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Stochastic Processes and Path Integrals

Exercise 2.1 (Stirling’s approximation):}

Use the I' function definition:
[ee]
[(n) = /0 " tedz n>0 T(n+1)=n! (2.1)

together with the saddle point approximation to derive the result used in chapter 2 of
Lecture Notes:

1 1
Inn!=nlnn—-—n+ 3 In(2mn) + O () (2.2)
n

Solution. To use the saddle-point approximation we need to rewrite (2.1 in the following

form:
I(\) = /deexp (_Fg\@) (2.3)
So that:
, OF —1/2 F()
) A0 2mA (83: x—x0> P (_ A > 24)

where zg is a global minimum of F(z).
First, we evaluate I' at n + 1, and express the integrand as a single exponential:

+oo _ +o0 ainl
T(n+1):n!:/0 dea"e x:/o dpe *To8Y

We want to collect a n in the exponential, and then define A = 1/n, so that the saddle-point
approximation A — 0 corresponds to the case of a large factorial n — oco. To do this, we
perform a change of variables x + s, so that x = ns, with dz = nds:

o0
I(n4+1)= /0 dsnexp(—ns + nlog(ns)) =

00
="t /0 dsexp(nllogs — s])



In the last step we split the logarithm n log(ns) = nlogn+nlogs = n" 4+ nlog s, extracted
from the integral all terms not depending on s, and then collected the n as desired. Now,
letting A = 1/n we have:

+00 —
= nn+1/ dsexp <logss)
0 A

which is in the desired form for (2.4)).

So, we compute the minimum of F(s) = logs — s:

d 1
F’(s):£(s—logs):1—g20$30:1
1
F'(s)= == F'(sg) =1>0
s

And applying formula (2.4):

2T _ 1
n! ~ \/—-1-e "= \2rn" e
n

~~
n—oo

Finally, taking the logarithm leads to the result (2.2)):

1
| ~ _ —_
10g n. > nlogn n + B 10g(271 Tl)

{Exercise 2.2 (Random walk tends to a Gaussian):J

Implement a numerical simulation to explicitly show how the solution of the ME for a
1-dimensional random walk with p; = 1/2 tends to the Gaussian.

{Exercise 2.3 (Non symmetrical motion):J

Write the analogous of:
1
W(z,t+e¢€) = i[W(a:—l,t)—i—W(x—kl,t)] (2.5)
in the LN for the case with p, =1 —p_ # p_ and determine:

1. How they depend on [ and ¢ in order to have a meaningful continuum limit

2. The resulting continuum equation and how to map it in the diffusion equation:

oW (z,t) = DO2W (z,1)

Solution. Consider a Brownian particle moving on a uniform lattice {z; = i-l};enN,
making exactly one step at each discrete instant {t,, = n- e}, en, with [,e € R fixed.




Denoting with p, the probability of a step to the right, and with p_ that of a step to the
left, the Master Equation for the particle becomes:

W(x,t+¢) =p W(x—-1t)+p_W(x+11t) (2.6)

1. We already derived (see notes of 7/10) the expected position n at timestep n in that
case:

(2, = nl(ps —p-) =t (py —p_) (27)

Intuitively, an unbalance p, # p_ will result in a preferred motion proportional to
that unbalance. Thus we can rewrite (2.7) as:

(ah, = vt v="(py —p)

v is the physical parameter that needs to be fixed when performing the continuum
limit. So, as p, —p_ = 2p, — 1 by normalization, we can find the desired relation
between p, and v:

(2py — 1) Ev:>p+:1[ve+1}

201

M | =~

As before, we also need to fix I?/(2¢) = D.

2. Expanding each term of (2.6)) in a Taylor series we get:

2
W] + eW (2, t) + %W(x,t) +O@E) =

=, [W—l— IW () + ;ﬂw”(x, t) + 0(13)}
+p_ [M— W' (z,t) + ;ﬂw”(a:, t) + 0(13)}

Using the normalization p, +p_ = 1 and dividing by € leads to:

W(.Z', t) + %W(ib‘,t) + 0(62) = (p—l- _p—)EW/(xat) + iwll(xat) +0 (6)
In the continuum limit [, e — 0, with fixed v and D, we get the diffusion equation:
W(z,t) = oW'(z,t) + DW" (2,1

which leads back to the usual diffusion equation if we set v = 0. Note that p, =
p_ = v =0, as it should be.



Exercise 2.4 (Multiple steps at once):J

Write the analogous of:
1
Wiz, t+¢€) = §[W(J} —Lt)+W(x+1,1)]

for the case where the probability to make a step of length sl € {£nl: n € Z An > 0} is:

1

p(s) = 5 exp (~Isla)

where « is some fixed constant. Determine:
1. the normalization constant Z

2. what is the condition to have a meaningful continuum limit, discussing why the
neglected terms do not contribute to such limit

3. which equation you get in the continuum limit

Solution. Consider a uniform lattice {z; = i-l};cN, and a time discretization {t, =
n-€tpen- Let W(z;,t,) be the probability that a particle is in z; at time ¢,,.

At each timestep, the particle can make jumps of size si, with s € IN'\ {0}, with probability
p(s). So, to get the probability of finding it at x; at the next timestep t,, .1 we sum over
all possible jump sizes:

+o0o
Wz tyi1) Z p(s —sl,t,) + Z p(s)W(x; + sl,t,) =
s=1
1 +oo .
- Z e — sl t,) + W(x; + sl t,)] (2.8)

The first sum is relative to jumps to the right, while the latter is for jumps to the left. Note
that the particle always moves.

1. For the normalization, as the jumps can be in both directions, we have two sums:

Z+ Z“S"Urz “S'Q—zze —

s=—1
= 1 2
:2 6—50671 — 2( —]_> =
(§ ) @ \1=e" .
where in (a) we used the limit of a geometric series:

+o0 1

Z Pt = Ir| <1

0 1—r



2. We start from the master equation ([2.8)) and Taylor expand:

Wz, t) + W (z,t) + o<62) =
1

fz —Sa[ xt—W—i— W (x,t) + O(®)
xt—|—W—|— xt)—FO(l)]

= — l2 1 = 2 —
= —W(z,t)) e 80‘—1—7W (z,t) > s7e (2.9)
5= s=1
72

Note that we can neglect the sum of the infinite O(lg), because they are weighted by
a decreasing exponential e *¢, meaning that they quickly vanish for s — oo.

To evaluate the second sum we start from:

Z

+o0
—sa
e = —
2 )

Differentiating with respect to a two times we arrive to the desired formula:

iy d? z e™(1+e%)

2 sa
— — g se —> E 5 = —5- =73
da s da2 2 (e — 1)3

Substituting back in (2.9)):

W) + W (z,t) + O() =

. 12 (ea - 1) ea 1 ) 3
— W(x,t)#—fw (2, ) ——— e 1)3 +0(%) =
B P, e (1+e)

=Wt + 5 Wz, )i(ea_l)2 +0(1®)

Dividing by e:

2

Wz, 1) + O(e) = éew”(x, pdte)

("~ 1)

So to get the correct continuum limit for €,/ — 0 we need to fix lz/(2e) =D.

+o@ ™

3. The final continuum limit is given by:

. ea
W(x,t) =D



Exercise 2.5 (Expected values):}

Use equation:

1 (ac—xo)Q
Wiz, t) = W(z,t|xg, ty) = —_— t>t
(x,1) (@, t|zo, to) 4ﬂDt€XP< AD(t — ty) 0

to determine (z), (z?); and Vary(z).

Solution. W (z,t) is a gaussian with mean z and standard deviation /2D(t — ty). So

from standard gaussian integrals we immediately know that:
()t = o3 Vary(z) = 0° = 2D(t — ty)
Then:

Var(z) = () — ()2 = (2%) = Var(z) + (2)? = 2D(t — to) + =4

{Exercise 2.6 (Diffusion with boundaries):}

Consider the diffusion equation:
oW (x,t) = DO2W (1)

in the domain [0, c0) instead of (—oo,00). To do that one needs the boundary condition
(bc) that W (z,t) has to satisfy at 0. Determine the be for the following two cases and for
each of them solve the diffusion equation with the initial condition W (z,t = 0) = §(x — z¢)
with g > 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. we
have instead a Survival Probability:

P(t) = /OOO W(x,t)dx

that decreases with t. Calculate it and determine its behavior in the two regimes
< x%/D and ¢ > x%/D. Why x%/D is a relevant time scale?

