(t) =1— / t h(r)u(r)dr =1 — / t h(T) exp < /t h(s)ds>

to to

—h(t)u(t) with wu(tg) =1

Given these two observations, set in the previous equation h(7) = V(z(7),7) and introduce a
delta function d(x — z(t)):

(5.27) d(x —a(t))e fo VDD = (2 — a(t)) — b(a — 2(1)) / v (a(r), e oV )

to

By taking the averages over Wiener path integral eq.(4.14) on the L.h.s. of the previous equation
we get Wp as defined in (5.13):

(5.28) Wp(a, tlzo, to) = (6(z — w(t))e Jo TV EDDy

t T
= (8(z — 2(t)))w - / ar(V(w(r),r)e” fo VD50 — a(1)) )

w

In the first term, (§(z — =(¢)))w, we recognize W (z,t|xg,to) i.e. the solution of the diffusion
equation with W(z,to|zo,t0) = 0(z — o) (see eqgs.(2.43) and (2.34)). The second term can be
cast to:

t . t
(5.29) / dr(V (2(7), )e o @V @@y / dr / ' W (a', 20, to)V (2 1YW (2, ]2 7).
to

to

where in the last step we have split the Wiener measure in two pieces, from tg to ¢’ and from ¢
to t (see exercise) To summarize we arrive at:

t
(5.30)  Wpg(z,tlxo, to) = W(x, t|xo, to) —/ dt’/dw’W(m,t\x’,t’)V(m’,t’)WB(x’,t’|xo,t0)
to
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Taking the time derivative of both sides:
(5.31) O Wpg(x,t|xg, to) = OW (z, t|xo,to) — /dac’W(:r,t|x',t)V(x’,t')WB(:r’,t\xo,to)

t
_ / i / Ao O W (. ), )V (&, YW/, ¥ o, o)
to
(5.32) O Wpg(z,t|zo, to) = D@gW(m,t\aco,to) — /dw'd(m — 2 V(" Wg(a, t|zo, to)
t
_ / i’ / da' DORW (z, 2!, YV (2!, YW |20, o)
to

OWg(x,t|zg, to) =

t
= Do? <W(az,t!az0,t0) —/ dt//dm'W(m,t\az',t/)V(x/,t')WB(x/,t/|xo,to)> +
to

WB(m,t|xo,t0)V from (5.30)
(5.33) — V(z)Wg(z,t|xo, to),

we finally obtain the Bloch equation (5.14):

(5.34) OWg(z, t|zo, to) = (DO? — V(x,1))Wa(x, t|zo, to).

Using the method of section 4.5 or the method of ”proof 1”7 above, one can also derive:
(5.35) O Wp(z,t|zo, to) = —(D@%O — V(xo,t0))Wp(x, t|xo, to),

(see exercise), which might be called backward Bloch equation.

5.2.3. Generalization of the Feynman-Kac Formula. A more general Bloch equation is

OWp(z,t|zo,t0) =
o9 L)

where z, 2o € R* and, as usual, the differential operators act on everything on their right. The
corresponding backward Bloch equation is

(5.36) Wg(z,t|zo, to),

Oy Wa(x, t|zo, t0) =

i 0 0’
(5.37) - Lz_:l <f(w0,t)ax0w + I;Dwy<x0’t)max()y> - V(xo,t)] Wa(z,t|zo, to).-
One can show that
(5.38) Wg(z, tlzo, to) = <exp { — | V(als), s)ds}ék(x(t) - x)>

to
where the average is taken over the stochastic trajectories obeying the Langevin equation (4.39):

d
(5.39) da®(t) = f“(z,t) + Y _gi(e,)dB*(t) w=1,... .k

a=1

where D*Y = S ¢%¢” and with B being a d-dimensional Brownian motion (see sec. 4.2).
a=1 9a9a g
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Problems

Exercise 5.1. Write down the details leading to eq.(5.29).

Exercise 5.2. Prove the backward Bloch eq. (5.35) in two ways: 1) using eq.(5.34) and the
method developed in sec. 4.5; 2) Using the path integral formulation similarly to ”proof 1”7 of
eq. (5.34) in sub-sec. 5.2.1.

Exercise 5.3. Prove that eq. (5.38) satisfies the backward Bloch eq.(5.37) for the simplest
case k = d = 1 and D(x,t) > 0 generic. (Hint: use the discrete measure eq.(4.37) for d = 1.
Notice that it is easier to prove the backward Bloch eq.(5.37) rather than (5.36) since a change
of variable involved in the derivation does not need complicated derivations).

Exercise 5.4. 3 Prove the results of sec. 5.2.3 in full generality as explained there.

Exercise 5.5. Derive the analogous of the Bloch equation and of the backward Bloch equation
for the Master equation of exercise 4.7, eq.(4.70). (Hint: Trajectory i(t) stays constant and
suddenly jump at random time. Thus fti Vi(s)ds is well defined. When evaluating the average

t
. . - i()ds
(5.40) W (i, tlio, to) = <e fo Vi 5z‘(t>,z‘>a

where Wg(i,tolio, to) = di, and d;;, is the Kronecker delta, at time t 4 dt one has to consider
two contributions: one from no change of state and the other from the change of state.)

3Optional



Chapter 6

Interesting Stochastic
Phenomena

6.1. Subdiffusion and superdiffusion

Usual diffusion is one out of many different ways to explore space and time that are found in
Nature, as well as in social phenomena and in technological applications. The purpose of this
section is to expand the view to anomalous diffusion.

The part on Levy flights and anomalous diffusion is reviewed in more details in the file
“s03_Levy.pdf” in moodle.

To start, remember the properties of the fundamental solution P(x,t) of the diffusion equa-
tion for xg = 0 and ty = O:

1 22
6.1 P(zx,t) = e iDt
(6.1) (@.1) = =

It is obvious, being P(z,t) a Gaussian distribution, that
(6.2) (2?(t)) = 2Dt

Let us try to generalize and consider a number { # 1. We introduce a particle undergoing
a diffusion process which is different from the standard Brownian motion. For some D; and
exponent (,

(6.3) (2?(t)) = 2Dt¢

If 0 < ¢ < 1 we talk about subdiffusion, which is typical of transport of charge carriers in
semiconductors and chemicals and monomers of polymer diffusion (at short timescales). Subd-
iffusion may take place if a particle tends to persist in the same state. For example, the waiting
time distribution between particle’s jumps may be proportional to t~1=% for 0 < o < 1. This
distribution has no finite first moment and, as a result, it is not rare in practice to observe
trajectories during which the particle remains for an anomalous long time in the same position.
The result of this persistence is measured by the anomalous diffusion (6.3) with ¢ < 1.

If ¢ > 1 we talk about superdiffusion. Levy flights are a phenomenon typically linked with
superdiffusion. They are realized by a sequence of jumps whose length could be also large with
non-negligible frequency (Figure 1). More precisely, one finds that the distribution of jump
displacements x is proportional to \x]_l_“ for large x, with exponent 0 < g < 2. The name
“flight” is used to denote quick (instantaneous) jumps. In case the trajectory is performed with
finite constant velocity one instead talks of Levy walks.
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Brownian walk Lévy flight
(random) (i,

Figure 1. Visual comparison between normal diffusion and a Levy flight.

In general, one may observe a combination of non-Poissonian waiting times and power-law
jump statistics, or other complex features including memory in the process and long range
correlations.

To Levy flights we can associate a generalized diffusion equation,

(6.4) { 0. P(x,t) = Dy Pla,1)
P(z,0) = p(x)
which is understood in the Fourier space,
(6.5) O, P(k,t) = —D,|k|"P(k,t)
o

To solve this equation, we note that it is equivalent to
) [eD“‘k‘”tﬁ(k:, t)} ~0

This implies that the function . )

f(k) = PPk 1)
is independent of time. By reversing the identity the solution becomes
(6.6) P(k,t) = (ke PrlH"

Here f(k) is the characteristic function of the initial p(z), which is obvious by setting t = 0.
This is consistent with having the probability density P(z,t¢) as a convolution of p(zg) and a
“propagator” W (z|xo) whose characteristic function is e~ Dulkl"t,

Dk?t

For k = 2 we retreive the usual diffusion. The solution involves a Gaussian e~ and

_ L —@—=0)?/(aDy)
P(x,t) = /dmop(x0)4Dte
Note again the convolution structure of this formula. It could be interpreted also as a weighted
average for events characterized by different initial positions, where the weight is p(z¢) and the
displacement probability density, or propagator, is
_ 1 —(z—x0)%/(4Dt

W (z|z0) = Thi¢ ( )*/(4Dt)
In general, however, the solution in real space for a generic p is difficult to write explicitly. A
few examples below make exception.

6.1.1. Cauchy random flights. The Cauchy random flight is a Levy flight with y = 1, with

(6.7) Po(k,t) = f(k)e DPrlklt

Choosing the initial conditions p(z) = 6(z) and setting a typical length scale *(t) = D;t,
1 = —z* ikx

(6.8) Po(e,t) = 5 / ke O

(6.9) = / dke™® Ok cos bz = 1 1

1
T 0 W.T*(t)1+< z )2
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Figure 2. Levy-Smirnov distribution and the distribution of the sum of two variables z,z’
(each following the Levy-Smirnov), rescaled by 1/22, i.e. P(Y) with Y = (z + 2')/4.

The Cauchy distribution shows explicitly that its variance is not defined, [ Po(x, t)x?dx = oo.
Indeed, it is a fat-tailed distribution, ¢ is not finite and the standard central limit theorem

cannot be applied (i.e. an average of a lot of samples from a Cauchy flight do not converge to a
Gaussian distribution). However, it makes sense to speak of typical scale z* even if the variance

is infinite.
6.1.2. Levy stable distributions. The behavior described above is true in general for a

class of distributions called Levy stable distributions, of which the Cauchy is an example. In
analogy with the Central Limit Theorem, where the statistics converges to a normal one, one
has that each Levy stable distribution is an attractor for a class of single variable distributions,
each one characterized by its power-law decay. For example, one might check that the sum of

i.i.d. variables with
for x| > 1 and 0 otherwise

(@) =53

converges to the Cauchy distribution after a suitable rescaling.
In general the Levy stable distributions, which we are briefly mentioning without a detailed

mathematical introduction, can be asymmetric. An example of fully asymmetric distribution is

the Levy-Smirnov distribution .
_ - —1/(2x)
Pt = 5
for x > 0, and zero otherwise. By summing variables distributed according to Prg one obtains a
result that, after rescaling, is still distributed according to the Prg. For instance, P(Y = ”“f/),
obtained from the convolution of Prg(z) and Prs(z’), matches Prg(Y = x) (see Figure 2)
Note that the rescaling factor 1/22 in Y is not as in the central limit theorem, where it would

be 1/2/2 for n = 2.
The Levy-Smirnov distribution scales as Prg(x) ~ z3/2 for large z. By summing variables
z > 0 with a p(z) ~ 273/ for large z, one should recover the “attractor” Ppg for the rescaled

sum. More details can be found in the related literature.
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(a) Vi(x), t=0 and t=t;

(dy Vix), t=31/4 (b) V(x), t=t/4
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Figure 3. Snapshots of the potential V (z) = % - % + % sin(27t/ts), with minima in = ~
—c = —1 (state “17) and = =~ ¢ = 1 (state “2”) separated by a barrier AV =~ 1/4. Panels
represent four moments of its period following time in clockwise direction.

6.2. Stochastic Resonance

Noise, as implied by the word itself, often acts as a perturbation that randomizes the behavior of
a system. In this section we discuss a counterexample in which the right amount of noise makes
the system more regular in its periodic oscillations. The example concerns the phenomenon
of Stochastic Resonance (SR), which was introduced in the 80’s to explain how the climatic
oscillations on Earth could be significantly wider than expected by measuring the amplitude of
its oscillatory drive, given by the Sun activity over a period of ~ 10° years.

Nowadays SR is even used in image reconstruction, and is recognized in many different
systems in biology, electronics, and physics. These include lasers, magnetic resonance, and
quantum systems. One finds that the transitions between oscillatory energetic levels do follow
their periods better when temperature is neither too high nor too low. We illustrate this behavior
with a simple two-states model and we show how to quantify the regularity of the periodicity
in the system stochastic dynamics. We are going to map a continuous stochastic dynamics
(diffusion) to a Markov jumps dynamics (Master equations) between states.

Consider a particle subject to a Mexican hat-like potential with two minima at x = ¢ and
x = —c as that shown in Figure 3. Suppose that there exists an external driving force that,
in a period ts, cyclically highers and lowers the relative strength of the potential at x = +¢:
at time t = 0 V(c) = V(—c¢), t =t5/4 V(c) > V(—=c), t = ts/2 V(c) = V(—c) and t = 3ts/4
V(e) < V(—c). Since the shape of the potential varies with time, so does the propensity of the
particle to jump either around —c (state “1”) or +c (state “2”). Around z = 0 the potential
has a local maximum which is unstable and only visited in transients.
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In the cycle shown in Figure 3, the particle jumps at about stages t = t5/4 and t = 3ts/4.
This behavior is expected to be enhanced by some noise. Without such noise, the system would
be too “cold” and unable to jump the barrier. On the other hand, a too “hot” system would
jump the barrier regardless of the modulation. Let us see how to find the right balance so that
the jumps are better synchronized with the phases of the cycle.

We first model the particle dynamics for a time-independent potential V' = V{, with a
Langevin equation
(6.10) i=-Vy(x)+ &) with  (E@)E(E)) = rd(t —t')
where & is the strength of the white noise £. In case of a pure thermodynamic interpretation we
would set k = 2kpT.

It is possible to prove that the typical jump time scales as

0 et en(22) ] o (22)

In the Kramers approximation, the jumping rate Wy becomes

(6.12) Wo = <T>al ~ %\/W”(O)\V”(c) exp (_23‘/)

where AV = V(0) — V(c¢). Due to the symmetry of the system, this rate is the same for
transitions 1 — 2 and 2 — 1. In Kramers’ formula, there is a strong exponential dependence on
the ratio between the barrier height and the noise amplitude. This is modulated by a prefactor
taking into account the curvature of the potential in the minimum and at the saddle point.
Jumps in this case occur as uncorrelated events, separated by exponentially distributed waiting
times with average value (7),. The system is thus not dysplaying any regulatity in time.

By adding a modulation to the potential, with period ts = 27 /ws
(6.13) V(x,t) = Vo(z) + Vi~ sinwst
c

the jumping rates become asymmetrical at a generic time ¢. The exponential dependence on
this V will lead to the sensibility on the phase of the drive. The intuition is that x should be as
large as to barely allow a jump of the potential when the maximum asymmetry is reached.

If AV > V; and the modulation frequency w, is much smaller than the rates of intrawell

relaxation, the jumping rates can be written as
1 2
(6.14) Wig = p [V(0)|V"(c) exp <_/£ (AV £ Vi sin wst)>

where W is the rate for the jump 1 — 2 and viceversa for Ws.

6.2.1. Reduced description. To achieve some quantitative estimate of the system’s regu-
larity, we move to a reduced description with two discrete states and evolution via a master
equation:

(6.15) pr = =Wi(t)pr + Wa(t)p2
. P2 = —Wa(t)p2 + Wi(t)p1

where p1(t) and po(t) are the probabilities to be in the two states. Since pa(t) =1 — p1(t),
(6.16) pr = —(Wi(t) + Wa(t))pi(t) + Wa(t)
—_—— ——
=W(t)

We introduce the sum W (t) = Wi (t) + Wa(t) and by (W) we denote its average over one period.
Equation (6.16) approaches a periodic solution,

1 ts t
(6.17) p1(t)*° = PR / dt' W (t —t') exp<— / dt"w (t"))
— e S t

0 -t/
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Consider weakly modulated rates:

(6.18) {Wl(t):VQV—esinwst

Wo(t) = W + esinwgt

Calling p1 = p:
) w :
(6.19) p(t) = —Wp(t) + - T esinwst

If we just consider the deviations of p from 1/2, i.e. Ap=p — %:

(6.20) Ap = —WAp + esinwst
This has solution Ap(t) = Ap(0)e="1.

For ¢ = 0, one can show (see exercises) that the correlation function C(t) = (z(t)z(0)) =
c2e= Wl Moreover, by means of the Wiener-Kintchine Theorem

Pw) = 4/0OO C(t) cos(wt)dt

which relates power spectrum P(w) to C(t), one can show that in this case the power spectrum
is a Lorentzian

v
W2+ w?
with cutoff angular frequency weyt = W, as shown in Figure 4, left panel.

PO(w) =42

6.2.2. Reduced description, for modulated systems. For ¢ # 0 we change the equation in
this way:
(6.21) Ap = —WAp + ee™s?
Its Fourier transform in time is

iwAp = —WAp + 2med (w — ws)

To compute the power spectrum, we note that the signal in x is determined by the signal in the
occupation Ap, times a constant amplitude ¢, Z(w) = cAp(w). Then,

P(w) = |2w)|* = Se(w)d(w — wy)
where
4r2c2e?
(6.22) Se(w) = 2L
The signal-to-noise ratio (SNR) in an interval Aw including w = wy is
(0)
SNR,, — Se(ws) + PPN (ws)Aw 14 Se(ws)
PO (wy)Aw PO (ws)Aw

Let us analyze the second term,
Se(ws)  4Am?cfe® W2 +w?  w?é?
PO(wy)  W?2+w? 42W w
and then find where € appears in the rates. By setting for simplicity the prefactor
%W = 1, we find that the rates for small V; /AV can be expanded as

Wy Q(t) — e—%(AV:I:Vl sinwst) _ Eeq:% sinwst

2
W( 2V . >
%? 1F —sinwst

KR
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Figure 4. Log-log plot of the power spectrum of the system (¢ = 1, W = 1) without modulation
(left) and without modulation (right, with ws = 3, S./w = 100).
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Figure 5. SNR as a function of  for Figure 6. In S, (plus a constant) as a
AV = 1/4. The vertical dashed line function of k for AV =1/4 and W =
is at k* = AV. Ae 2AV/" (here A = 1). Curves are

for four values of ws: 10™* (black) and
it first three multiples of 2.

By comparing this equation with (6.18) we identify ¢ with

- wn

(6.23) € p

2A

Since W ~ e" = W

Voand € ~ -, we have

Se(ws) w22 1 2.y
N w ~ = ~ — P
SNR,,, PO (wy) 3¢

The maximum is at x* such that
OSNR,,,

Ok
which gives (exercise) £* = AV. This holds regardless of the amplitude V1, as long as V} < k.

=0

K=K*

In Figure 6 we show an example of the signal (in log scale)
W2 /K2
n—""
W2+ w?
as a function of k. Curves are for different ws; <« A, where A is the prefactor of the rate
W = Ae 22V/% The maximum of the signal is at an intermediate value of %, which is not
coincident with AV but just at an intermediate value not very sensible to ws. The relevant

aspect is that the curve is sharply peaked and that there is a range of x where the system is
very sensible to the drive.

InS. =1 + const
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Another feature of SR is the peculiar distribution of waiting times between jumps. Without
the periodic signal, the system stays in £c for a time 7 which is a random quantity exponen-
tially distributed (as in Markov jump systems). The periodic signal deforms the exponential
distribution by adding peaks around multiples of a typical time. The first peak at half of the
signal period ¢4 is enhanced by SR due to the phase synchronization with the drive of the jumps
between the two states.
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6.3. Instantons

Instantons are rare trajectories connecting two states that are not usually found in a typical
path. In classical dynamics (instantons exist also in quantum mechanics) the rarity comes from
the low noise limit, which limits the ability of the dynamics to visit all states. The typical shape
of an atypical trajectory usually contains a sudden transition, hence the name “instanton”. For
instance, in the time-scales of the planetary atmospheric evolution, the appearance of a stable
giant vortex on the surface of Jupiter (sketched in Figure 7) takes place (rarely) by following an
instanton.

We consider a Langevin equation in the low noise limit,
(6.24) ie(t) = F(ze) + VeE()

where £(t) is a standard white noise. In this note we deal with one-dimensional systems while
keeping in mind that the approach can be generalized to d dimensions with some complications
(see exercises). A trajectory from this dynamics is denoted by [z] = {z(t)|t; <t < tr}, where
t; is the initial time and ¢ is the final time. The terminology we borrow from thermodynamic
systems is that F' is a “force” and “x” a position. However, let us consider a dimensionless x
and F' with dimensions of an inverse time.

The infinitesimal propagator is:

A 2/~ 2
(6.25) Wt + At t) = — ¢~ 3 (& —F @)
V2reAt

Performing the limit of infinitely many subsequent propagations, the full propagator of a path

(6.26) W(ap byl ti) = /p[x]e—“f]
can be expressed via an action

(6.27) Sla] = /t Y L iyt
with Z

(6.28) L(z, i) = % (& — F(z))?

There is an approximation in the form of the function L because we are neglecting a term ~ e
that is irrelevant for small noise. In the limit ¢ — 0, the weight of most of the trajectories
becomes tiny. We use the saddle point approximation and we look for trajectories z* that
minimize S[z|. Note that the optimal minimum of S[x] is where it is zero. Given z*(t) with
fixed z*(t;) = x; and 2*(ty) = x5, we get

(6.29) W(xys,tyla, t;) ~ e SlEl/e
(6.30) S[z*] = (Itn)iil Slx]
m(t;):x;

where the solution z* is the instanton.

Instanton

Instanton

Figure 7. Sketch of instantons at atmospheric scale.
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The trajectories extremizing S[z] solve the Euler-Lagrange equation

(6.31) jt?)i _ gi

(6.32) i — a‘:C”;Sf) = —(i— F(z)) dz;f”)
T 2

(6.33) i CZCF(Q)

Thus, the equation to solve is a second order one, yielding smooth solutions. This might sound
strange, given that Browninan trajectories are not differentiable. Yet, this makes sense: the in-
stanton z* represents the trajectory followed on average by a real, noisy path during a transition
from x; to ;. A “real” instanton is thus a zigzag around the solution z*.

The instanton equation (6.33) may be cast in terms of an effective potential

1
(6.34) Vesr(w) = =5 F*(2)
in this way
(6.35) i = V()
. - dx eff

The effective potential is proportional to the negative square of the force. Hence, where forces
are changing rapidly with x, we should expect more acceleration in the solution for z*. On the
contrary, where forces are not so sensible on z, the instanton gets less accelerated.

For instance, if ' = —dV/dx is a conservative force, the effective potential is zero (hence
maximum) at all stationary points of the potential V', being them minima, maxima, or saddles!
This leads to some counterintuitive behavior of instantons. To gain more insight into this, below
we discuss two examples.

Finally, we note that (6.35) is an equation conserving a total “energy” E,

1
(6.36) E = 5552 + Ve ()
This may offer a route for finding an analytical solution for x* that is alternative to the solution
of (6.35).

6.3.1. Instanton, example 1. We consider a one-dimensional system where the force F
derives from a potential V(z) = 522, namely F(z) = —kz. The stochastic process related to
this linear force is called the Ornstein-Uhlenbeck process

(6.37) & = —kx + Ve&(t)

The effective potential in this case is Veg(xz) = —%/4321'2, which is a reversed parabola (see

Figure 8). We ask which trajectory is typically followed from z; = 0 at t; = —oc to a final z( at
ty = 0. The instanton solution is given by

B d [ Kk%x? 9
(6.38) x_d:c< 5 >—/<caj

The instanton thus is x*(t) = xpe™. Most of the time it sits close to the minimum of the well.
Only at the very last moment it raises to reach the point xg. We stress that xg could be even
a very unusual point given a low noise strength e. By raising the value of xg, the shape of the
instanton is only amplified and the time spent far from the minimum of V is not becoming
extensive with respect to the time close to it.

Noting that the initial velocity in the x* is &; = 0, it is possible to find the same instanton
solution by the conservation of energy (exercise).
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Figure 8. Harmonic potential and its effective potential for V(z) = £z (left) and V(z) =
k(1 — cosz) (right). In these examples, k = 1/2.

6.3.2. Instanton, example 2. We consider another one-dimensional system with potential

V(z) = k(1 — cosz), giving F(z) = —rsinz and effective potential Veg(z) = —2x?sin? 2. For
x =~ 0 this potential overlaps with the V' in the previous example (see Figure 8).
In this case we ask which trajectory is typically followed from z;,#; = 0 at ¢{; = —oo to a

final x; = 7 at ty, given that the trajectory is midway (x(0) = 7/2) at t = 0.

To find the instanton solution this time we use energy conservation. We start from a finite ¢;
(to be sent to —oco) and small yet finite z;, 2; = § = 0, for reasons emerging during the following
calculation. Due to these assumptions, at most the initial energy E ~ 62 > 0 (it will turn
out to be zero exactly). For analytical purposes, we adopt E = 0 from the beginning. Thus,

342 = V() yields
. 1, . .

: T=4/-2|—=kK?sinx | = Kksinx or <z<mw
(6.39) 2| —5n? f 0<z<
Separating variables,

d
(6.40) kdt = ——
sinx
and integrating up to time t,
€T dxl
t—t;) =
d i) /zz sin o/
€T
= logtan ad
i
tanx/2
6.41 =log ————
(641) 8 tan x;/2
which can be inverted to find
(6.42) x(t) = 2arctan [tan %e”(t_t")}
The condition z(0) = 7/2 requires
Ti gt ™
tan o Ziert] = T
arctan |tan —-e 1
(6.43) — tan %e*“ti =1

which simplifies the equation for the instanton to

(6.44) z*(t) = 2arctan [¢"']
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Figure 9. Example of instanton for the dynamics with V(z) = k(1 — cosz) (with k = 1/2) for
t; = —oo,x; = 0 and ty = oo, zy = 7, passing from x = 7/2 at t = 0.

This solution is compatible with the initial requirements but would not have made sense without
a finite x; because of the division by tan z;/2. The condition (6.43) indeed allows a simultaneous
limit t; - —o0,x2; — 0.

The instanton (6.44) has a shape shown in Figure 9. Note that it spends as much time close
to the bottom of the well as it spends close to the saddle x =~ 7. This can be also understood by
the shape of the effective potential (Figure 8). An initial slow roll down Veg(x) from x = 0 is then
maximally accelerated around = = 7/2 and returns to zero velocity at large times around = < 7
due to the negative acceleration from the increase of Vog(x) in x € [7/2,7]. As anticipated, the
instanton is not accelerating around saddle points of the potential V.

In practice the same shape of the instanton can be reversed on the side z > 7 of the saddle.
A realistic transition from the first well = 0 to the second well x = 27 would look like a noisy
instanton around a curve as (6.44) but eventually translated in time, followed by a similar curve
down the hill at x > 7. However, the time spent on top of the saddle would be not negligible,
as indicated by the shape of the ideal solution z*.

The proof that E = 0 for the solution z* in (6.44) is left as an exercise.