(Hint: use the fact that ek are eigenfunctions of 6;% corresponding to the same
eigenvalue and choose an appropriate linear combination of them so to satisfy the
be for the two cases. Be aware to ensure that the eigenfunctions so determined are
orthonormal. Use also the fact that fg €' dz = 6(q) )




Solution. The idea is to extend this equation to the entire real line (a case that we
already tackled) by exploiting symmetries.
So, consider the diffusion equation on IR:

oW (x,t) = DO2W(x,t) ze€R
We note that if W (z,0) is even/odd, then W (x,t) is even/odd V¢, that is the diffusion

preserves the initial symmetry.
This can be seen directly. For example, suppose W (z,0) is odd. Then the solution at time
t is:

W(a,t) = [ deoW(a,tlro, 0)W (o, 0)

Let’s evaluate W (—x, t):

< +oo 1 (—z —20)% .
W(—z.t) = d S (N I v 74
)= [T e (< C W)

Changing variables to z( = —:

~ I (o436 1
W—,t:—/ dat S VA I VAR
SR AN ‘”Ome}{p( e )0

Then inverting the integration path, renaming z{, — 2z and using the W(zg,0) =
—W(—x0,0) leads to:

o0 z—120)?\ - %
W(—z,t) = —/_; dzg \/ﬁexp <_(4Dtg)> W (zg,0) = =W (x,t)

Assuming W (x,0) even, with similar calculations it is possible to see that also W (x, ) is
even.

Alternative method. We could prove the same symmetry preserving property without
knowing the explicit solution formula. Just start from the diffusion equation:

oW (z,t) = DO2W (z, 1) (2.10)

Note that it is linear, meaning that if Wi(z,t) and Wy(x,t) are solutions, then also
aWi(x,t) + bWy (z,t) is a solution.
So, let W(x,t) be any solution. We can construct an odd solution as follows:

W(zx,t) — W(—z,t)
2

Woaa(z,t) =

To prove that this is indeed a solution, we need to show that W (—zx,t) is a solution, and
the rest follows from linearity. So, by direct substitution:

W (—x,t) = DO2[W (—x,t)] = DO [-W'(—z,t)] = DW" (—z, )

This is possible because the z-derivative is of even order.



Now, by uniqueness of solutions, the same initial condition cannot ewvolve to different
solutions. So, as Wqq(z,t) is odd by construction V¢, we have showed that any solution

of (2.10) that starts odd will remain odd.

We can finally tackle the half-line problem. Note that any solution W (z,t) on the full
line, when evaluated on = > 0, will be a solution on the half-line (because the differential
equation remains the same). The only thing that needs to be checked is the boundary
condition - and that’s why we needed the excursus on symmetry. We note that:

e Absorbing boundary. Any W (z,t) odd satisfies the absorbing boundary condition
W(0,t) = 0 (if the particle disappears upon reaching = 0, then the probability of
finding it there must be always 0).

¢ Reflecting boundary. Recall the definition of flux:
oW (z,t) = —gj(x,t)
Ox
Comparing with we have:
J(x,t) = —DaaxW(a:,t)
So the reflective boundary condition becomes:

J(0,8) =0 = ;xW(O,t) =0

Now note that this condition is automatically satisfied by any solution W (z,t) on
the whole line that is even. In fact:
W(Az,t) — W(0,t) W(0,t) — W(-Az,t)

0 .~ . .
52V (0:1) = lim A = Jm A

And inserting W (—Ax,t) = W(Ax,t) by symmetry:
- V(Az,t)—W 7 - W(A

gW(O,t) _ lim W(Az,t) —W(0,t) lim W(0,t) — W(Ax ,t)

ox \A$—>O At | Ax—0 Ax

~~ ~~
a —a

=0

J/

As a = —a only if a = 0.

Summarizing, by choosing the initial condition W (z,0) with the right symmetry on the
whole line, we get “for free” the solution on the half-line with an absorbing/reflective
boundary at x = 0. Let’s do just that.

e Absorbing boundary. We need to reflect the half-line initial condition so to have
an odd initial condition on the full line. So:

W(x,0) = d(x —x0) — 6(z + x0)



The full solution is then:

33'—.1'

W(x,t) =

W(',0) =

T (6(2" =) — (2" +20)) =

exp
ex x _ 330 —ex —M x>0
NZT T P 1Dt

The survival probability P(t) is the integral over the half-line:

- 1 +00 (x— x0)2 (x + x0)2
) = - W) ) I VA N
P(t) /]R* W(x,t) \/m/o dx [exp ( 1D exp 1D
1 +00 1 2 1 +00 1 2
N VATDt J-s, YSP\ Tupi ) T VinDi /xo P\ Tape

[ () 5 o [ =)
= =e
\/m 4Dt ) V7 ﬂc‘o/\/‘m ~\ViDi
(2.11)

e ()
(”)

where in (a) we changed variables y = x — z (first integral) and y = = + x (second
integral). The in (b) we performed another change of variable ¢ = y/v/4Dt. The
erf(x) is the gaussian error function (used mainly in statistics), defined as the
integral:

erf(x \/_/H: _t dt

which has no analytical form (except for = 00) and must be computed numerically.

Looking at (2.11]) we see that P(t) is, graphically, the area under a center slice - with
width 2z¢/v/4Dt - of the unit gaussian.

As D has units of [m2 /s], a:% /D has units of time, and so can be interpreted as the
scale of the first arrival time at * = 0 from z( for a diffusing particle. In fact:

— For t < :L‘%/D, or equivalently x%/(Dt) > 1, P(t) — 1, as the integral in
is over most of the support of the gaussian. Physically, this means that the
particle did not have enough time to reach the absorbing boundary z = 0 from
its starting position at z.

— For t > x5/D, i.e. 23/(Dt) < 1, P(t) — 0, as the integral limits in (2.11) are
almost the same. Physically, given a sufficiently long time, a particle will reach
x = 0 through random motion, independently of its starting position.

e Reflective boundary. This time we need an even extension:

W(x,0) = 6(x — x0) + 0(x + 2)

10



Leading to:

i da’ (z — $/)2 $roo 1
W(z,t) = /IR 5 &P (_4Dt) W(z',0) =

[Exercise 2.7: }

For a Brownian motion z(s), 0 < s < ¢, with diffusion coefficient D and initial condition
x(0) = 0, show that:

2 00 22 a
Prob( sup x(s) > a) = / ex ——— ) dz = erfc ()
B, 78 2 VDt Ja 7P < 4Dt> VDt

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

Solution. We wish to compute the probability that a Brownian path starting in 0 at
t = 0 arrives past x = a in a time window [0, ¢]. In other words, generate N = 100 paths
in [0,¢], and count how many of them go further thatn z = a. We are interested in the
fraction of “successes” as N — oo.

Note that it does not matter the final point of each path, but just if it reaches z = a
at least one time or not. So, let x = a be an absorbing boundary, and let’s study the
Brownian motion in the half-line (—o0,a). As the particle is free, there is no preferred
direction, and by symmetry we can reverse the interval, studying = € (—a, +00) with
absorbing boundary at x = a. Formally:

Prob( sup z(s) > a‘x(O) = O) = Prob( inf xz(s) < —a‘x(O) = 0)

0<s<t 0<s<t b

Finally, the system is translationally invariant: the only physical parameter that matters
for the final probability is the distance between the starting position (0) and the absorbing
boundary (—a). So we can consider the particle starting at a with an absorbing boundary
at 0, retrieving the case = € (0,00) that we studied in the last exercise.

The probability of crossing the boundary is the probability of not surviving:

a
p = Prob (oégfﬁx<5) = O‘x(O) a) PP g e <\/4Dt>

= erfc <\/Z_Dt>

Where erfc is the complementary error function, defined as:

erfe(x) = 1 — erf(z)

11



[Exercise 2.8:]

Solve the diffusion equation:

;W(az,t) = DV’W(x,t) @R (2.12)

1. Determine the propagator W (x,t|xg, o)
2. The averages (x) and (||z|?)

3. The general solution for a generic initial condition W (xg, tg)

Solution. The procedure is the same as in the d = 1 case. So we start with a d-dimensional
Fourier transform to convert the problem to a first order ODE that can be solved with
separation of variables.

1

_ 1% T _ d eiw-kz T _ .
W(z,t) = F W (k1) (1) /IR Ld k(%)d W((Z)t) (2.13)
= [ 4"k ) (W (@)
c(k,t) = FIW (2, t)|(k,t) = /IR LAz e TR (@, 1) = (e W (2, 1)) (2.14)

We can rewrite (2.12]) in terms of the Fourier coefficients by differentiating c(k,t) (2.14)
with respect to ¢, and then substituting in ([2.12)):

ok, t) = / Sl e R (1) = / L@ e TR DY (2, 1) =
R R

_ —DHkHQ/d dFz e TR (2, 1)
(@ R

J/

c(k,t)

where in (a) we integrated by parts two times over each dimension. This is d Explicitly,
for d = 2:

. . 2 o2
2 —ZSL'llfl—ZSL‘ka
D/Ide ze (a W i)+ 2y QW(m,t))

1 L2
Consider for example the first term:
, , o>
D/ Ay €—1$2k2/ dzq e—lekljw(wjﬂ -
R R 8271
2

= D/ dxy e_ikaQ/ dzq < 9 26_iw1k1> W(x,t) =
R R 8.73'1
— — Dk} /]Rz QPxe TP (@, 1)

12



The same reasoning extends to d dimensions, and explains why we can perform partial
integration as in d = 1 case.