6.3.3. Other applications of instantons. The low noise limit has a statistics characterized
the dominant paths. In this sense, calculations along the lines of those above show that:

e a stationary distribution emerges as

(6.45) P(x) m e VinD/6
where
(646) Vvinst(xfatf‘miati) - S[.I'*]
(647) V;nst(-%') = tgriloo Vvinst(xfatf’xiati)
CCli—)xm
tf—>0
If*)(ﬂ

is a potential corresponding to the action from an instanton path starting at a reference
Zm (e.g. a stationary point visited normally by the low noise dynamics).

e Given z,, within a domain D with boundary 9D, the exit time from x,, to any point x on
the boundary is

(648) Te & e‘/i;st/e
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with

6.49 Ve — min min Vi e 0
( ) inst xré%%rg(l)l lnst(l'a |$m7 )

The exit point z is where there is a minimum in the action S joining it to the initial x,,,
and the exit time is the duration of the corresponding instanton, which would thus be the
exit path from D. Note that the optimal time 7. gets longer in a modified system in which
the optimal path needs to reach a point with higher V.*

inst*
Problems

Problems on Levy flights.

Exercise 6.1. Expand the details of these passages

1 [ kol 1 [ . 1 1
(6.50) P(z,t) = / dke™" IkIFike / dke "% cos kax = S
2 J_ T Jo TT* ] 4 (xl*)

used to find the one-dimensional Cauchy distribution. Finding the last term by skipping entirely
the cos kz step is also an option. Here z =0 at t = 0 and z* = Dqt.

Exercise 6.2. With the Cauchy jump distribution with typical displacement z* = D1t at time
t (see previous exercise, setting x = displacement), compute the probability P(x,t) to find the
particle at position x at time ¢ for such a Levy process, when the initial distribution is uniform
and bound as P(z,0) = p(z) = 1/(2a) for x € [—a,a] and p(x) = 0 otherwise.

Exercise 6.3. (optional) Check numerically that the sum S,, = 1 +. ..+, of n i.i.d. variables
x € R, each one distributed according to

1
p(z) = P for |z| > 1, p(z) =1/4 for |z| <1
converges to a Cauchy distribution
1
P V)= ——M—
Cauchy( ) 7_‘_(1 T Y2)

after a suitable rescaling Y, = 7S, /n®. What are v and 37?

Problems on stochastic resonance. Consider the two-state model with states at position
x1 = —c and xo = +c¢ and probability p to be in state —c¢, which evolves according to

W
p=-Wp+ - + esin(wst)

(see the notes of the lecture for more details)

Exercise 6.4. For ¢ = 0, show that the correlation function C(t) = (x(t)z(0)) = c2e~ "I,

Exercise 6.5. For ¢ = 0, use the Wiener-Kintchine Theorem
o0
P(w) = 4/ C(t) cos(wt)dt
0

to show that the power spectrum in this case is
W
W ra?
Exercise 6.6. For ¢ # 0, show that the signal-to-noise ratio is maximum at k* = AV if the
rates follow the Kramers formula

2A 2 2
Wi =exp _2aV F M sin(wst)] = —exp [:Fvl sin(wst)}
K K K

PO(w) =42

with V3 <« AV and using the correct identification for e in this case.



68 6. Interesting Stochastic Phenomena

Problems on instantons. For the one-dimensional stochastic motion

&= F(z) + Ve
with white noise £ and drift F, the instantons (¢ — 0 limit) follow the equation
dVe
i=— ;/ff with  Vig(z) = —F2(2)/2
x

which implies a conservation of the “energy”

1
B = Ji + Ves(2)

Exercise 6.7. Find the instanton for F' = —kx by using the conservation of energy, for initial
condition t; = 0,x; = 0,4; = 0 and final condition xy at t = 0.

Exercise 6.8. For F' = —ksinx (see lecture notes) show that the instanton
z*(t) = 2arctan [e"]

has "energy” E = 0 at every instant ¢.

0.12

7 ik "\ -
/ \ 0.10
0.10 / \
/ \
/ \ 0.05
0.08 / \
/ \

0.06

kinetic term 0.00 acceleration
0.04 / '\\ minus effective potential ~0.05 -=== minus gradient of effective potential

0.02

0.00"
-4 -2 0 2 4 -4 -2 0 2 4

time time

Figure 10. For k = 1/2, graphical examples of the conservation of “energy” (both terms in F
are equal) and of the solution of the instanton equation.

Consider a N-dimensional system with ¢ < N components. Each component of ¥ = (x;)
follows a stochastic motion
@i = Fy(%) +Ve&
with independent white noises (&;(¢)&;(t')) = 0;;0(t —t').

Exercise 6.9. By starting from the Euler-Lagrange equation per component, show that the
instanton equations become

Lj

2 N 4 .
(6.51) o0 |F| N <8FZ B BF]>

T ox; 2 = Oxr;  Ox;
where |[F|? = YN F2,

Exercise 6.10. Show that 1

E = §|x\2 + Ve ()

with Veg(z) = —3|F|%, is constant for the solution of the instanton equations (6.51).



Chapter 7

Disordered systems

For systems in equilibrium at a temperature 7' (and § = 1/7T", with Boltzmann constant kg = 1),
average quantities in the canonical ensemble are obtained by running weighted sums over all
possible configurations .S,

X5 X5l
(7'1) <X> = SZS o—BHI[S]

The denominator is the partition function
(7.2) Z =Y e Ml
S

and H|[S] is the Hamiltonian, or energy function of the system. The free energy is F' = —T log Z.
If we have X coupled to a parameter o in H' = H + aX, we see from the structure of (7.1)
that (X) = %OF /Oct|a=0 derives from a suitable derivative of the free energy, which acts as
a generating function. Hence, the knowledge of F' allows to predict the mean behavior of the
system.

One of the standard theoretical models of condensed matter is the Ising model for ferromag-
nets, which is the paradigm of a system displaying a phase transition by varying the temperature.
In the following we use this model to show how the free energy should be evaluated in systems
with some quenched disorder. To emphasize the similarities and the differences from the non-
disordered system, we start by recalling the solution of the mean field Ising model.

7.1. A simple non-disordered system: the mean field Ising Model

A standard Ising model, with spins S; € {—1,1} for ¢ = 1...N and Hamiltonian
J
(7.3) :—NZSS hZS

is in a “mean-field” version if the sum runs over all possible pairsof 1 <¢i< Nand 1< j < N
with 7 # j (in the next section also the (i,7) pair will be included for simplifying the calculations;
such constant energy shift is irrelevant thermodynamically). The system is ferromagnetic if J > 0
and hence —J < 0 favors the alignment of the spins. The external field h is the same for all
spins.

We are interested in the thermodynamic limit N — co. From the point of view of a given
spin j, a myriad of other spins should contribute with an average effect due to the central limit
theorem. The average magnetization

(7.4) m== 310
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Figure 1. The graphical solution of (7.12) is obtained by finding the intersections of the
tanh(28Jm) function with the function m. The three curves are for low, critical, and large

B.

should thus play a relevant role. Indeed, it enters in the calculation of the typical energetic
contribution from 7,

2J
(7.5) H;=S; —NZSZ-—h]
2J
(7.6) ~ S; N (Si) — h] (for large N)
(7.7) = —hpS; with average field h,, =2Jm + h

(we would have had J and not 2.J if pairs i < j were considered).

The mean field approximation yields a non-interacting system of a single spin S; in a field
hm. Its two possible states at inverse temperature 5 = 1/T thus appear with probability given
by Boltzmann weights normalized by the partition function Z,

676Hj eﬁthj

(7.8) P(S) = "5~ = i

There is still a self-consistency condition to impose on h,, and thus on the magnetization m:

(7.9) m= Y P(S))S;

S;=%1
Bhm __ oBhm
e e
(7.10) = B e P
(7.11) = tanh(Shy,)
and by recalling what is h,,, the self-consistent equation becomes
(7.12) m = tanh(52Jm + Sh)

Even for the simplest case h = 0 without external field, one should find the solution graphically
as shown in Figure 1. At low 3 (high temperature) the function tanh(52Jm) is quite flat and
stays below the function m, hence there is only one solution at m = 0. At a critical 3., three
solutions merge at m = 0 and they split above . into m = —m*, 0, +m* because tanh(5Jm) is
steep enough to cross the diagonal m three times. The critical 5. is found by requiring that the
tangent of tanh(/52Jm) is equal to 1 at m = 0, which yields 8. = 1/(2J).

7.2. Random Field Ising Model (RFIM)

We aim at understanding what changes from the standard Ising model if the field h; is now
randomly assigned to each site i. To stress that this random field is a fixed feature of each
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2)J/ 0

ferromagnetic

paramagnetic

*.

'zero-temperature
para-ferro. transition

-

T/d

Figure 2. Phase diagram of the RFIM.

system, we call it quenched disorder. We may expect that this disorder added to the thermal
randomness is a crucial factor when much stronger than the total ferromagnetic coupling with
the other spins. In this sense, we could have a paramagnetic phase also if the temperature is
very low because the spins prefer to follow their own local h; rather than the global trend given
by the magnetization.

We thus study a Random Field Ising Model (RFIM): the ferromagnetic coupling between
spins S; € {—1,1} (in a configuration denoted by S = (S1,...,Sn)) is as in the standard Ising
model and the interaction is again not limited to nearest neighbor but runs over all pairs 1, 7,

(7.13) Hy[8) =~ 30855~ SO miS;
%,J %

including the ,4 interaction, for later convenience. Here, as a novelty, the disorder is realized
by picking each local field h; from the same Gaussian distribution with variance 62,

1 2 2
7.14 p(hi) = ——=eM/?" Vi< N
(7.14) (hs) Nowes)
and fixing it. Thus, every system is characterized by a given quenched disorder h = {h;|i =
1,...,N} (of i.i.d. random variables) with full probability

N
(7.15) p(h) = [ [ p(hs)
=1

We would like to prove that the phase diagram of the RFIM is as that shown in Figure 2, where
two phases (ferromagnetic with a macroscopic magnetization, and paramagnetic) appear. The
diagram is as a function of the ratios 7'/6 and J/§. The value T//6 quantifies how thermal
energy is relevant with respect to the disorder. The value J/é quantifies the relevance of the fer-
romagnetic coupling with respect to the disorder, and obviously the ferromagnetic phase appears
where J/0 is sufficiently large, where “sufficiently” is quantified by the dense line separating the
phases (note its monotonic increase with 7: why?). The phase diagram also shows that, for
given values of J and T, there is always a value of ¢ that can randomize the system enough to
make it paramagnetic. Even for T = 0 we may see a para-ferromagnetic phase transition by
varying 6.

The new issue is to find the typical behavior of a system by averaging its behavior over the
realizations of the disorder. As discussed later, this centers around averaging the free energy

(7.16) Fh = —TlogZh
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over the disorder, rather than averaging the partition function

(7.17) Zn = Z e~ PHus]
S
An average over the disorder is denoted by an overline in the following. For example,
(7.18) F=-TlogZ, = —T/Hdhip(h) log Zj,
i
The average of a nonlinear function as the log is problematic and it turns out to be simpler

to average the n-th power (Z;)". Because of this, it is useful to follow the replica trick. In its
various forms, it reads

zZn —1
(7.19) log Zj, = lim ,
n—>0 n
(7.20) log Zp, = lim — log zn,
n—0n
- S
21 log Z;, = —Z™
(7.21) 8= 5.7"

This is a useful mathematical step that, however, comes at the price of performing a weird limit
of n — 0 replicas. Each replica is one out of n copies of the system, all sharing the same disorder

h.

We label each replica by an index a = 1,...,n let it understood that Z = Z;, and H,[S] =
H|[S] both depend on a quenched disorder h. The n-th power of the partition function is then

_ Z exp %] Z S’ij‘»’ exp <B Z Z thz)
a 3j % a

{52}
(7.22) = Y e 2T sy exp<5zzsghi>
{Se} a ij i a
=eXi Mihi

where ) {ge} IMeans sum over all possible configurations of all replicas and
(7.23) Ai=B) S
a

Since the average over disorder is limited to the last term with h;’s, and since each term yields
its own average via a Gauss integral,

(7.24) elihi = /dhip(hi)ex\ihi - 862/\12/2’

we may rewrite

[ 252 2
(7.25) Zn = {Z}exp %ZZS;ES?JF %Z (Z Sf)
Sa L a 1ij ) a

(720 -3 7y (Z S“) Y (Z S“)

where we noted that the first term in the exponential is just the square of ), S¢. This is possible
thanks to the choice of running the interactions also over the (i,7) pairs.

By inspecting the structure of (7.26) we note that we arrived at a system with interacting
replicas! At the same time, the disorder has disappeared from the formulas. This trade of
complications will finally lead to a solution of the RFIM.
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Next we use the Hubbard-Stratonovich (HS) transformation,

(7.27) e3? dre 5ot

F

b2
for negative exponent it becomes e 2% = —A_ [ dze~ P iz
( g D il )

which is useful for transforming

squares in exponentials. In physical terms, this is translated to a replacement of interactions
between degrees of freedom (z2) by interactions with a mediating field = (the term zz) which
follows a Gaussian statistics (22). The left-hand side of the HS formula can be seen in (7.26) if
we identify

(7.28) Za=1/2JB) S¢

(7.29) b= —

2b +zaaca

(7.30) e3*

By performing the HS transformation we get a version of Z" in which spins S; appear
decoupled from the others,

(7.31) Zn:(éD {%;/Hda:aexp[ za:xg
+ 2J5225a a+z<25a>

> ;.- gives N times the same object log Z1

(.32 _ (g)nﬂ/l—[dma exp [N (—; ZCL‘Z + log Zl(fL’a))]

with

252 2
(7.33) Zi(xq) = 2 exp \/Q,BJ;%S“ + % (; Sa>

{Sa=+1}

where we set S — S“ due to the independence of Z; on the index i.