So we arrived at:
¢(k,t) = —DI|k|*c(k, t)
Which can be solved by separation of variables:

de(k, t)
c(k, 1)

—D||k|)? dt = c(k, t) = Ce LIk

where the constant C of integration can be found by imposing the initial condition:
c(k, ) = DIkt _ (k1) = C<k’t0)e—D||kH2(t—t0)

To retrieve W (x,t) we perform the inverse Fourier transform, according to (2.13)):

W(x,t) = c(k,t) =

2
c(k, 750)6—17Hk7|| (t—to)

We then need to transform back also the initial condition:
c(k,ty) = / A%y e Y FW (y, 1)
Substituting it above:

1 ikx —iy- - 2t
Wit = (27T)d/1Rd dk /]Rd dly e* T VR (y, ty)e PIFITIH0) =

1 .
= [k [ty esp | D6 o) [KIP+iGe — )k | Wigto)
(27() R R w_/ Hb,_/

Note that the exponential is a gaussian integral in k, with all dimensions k; independent
from each other. So, for every i =1,...,d:

1 2 . 1 T blz .
g/ﬂidk‘iexp<—ak‘i + bik;) = 27T\CeXp (4@) _

_ 1 ox _(%‘—yi)2
AxD(t —ty) P\ 74D —1)

And multiplying all together:

_ 1 |z -y
Wi(z,t) = 4rD(t — 1)) 2 /]Rd d%y exp ( 1Dt — to)) Wy, 1)

This is the general solution for any initial W (y, ty).

13



1. For the propagator W (x, t|xg,ty), choose W (y,ty) = (5d(az — xg), leading to:

= ! &=yl -
W(mat‘wﬂat(]) - [47TD(t—t0)]d/2 /]Rd ddy exp <_4D<t_to)> 5d(y B w0> _

- ! oy [Nz = oll”

- D~ 10" p( 4D<t—to>) (219)

2. Note that (2.15)) is a multivariate gaussian with mean x¢ and diagonal covariance
matrix will all entries equal to 2D(t — ty). So, immediately:

(z)r = o
(wizj)e = 2D(t —10)d;;

Meaning that:

d
(2], = (O a7) = 2D(t — to)d + ||zl
i=1

[Exercise 2.9:}

Deduce the analogous of the following equation:
W (z,0,0) = AW (\z, A%t[0, 0)

for the d-dimensional case of the previous exercise.

Solution. Starting from the diffusion equation:
oW (z,t) = DV*W (x,t)

Note that if W (a,t) is a solution, then also W (A, A*t) is a solution. In fact, let &’ = \a
and ¢’ = \?*t. Then:

' ;o d?
atW(w,t)—at/W(m,t) E
—~—
)\2

= DVW(a',t') = D(V2,W (', 1)) Vaiz'
~——
)\2
And so:
d,W(a' t') = DV2W (' )
which is verified because W (x,t) is a solution by hypothesis.

However, interpreting W (x,t) as a probability distribution, we need to enforce the nor-
malization (this makes no difference in the solution, because by linearity of the PDE, if

14



f(a,t) is a solution, also af(x,t) with a € R is a solution). So:

| p ; A d ”)\sz

1 =A/]Rdd x W (Ax,\'[0,0) = [47rD/\2t]d/2/1Rdd L exXp (_ iDt |
A <4th)d/2 _A
© daDAYE NN R

And so the correct relation is:

W (x, t|0,0) = AW (Az, A%t[0,0)

{Exercise 2.10:]

Prove by a direct calculation that the propagator:

1 (z — x)?
Wz, tlzg, ty) = ——ooxp [ - 0 t>t 2.16
(2, 20, to) 4 D(t — t) p( AD(t — o) ’ (210)
satisfies the ESCK relation:
W (z, tz0, to) :/IRdx'W(:v,t\x',t/)W(x',t'\xO,to) o<t <t (2.17)
Solution. Substituting (2.16) in (2.17)) leads to:
1 1
W(;U,t‘xo,to) = ’
VArD(t —t') \/4x D(' — to)

N
/ 2 N2
[ o (o o
R AD(t —ty) 4D(t—1)
To make notation easier, let t — ' = At and t' — t; = At', with At + At' =t — t;. Merging
the fractions:

At(x/ — 930)2 + At/(x - 33/)2
Wz, t|zg,t :/\// da’ —
(z,t|z, to) R xexp( ADAIAL

N / 4 oo [ — (2')?[At + M) + 2/ [-2Atxy — 20t 2] + Atad + At 2P
SR " 4DAtAY

2
_ / 2 . m b
—./\f/]Rdx eXp(—ax +bx—|—c) —/\/'\/;exp <—4a+0)

with:

L=ty _ ,Tobt+aAl Mg+ A

T ADAIAY ADAIAY ADAIAY

15



The normalization term is:

s 1
N\/; ~ /aD{ —ty)

While the exponential argument becomes:

AlzgAt + x AP ADAAY Ataf + A2
 (4DAtAYY? At—ty)  ADAMAY
At+At
agAE + 2 (M) + 2zaAAY — (t — to)[Dtaf + A'z?]
B ADAEAY (t — tg) B
Qwx MAT — MAT 2% — AN o (r— o)

ADAEAT (t — to) T AD(t—ty)
And so the complete solution is indeed:
1 (= zp)°
Wiz, tlxg, tg) = —————=exp| —————
(@ tlzo,fo) D —tg) Y ( AD(t — to)

[Exercise 2.11:}

Compute the expected value for the functional:

t
F (/0 a(T)z(T) dT) (2.18)
with a(7) = §(7 —t') for 0 < ¢’ <t and F(z) = §(z — ). Is this a known result?
Solution. Substituting a(7) = 6(r —t') and F(z) = §(z — x) in (2.18) we get:
F </ta(r)x(7-)d7'> — 5 </t5(r—t')x(7)d7—x> = o<t <t
0 0
= 0(a(t') — @)

So the expected value is just the transition probability after t', which is a known result:

2
W(z,t]0,0) = (6(z — 2(t') )y = \/ﬁexp (-J’)t,)

Let’s confirm this by doing the full calculation. We already evaluated (F') in the general
case (with D = 1/4), obtaining:

(F </0ta(7')1‘(7') dT>>W = /71'R1(t) /IRdZ F(z)exp (_;;)) ; (2.19)
R(t) = /Oth (/Tta(s) ds>2
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Substituting the values for a and F' we get:

t t 2
R@%zAch(/é@—ﬂda 0<t <t
Note that:

t 1 <t <t
/ §(s —t')ds = !
i

0 otherwise

So it is convenient to split the outer integral at t’:

= o[-0 o[- 10) -

(. /

v~ g

o<r<t' t<r<t

t t
:/ d7'12+//d7'02:t/
0 t

And substituting back in (2.19):
(o (t/)»w ! / o( ) a
T —x = dzd(z — x) exp =
Vrt' /R t

1 :E2
~Vad P\

To retrieve D we substitute ¢’ — 4Dt’, leading to the same result as before:

2
ootV = s (=03

{Exercise 2.12:}

Using the Wiener measure explain what the following average means:

C = (d(zy —x(t1))0(xa —x(t2)) - - - 6(zp, — 2(tp)))w 0 <ty <t <- - <t <t

Solution. C represents the probability for a path starting in x = 0 at ¢t = 0 to pass
trough all x; at the consecutive instants ¢;.
To see this, we expand the average using the Wiener measure:

n

C = d S(x; — x(t;
oy Qwe7) I 6o = (2

where the integral is over all the paths with fixed starting point (0,0) reaching any point
€ R at t. Each delta “fixes” a point in a path, in the sense that it nullifies the integral
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for every path that does not traverse z; at time ¢;. So we can rewrite C' as a product of
transition probabilities:

C= dyz(r) - -

dwax(T / /
C{0,0;]Jl,tl} W ( ) C{xl7t1;m27t2} W C{xn—lutn—l;xn7tn}
= W(xy, ty|xg, to) W (mg, ta|wy, 1) - Wi(wp_1, ty_1|T0, 1))

dyz(r) =

Which is, in fact, the probability of a path traversing all these points.

[Exercise 2.13:]

Determine the following average:

J(z) = (exp (—z’k2 /0 Cdr 22 ()0 — x(t))>>w

by using the results from the Gelfand-Yoglom method with the initial condition z(0) = 0.
Determine also the normalization:

./\/’:/IRJ(x)dx

Solution. We already computed the average of the exponential functional with fixed
endpoint:

{exp (_ /Ot P(r)z*(7) dT) 5z — o)) = —e exp (_xz l}(O))

7D(0) D(0)
where D(t) and D(t) are solutions of the following differential equations:
D(t)=0
D"(r) = P(r)D(7) dD(r)| _
dr T=t -
D(t)=1
D'(r) = P(OD() 4 ap(r)
=0
dr lr=t
In this case P(7) = ik? and so we need to solve:
D" (r) = ik*D(r) (2.20)

with the two different sets of initial conditions. Note that this equation is really similar
to that of the harmonic repulsor, and so we search a solution as a linear combination of
exponentials:

D(r) = Ae™T L Bem kT

18



Substituting in (2.20]) leads to:
O[2k'2(A€akT + Be—akr) _ ikQ(Aeo‘kT + Be—a/m')

And so o® =i = a = i = exp(in/4).
Now it’s just a matter of applying the two sets of initial conditions. Instead of re-doing all
the computations, recall the solutions we got for the case P(1) = k2

D(r) = llcsinh(k(t ~7)  D(r) = cosh(k(t — 7))

We can get the ones for the case P(1) = ik? by substituting k — ak:
1

D(r) = e sinh(ak(t — 7)) D(1) = cosh(ak(t — 7))
a

And substituting back we arrive at the desired solution:

ok

(@) = 7 sinh(akt)

exp (—ak:r;2 coth(akt))

All that’s left is to compute the normalization, which is just a gaussian integral:

N = \/ 7TSlIlh akt) / de exp( ak coth(akt)z \/ 7rsmh ozkt V ak Coth akt)

sinh(akt)

\/smh akt) \| cosh(akt) \/cosh(akt)

[Exercise 2.14:}

Determine the average:

K(a, k) = {exp <_ /0 el + ik (7] d7>)W (2.21)

where a and k are arbitrary (real) constants. How this result can be used to determine
(0(x —(t)))w?

Solution. Let’s introduce a discretization {¢;};—; ., and the usual notation f; = f(t;)
and Af = f; — fi_1. Let also D = 1/4 to simplify notation.

For a fixed a, k € R, K(a,k) is the continuum limit of the discretized integral:

K(a, k) = lim K,(a,k)
S (%“%‘—1)2)
K a, k ex — —_—— .
o@D = Jon (H\/_m) p< 2T,
9 )
. exp <_Z [CL(%‘ ;;il) n ZkAAthz] Ati>

=1
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Note that:

n
ZA:Q =z, —Tog=1T,
i=1

where we assume xy = 0 for simplicity. This leads to:

This is a multivariate gaussian integral. We can decouple all the n gaussian with a change
of variables, that is suggested by the most immediate simplification (z; — xi_l)Z = yi2 .

Ti— Ti—1 = Yi
Note that:
7
D=yt tyi=gr— w teg g+t r—zer=1a; 1<i<n
=1 ~~

This allows to compute the jacobian:

1 0 0
det 8{ Z} = det Lo =1
1 1 1 sen

Leading to:

K, (a, / (ﬁ%)exp(ﬁ: 1+a—l—zk2yl>

Now the gaussians are decoupled, and we can move the product outside the integral:

d dy; (I4+a) o .
K, (a,k) = / i _ 24 ik g 2.22
(a, k) Zl;[lna mtieXp< At, Y +\:/y (2.22)
——
A

I
3
e

D

4

o)
VN
] <%
N———

a1 k2 A -
— U mmee gt ) =

1 n 2
> exp | — Wt ) (2.23)



Taking the continuum limit n — oo leads to different results depending on the value of a.
Note that works only for a > —1, and for the other cases we need to resort to a
previous step . If a < —1, the integral diverges, and if a = —1 it is a product of d(k).
We omit an extended discussion of these degenerate cases.

For a > —1, by inspecting we arrive to:

00 —1<a<0
K(a,k) = { exp (—%) a=20
0 a>0

We can use (2.23) to evaluate (0(z — z(¢)))y . Recall the Dirac § definition:

5(z) = F[1)(x) = ;ﬂ [

Then:
(3 — a0 = (o [ a0 (2.24)

Compare this last expression with the starting integral (2.21)). Note that, if we set a = 0,
we get:

(12.23)

2
K(0,k) = (— /ot ikz(T)dr) = (exp(—ikxz(7))) = exp <_k4t)

Substituting in (2.24]) and exchanging the integral on dk with the average (thanks to
linearity):

_ _ 1 ike , —ike(t) 1 B 2 . _
(6o = o) = 5 /de:e (e ha)y 27T/de:exp K+ iz k| =

t
<
K(0.k) "

L (B L (Y (L
oV aTP ) T oV P s ) T P t

Which is the same result as previously derived.
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[Exercise 2.15:]

Show that:
. dAz (Agj)2
P(|Az| <€) = lim ——— _exp| — —1 Ve > 0
(jAz] ) At—0" J|dzl<e AT DAL P < 4DAt)

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

Solution. Consider a discretization {t;};—1 _,, with At; = t; —t,_; and x; = 2(;).
Then, for every :

P(|Az;| <€) =Pz —e <ay <xjy tela(tiy) =xi1) =

Ti-te  dzy (; — 2.1)°
frd —_— X _ —=
v —c JAnDAL, P ADAL,

+e dAm [Az;)?
= ————— €X -
@ J-c arDAL P\ T aDar,
where in (a) we translated the variable of integration Ax; = x; — x;_1.
To compute the final integral, we perform another change of variable:

Az Az; Ve
1 1

Leading to:

€/ i . 22
P(ar] <o = [0 a2 o (<17

4D
In the continuum limit At; — 07 we get:

lim P(A ez =\
im T <€ :/ ex —— | =
Jim P <= [T Eew

[Exercise 2.16:}

Show that:

Ax
11)(
Al

: dAz (Ax)?
k) = 1 / —— - =1 Vk>0
atoso* aal>kae A DAL eXp( 4DAt>

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

Solution. As in the previous exercise, consider a time discretization {¢;};—; , and the
usual notation. We then consider the related probability in the discretized path. First,
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to have a unique integration domain we rewrite the probability in terms of the converse

event:
Ax; +EAL dAx, Az?
> k) =1-P ( ! ) =1- / —
’Ati ke, VArDAL P\ T aDaAt,

Consider again the change of variable:

At

Az;]? Az
[Ax;] :z2:>z:\/z_;:>dA:ci:dz\/Ati
i i

+ky/At;  dz 22
) [ e
At; /AnD 4D
Note that in the continuum limit At; — 0" the integral domain vanishes, while the
integrand remains the same, meaning that the whole integral will go to 0. So:

leading to:

Ax;
P ( i
At;

AZL’Z'

Al

lim 1P<' >k>:1—0:1

At;—07"
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Fokker-Planck Equation and Stochastic Processes

{Exercise 4. 1:}

Show that the Master Equation:

w;(ty41) = Z Wij(tn)w;(ty,) 1= Z Wij(t,) (4.1)
J 7

preserves the normalization, i.e. if:
Z Wy (tn) =
i

when n = 0, then it holds for all n > 0. Idem for [dzw(z,t,).

Solution. By induction, we prove that if the normalization holds for n, then it holds for
n + 1. Then, as it holds for n = 0, it must hold for any n.

zi: n—|—1 ZZ (tn) =
Z tn) 2 Wij(tn) = 3 _w;(tn) =

J i 1
In the case of [dzw(z,t,), the same property holds for all the Riemann sums, and so it

holds in the continuum limit.
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[Exercise 4.2:]

Show that:

z—ef(x,t)

1
eD(z,t) ) \/eD(z,1) /]RdyF(y) -

imply the normalization condition:

W(z|z,t) = F

/ dz W(+z|z,t,) =1
R

Solution. By direct computation:

/de(z|x,t) /d F z—efa:t :/d F(y
R ert (a)

where in (a) we performed the change of variables:

y = S ASALY) if(x’ 2 dz = \/eD(x,t)dy

eD(z,t)

{Exercise 4.3:}

Show the ansatz (4.2)) together with:

/]Rdny(y) =

/IRdZ W (z|z,t) = ef (z,1)
/]Rdz 2W (2|, t) = eD(x,t) /]Rdy Y2 F(y) + O(€%)

/IRdZ FW(z|z,t) = O(ek/z) k>3

imply:

Solution. For the first moment:

z—e€f(z,t) 1
(z) = pi(x,t) = | dzzF - - =
& A ( \/eD(x,t)) D 1)
;5 ]Rdy <ef(x,t) + y/ ED(I,t)) F(y) =

= (1) [ Fly)dy-+y/eD(x,1) [ dy F(y) = ef(r.1)

— ——
1 0

25
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For the n-th order moment, with n > 1, we use Newton’s binomial formula:

/dzz (z|z,t) = /dy (ef(:c t)+y D(xyt)>nF(Z/):

(4.3)

_ —~ (n DYE/2 —
= [ dyF(y Z eD)
R
:/dyF ”<>nk (42 DYF/2en k2
R k=0
For n = 2 we get:

= D(a.1) [ dyy*Fl) +2eveD [ dyyF(y)+ 37 [ dyFly) =
———

0 (€%) 1
= eD(,1) /R dy y*F(y) + O(e%)

O]

For k£ > 2, note that the exponent of the € is:

k n—k _k
—k+-= > —>1
n +2 5 _2>

And so all terms are of order O(ek/ %).

[Exercise 4.4:]

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.