The exponent ~ N in (7.32) shows that we can now use the saddle point approximation for
large N. In doing this, we also assume that all replicas share the same z, = = (like in a replica
symmetric solution), hence ) x, = nz, and ), 22 = nz?. The saddle point, denoted by z;,,
solves the equation

(7.34) gx —%nﬁ—l—long(x) =0 — nac—ailong(m)
hence
. S9) e A[S,zm]
) o = AT (S S
Z{Sa 41y €77
where

2
(7.36) AlS, 2] = \/2BJx Z 5%+ 52252 (Z S“)

The structure of (7.35) reveals that x,, is proportional to the average over the replicas of the
spins, i.e. the magnetization m, in an ensemble where the Boltzmann weight e” determines



74 7. Disordered systems

averages (. ..),
(7.37) \/% _ <izga> =m

We can thus rewrite everything by using m = x,,/v/28J:

(738) 7n ~ eN[—nﬂsz-‘rlog Z1 (m)]
{Sa=+1}

B*s°
(7.40) A[S,m] =28Jm > 5+ <Z sa>
(7.41) mzzl(lm) > < ZSa) A[S,m]

{Sa=+1}

where A[S, m] still couples the statistics of the replicas.

We recall that we are looking for a self-consistent equation for the magnetization, in analogy
to the solution of the standard mean field Ising model. The square (3}, S%)? that resisted so far
in the exponent is removed by means of another HS transformation,

dv 12 a
(7.42) eAlSm] — /6—21/ +(28Jm+Bv) Y, S
V2

This brings the advantage of finally decoupling the replicas. With this HS transformation, Z;(m)

becomes
Zi(m) = Z AlSm]
{Sa:j:l}
—3v H Z (28Jm+pév)S (n decoupled replicas)
a Sa—

dv ez [2 cosh(2BJm + Bév)|"

NG
(7.43) dv 77u2+nlog[2cosh(25Jm+55V)]

Var©

We are finally able to perform the limit n — 0 dictated by the replica trick, for which Z; — 1.

In analogy, we can prove that also the formula for m can be rewritten without any explicit
reference to each replica but with just the number n of replicas appearing (exercise). It turns
out that

1 d
(7.44) m = v

Zi(m) ) Verm

which, for n — 0, gives

dv 1.2
7.45 m = / e~ 2" tanh (28Jm + Bdv
(7.45) Nz (28Jm + Bov)
This further appearence of a Gaussian distribution for v (unit variance) is welcome as one can
convert, it to a Gaussian distribution for h = dv and translate the formula to an average over
disorder [see (7.15)],

e*%lj2+nlOg[QCOSh(2ﬁJTn+55l/)} tanh(2ﬂjm + ,B(;V)

2
¢~ 252 tanh (28.Jm + 8h)

d
V212
(7.46) — fanh (B (2Jm + 1))

This self-consistent equation for m = mgs.(m) with ms.(m) given by the right-hand side of (7.46)
is solved graphically, as shown for the Ising model. The critical line in the phase diagram of
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Figure 3. Plot of the self-consistent magnetization (7.46) vs m, for 8 = J = 1. The three
curves are for different noise strengths: § = 0 (standard Ising), 6 = 1 and 6 = 2. Note that

the system without disorder is ferromagnetic for these parameters but becomes paramagnetic
at sufficiently high 4.

Figure 2 corresponds to the points where Omg./dm = 1, that the values of (7,9, .J) for which

the curve is tangent to the diagonal line m = m. One can prove (exercise) that this condition
turns into the equation

(7.47) 28] / dhp(h)[cosh(lﬂh)]Z _

which can be recast in several forms; for example, by using reduced variables J' = J/d, 8’ = 34,
h = Bh related to those in the axis of the phase diagram of Figure 2, we get

1

2 1

dh _ 3%
(7.48) 26’,]'/ e 287 — =1
V2 [cosh h}

Using this condition, one can show that even for zero temperature one has a para-ferromagnetic
transition by varying the ratio 2J/§ = 2J’. The transition takes place (exercise) at 2.J/§ =

/2. Note that the self-consistent equation of the mean field Ising model is recovered from
(7.46) for § — 0. In Figure 3 there is an example of ferromagnetic phase disappearing by
increasing 4.

The free energy averaged over the disorder in the end is

F=-TlogZ
_ 9
on |,
9 N(—nBJm?+log Z1)
o _Tan |:€ }n:()
= —-TN [—BJmZ + 9 log Zl]
on ne0
[ T 0
=N |Jm? - —-—Z
L m Zl 8n 1:| n=0

_1,2
SV

- N _sz — T/ \;l;e log[2 cosh(28Jm + 55’/)]]
I T
\/%62}322 log[2 cosh(B(2Jm + h))]]
T

To wrap up, after deciding that the correct quantity to average is the free energy, one uses
the replica trick to convert the computation to that of a system of interacting replicas without
disorder. By some massage including two Hubbard-Stratonovich steps (to get rid of quadratic

(7.49) =N —Jm2 -T /
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forms in the exponent till we get to the right quadratic form, i.e. the disorder average) and
by the identification of some quantities with others having physical meaning (magnetization,
average over disorder), one finds a self-consistent equation for the magnetization that represents
the generalization to a system with quenched disorder of its version for the Ising model. This
magnetization enters in the solution for the free energy. The phase diagram of the RFIM follows
from these equations, with boundary between phases given by the points where the self-consistent
function of the magnetization has derivative 1.

As a final point, let us hightlight that the limits limy_, o lim,_,o have been inverted in the
above calculations, becoming lim, .o limy_,,. Performing the thermodynamic limit before the
limit to zero replicas is fine for the RFIM.

7.3. Neural networks and Hopfield model

The RFIM does not have a very interesting low temperature phase. In the ferromagnetic state
it displays the two possible magnetizations and even in the paramagnetic case it stays around a
single characteristic state which converges, for T'— 0, to a single state with spins fully aligned
with local fields. This is not the case, in general, for disordered systems, which usually display
a complex low temperature phase, or phases, with many basins of the free energy.

Our first example of disordered spin system with many nontrivial minima is a neural net-
work where patterns are intentionally generated by an external agent, by encoding them in
the coupling J;; between neurons, which are biologically realized by axons. In this case each
Ji; represents a synaptic efficiency, i.e. the kind of transmission of the axon from neuron j to
neuron ¢. We will map neurons to spins and J;; to their coupling, thus translating patterns into
energeric minima.

Biologically, a neuron is activated when the incoming electrical signal overcomes a threshold.
We define neuron states as

(7.50) S; =+1 (excited), and S; =—1 (at rest)

and a local field collecting all other impulses as

N
(7.51) hi =Y Jij(S; +1)

j=1
where also J’s take +1 values,
Jij = +1 (excitatory synapse)
(7.52) Jij = —1 (inhibitory synapse)

These J’s are quenched. The dynamical variables are the S;, evolving by defining a new value
of each S; given the local excitation h; determined by all values of other S;’s.

The dynamical rule, defined in discrete time ¢t = 1,2, 3,.. ., is the following:
N
(7.53) Si(t+1) =sgn(hi(t) — 07)  with  hi(t) =Y J;(S;(t) + 1)
j=1
and local threshold 6. A simplifying hypothesis
N
(754 o=,
j=1
leads to
N N
(755) Sl(t + 1) = sgn hl(t) — Z Jij = sgn Z Jiij(t)
j=1 j=1

We have all J;; # 0 and thus the system is densely connected. However, we impose the J; = 0
(Hebb rule).
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The purpose of this neural network is to store P patterns. By indexing the patterns with
pw=1,..., P, we have that each pattern

(7.56) f={e, ... &k} with  &'={+1,-1}
is essentially a spin configuration. We choose
Jii =0 (Hebb rule)

1 L

(7.57) Jij = 5 D&l
pn=1

The second requirement defines the Hopfield model and introduces memory in the neural net-
work: each pattern turns out to be a fixed point of the activation dynamics,

(7.58) Sit)=¢' = Sit+1)=¢

This means that patterns are solutions of the equation

N
(7.59) P=sgn [ Y gt
j=1
This can be seen by first noting that the scalar product between two patterns,
N
(7.60) v > ey ~ 5., + O(NTY?)
j=1

yields essentially zero for u # v if the number of pattern is small compared to the system size,
P/N — 0 for N — oo even if P > 1. This limitation for P is assumed hereafter. The second
term in the previous equation takes into account the random overlap of patterns. Hence,

N -
sgn Z Ji]f;f = (with the definition of J;;, (7.57) )
j=1

N P
1
sgn g (NE & ;’) Y= (rearranging)

j=1 v=1 |
P L ]

sgn Zfé’ NZ&;’ Y= (using (7.60) )
v=1 j=1

(7.61) sgu [¢h] = &
which proves (7.59).

What happens if we start from a configuration slightly different from a pattern? The dy-
namics is mapped to that of a disordered Ising model with energy

|
ElS] = -5 > JiiSiS;

ij=1
1 N
(7.62) = 3> Sih

that is minimized by a configuration S aligned with its local field h. At finite temperature
T = 1/p the probability of a configuration S = {S,..., Sy} is

—

(7.63) p(8) = %exp{—ﬂE[S]}
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where as usual Z stands for the partition function

(7.64) Z =Y exp{-BE[S]}
3

A zero temperature dynamics, when updating S (t), leads always to a new S (t + 1) with energy
E[S(t+1)] < E[S(t)]. When starting from an initial S(0) not too different from a given pattern

&, the energy minimization brings to S(t) = Eu at some finite time ¢. The configurations S (0)
falling back to such pattern are in its basin of attraction, or free energy local minimum.

As an application in computer science, one may think of the neural network as a storage of
P images, and of S(0) as an image copied from a &* but with corrupted pixels. The original
image may be recognized among the others by energy minimization.

Next we show that the number of energy minima of an Hopfield model is essentially the
number P of patterns. The free energy per spin is

1
7.65 =——1logZ
(7.65) S A
The P patterns are stationary points of the landscape of the energy function E.

By using the approximation

1 P
(7.66) Jij = (1= bij) 5 &'}
pn=1
1 P
(7.67) ~ Zléé‘ijf‘
I“L:

which is a modification forgetting about Hebb’s rule encoded in (7.66) and with little relevance
~ N in a sum ~ N2 we rewrite J;; via (7.57) in the partition function,

P
(7.68) Z=3 exp % D 88y gt
ij p=1

B 2

(7.69) =D e o) (Z Sif,“)
p=1 7
1 P P
(7.70) :Z/quuexp *§NBZC]Z+ﬁun (Z&&f)
g o pn=1 pn=1 7

where in the last step we removed the square by a HS transformation, for which we are forgetting
the prefactors (they would be irrelevant for our purposes). Now each of the terms with 1 <7 < N
is independent on the others. The last term in the previous exponential becomes

P P
(7.71) Z exp { 3 Z Q) Sip = (defining ¢ - 5_; = Z qu&l)
Si::t]. u:1 M:l
(7.72) QCOSh(,BC_T- f:) =
(7.73) exp{log[2 cosh (B(j’- é)]}

and the partition function turns into

(7.74) Z = /quuexp{—NBU(fT)}
I
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with

P N
(7.75) u(q) = B Z qi — Bi\f Z log[2 cosh(ﬁ(j’- 5_;)]
=1

to be expanded around its stationary point ¢* (minimizing u(q)) for performing a saddle point
approximation. In fact, the free energy coincides with the u function at the saddle point,

(7.76) f= —]\;ﬁlogZ = u(q")

The stationary point is found by requiring

ou ou
7.77 G, Ty
(7.77) {3(11 dqp }

For any component this means

— ¥

9=q

ou 1 &
(7.78) D D ey sinh(ﬁq- gi) Bel =0

U s cosh(ﬁff ' Si)
leading to

1N
(7.79) G ==~ Ztanh(ﬁ(j’- 5,»)55 Vu=1,...,P
i=1

(we are dropping the star from the notation). The sum over all neuronsi =1,..., N for N — oo

becomes an average over the possible values of &,

(7.80) ¥ @)= = [dPose

P(¢), the probability density of £, is found by noting that £ = +1 with equal chance:
(7.81) /dgp(g)...: %5(5—1)...+%5(f+1)...EE(...)

The solution (7.79) is thus rewritten without the index ¢ in the notation,

(7.82) ¢ =E [tanh(ﬁcf 5)5”} Yu

To find a solution, we assume that ¢ = (¢,0,...,0) with P—1 null values and only one nontrivial
q value, and later check if it works.

The physical meaning of ¢ is better understood by stepping back to the sum over discrete
variables (7.70) but with function u replaced by @

i L L N
L _ 2 .
(7.83) a(q,S1,...,SN) = 2;% — W;qu (;5;‘50

In this case, the saddle point solution ¢ where du/dq,, = 0 for all y’s yields

N
1
.84 :75 ra.
(78 ) qH N — é.7, SZ

which reveals that g, is the overlap of the spins with the u-th pattern of the neural network.
This explains that ¢ = (¢1,0,...,0) for 4 = 1 makes sense, and similarly for all other patterns
v # 1 we should set ¢= (0,...,0,q,,0,...,0).
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Focusing on the first pattern, from the above structure for ¢ we get P equations,

(7.85) q=E [tanh(5q1€1)§l] (1 equation)
(7.86) g =E tanh(ﬁqlﬁl) & (P — 1 equations for v > 1)
—_—

odd odd

Each of the P — 1 equations (7.86) is an expectation of independent odd terms with an even
probability distribution for £’s, hence for parity it gives g, = 0, consistently with the hypothesis
that ¢ contains only one nonzero element. This is given by (7.85), which explicitly is

@1 = 5 tanb(5gy) — 3 tanh(Bar) x (1)

(7.87) = tanh(8q1)

Since this is true for all patterns, in summary the only relevant saddle point equation for the
Hopfield model is

(7.88) q = tanh(8q)

which resembles that of the mean field Ising model, with the overlap ¢ replacing the magnetiza-
tion m. In a sense, the overlap is a generalization of the concept of magnetization, to systems
where a global magnetization does not appear, but where the overlap still quantifies some local
order emerging within the state space.