Solution. Consider an infinitesimal surface d¥ with normal ©s. Suppose that d is
immersed in a fluid, and that locally around that surface, the particles are travelling with
velocity v. Then the particles are approaching d¥ with the perpendicular component of
their velocity, i.e. v- 7. So, in a small time interval d¢, all the particles that traverse dX
are contained in the volume v - 7o dt dX. Multiplying by the local density p of particles, we
obtain:

AN = v -AdtdZp

The flux, i.e. the rate of traversing particles per unit time and unit area, is:

. dN R
Jo(T) = dLdx =wv-fip(r)

This relation is valid locally around a point r € R®.
Now, consider a sphere S of radius r. Let fa(r) be the (outward) unit normal vector at a

point r of the sphere. S is immersed in an ideal gas at temperature 7'. In any point r we
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will then have particles moving in every direction, with a velocity distribution given at
equilibrium by the Maxwell-Boltzmann distribution:

3/2 2, 2, 2
Fon 0y, 02) — ( m ) exp (_m(vm+vy +vz))

27T]€BT QkBT

where m is the mass of the gas particles.
The rate of particles colliding with the spherical surface will be the integral of j, () over
all the velocities “towards S” (i.e. with v-7(r) < 0) and all points of S:

5= @ [ axpl-alf()

By symmetry, the rate of hits on a tiny surface dX on the sphere will be the same at
any point of the sphere. So, we can choose any point, compute the rate there, and then
multiply the result by the spherical surface drr?.

For example, let’s choose the south pole. From there, all the velocities directed towards the
sphere are the ones “pointing up”, i.e. towards any point of the upper hemisphere. So,
moving to spherical coordinates in velocity v = v?sinfdvdd dep, with:

v = v(sin 6 cos ¢, sin O sin @, cos 0)

and 7 (South Pole) = (0,0,1)”, we have:

d7N B 5 < m )3/2

~~ \271kgT
NV
+00 /2 2m 2
./0 dv/o dé A dy vcosf sin@erXp <—%> =
v(0,0,1)T
N 3/2 /2 +oo 2
= 47rr2V (27r;<;nBT> (27r)\/0 sinGcosGd@//O v exp <_27;;:T =
1/2 QIcQBY:E/?n2
. QN( m )3/2 23T N [kgT
- V \2nkgT i m2 o VvV 2mm

For the second moment, we square everything except f(v), leading to:

<<(§Z>2> - (47”2];)2 <2WZBT)3/2'
2

2m /2 +o0
./0 dgp!) sin@cosQde/O dv v exp (_ZTZ;}T> =

1/3 3\/77/2(I<:‘;T/m)5/2

= (102) () g5 (25)
_(émv gy MR CUOE Lo Vil s -
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Finally, the variance is given by:
dN) (dN>2 ( dN ) ( 2N> (kBT k:BT>
- — (== drre— b b7
var < a) =)\ V) \om T 2mm

- () 2L (1-1)
-\ Vv 2m T

{Exercise 4.5: }

Show that the statistical properties of the Brownian motion, B(t), imply that (£(¢)) =0
and ({(t1)§(t2)) = d(t2 — t1).
We have defined in a purely formal way &(¢) = dB(t) / dt in the following equation:
dX dB
o Ve 4 =€)
(Remember that the Brownian trajectories are not differentiable).

Hint: (AB;) = 0 and (AB;AB;) = At;6;;. This result is also consistent with the following
formal expression for the ¢ trajectories:

dIP ({&(7 O(Hd§ T) exp (—/dT{ >

which can be deduced from the analogous expression for the dIP ({B(7)}).

Solution. Consider a discretization {t;},—1 ., with At; =t; —t,_y, fi = f(t;), t, =1
fixed.

Then, by definition, AB; = At;£(t;). Averaging for i = n:

0= (AB,) = Aty (&) = (E(tn)) = 0 —— (£(8)) = 0

For the correlator, choose two instants ¢; and ¢; in the discretization, keeping them fized
when doing the continuum limit. Then:

At;0;5 = (AB;AB;) = At At (E(t;)E(t5))

where we used the linearity of the average. Rearranging:

Atid; O,

(§(t:)s(ty)) = AtAt, Aztj — > 0(t; — tj)

This formula for the continuum limit of a Kronecker delta is a “discretiza-
tion rule” (see https://physics.stackexchange.com/questions/127705/
where-does-the-delta-of-zero-delta0O-come-from).  Graphically, we can inter-
polate a discretized function by using the left-most points (as in Ito’s prescription), so
that:

1 0<z <At
S0 = flz) = 0

0 otherwise

So it has an area of Aty # 1, so it cannot be a Dirac Delta in the continuum limit, which
is always normalized. So, the correct limit involves &;,/Aty.
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[Exercise 4.6:]

Use the probability distribution for a Brownian trajectory:

" (B;—B
dP By, ..., By|By, ty) = - —”
tl,...,tn( 15+ Bnl|Bo, o) exp( 2:21 )l_llm

1=

to show that:

Solution. If i # j, as different increments are independent, we have:
((AB)*(AB))*) = ((AB)*)((AB))?) = At;At;

where we used <(ABZABJ> = AtzAt](SZ]

If © = j we have:
(AB)")

which can be computed through Wick’s theorem. Here the number of factors is 4, and so
we have (4 — 1)!! = 3 possible partitions in couples, which are all equal:

(AB)") = 3((AB;)%) = 3At;
We can write both cases at the same time by using a Kronecker’s delta:

(ABy)*(AB})%) = 36,;At7 + (1 — 055) Aty
N—— -~ /
i=j i#j

[Exercise 4.7: J

Show that:
n 2 n
([; ((ABi)2 - Ati)] ) =2 ;(Atz)Q

Solution. We start by expanding the square:

n

> ([At; — (AB,)][At; — (AB;))?])

ij

Then we highlight the case where i = j:

= Zn:ldAti — (AB)) + é([Ati — (AB)?[At; — (AB;)?) (4.4)
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Note that for ¢ # j we can use the independence of increments to factorize the average:
([At; — (ABy)?][At; — (AB;)]) = ([At; — (AB)’])(At; — (AB;)?)
Recall that ((AB;)%) = At;, and so, by linearity:
([At; = (AB)"]) = At; = {(AB;)*) = 0

So we are left with the diagonal terms in (4.4). Expanding the square:

nA—AB nA—A AB; AB} .
i;([t ; t 2t(At.)>+< ) (4.5)

K2

And by using Wick’s theorem:
(AB)") = (4= DI((AB)*)(AB;)?) = 3A8;
Finally, substituting back in (4.5 we arrive at the desired result:

n

n 2
([E ((ABi)Q—Ati)] :Z: AE? — 2AE 4 3At7] =
—2y

=1

{Exercise 4.8:]

Show that for the generic A-prescription:

20\ p2 B
SE/OtB(T)dB(T): B®) 23 (to) +2A2 L= 1) (4.6)

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

Solution. Consider a “adapted” time discretization {;};—1 . 2y, With t, and t5,, =t fixed,
and:

taj—1 = Atgj + (1 = A)tg;_o

Graphically, this means that all odd points to;_; are fixed in the same relative position in
the intervals [ty;_o,19;], in the sense that, for example:

t1 —to = Ata — o)
The integral (4.6) can be then discretized as follows:

S = lim S5,
n—oo
2n

Sy =Y _[Bai—1](Bg; — Baj_2)
i=1
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We then approximate By;_; as if it were differentiable (this is a non-rigorous trick to
make computation faster):

2n
Sp =Y _[ABa; + (1 — A\)By;_o](Bg; — By;—9) =
i=1
=2" [\By; + Bai_g — ABa;_y](Ba; — Byi_y) =

2n
= Z [)\(321' — By;_9)(Bg; — Ba;_9) + 3321'—2(321' — BQi—QZ

A

Now the odd terms (middle points) do not appear anymore, and so these are effectively
Ito’s integrals. In particular the term in A was already solved:

t
A:/BTdBT
120

So all that’s left is to evaluate:

B*(t) - B*(ty)  (t—tp)
) Tto 2 2

t
)\Z Byi — Byi3)? —— A "aB(r) :/\/ dr = A\t —to)
to lo

Putting it all together:

BY(t) - B(ty)  (t—1y) B(t) - B(ty) , 2\~ 1

S = 5 5~ Alt—t) = 5 5 (t—to)
[Exercise 4.9:]
Show that, in the A-prescription:
t B2(t) — B*(0) = 2x—1
/0 B(r)dB(r) )A = . + = (t—to)

Hmt Consider the time mesh {ti}i:(),...,Qn Wlth t2n = t, t22‘71 = /\t27, + (1 — )‘)t2i72 and:

2n

Sp =Y Bai_1(Ba; — By;_9)
i=1

Solution. See the previous exercise.
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[Exercise 4.10:]

Show that (dB(7))**® = 0 Vk > 0. This is done in a similar way as in the proof of
(dB(7))? = dr. You have to show that:

[ eryaBm) =0

using ms-convergence. Assume for simplicity that G is bounded. On the same token derive
also that:

t
/ G(r)dB(r)dr = 0
to
Solution. Let G: R — R be a non-anticipating test function. We want to show that:
t k ms. k
| GO@BE) = lim, > Gia(8B) =0

Expanding the definition of mean square limit, we need to show:
n 2
k
<(_zl G (AB) ) )0
1=

Then we expand the square:

n 2 n n
<(z Gi1<ABZ->’f> ) <<z Gi (BB, ) (z ’f>>

We separate the case for which i = j:

Enj L(AB)?F) +22 i1G 1 (AB)F(AB))"

1<j

We can factor all the averages exploiting the fact that G is non-anticipating, and that
increments are independent:

—ZG ((AB;)*%) +2Z 1G5 (AB)"Y ((AB))™) (4.7)

1<j

Recall that each increment AB; follows a gaussian distribution, and that the p-th moment
of X ~ N(p,0)is

B[(X — 7] = 1 peedd (45)

o’(p—1)!I' pis even

So we have two cases:
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e k is odd: the blue term in ) vanishes, but the yellow one not. Recall that
(AB?) = At;, and so ((AB;)? ) (At )¥(2k — 1)!! by using 1-} We then use the
fact that G is bounded, i.e. |G(7)| < K V7 € R:

n

n
Z G2y (M) (2k — 1)1 < K% (2k —1)! Z

<K (2k:—1)"<maX(At = 1>ZAt —=0

<3<
I i=1

t

In the last step, we use the fact that >, At; is fixed, while max; At; — 0 in the
continuum limit.

e [ is even. We already now that the yellow term goes to 0 (same argument as the
same for n odd). However, now the blue term does not vanish immediately. So,
again, we use the fact that G is bounded:

(2.7) —22 i-1G;_1(AB)"){(AB;))") (4.9)
i<j A/_/
<K?
By using :
(AB)") = (M) (k= 1)
And so:

n
@) < 2K2[(k — D)UY AL <

1<J
) | 2(n/2-1) n
< 2K°[(k — 1)!] <zglla<}% Atl) %AtiAtj —0
—_——
<t?
{Exercise 4.11:}
Use the following Ito formula:
t
/t W (x(7))g(x(r), 7) dB(7) = h(x(t)) — h(z(t))+ (4.10)
0

W o) f ) + D) 200 | ar
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in order to give an expression in terms of ordinary integrals of:

t
| Gla(r)aB()
0
where G is a non-anticipating function. The trajectory x(7) satisfies the Langevin equation:
dz(t) = f(x(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)?

Solution. We choose a function A: IR — IR so that:

Gla(r)) = H(a(rg(a(r), ) = W (ar)) = A7)
Then:
et = [ B dr W) = TS

where t* can be any point.
Inserting in (4.10]) we get:

t _ G e Cee)
/tOG(x(T))dB(T)—/ d /t* g(:E(T),T)d +

tT G(x(r)) 1o, o

~J, [ty )+ 516 - 6
it G(z(7)) tl Gx(r)) 1, / B
= J 9 7 /to[ T f<”’”(7)77>+2[G9—G9]} dr =

{Exercise 4.12 (Change of variables in A prescription):}

Generalize the results for the change of variable formula for Ito integrals to the case of a
generic A-prescription and re-derive the result of problem 4.9.

Solution. The main idea is to start from a Stochastic Differential Equation in -
prescription, convert it to an equivalent formulation using the Ito prescription, apply
Ito’s formula for changing variables, and then go back to the former prescription.

First, two SDEs have the same solution x(t) if, for any realization B(t) of the Brownian
noise, their solutions (which can now be found by normal integration) coincide.

So, consider the usual SDE in Ito’s prescription:

dz(t) = a(z(t),t) dt + b(z(t),t) dB(t)
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which has solution:

1) = x(ty) +/ 7 dr + tob( (7),7) dB(r)

where the stochastic integral is formally defined as:

t
/b(m(T),T)dB( )= lim Zb v 1, 4)AB;  AB; = B, — B, ,
Ly

n%—i—oo

We now consider a SDE in the A\ prescription:

dy(t) = a(y(t),t) dt + B(y(t),t) dB(t) |

which has solution:

y(to) +/ dr+/ yr|

Now, however, the stochastic integral has a different definition:

/tjﬁ(y(T),T)dB( ’ = hm ZB(l— z—1+)\17i,ti_1)ABi

A n—-+oo

We now impose that y(t) = z(t) for every ¢, and search the mapping a,b — «, 3 that
establishes a correspondence between an Ito SDE and a generic A prescription SDE.

Let’s focus on the argument of the M-integral, and expand it about the left extremum of
the discretization:

B(Yic1 — ANzt + Myis tizg) = Bz + AW — yiz1), tiz1) =
= B(Wi—1,ti—1) + 0xBWi—1: tim) My — yiz1) (4.11)

As the paths are the same, y; = z;, and the increments Ay; follow the rule:
Ay; = a(wi—1, ;1) At + b(xi—1, y;i-1)AB;
Leading to:

(411) = By + Bi_1A\[a;_1At; + b, AB;)

Substituting inside the integral we get:

n

t m.s.
| s, maBE) | = i 3 (6188 + AT AB a8 + b AB| =
ms. M
= ngffoo; [Bi—lABi + \Bi_1b;1AB + O<ABiAti)}
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We already proved that:

hl'Il ZGZ 1AB = hm ZGZ 1At

n—>+oo

And so we can use this result, setting G;_; = A\3;_1b;_1, justifying the usual dB?* = dt
rule. So, this leads to:

t m.s. "
/to Bly(r),7)dB(7) ‘/\ = ngffoo 221 [52' 1AB; + )‘ﬂz{—lbi—lAtz} =
—/ 7)dB(r —i—/\/ T)C%B(y(T),T) dr  (4.12)

where the last two integrals are [to integrals. We have now found a way to evaluate a
A-integral using an Ito integral (provided the paths are generated by a Ito SDE). We can
find the explicit conversion rules by equating the solutions:

t0+/ d7’+/ dB(1) =

L)+ [ alelr) dT+/5 r)dB(r) =
‘Ewm@+éﬂ@mng+Aﬁ@m;mmﬂ+Agmamﬂ@mmmﬂw
leading to:

a—+ A\bo,.B=a N a=a— b0,
b=p B=0b

where (a, 3) are the coefficients in the A SDE, and (a, b) the ones in the equivalent Ito
SDE.
Consider now a A SDE:

dr = adt+ FdB(t)
The equivalent Ito SDE is:
dz = (a4 \30,6) dt + S dB(t) (4.13)
Squaring:
dz? = g% dt

Where we used dB* = dt (as this is an Ito SDE), and ignored higher order terms. It is
clear that dz" = 0 with n > 0.
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Let y = y(z) be a change of variables. The new differential will be:

142
dx+f—gdx2+...
2dx

dy
dy = —
Y=
and we can ignore the higher order terms, as they will be O(dt). Using (4.13]) we get:
1 d2y
2 dz?

_|dy 1d% dy
— [dx( +>\68$6)+2dx26 dt+dx6dB

dy

d
dy = Zar+YpaB+ B2dt =
dx dx

To complete the change of variables, we need to express everything in terms of y - in
particular the derivatives. One trick is to use the inverse function theorem:

4y _ (@)t
de  \dy )

For the second derivative, note that, if f and g are the inverse of each other:

gof=id=g(f(z)) =2 = J(fx)f(z) =1

d/dx

= " (f@)If @)+ (f(2) (@) =0

d/dx
" . _g/(y)f”(x) _ f”(I)
v VT T TP
And in our case:
dy _ 4"y
de® [ ()
One last thing:
g, dyo , 1
oz’ = @@B = x'(y)ayﬂ
This leads to:
o MBS 1, a"(y) B
dy = | 7+ — - = ; dt+ ——dB
VST TR T2 WP TP
S Y -

We can finally map this back to a A SDE and find the change of variable rule for that case.
Applying the substitutions:

& =a—\bo,b
5 =

dy = adt+ FdB
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We arrive to:

o= —

o« oA —13%" (y)
Yy 2 Fer
=~ B
W 2
|« 2 —1p a:”(y) o]
R PP [x’<y>]3] Y
Let’s bring this result to the usual notation:
(y = h(z(1))
1 dh
o= flath) A=glatrn) ) e~
z”’ d*n -,
leading to:
Ah(a(r) = (Falr), o (w(r)) + TR () gla(r), 7)2 ) dr +

+ g(a(r), 7 (a(r)) dB(7) |

which is the formula for changing variables in the A prescription. Let’s rearrange to isolate
the dB term:

1—2X\
gh' dB = dh — ( fh + 5 h”gQ) dr
Then we integrate, leading to the formula:

[ Wl g(alr). 1) = hale) = Watto)) — [ el (olr). ) e
S [ W agta(r). 7 s
Finally, set g(x(7),7) = 1, and &' (2(7)) = B(7), so that:

B2
T2

Substituting in the formula we can compute the desired integral:

B2(t) — B2(ty) L2l
2 2

h =1

(t —1o)

/t:B(T) dB(r) =
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Particles in a thermal bath

Exercise 5.1 (Harmonic oscillator with general initial condition):}

The propagator for a stochastic harmonic oscillator is given by:

W (, £]0,0) k e ko
p— X _—
T 21 D(1 — e 2t P\ 72D 1— ¢ 2kt

Derive the analogous result for W (zx, |z, t).