Similarly to what seen for the Ising model, from the saddle point equation (7.88) we learn
that there is a (second order) phase transition, here at 8. = 1 where tanh(q) is tangent to the
= q line. Of the two nonzero solutions +4 appearing at 5 > ., the one at —g does not tells us
anything more than that at 4+¢ because fully anticorrelated and fully correlated have the same
information content. By going to T' — 0 we are left with P ground states, one for every pattern.

7.4. Sherrington-Kirkpatrick (SK) model

Here we discuss the Sherrington-Kirkpatrick (SK) model, a central model in the field of dis-
ordered systems (perhaps the “Ising model of disordered systems”), allowing us to introduce
some ideas and techniques central in this field. In particular we will explain the reason why
it is possible to compute exactly the free-energy of this model and how to cast this calculation
into a variational problem. By doing this we will introduce the characteristic order parameter
of disordered systems: the overlap matriz q.5 = % Zf\i 1 Sf‘SiB . While a complete account of
the (quite technical) intermediate steps of the free-energy calculation can be found in [ “Spin
Glass Theory and Beyond”, Marc Mézard, Giorgio Parisi and Miguel A. Virasoro, Wiley] and
[ “Statistical Physics of Spin Glasses and Information Processing”, Hidetoshi Nishimori, Oxford
University Press|, the present lesson will be concluded by an informal physical explanation of
how the hierarchical ansatz for the matrix g, 3 captures the hierarchical nature of the free-energy
landscape (minima nested into minima) typical of the spin-glass low-temperature phase. The
presence of a multi-valley free-energy landscape is indeed the characteristic feature of systems
with quenched disorder as the SK model. While the hierarchical structure of the landscape of
the SK model is represented by the highly non trivial full replica-symmetry-breaking ansatz
(full-RSB), the more simple one-step replica-symmetry-breaking ansatz will be discussed in the
next lecture on the p-spin model.

7.4.1. Details on the SK model. We consider a magnetic system where each spin can take
the values S; = {+1, —1}, as for the Ising and Hopfield model. Again, the Hamiltonian
(7.89) H[S) == J;SiS;
1<J

contains all possible interactions between spins and is thus of fully long-range kind.
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Now the couplings are quenched but not to store patterns, they are chosen at random from
a Gaussian distribution

(7.90) P(Jij) = \/gexp{—;(\;g(%f}

with zero mean (thus, no ferromagnetism is present) and variance <J 2> = 0%2/N with constant
0. This choice leads to a free energy

1
(7.91) FJ:—EIOgZJNN

that is extensive for every realization of the disorder J. We can fix 6 = 1 and check this with a
high-temperature expansion (small 8 expansion) of Z:

Zy —Zexp B> JijSiS,

1<j
(7.92) S Z 1+ 8 JiSiS; | + Z ZZJ”JMSS SiSi
1<j xS 1<j k<l

where the sum ) 21 = 2N because it runs over all possible 2V spin states. The sums with spins
are zero whenever a spin, say 5;, appears an odd number of times in the summand because
every contribution with S; = +1 is canceled by another one with .S; = —1. This is the case for
the sum >, j Ji;5:S;. For the same reason, in the (2 sum there survives a nonzero term when
t =k and j =, so that

62
(7.93) Zy ~2N 1+72J3]
i<j

whose logarithm is

2
~ 2
log Z; ~ Nlog?2 + log 1+7 .éJ”
i<j

2
(7.94) ~ Nlog2 + % S I
1<j
must be of order N

In the last term there appear the variance of the disorder, ~ N? times. Imposing extensivity,
N 2<J 2> ~ N, we see that it must be <J 2> ~ N~1. This is common to many disordered systems
with long-range couplings.

The goal of our calculation is to compute the free energy in the thermodynamic limit
1
7.95 Fy= lim ——logZj.
( ) J Ngnoo 3 0g 4

This task might look at a first glance as a hopeless one since the partition function Z; depends
on quenched random variables. How is it possible to compute F; while keeping the random
couplings J;; fixed in the Hamiltonian? And even if it was possible, how general will be the
result? I.e., will it depend on the specific disorder instance, namely the choice of the coefficients
{Jij}i<j, or will be universal with respect to any choice of the coefficients? The solution to
all this problems/questions comes in the form of the self-averaging property of the free energy
with respect to the disorder instance. The question on how relevant is the dependence of F'; on
{Jij}i<j is indeed a well posed one: considered as a function of random couplings, F is itself a
fluctuating random variable. Two different choices of the random coupling sets, which in practice
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correspond to experiments on two different samples, let us label them as J(© = {JZ-(JQ)}K]- and

JO = {Ji(jl) }i<j, yields in general two different values of the free-energy, i.e.,
(7.96) Fo) # Fju).

The self-averaging property of the free energy tells us precisely that the difference between
these two values is irrelevant in the thermodynamic limit, i.e., the standard deviation of F; is
negligible with respect to its average value. By denoting the average of F'; with respect to the
probability distribution of random couplings as

(7.97) FJZ/ [[ a7 P(3ij) F,
X<y

and the standard deviation as

(7.98) o(Fy) =\ (F}) = (F))?

we have that the self-averaging property reads in formula as

. o(Fy) 1
7.99 | =~
( ) Ngréo Fy \/N

The self-averaging property of the free energy is thus crucial: in practice it tells us that in
the thermodynamic limit, up to negligibly small fluctuations, any choice of the disordered cou-
plings yields the same result. From the point of view of our calculation it means that in the
thermodynamic limit we can average over the disorder instances:

. 1 ) 1 ——
where f; = F;/N is the free energy per spin.

As for the RFIM, here it is useful to use the replica trick, here in the version based on the
math identity logz = lim,_,o(2" — 1)/n. Hence, we focus on Z”/ rather than logZ;. For n
replicas indexed by « or 8 (with n remaining integer till the very last step of the calculation),
we have

7= [ TLassPuzy”

TRy

(7.101) = / HdJZ]P(J”) Z exp ﬁ Z Z JijS,ElS;-l

Ty {5¢,...,.8% la=1,....,n} a=1i<j

This formula contains a nice linear contribution of random J;;’s. In (7.101) replicas share the
same disorder but are uncoupled (no « and f together) and spins are coupled.

For a single J;; with an explicit version of P(J), the resulting Gaussian integral yields

() N n 252 I
—00 a=1 a,B=1

(B as an index of a replica should be not confused with the inverse temperature). Note that
this average over disorder is coupling replicas. Moreover, it is decoupling spins because >, ;&
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i >_;; and back to the full (7.101) this gives

o 3262 & N 5 5
{5¢,...,8% la=1,...,n} a,B=11<j
N/8262 /8252 n N 2
_ n B
_exp{4} > eIy (ng“si> ,
{8¢,....5%a=1,...,n} a<f \i=1

(7.103)

which contains no J’s and displays only single site spins S;. In order to obtain the second line
from the first one of Eq. (7.103) we played a little bit with the summation indices and made an
approximation which is valid only in the large N limit. For the double summation over (latin)
spin indices we used

N 1 N
a B gagB _ a aB ga of
Zsysﬂs*jsj_5 > Sp8lsesl - N

i<j ij=1

N N A 2
(Z sgsf) >.5557 | =5 (Z sgsf) ,
i=1 j=1 i=1

12

DN |

(7.104)

where we have dropped the term N because it is subleading with respect to the double sum,
which contains O(N?) terms. We can thus write:

n N n 1 N 2
SN seslses]= N 5 <Z S?Sf)

a,f=1 i<j a,f=1 i=1
n 1 N 2 1 n N 2

_ a Qo o gB
_25 <Zss> +§Z (Zss)

a=1 i=1 a#B \i=1

n N 2
niN o oB
(7.105) =5+ (Z Si S > ;
a<f \i=1

which is what needed to go from the first to the second line of Eq. (7.103). Note that the
argument used to neglect the diagonal elements of the double summation Zij, i.e. that they

are N terms with respect to an overall amount of O(N?) terms, cannot be applied to the double
summation over replica indices Zaﬂ, where the diagonal elements are n and the off-diagonal
ones are n(n — 1), for the simple reason that we are going to take the limit n — 0 and not the
limit n — oo, as we did for number of spins in the systems: in the case of replica indices the
diagonal elements do not represent a subleading contribution.

Let us spend few words of comment on the last two equations: it is only thanks to the fact
that in the original Hamiltonian the summation ), _ ; goes over all independent pairs of indices,
i.e., over O(N?) terms, that we could write the double summation typical of any model with a
two-body interaction as a single summation squared. Models where this kind of simplification
is possible are usually known as mean-field models, i.e., models where, due to the large number
of mutual interactions between the degrees of freedom, one is able, after a certain number of
manipulations, to write the free-energy of the systems in terms of an order parameter which
carries no spatial index (the latin index i in the present case). This means that in mean-field
models any information and/or dependence on spatial dimensions is lost. Such models yield
thus only an approrimate description of real physical model—try to figure out for a moment
the difference between our SK model and a disordered Ising model on a 2D or a 3D lattice—but
enjoy a very nice feature: they can be solved exactly. The possibility to unfold the double
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summation as shown above is thus crucial because this allows us to introduce a global order
parameter of the kind

N
1 8
.]. alB — 7 x s .
(7 06) qaB = ZEIS,L SZ

We will comment further on the meaning of g,3 in what follows, here let us just note that if

we plug the definition Zfil S?Sf = Ngqp into (7.103) we get for the exponential term of the
partition function

NB252
(7.107) exp 5 Z:ﬁqag ,

which puts in evidence that the argument of the exponential is an extensive function, i.e., it is
proportional to the number of spin N in the system, and that it depends only on a global order
parameter, g,3. Nevertheless, this naive replacement of Zf\il Sf“S? with g,s is mathematically
wrong, because the spins S{* are summation variables inside the partition function and we must
do a proper change of variables, like in an integral. The correct way to introduce the order
parameter g,g is by means of the Hubbard-Stratonovich transformation that we have already
met discussing the Random-Field Ising Model and the Hopfield model. By doing this, the
quantity g.g appears simply as an auxiliary variable to linearize the squared sum (Zf\il Sf‘Sf )2;
we will demonstrate later that, in the large-N limit, the definition of g,z is really the one given
in (7.106).
In the following we adopt the shorthand notation

(7.108) > =
§

{8¢,....5% la=1,...,n}

AS we have said, the square in (7.103) is thus unfolded by a HS transformation,

=n > Np?5? 2 252 S agh
(7.109) 7% ~ Z/ dgagexp § —— D qlspexp B2 qap Y SIS
§

X a<p a<p a<p =1

(1] [2]

At this step, It is worth noting that in the first line of (7.103) we had a double summation over
replica indices of the kind ZZ,B=1 which we replaced with 2" <p» tO that only independent
couple of indices where effectively considered. Although we still have to prove the identity
in (7.106), from it we can argue quite naturally that the matrix g,g is symmetric, i.e. gop =
4Ba, so that only half of its off-diagonal elements are independent integration variables. The
appearance of terms linear in the index ¢ allows to factorize the trace operator. Focusing on the
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second term [2],

Zexp {5252 > s Z (Sf‘Sf) }

a<f =1

identical for all 7

N
= H Zexp 5262 Z doB (SO‘56>
=1 a<f
- < N
= Zexp 5262 Z qagsaS'B
a<f
N

Z exp{L(¢ap)}
5

= {Tr eL(qaﬁ)} o
(7.110) — exp {N log {ﬁ eL(qag)} }

with operator L(gas) = 3262 >a<p 4apS*SP?. The form of (7.110) is ready for the not-so-
unexpected saddle point approximation, as is the full formula for the partition function,

Z" = exp {nNﬁ252/4} / H dqag
o<

N[3252
2

Z 4.5+ Nlog [Tr eL(qaa)}

a<f

exp | —

(7.111) / I dgage N 4400l

® a<p

with the function Alg,g] defined as

,320'2 ,8252 1
(7.112) Algas] = ==+ 5 - 25 — " log [TreL(QaB)},
a<f
entropic
energetic

where we have emphasized which are the energetic and the entropic contributions to A[gag].
Note the 1/n factor embedded in A.

At this point we are not at all done, but we can say that the remaining part of the calculation
is only technical: we must find the correct ansatz for the structure of the matrix ¢,g and take
the limit n — 0 in the appropriate way. This last part of the work is usually the subject of
graduate courses and can be found in PhD summer schools lecture-notes like [ “Replica Theory
and Spin Glasses”, F. Morone, F. Caltagirone, E. Harrison, G. Parisi, arXiv:1409.2722]. The
purpose of this lecture was just to show that the calculation of the SK free-energy can be cast
as a variational problem where the variational parameter, which is, not by chance, the order
parameter of the systems, is a matrix. Indeed what we are left with in (7.111) is just the
integration over the matrix elements g,g, of which, due to the overall prefactor NV, we can get
rid with a saddle-point approximation. That is, we write

(7.113) 77 = / [T daage ™48 ~ exp {—nNAlgig]}
T~ a<p

<
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where the matrix elements ¢, 5 are the solution of the saddle-point equations

0A

8QQﬂ
To check the correctness of the calculation when plugging an ansatz for qzﬂ in A, one must
always take care that in all terms of A which depend on ¢, a prefactor n can be singled out, so
that it simplifies with the 1/n outside brackets on the right-hand side of (7.112). The final step
to compute the free energy per spin amounts the to the switching of the two limits N — oo and
n — 0, which allows us to write:

(7.114)

=0, VYqup = Uop

Fe i 1 Zn—1
= uum ———F
N—oo ]Vﬁ n

(7.115) f=

This swap of limits is a risky step that everybody is normally willing to take because mathe-
maticians then cover it rigorously. To recover the notion of overlap in g,g, note that at some
point after the HS transformation we had (7.109), which we rewrite as

Z" = exp {nN5252/4} Z/ H dqap

© a<p
Np*5? 2 22 - B
exp | —— > @ds+ 8% anﬁzsi s/
a<pf a<f i=1
(7.116) = exp {nN5252/4}Z/ H dqepexp {—Nu(qop, ST, ..., %)}
® o<
with v defined as
o 2¢2 a b
(7.117) w(qap, ST, ..., 8%) = 520 anﬁ Z%BNZS S!
a<ﬁ a<f
The saddle point requires
N
8u 1 Jé]
7.118 =0, Vg, = o = — S5 S;
(7.118) Daes 8 8= ;

This gnp is the overlap, i.e., again the scalar product between spins of two replicas (in the
Hopfield model it was between a replica and a pattern). Therefore, the physical meaning of g,z
is the quantification of replicas similarity. Due to this, ¢,3 must be a real symmetric matrix.