Solution. Consider a particle of mass m, experiencing a drag force F; = —vyv, an elastic
force F = —kx = —mw?z and thermal fluctuations with amplitude v2D~. The equation
of motion is given by:

mi = —y& — mw?z + 2D~¢&

where £(t) is a white noise function, meaning that (£(£)€(t')) = 6(t —t') (infinite variance).
Dividing by 7 and taking the overdamped limit m /vy < 0 we can ignore the & term, leading
to a first order SDE:

i=———24+v2Dx+v2D¢ = da(t) = —ka(t) dt + V2D £ dt (5.1)
\Z,_/ 0

Consider a time discretization {t;},—; ., with ¢, =t and the usual notation z(t;) = z;,
Az; = x; — x;_1. In the Ito prescription, equation (5.1)) becomes:

The probability associated with a sequence {AB,};—; _, independent increments is a
product of gaussians:

P({ABj};-1,..) (1_1 j;i;) exp (— > ﬁﬁ) (5.2)
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From (5.2), we can find the probability of the path-increments {Ax;};—; _, with a change
of random variable:

AIEZ‘ —+ k’fﬂi_lAti

AB; =
’ V2D
With the jacobian:
-1
V2D 0 0
J = det Lt £V = (2D)™"?
H{Ax;}|  |0{AB;} .0
* x 2D

The starred terms * are generally non-zero (they are due to the presence of z;_1 in the Az;
formula, which depends on AB; with j <4 — 1), but the matrix is still lower triangular,
meaning that its determinant is just the product of the diagonal terms.

Performing the change of variables leads to:

i x " x; + kx; N\ 2
Pi(aadios) = (1 o ) o (32 gy (B 5%) ) o)

Taking the continuum limit n — oo:

t

_ B (7) 1
AP = P({x(r) by <rer) = Hm exp< i L+ dT)

We can finally consider the path integral for the propagator:

W (a, thao, to) = (0(a =) = [ 1 (e, =) dP =
t

1
= /]RT dzy 6(xy — ) exp <_4D t (x’—l—kx)2d7>
0

The quickest way to compute this integral is to use variational methods. So, consider the
functional:

Sta(r)] = [ [a(r) + k()] dr

The path z.(7) that stationarizes S[z(7)] is the solution of the Euler-Lagrange equations:

Leading to:



The boundary conditions are z.(ty) = z¢ and z.(t) = x; (this last one is given by the 4).
So:

it it z 6kt — ekto
19 =A™+ Be ™ A=
kt k7 e —emt
x; = Ae” + Be okt Kt
= —Ae™0 4 xge” 0

The integral is then:

1 t
Wy thro, to) = @) exp (g [ e+ k)P
0

Note that:
T, + kr = 2k AT

And so the integral becomes:

xe” — xge ]

o2kt 2Kty 1 _ o 2k(i=to)

t
/ (21{:/16167)2 dr = 2kA2(62kt — e%to) = Zk[
to

To compute ®(t) we impose the normalization:

| ko [zeft — zgetho)? !
/]Rdl’ W(I,t‘l’o,to) =1= q)(t) = /lexeXp _ﬁ e2kt ~ €2kt0

kt

— xoekto this is just a gaussian integral, evaluating to:

k
o) = \/27TD(1 - e_%(t_tO))

And so the full propagator is:

k ko[, — wge FEt0))?
vw%ﬂ%m»=¢ : “pﬁun[ﬁ_}%mm] (54)

With the substitution s = ze
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Exercise 5.2 (Stationary harmonic oscillator):J

Derive the stationary solution W*(z) of the Fokker Planck equation for the harmonic
oscillator, which obeys the following equation:

OplkxW™* (z) + DO,W™*(z)] = 0

Explain the hypothesis underlying the derivation and the validity of the derived solution.

Solution. Recall the Fokker-Planck equation for the distribution W (x,t) of a diffusing
particle in a medium with diffusion coefficient D(x,t), and in the presence of an external

conservative force F'(z,t) with potential V(x,t) and a drag force Fy = —vyu:
0 0 0
&W(x,t) =5 flz, )W (x,t) — %[D(a:,t)W(x,t)]
where:
F 1
flo,t) = == = _Lov v = 6mna

v v Ox

At equilibrium, we expect a time independent solution W*(x), so that 9,W*(z) = 0. We
assume, for simplicity, that v = 1 and D(z,t) = D constant. Letting F'(x,t) = —kx be
an elastic force, we arrive to:

0= —0,[—kaW" — DOW™| = kaW™(x) + DO, W™ (z)

This is a first order ODE that can be solved by separating variables:

d. . ke . dW* kx . ka?

To be valid, this solution must be consistent with the Boltzmann distribution:

2
W (ot = 5 xp(—5V (2)) = 7 exp (—5’26)

Meaning that D =1/ = kgT.
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Exercise 5.3 (Harmonic propagator with Fourier transforms):J

Use Fourier transforms to derive the full time dependent propagator W (z, t|zg, ty) from
the FP equation of the harmonic oscillator:

atW(xa t|£E0, tO) = ax[k?$W(.T, t|.ﬁE0, tO)} + Daxw(xa t’x07 tO) (55)

Solution. The idea is to use the Fourier transform to reduce the equation to a simpler
one, that can be hopefully solved.
First, we expand the first derivative:

W (., |y, to) = kW (2, t|zg, to) + kxd, W (z, t|zo, tg) + DOZW (x, t|z, t)
For simplicity, let W = W (x, t|xg, t). Its Fourier transform is given by:
FWl(w) =W = /]Rdx e TW (2, tlzo, to)
The Fourier transforms of the derivatives become:
Flo,W(w) = iwW;  Flo;W](w) = (iw)W = —w*W

(These formulas can be proven by repeated integration by parts). All that’s left is to
transform the remaining term:

Flzo,W](w) = /]Rda: e W r, W = /Rdx/zl(‘?w[efiwxé?mW] :i(i)/RdxeiW@mW =

-~~~

iwW

=-W —wo,W
So becomes:
W (w, t) = kW — W — kW' — DW*W = —kwW'(w,t) — Dw*W (w, )
Rearranging:
kwd, W (w,t) + 0W (w,t) = —kwW (w, t) (5.6)

This is a linear first order partial differential equation. One way to solve it is by using the
method of characteristics.
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Method of charactersitics. Consider a general quasilinear PDE:

0z 0z
a(x,y,z)— +blx,y,2)— = c(x,y, 2 5.7
(,9,2) 5 +b( y)% (%,y,2) (5.7)
Quasilinear means that a and b can depend also on the dependent variable z, and not only
on the independent variables x,y. A solution z = z(z,y) is, geometrically, a surface graph
immersed in R®. Note that the normal at any point is the gradient of f (x,y,2) = z(z,y) — 2,
that is:

0z 0z 1>

Vf(l?,y,Z) = <ax7 @’ -

Rearranging ([5.7)) we can rewrite it as a dot product:

v-Vf=0 v = (a(z,y,2),b(z,y, 2), c(z,y, z))T (5.8)
This means that, at any point (x,y, z), the graph f(x,y, z) is tangent to the vector field
v: R = 1R3, (z,y,2) = v(z,y, 2).

So, we can consider a set of parametric curves t — (x(t),y(t), 2(t)), and impose the
tangency condition:

(
(31:: = a(z,y, 2)
d

{ dit/ =b(x,y, 2)
dz

V= c(z,y, 2)

This will result in 3 parametric equations in ¢. If we are able to solve one of the first two
for ¢, we can substitute it and get the desired cartesian form z = z(z,y).