We cannot give all the details of the calculation of the SK behavior. It turns out that
the model has a phase transition of the second order at a critical temperature T, between
and ergodic phase at high temperature and a non-ergodic phase at low 7. In the latter case,
the phase space of all possible spin configurations splits into disjoint ergodic components. A
realization of the system sits in one of these isolated pieces of the phase space forever if the
temperature stays low.

There remains to choose the best ansatz for g,g. A possibility is the replica symmetric
ansatz qoa = 1 and g.3 = qo for o # 5. This ansatz means that a replica is maximally identical
to itself while equally dissimilar to all other ones. It works well for 1" > T,, where all states are
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nxn

Figure 4. Sketch of the hierarchical overlap of replicas in the SK model at low temperature
in the non-ergodic phase. The matrix in the top-left corner is the overlap matrix g.s. The
diagram should be continued iterating indefinitely the magnifications.

more or less equally probable, but in the non-ergodic phase it does not capture the complexity
of the phase space.

At low temperature the SK model displays a fascinating hierarchy of replica similarities,
which is summarized by a label: full replica symmetry breaking. It is better to think of n very
large, even if the n — 0 is mandatory at the end. As we have said, according to a very reasonable
physical intuition, the matrix g,s must be a symmetric one. Furthermore, let us notice that
each row of the matrix g,g represents all the possible values of the overlap between a given
replica of the system, say «, with other replicas of the system, say 8 # «. Since we ask that no
replica is privileged with respect to the others, it is also reasonable to ask that all the elements
appearing in a row of the matrix g,g also appear in all the others, up to a permutation. The only
degree of freedom we are left with is thus the rule to assign the matrix elements in a row. The
mesmerizing discovery of Parisi in the late ’70 was that the only symmetry which is broken at the
critical temperature T, and represents the breaking of ergodicity is the permutation symmetry
of the matrix elements within a single row of the matrix q.g, i.e., different replicas might have
different overlaps. In this perspective let us fix the row index of the matrix element ¢,g in order
to parameterize the elements on a row with only one index: q1; = ¢;, where ¢ runs from 1 to n
and we have dropped the row index. The way permutation symmetry is broken is decided by
the assignment rule:

(7.119) i— g

Once this rule is fixed for one row of the matrix, the structure of the other rows follows, since
they are just a permutation of the first. This leads to the so-called Parisi’s matriz, which we
briefly discuss in what follows.

A large n allows to introduce a sequence of similarity levels. In the first stage of symmetry
breaking, the n X n matrix g,g is represented as composed of m; X m; submatrices M7 and Qo
(Figure 4). The matrix Q) is fully composed of elements equal to qo, the typical lowest overlap
between replicas. The matrix M is found n/m; times on the diagonal of ¢.g.



38 7. Disordered systems

At a second stage, by inspecting the structure of M7, one finds that it resembles that of
dap in the first stage. It is composed of submatrices M> and @1 of size mg X ma, where ()1
is filled by elements ¢ > ¢qo while Ms’s are sequenced on the diagonal of M;. The story
goes on like this, forming a sequence gy < ¢1 < ¢2 < g3 < ... < qr and correspondingly
n>mp > mg > mg > ... > my. In order to reconnect with the discussion above on the
elements of a single row, let us notice that a k-steps breaking of the permutation symmetry
between replicas corresponds to the assignment of k different values to the n elements of a row
for the matrix gog. As long as k is finite the number of elements m; in the row (with 1 <i < n)
which take the value ¢; can be interpreted as being proportional to the probability that two
replicas have the overlap g;.

A question is then immediately in order: how to recognize which is the the correct level k of
breaking of the replica permutation symmetry? And why a breaking should be considered at all?

The first thing to say is that the replica-symmetric ansatz, i.e., the assumption that all the
off-diagonal elements of g,z are identical (¢o3 = ¢ for all a and § such that a # ), leads to
a negative entropy at zero temperature: S(0) = —% ~ —0.17. This is clearly a wrong result
because we have discrete variables and the entropy has a unique and unequivocal meaning: it
is the logarithm of the number N of microstates accessible at a given temperature and since
N > 1 we have S = logN' > 0. If one then tries to compute the free-energy assuming one
level of breaking of the permutation symmetry between replicas, i.e., to subdivide the n x n
matrix in blocks of size m; and with possible value of the overlap ¢; and ¢p, obtaining the
correct value of qg, g1 and m; from the extremization of the free-energy, one finds that at T'= 0
the entropy is still negative but less negative, i.e. with the one-step-replica-symmetry-breaking
ansatz it takes the value S(T' = 0) = —0.1. Although the result is still incorrect, this tells
us that we are moving in the right direction, because the negative entropy has become less
negative, hence less wrong. We will discuss in the next lecture a model where the assumption
of only one step of replica symmetry breaking is the correct one: the p-spin model, which has
two main differences with the SK model presented here, continuous variables and non-linear
interactions. By increasing further the number of levels k at which the symmetry between
replicas can be broken in the SK model, one obtains a zero-temperature entropy which is closer
and closer to zero. This suggested to consider the possibility of an infinite number of breakings
of the permutation symmetry between replicas, which, at least for the SK model, turns out to
be the correct assumption. Before commenting further on this, let us just quote the formal and
unequivocal criterion to discriminate whether the assumption of breaking at “k” levels is right
or wrong. The criterium to say whether a saddle-point solution is good is that it must be stable,
namely it must be a minimum of the free energy. The stability of the stationary point is decided
by the eigenvalues spectrum of the Hessian

0%A

8Qa68q'y6

It is only when this Hessian matrix has all the eigenvalues positive that we have a stable solution.
If one computes the eigenvalues of M ,g) (15) one finds that the smallest one, the replicon, is
negative for any finite number k of breakings. In the SK model any saddle-point solution with a
finite number of breakings is unstable. The name replicon comes from the famous paper of J.R.L
de Almeida and D.J. Thouless where the (un-)stability of the replica-symmetric solution of the
SK model was studied for the first time [ “Stability of the Sherrington-Kirkpatrick solution of a
spin glass model”, J.R.L. de Almeida and D.J. Thouless, J. Phys. A 13 (1978)] (D.J Thouless was
precisely the same guy awarded with Nobel prize in 2016 for the Kosterliz-Thouless transition).
For the details of all this analysis we refer the curious student to the literature quoted at the
beginning of this lecture. The final outcome is, as anticipated, that the correct ansatz sends
k — oo, which is called the full-replica-symmetry-breaking (full-RSB) ansatz. The infinite
number of elements in the sequence of overlaps ¢; < ... < g suggested as well the title of the
paper where the full-RSB was proposed for the first time [ “Infinite number of order parameters

(7.120) Map),(r6) =
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Figure 5. Sketch of the hierarchical energy landscape of the SK model at low temperature in
the non-ergodic phase: go < 1 < q2 < .. ..

for spin-glasses, Giorgio Parisi, Phys. Rev. Lett. 43, 1754 (1979)].

Such infinite number of order parameters reflects the hierarchical multi-valley structure of
the SK energy landscape at low T', as sketched in Figure 5, with an infinite sequence of minima
nested into others. Clearly, by zooming out the details of this fractal structure of nested minima,
we find that the typical overlap between configurations trapped within the same minimum is
larger the smaller is the scale at which we have zoomed the landscape, as shown in Fig. 5.

Our last comment is on the n — 0 limit, on which we did not spend (on purpose) a lot of
words so far. We warn the curious students that this is a highly a technical part, which might
be challenging for a naive intuition of what is going on. In any case, all details are given in the
references at the beginning of the lecture.

When k — oo and at the same time n — 0 one has to plug an infinite number of different
choices q; < ... < g into a zero dimensional matrix. It turns out that the most convenient thing
to do ( ... and it works!) is to replace the numerable sequence ¢; < ... < g with a continuous
function

(7.121) g(z) : [0,1] — [0, 1],

where the role played by the subscript index ¢ in g; has been taken up by the real variable x, of
which the overlap ¢ becomes a function. A function ¢(x) in the unit interval [0, 1] is an element
of an infinite-dimensional space, i.e., there is an infinite number of choices to define it: this is
OK, because it is in fair agreement with the infinite number of order parameters we where after.
Then, it can be shown (see the references) that the role played by the breaking parameter my,
i.e., that of representing the probability to find the overlap ¢; between two replicas, is played
in this sort of continuum limit by the variable  in the domain of ¢(x). In particular it can be
shown that the function ¢(z) : x € [0,1] — ¢q € [0, 1] has a well defined inverse

(7.122) z[q] : q € 0,1] — z € [0,1],
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which can be identified as the cumulative distribution of the overlap, i.e., the probability density
distribution P(q) of the overlap turns out to be

_dzx

(7.123) Pla) =5

To conclude, let us just quote the final result, i.e., the form of the free-energy per spin when
the two limits of an infinite number of breakings, k — oo, and of zero size of the overlap matrix,
n — 0, are taken:

20_2 1 ) ) )
a2y pf == e e a@? 2] - [T p0./a0),

oo V2T

where the function fj is the solution of the the so-called Parisi equation,

Ofo(x,h) _ o®dq |9*fo . (0fo)?

7.125 AL Sl Rl A B [ A} ZJ0

(7.125) o sdr |on2 " “\an) |

where h is a magnetic field which has to be in general taken into account in the Hamiltonian,
ie., H=— ZK]- Jij9iS; — hvazl S;. In all the calculations presented in this lectures we set
h = 0 for simplicity, but the generalization to the case of h > 0 is straightforward.

To conclude, let us just try to recognize the origin of the terms of the full-RSB free energy
in (7.125). It is quite easy to recognize the contribution of the energetic term of (7.112):
62 02 /32 52 5 52 02
_ [, — _
1 o 2 tes 1
a<f

(7.126)

[1 - /01 dz q(z)* — 2¢(1)

Just recall that »_, 5 = n(n —1)/2 and that all the n rows of the matrix ¢,g are identical up
to a permutation, so that it is not difficult to believe that in the limit n — 0 one has

(7.127) Zqiﬁ ~ n(n— 1)/dq q(z)? — —n/dq q(z)?

a<f

Much less recognizable—indeed it requires several intermediate steps and tricks to be derived—
is the connection of the entropic contribution with its original form at finite n:

1 L(q ) e du —u2/2
(7.128) E1og[Tre aﬁ} ~ / = e f5(0,u\/q(0))

oo V2T

7.5. Spherical p-spin model

In the previous lecture we have studied the Sherrington-Kirkpatrick (SK) model, which is the
mean-field version of the disordered Ising model. The most puzzling result is that the correct way
to represent the breaking of ergodicity in the SK model is by an infinite sequence of breakings
of the permutation symmetry between replicas, which, on physical grounds, corresponds to a
low temperature phase characterized by fractal free-energy landscape with an infinite hierarchy
of minima nested into each other.

The situation is in a sense much simpler in the so called spherical p-spin model, another
disordered model with quenched random couplings characterized by continuous spins and non-
linear couplings, i.e., in the Hamiltonian it is assumed p > 2 for the order of the nonlinear
p-body interaction:

(7.129) H(o)=—= Y Jiy,.ip0ir-0i,

11>, >ip=1
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where the N continuous spin variables are subject to the global spherical constraint

N
(7.130) > ol =N,
i=1
Each of the quenched couplings J;, ... ;, follows a Gaussian distribution

p

-1
Nz J2NP~L
7.131 J) = — -
(r.131) o) = Yoo {0

where, as we are going to show, the scaling of the variance with N is chosen precisely as to have
extensive free-energy.

The peculiarity of this model, attracting a lot of interest since the end of the the 80s, is its
low-temperature ergodicity-breaking transition characterized by a one-step replica-symmetry-
breaking ansatz at the critical temperature T, which is known for this model as the Kauzmann
temperature. At Tk phase space splits many disjoint ergodic components, each corresponding
to a minimum of the free energy. In the large N limit there are only two possibilities: two
configurations of the system sampled with the Boltzmann probability

N
(7.132) Pi(o) = e PHI] 5 (N = a§>
=1

can be either belonging to the same ergodic component, i.e., the basin of the same free-energy
minimum, hence their overlap is ¢; > 0, or belonging to different minima, so that their overlap
is gg = 0. As we are going to see the probability to have overlap ¢g or ¢; depends on the
breaking parameter m, which is of course a real number in the interval m € [0,1]. Within the
large- N saddle-point approximation there is no other option, not a possible continuum degree of
similarity ¢(z) like in the SK model, no structure of nested minima. Also, the different minima
of the free-energy are separated by extensive, i.e., ~ N, free-energy barriers, at variance with
the SK model.

7.5.1. Free-energy calculation. Much in the same way as in the SK model, also in the
p-spin model the free-energy is self-averaging, so that it can be computed as the result of a
saddle-point calculation of the replicated partition function:

: I —k 1
N—o00

Let us now consider the case p = 3 till some point of the calculation because the formulae are
shorter, but please keep in mind that the steps are identical for any p and so do the result. We
thus assume the interaction

(7.134) H=- Z Jijk0i0;0k,
i<j<k

The partition function reads as

0o o N N "
Z”:/ [T dJiP(Jie) [/ [ do: P Lici<r Jigkoioion 5 (N— 203)]

TR <<k =1 i=1
o o
a1s) = [ ] PO [ Do PRt Sieteet,
X<k 0
where we have used the symbol

N

n n N
(7.136) Do =[] de¢ I]¢ <N — Z(U?)2> ,
a=1

i=1a=1 i=1
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to denote, with a compact notation, an integration over spin variables satisfying the spherical
constraint for each replica «. It is more convenient to leave the spherical constraint hidden in
the integration measure symbol.

In the Hamiltonian there is a number 3, ., = N(N —2)(N —3)/3! of independent triplets
of interacting spins, and we have a corresponding number of integrations over the disorder
coefficients J;j; to do. Each of them is a simple Gaussian integral, which, dropping prefactors,
is

o0 NP~
/ dJ;jk exp ka —i—kaBE o a op =
—o0
2
Bl [
= eXP\ i E ojoj oy
a=1

/82]7! a B
(7.137) = XD T Z o J oRoyL ¢
HB 1

from which, by collecting all the O(N?) integrations and by recalling that

N N
(7.138) DYDY

i<j<k  ijk
we get
— o0 BQP‘
— B yosh
n — _OODUeXp NPT Z Z oi'o; 0505 O'kO'k
1<j<k a,p=1
oo ﬁQ N N
— B B
[Tt 2 3 (Satet) (et | (et
a,f=1 j=1 k=1
00 BZN P
(7.139) = Do exp Z ZO‘
- a<f

In the expression of the replicated partition in the last line of Eq. (7.139) it is easy to recognize
the expression of the matrix order parameter that we have already introduced in the discussion
of the SK model, the overlap:

N
1 o B
(7.140) Qus = ~ Z;o ol

As in the case of the SK, this expression shows that the overlap is a quantity (a) free from spin
indices, i.e., a global order parameter; and (b) of order O(1), so that we correctly have that the
argument of the exponential is an extensive function, i.e., 52N/23 " <8 Q° 5- The possibility to
write things in terms of a global order parameter comes once again due to the fact that the sum
in the Hamiltonian of Eq. (7.134) is over all the independent p-uplets of spins, whose number
is of order O(NP). Hence each spin participates to a number of interactions of order O(NP~1),
i.e., infinite in the thermodynamic limit N — oco. Due to this property, we known that once
again we are dealing with a mean-field model, which has no space structure but can be solved
exactly.

Since p > 2, in the p-spin model we cannot introduce anymore the variables (),3 by means
of a Hubbard-Stratonovich transformation, as we did for the RFIM, Hopfield model and the
SK model. The change of variables from spins to overlaps is pursued by exploiting the formal
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identity:

N
(7.141) 1= / Qo0 (NQag - Zagaf> ,
i=1

where we have assumed the following normalization for the Dirac-delta integral

(7.142) / dzx §(x — x9) = N,
so that
(7.143) /_oodxd(Nx—:ro)—N/_oodx(F(x—N>_1

To carry on easily the integration over the spins, it is worth recalling the integral representation
of the Dirac delta,

o0
(7.144) §(z) = / k- ks
oo 2m

For the purpose of the following calculation it is convenient to regard the integral on the right-
hand side of Eq. (7.144) as an integral over a contour in the complex k plane, but rotated of
7/2 radians (Wick rotation), which amounts to change variables from k to s = €/™/2k, and then
shift the (now parallel to the I'm(k) axis) contour to the point sy, which is assumed to be on
the right of any singularity in the complex k plane (any deformation of the integration contour
which does not pass through singular point is allowed by complex analysis). This means we can
rewrite

Sp+1i00
(7.145) 5(z) = / 45 s

o—ico 2T

The need to account for a shift of the contour to a (still) unknown value of sy is due to the
following reason. In general the Dirac delta is used within an expression of the kind,

7(6) = [ dufsla)é(a)

So+1i00 d
[ o [asti@e

0—ioo 2ri

So+1i00 S
(7.146) = / d -—9(s),

0—1i00 211

where g(s) is, in full generality, a function in the complex s plane which might have singularities.
In order for the Wick rotation to be done correctly the value sy must lie on right of any singularity
of g(s). Since the analytic structure of g(s) depends on fg(x), which is not yet intervening when
the integral definition of §(z) is introduced first, one must leave the value sy generic. By
repeating the above steps with the Dirac delta appearing in Eq. (7.141) and taking into account
that we need to introduce the integration over n(n — 1)/2 elements of matrix Qq3, we get:

1_/ Han3H5<NQa5—ZU )

® a<p a<f

A0 +ico
[ TLd@us [ TT das e NS Mes@us— 3 A Dol L

®© a<p aﬁ_wo a<p a<p a<f i=1
(7.147)
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where the meaning of the extremes of integration for A,s variables should be clear from the
previous discussion. Summarizing, we get:

9 N
(7.148) 7" = /DQDADU exp BTN STQPU+ND Qasras— Y Aap Y ool b,

a<f a<f a<f =1
where we have used the abbreviation
Aa5+4oo
(7.149) / 1 4Qas / 1 dras = / DQDA
® a<p ap I <

From the expression in Eq. (7.148) it is clear that the integration over the spin variables can be
easily carried on and amounts to N identical integrals. By recalling that ) _ 5= % ZZ g1 We
can write

/ Tt exo _fzxaﬁza

i=1a=1 a,B=1 i=1

i=1 X a=1 a,f=1
o0 n
= [/ Hdgaexp{— oA a’}
—Xa=1
1 N

7.150 = )
( ) <\/det A>
where o = (o',...,0") indicates a vector in replica space and A is the n x n matrix with

elements A\,3. By finally exponentiating the determinant in Eq. (7.150) our replicated partition
function has become and integral where, due to the N factor appearing in front of every term in
the argument of the exponential, the possibility to complete the calculation with a saddle-point
approximation seems really at hand. Indeed we have the expression:

(7.151) 7 = /DQDAexp ~NS@Q,M ] (1 - Qua),
a=1
with
(7.152) S(Q, Z Q5 — = Tr(QA) + flog det A,
aﬁ 1

at which we arrive via the following identities, we have also used the symmetry property of the
matrix A (or @, equivalently):

1 — 1 < 1
(7.153) D Qapras =5 D Qasras =5 D Qasrsa = 5 T(QA)

a<f af=1 af=1

Since we are interested in the large-N limit we can evaluate the integration over the elements
of A by means of a saddle point approximation:

(7.154) /DA exp [-NS(Q,A)] =~ exp [-NS(Q,A*[Q])],

where the symbol A*[Q] indicates the dependence of A on @ single out by the saddle-point
equations:
0S

(7.155) T

-0 = A'[Q
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By then recalling the identity
(7.156) logdet A = Trlog A,

and letting the derivation operator 9/0\,s pass through the “Tr” operator for both the two
terms Tr (QA) and Trlog A one can finally obtain the identity

(7.157) Qap = log A = (Ail)aﬁ'

Do

The reader has to recall at this point that the elements of the matrix () are real numbers. This
means, as soon as we set A 5 = (Q_l)ag, that the saddle-point of the function exp{—NS(Q,A)}

ﬁJrzoo

with respect to each integration f)\o _ioo @Aap lies precisely at the intersection between the

(vertical) integration contour and the real axis, i.e. a point which is shifted with respect to the
origin. Finally, according to a somehow a posteriori argument, we have an explanation of why
to choose /\gﬁ # 0 in the in the integration symbol of Eq. (7.147) and that this quantity turns
out to be precisely

(7.158) Aog = Mg = (Q Nagp.

As a conclusion we can simply replace A with Q! into the expression of S(Q, A) of Eq. (7.152),
getting (apart from terms constant with respect to @ and /)

(7.159) /DQ exp [-NS(Q H 0 (1 —Qaa) =exp[—nNAQ")],
a=1
with
(7.160) Z Q - — logdet Q,
aB 1 \ﬁ,_/
entropic
energetic

and where @Q* in the last term of Eq. (7.159) is the solution of the saddle-point equations
0A
8Qaﬁ

As we did in the SK model, also here in Eq. (7.160) we have emphasized which are the energetic
and the entropic contributions to the free energy. Let us also stress that the matrix Q* that
satisfies the saddle-point equations must also satisfy the spherical constraint conditions imple-
mented by the Dirac deltas in Eq. (7.159): whatever is the ansatz for the matrix Q*, it must be
one with all elements equal to 1 on the diagonal.

(7.161) =0 = Qi

The free-energy of the system is retrieved by taking the limit n — 0 of the replicated partition
function:

Ao N L (VA q)
(7.162) bf= }ng%) " nN (Z 1) N }nglo nN (e 1) N
N—oo N—oo
(7.163) = A’flllg%) N (1-nNAQ") —1) = AQ")
— 00

7.5.2. Replica Symmetric Solution. In order to write the free energy in Eq. (7.160) one
needs an assumption on the matrix ,3. The simplest is a replica-symmetric assumption, i.e.,
all elements outside the diagonal are identical to each other and equal to qg, whereas on the
diagonal they are equal to 1:

(7.164) Qaﬁ:Diagn(l—%,---al—QO)-ﬁ-QO 1, ® 1,,

where Diag, (1 —qo,...,1—qo) denotes a n x n diagonal matrix with all elements equal to 1 — g
on the diagonal, while 1,, ® 1,, denotes an n x n matrix with all elements identical to 1.
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In order to compute the free-energy one takes advantage of the known formula for the
determinant of a matrix with elements identical outside the diagonal, i.e., a matrix A of the
kind
(7.165) A =Diag, (a1 —b,...,a, —b)+b1,R1,.

There is a general formula for the determinant of the matrix A, which reads:

n n
(7.166) det(A) = [J(ai =) +b>_ [](e; —b)
i=1 i=1 j=1
J#
Adapting the result for the determinant of A to the replica symmetric matrix @ of Eq. (7.164)
one gets

(7.167) det(Q) = (1 — o)™ + nqo(1 — qo)" ' = (1 — qo)" (1 +ny zoqo) ,
so that

lim ~ log det(Q) = lim ~ |nlog(1 — go) + log { 1 + n—2

ng%n & _nli%n 7108 @ & nl—qO
(7.168) =log(1 —qo) +

1 —qo
Much more easily we obtain the energetic contribution in the limit n — 0:
(7.169) > @ y=n+n(n—1)g.
af=1

Putting together the pieces we thus have:

Y

f_rllll)r%) _B E ;1Qaﬁ+%10gdetQ
(7.170) LB o1 — o)+
. 23 1 2 9 g q0 1—q .

The value of the free energy in the replica symmetric phase can be finally obtained by replacing
¢o in Eq. (7.170) with the value ¢j which satisfies the saddle point equation df/dgy = 0. A
peculiarity of the number of replicas n — 0 is that the correct ¢ in this limit mazimizes rather
than minimizes the expression in Eq. (7.170). This can be intuitively understood in light of the
change of sign of the energetic contribution implied by the limit n — 0. Very heuristically, one
has that the analytic continuation to values n < 1 implies
1 1

(7.171) —@Qiﬁ = @qg.

Then, we must recall the general thermodynamic relation
(7.172) F=U-TS

where F' is free energy, U the internal energy and T'S the temperature times entropy. From
Eq. (7.172) it is clear that the convexity of free energy function must have the same sign as that
of the energy, thus a change of sign of the latter implies the same for the former.

7.5.3. Replica Symmetry Breaking. It is well known that the p-spin model has a critical
temperature Tx at which ergodicity is broken: phase space splits in a multiplicity of disjoint
ergodic components corresponding to different free-energy minima. In particular, what hap-
pens at Ty is that the free-energy obtained with a one-step replica symmetry breaking (1-RSB)
ansatz becomes lower than the replica-symmetric energy. Not only, but it can be checked that
the 1-RSB saddle point is a stable one, so that no further levels of breakings of the permutation
symmetry between replicas are needed to characterize the glassy phase at T' < Tk.
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The typical structure of the matrix order parameter ()3 under the 1-RSB hypothesis consists
of a square block circulant matrix made of n/m blocks which are themselves m x m matrices of
two kinds: A;; = ;5 + (1 — 0i5) 1 and B;; = qo, where the block structure reads as

A B --- B
(7.173) o=|?
. . . B

More in detail one has something of the kind

I @1 @
a 1 @ 9
a @ 1
I 1 ¢
a1 ¢
(7.174) Q= a q 1 ,
I @1 ¢
q0 a1 q
@ @ 1
where we have
Qaazl
(7.175) Qap = qo (different free-energy minima)

Qo = q1 (same free-energy minimum)

so that in each row one has (n —m) elements equal to gy and (m — 1) elements equal to ¢;. In
the matrix in Eq.(7.174) the choice m = 3 is just for representation purposes.

The calculation of the energetic contribution to the free-energy from the 1-RSB ansatz is
quite easy. From the above considerations on the number of elements equal to ¢y and the number
of elements equal to ¢; in each row and taking into account that all the n rows provide the same
contribution we have

: BZ D __ : 52 D D
lim —%%:Qaﬁ = lim —= [+ (m—1)g) + (n = m)qf]
ﬁQ
(7.176) = ——[1—mgy — (1 —m)qf]

4

Then, in order to evaluate the entropic contribution log det(Q), one needs to compute the eigen-
values of Q)3 within the 1-RSB ansatz and their corresponding multiplicities. From the calcu-
lation shown in the appendix here below it turns out that ), has three different eigenvalues,
with different multiplicities, which read:

M=1—-q multiplicity = n — n
m
A2 =m(q1 —qo) + (1 —q1) multiplicity = AL
m
Az =ngo +m(q1 —qo) + (1 —¢1) multiplicity =1
so that
1
log det(Q) =n (1 - m) log(1—¢q1) + (% - 1) log [1 — mqo — (1 — m)q1] +

(7.177) +log[ngo +1 —mqo — (1 — m)q1).
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Then in the limit n — 0 we have, using the properties of the logarithm,

lim log[l —mgo — (1 —m)q1 +n qo] =

n—0
_ q0
lim log[l —mqo — (1 — log (1 -
limlog[1 —mgo — (1 —m)q] + log < R gy m)q1>
q0
7.178 = log[1 — - (1=
( ) og[l —mgo — (1 —m)q] +n 1—mgy—(1—m)q’

The contribution log[1 —mgy— (1 —m)q;]| not proportional to n coming from the last term added
on the right hand side of Eq. (7.177) cancels with the same term with opposite sign coming from
the second addendum on the right of Eq. (7.177). In conclusion, as expected within a 1-RSB
scheme, we have that the entropic term is proportional to n,

m—1 1 490
log det(Q) = log(1 — —log |1
ogdet(Q) =n og( Q1)+m0g( +n1—mq0—(1—m)€h>+
q0
7.179 + ]
( ) 1—mqg— (1 —m)q

Putting together the pieces, in the limit n — 0 the free energy from the 1-RSB ansatz formally
reads as:

(7.180) — 28F = ﬁ; (1 —mgh — (L —m)dl] +

log(1 — q1)+

q0
1—mg— (1—m)q

1
+ m log(1 —mgo — (1 —m)q1) +

The expression in Eq. (7.180) is of course a formal one for the reason that we have not yet decided
which physical meaning to attach to the number m. Indeed, for integer n, the parameter m is
such that 1 < m < n ... but what about the limit n — 07

7.5.4. The breaking parameter m. In order to provide a correct interpretation for m in the
limit » — 0 let us stick on its meaning when n is integer and large. Already in the case of the
SK model we have mentioned that “the number my of times that the value qi appears in a row
of the matriz Qug is proportional to its probability”. Being q;ﬁ a solution of the saddle-point
equations we have thus that a meaningful definition of the overlap probability reads as

(7.181) Py(q) = n(n21) > 0(a—aas)
a<f

where the average over the disorder for P;(q) is mandatory for two reasons: 1) first, the prob-
ability of the overlap is not a self-averaging quantity (not proved here), which means that even
in the N — oo limit it depends on the instance of random couplings, hence the subscript J is
needed; 2) second, since the 1-RSB (or whatever k-RSB) ansatz for Q. is made inside formulas
coming when the free energy has been already averaged over the disorder, for consistency the
overlap matrix qzﬁ chosen for the saddle point must be related to the the disorder average of

the overlap probability distribution Pj;(q). This said, let us show how Pj(q) reads explicitly
according to its definition in Eq. (7.181) in the case of a 1-RSB ansatz:

P) = sy 2 (4 ai)
aFfB
m—1

n—m
182 - _ _
(7.182) 0@ —a) + ——0(a — q)

From the expression in Eq. (7.182) we have that the naive way to take the limit n — 0, i.e.,
sending n to zero while leaving m untouched, which seems in contradiction with the inequality
m < n, leads to:

(7.183) lim Py(q) =m (¢ — qo) + (1 —m) d(¢ — a1)

n—0
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We are thus at the end. From the expression of Py(q) in Eq. (7.183) it is clear that in order to
have it well defined as a normalized probability distribution there is only one possible interpre-
tation for the parameter m: it must be a number in the interval [0, 1].

We have thus learned that the limit n — 0 implies a kind of switch in the definition of m,
i.e., from a natural number in the interval 1 < m < n to a real number in the interval m € [0, 1].
At this stage, in order to completely solve the thermodynamics of the p-spin we just have to fix
qo, g1 and m at the different temperatures.

7.5.5. The critical temperatures T and T,;. Now that the nature of the variational pa-
rameter m has been established we have to look for solutions of the 1-RSB equations:

of of of
— =0, — =0, —— =
0qo oq om
The usual strategy is to solve the first two equations at fixed m, and then plug m, go(m) and
q1(m) into the free-energy, inspecting numerically for which value m = m* it has a mazimum.
Clearly m, qo and ¢ are variational parameters that depend on the temperature. A peculiarity
of the p-spin model is that, at variance with the SK, the study of the mean-field equations for
m, qo and ¢ tells us that there are two critical temperatures, T,; and Tx with Ty > Tk, which
represent respectively the critical temperature for dynamical ergodicity breaking (Ty) and the
critical temperature for thermodynamic ergodicity breaking (T ), also known as the ideal glass
transition temperature.

(7.184) 0.

Before studying the saddle-point equations there is an aspect worth noticing, namely that
by plugging m = 1 into the 1-RSB free energy of Eq. (7.180) we get back exactly the RS free
energy of Eq. (7.170). It was therefore more economic to study directly the 1-RSB free energy,
keeping in mind that the RS free energy is its special case.

Summarizing, from the study of the 1-RSB saddle-point equations in (7.184) there are three
interesting regimes emerging:

e T > Ty: The saddle-point equations admit only one trivial solution: ¢; = ¢o = 0 and
m = 1. This is the ergodic replica symmetric phase. There are no free energy minima in
the landscape.

o Ty < T < Ty: There is still the trivial solution that we have for T' > T, but also a new
non-trivial one appears: g1 > qo and m = 1. This solution, which has the same free-energy
of that at T" > T}, is the signature that many free-energy minima separated by extensive
energetic barriers arise as soon as T' < Ty. For a detailed study of this regime, a more
advanced course is needed. Here we can only say (without proving it) that the number of
such minima at a given free energy, N (f), is found to be exponentially large in the size of
the system, i.e.

(7.185) N =~ exp [NE(f)],

where X(f) is a quantity known in the jargon of glassy systems as configurational entropy.
One can attach to these minima the notion of states, much like the positive or negative
magnetization states of a ferromagnet at low temperature. The reason for this is that,
due to the infinite energy barrier separating them, any dynamics starting with an initial
condition in one of these states remains trapped there forever (no tunneling is allowed, at
least in a men-field model). They thus represent disjoint ergodic components of phase space,
a sort of prelude of the ergodicity breaking transition taking place at the lower temperature
Ty < T, Nevertheless, from a thermodynamic point of view, states are irrelevant above
Ty since the probability that the system ends up into one of them is exponentially small,
precisely in force of of their exponential abundance, i.e.,

(7.186) Pstate ~ exp [~NE(f)]
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This thermodynamic irrelevance of the states above Tk is reflected precisely by the
fact that the solution with ¢; > o9 and m = 1 has the same free-energy of the one with
go = q1 = 0 and that if we ask for the probability to find two configurations at overlap
q1 > 0 this is zero even according to the definition of P;(q) given in Eq. (7.183).

o T < Tj: In this regime we find both the solution with g9 = ¢ = 0 and m = 1 and the

replica-symmetry-broken one with g1 > gg and m < 1, corresponding to finding with finite
probability two configurations of the system at finite overlap, see Eq. (7.183). In particular,
if one compares the free energy of the RS solution and of the 1-RSB one, when T' < T
the 1-RSB solution has a smaller free energy,

(7.187) T<Tkg - f(q1 > qo,m < 1) < f(q1 =qo=0,m= 1).

Hence, for temperatures below Tk, thermodynamic equilibrium is determined by the glass
phase, where the systems remains trapped forever in one of the states. The ergodicity-
breaking transition taking place in the p-spin model at Tk is usually known as the ideal glass
transition or, more precisely the Random First-Order Transition (RFOT). The RFOT name
comes from the fact that the ergodicity-breaking transition at Tk has a mixed character
between a first and second order transition. This happens because the distribution Pj(q)
is bimodal already at the transition temperature T’ = Tk, with a secondary peak at a finite
distance from the origin, corresponding to q; > qo already at T' = Tk [see Eq.(7.183)]—
a feature typical of a first-order transition—while at the same time for the transition at
Tk there is no latent heat, much like a second-order or continuous transition. “Random
First-Order” was therefore introduced to refer to something which is a kind of “smoothed
first-order transition”.

7.5.6. Appendix. Consider an m X m matrix:

a B - B
B a -+ B
I I

Its generic element can be written as:
(7.188) cij = adij + B (1 —6;)

The eigenvalues equation reads:

(7.189) Z CijV; = Z aéijvj + B (1 — (5@') vj = Av;
=1 j=1
(7.190) (= B)vi+ B> v =
j=1

If Z?:l vj = 0 (can be done in m — 1 ways by choosing different values for v;):

A=a—p
else sum over i (and } 7", v; # 0):
(7.191) (@=B)) vi+B8> > v;=1> v
i=1 i=1 j=1 i=1

m m

(7.192) (a—ﬂ)ivi—l—mﬁz:vi:)\z:vi
=1 =1 =1

divide by > 7%, v;:
A=a+(m—-1)4



Problems 101

So we have \; = a — 8 with degh\; = m —1 and A2 = a+ (m — 1) with deghy = 1. The replica
symmetric matrix is a block circulant matrix where the first row block is:

A B...B
—_———
f —1 times
Aij = 0ij +q1 (1 = di5)
B;j = qo
f=n/m
where n is the number of replicas. The eigenvalues of A are:
>\1A:1*q1 deglzm—l
Ma=1+(m—1)q1 degy=1
The eigenvalue of B are:
Mp=0 degg=m-1
Aop =mqp degy =1
Now A and B commute and they are the same kind of circulant matrix of first row (o, 3,...,3)
solved above. The block matrix is the block analogue of this kind of circular matrix and be-
cause A and B commute the eigenvalues of this matrix have the same form when we make the

substitution  — A4 and 8 — Ap; there is only one requirement: we can mix only eigenvalues
having the same set of eigenvectors. In the end we get

(7.193) AMm=1-q Ap=0

(7.194) M=M—-Ap=1-q

(7.195) A=A+ (f-DIp=1-q

and

(7.196) Aa=1+(m—1)q Ip=mq

(7.197) M=M= Ap=1+(m—-1)g1 +mqgo=1—q +m(q1 — qo)
(7.198) A3 =+ (f—DAg=1—q +m(q — q) + ngo

The eigenvalue A2 has degeneracy f—1 = .- —1 and A3 has 1; since it is assured that the matrix
is diagonalizable the degeneracy of A; is n — -

Problems

Following the notation of the lecture notes:

Exercise 7.1. Consider the Random Field Ising Model (RFIM), in which the disorder has
variance 2. Proceed to arrive at the formula where the number n of replicas appears explicitly
in the magnetization m,

- 1 dv
- Zi(m) ) V2r

Exercise 7.2. With the self-consistent solution mgc(m) = m of the RFIM, by using the condi-
tion Omgc/Om = 1 for the critical point, show that the phase transition between paramagnetic
phase and ferromagnetic phase takes place where this condition is satisfied:

(7.199) 23] / dhp(h)[cosh(lﬂh)]? _

Exercise 7.3. Show that at zero temperature in the RFIM there is a disorder-driven para-
ferromagnetic transition where the random field standard deviation § and the coupling J satisfy
2J/6 = \/m/2. For simplicity one may take 6 = 1.

1
exp [21/2 + nln2cosh(28Jm + Bdv) | tanh(28Jm + Bév)

1






	Chapter 1. Useful Mathematical Tools
	1.1. Gaussian Integrals
	1.2. Steepest descent method
	1.3. Fourier Transform (FT)
	1.4. Gaussian with imaginary mean
	1.5. Indented Integrals and  prescription
	1.6. Characteristic Functions
	1.7. Central Limit Theorem
	Problems

	Chapter 2. Stochastic Processes and Path Integrals
	2.1. Diffusion Equation
	2.2. Random walk and diffusion equation
	2.3. Wiener Path Integral 
	2.4. Some Calculations
	2.5. Heuristics
	Problems

	Chapter 3. Fokker-Planck Equation and Stochastic Processes
	3.1. Master Equation
	3.2. Langevin Equation
	3.3. Stochastic Calculus 
	Problems

	Chapter 4. Particle in a Thermal Bath
	4.1. Over-damped Langevin equation
	4.2. Multidimensional Wiener Path Integral
	4.3. The Fokker-Planck Equation with Velocity
	4.4. Stationary Solution of the Fokker-Planck Equation
	4.5. Formal Solution of the FP Equation and the Backward FP Equation
	Problems

	Chapter 5. The Bloch Equation and the Feynman-Kac formula
	5.1. Path Integral for Over-damped Langevin Equation with Conservative Force
	5.2. Feynman-Kac Formula for the Bloch equation
	Problems

	Chapter 6. Interesting Stochastic Phenomena
	6.1. Subdiffusion and superdiffusion
	6.2. Stochastic Resonance
	6.3. Instantons
	Problems

	Chapter 7. Disordered systems
	7.1. A simple non-disordered system: the mean field Ising Model
	7.2. Random Field Ising Model (RFIM)
	7.3. Neural networks and Hopfield model
	7.4. Sherrington-Kirkpatrick (SK) model
	7.5. Spherical p-spin model
	Problems