Let u(w,t) be a solution. Consider a parameterization s — (w(s), t(s)).

du ou dicu Ou dt

— = —— 5.9
ds  Owds + ot ds (5:9)
By confronting (5.9) with (5.6]) we get:
dw dt
=k — =1 1
ds i ds (5.10)
Note that now dw /ds is exactly the left side of (5.6)), so:
d
di‘ = —Duw(s)2u(w(s), t(s)) (5.11)
s

For the boundary condition, we suppose W (x,0) = 0(x — xy), meaning that:

W(w,0) = /]Rdx e TS (1 — 9) = e "0 = u(w, 0)
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Let’s fix w = wy, and choose the parameterization so that w(s = 0) = wy and t(s = 0) =0
(meaning that u(s = 0) = u(wp,0)). We can now solve (5.10)):

dw i dt )

— = kw — =

ds = w(s) = woe™ ds =1(s) =s (5.12)
w(0) = wy t(0) =0

Finally we can substitute in ({5.11f) and solve it:

d Duwg
d—u = —Dwie®™u = Inju| = —Dw%/e%s ds = u(s) = Aexp (—;ZOG%S)
s

And imposing the boundary condition u(0) = u(wy, s) we get:

2 2
A = u(wy, s) exp (D;]:O> = u(w(s),t(s)) = u(wy, s) exp [DQCI:O(I — e%s)]

Note that this solution is expressed as a function of the parameter s, and a starting point
wp. By expressing these two as a function of w and ¢, we can recover the desired u(w,t).
To do this, we can simply invert the two solutions (5.12)), obtaining:
_ —ks . —kt
Wy = we Wy = we

So that:

. Dw2€_2kt
u(w,t) = W(w,t) = exp(—iwowefkt) exp [(1 - 62kt)] =

2k

2
= exp(—mowe*kt) exp [—(1 — e%t)]
All that’s left is to perform a Fourier anti-transform to obtain W (w,t):

~ 1 . D 2
W(w,t) = F W] = p /]Rdw e exp(—ixowefkt) exp [— - (1-— ezkt)] =

2k
1 D
= %/Rdwexp —%(1—e_th)wQ—{—i(x—xoe_kt)w =
N—— b

1 /r . b? k . k [z —xoe M2
27V a P\ 4a 2nD(1 — e_%t) P\72p 1 — e 2Kt

Which is exactly the same solution found in (5.4)).
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Exercise 5.4 (Multidimensional Fokker—Planck):}

Derive the multidimensional Fokker-Planck equation associated to the Langevin equation:

dz®(t) = f*(x(t),t) dt + /2D, (2(t),t) dB(t) (5.13)

Solution. We wish to derive from (5.13) a PDE involving the multi-dimensional pdf
W(x,t). To do this, we consider an ensemble of paths generated by (5.13)), from which
we can compute average values, that we can compare with the analogues obtained using

1<a<n

W (a,t), thus reaching the desired relation.
First, we consider a generic non-anticipating test function h(x(t)): R" — R to be averaged.
It’s average is, by definition:

(h(z(1))) = /IR A W (z, t)h(z)

To construct the ODE, we need the time derivative:
dt / .
= [ A"z W(x, t)h(x)
d(n(z(1))) /R
We can construct this same derivative starting from (5.13). First consider the differential,
i.e. the first order change of h(x(t)) after a change of the argument ¢ — ¢ + dt. We start

by considering a change in @ — @ + de, and then use (5.13)) to express da in terms of dt.
Note that Ito’s rules imply that dz® dxﬁ = dt d,3 which is linear in dt and needs to be

(5.14)

considered - meaning that we need to expand the x differential up to second order:

Ah(a(t) = hia(t) +da(t) ~ h(a(1)) =
= blatt+ 3 G a4 52 ) s ax ~ niattyy + O]’
Note that:

de®dz? = (f*dt + /2D, dB*)(f° dt + /2D dB”) =
= 2D, Dy dt 6,5 + O(dt*) + O(dt AB) = 2D2 dt 5,5 + O(dt*/?)

And so:
n n 2
da) = 3 G+ 5 3 St =
a=1
n 2
:dtlzag< >f +D28 ]+Z\/_
a=1 z a $ )

Taking the expected value:

n 2 n
d<h(w(t))>=<dtlzag(a)f ot ] (% V2D

a=1 a( a=1
B " Oh(z) ., 232 n 8h( N
@d“!; s gl :Zf >si§z
n T 2
[2 o DQZ@&)Q)P



where in (a) we applied the linearity of the expected value, and then used the fact that
h and D, are non-anticipating, meaning that they are independent of dB®, leading to a
factorization.

Finally, dividing by df and writing explicitly the averages leads to the desired time

derivative:
" n O*h(x
d<(d< = [ d"zW(a (Zf 92 ) fer Wi (;Dia(a:g)g)

With a repeated integration by parts we can move the derivatives on the W (x,t), allowing
to factorize h(x). This is done by exploiting the fact that h(a) has compact support (as it
is a test function), and so:

n - aah(w) _ n = 0 «@
/]Rnd x W (x, 1) (;1f o ) = - [ d"zh(@) L;W(W(m,t)f )] +
Lo eh@wen Y sl

and the boundary term vanishes. A similar procedure holds for the second integral:

/Rnd”xW(;c,t)<ZD282x ) /d" W) S

2
a=1 a=1 a(xa) D W<x t)]

This leads to:

(ﬂh(;(t)» — _/ndnazh(a:) [En: aia (W(a:,t)fa)] +

a=1
/ Tah(@) o [D2W (. 1)] (5.15)
a=1 Oz )
Then we equate ((5.14]) and ( -
n . n 82 ) 9 N
/demt )= fer @ bl@) 3 |5 DI @ 0] = e (W (2t))

This equality holds for any h(x), meaning that the integrands themselves (without the
test function) must be everywhere equal:

n 2
W) = 3 [ D @] - 5 (W (@007

If we suppose D, to be independent of x, we could rewrite this relation in a nicer vector
form:

W(x,t) = |D|’V°W(z,t) = V- (W(z,t) - f)

where D = (Dq, ... ,Dn)T.
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Exercise 5.5 (Underdamped Wiener measure):}

Derive the discretized Wiener measure for the underdamped Langevin equation:
mdo(t) = (—yv + F(r))dt +yv2DdB

and discuss the formal continuum limit.

Solution. The equation can be rewritten as a system of two first order SDE:

dfv(t):[ % v(t) + f(r) dt+%@d3

with f(r) = F(r)/m.
It is convenient to “symmetrize” the system, by adding an independent stochastic term in
the first equation:

da (t —w(t)dt + V2D dB
[ fr)]at+-v2DaB
m

v(t)

In this way, we can write a joint pdf for both the position and velocity increments, and
then take the limit D — 0. As the da are deterministic, we expect them to follow a o
distribution.

Explicitly, we introduce a discretization {¢;};~ . ,, with fixed endpoints ¢, = 0, t,, = .
Following Ito’s prescription, the equations become:

AIB,’ = ’Ui_lAt —|— V 2DAB¢

(5.16)
Av; = [—%’Uz‘q + f(wi—l)] dt + % V2DAB,;

With the usual notation x; = x(¢;). The joint pdf for all the increments is:

. . o d*AB;  d’AB;
dP(ABlaAB1a7ABnaABn) = (H ;/2 ;/2) ’
=1 (27TAtl) (27TAtZ)

1§: |AB;]|I?
-eX J—
P\ 2 & At;

where dSAB,- = Hi:l dAB;* (product of the differential of each component of the d = 3
vector AB;).
To get the distribution of the position and velocity increments we perform a change of
random variables, inverting ([5.16)):

A A.’IJ,L — ’l)i_lAt

AB; = b
B; = 7\/— (sz Df&'q - f(mi—l)} Ati)
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with jacobian:

det MB;;} = (20)73/?
oAz}
@ 9IA ﬁ - 2 —3n/2
det M = det {7@ = LQQD
8{Amf} o{AB;'} m

And so the final joint distribution is:

n d?’Aa;i dSA’Ui )

+ o Vo1 F(xiq)

2
At )
The highlighted terms become a §(Ax; — v;_1At;) in the limit D — 0 (according to the o

definition as the limit of a normalized gaussian with ¢ — 0). Then, taking the continuum
limit leads to:

2
At,-) .

3 53(=’if(7) — (7)) d*v(r) ,
({m( ) <TI(E+ d"z (dT)S (47TD dr 72/m2)3/2>
m? gt ) v
- exp (—4D72 " dr||o(r) + EU H )

{Exercise 5.6 (Maxwell-Boltzmann consistency):}

Verify that the Maxwell-Boltzmann distribution:

W* (@, v) = —= exp (—B [m“””2 + v<m)D (5.17)
9 Z* 2 .

z" :/]RS d3v/vd3wexp (—B [m||v|| +V(x )])

satisfies the Kramers equation:

m m

F °D
0=V, [<W — (a:)) W(x,v)+ VQVvW(m,v)] — Vg (vW(x,v)) (5.18)
m
if the noise amplitude D is given by the Einstein relation:
kpT 1

D=B"_ -
Y By
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Solution. The idea is to just substitute (5.17)) in (5.18)). First we compute the relevant
blocks:

VW (x,v) = —fmoW*(z,v)

V- (vW7) % v -V W= —v - W'BV,V =W - F

a

where in (a) we used:

Note that the first term vanishes when the expression highlighted in blue is 0, i.e. when:

2
D 1
Y_¥DPB_,Lp_ L

m m By

which is Einstein’s relation for the diffusion coefficient.

{Exercise 5.7:]

Let P;(t) be the probability that a system is found in the (discrete) state ¢ at time ¢. If
dt W;;(t) represents the transition probability to go from state j to state ¢ during the time

interval (¢,t + dt), prove that the Master Equation governing the time evolution of the
system is:

Py(t) = 2 (Wi () Pi(t) = Wy () Bi(t) = (H(8)P(t));
j
where H;;(t) = Wi;(t) — 055 32, Wii(t).

1. If a; is an observable quantity (not explicitly dependent on time) of the system when
it is in state 7, show that:

d(a),
dt

= <HTa>t
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where (a); = >; Pi(t)a;

2. If the initial condition is P;(ty) = d;;,, the corresponding solution of the Master
Equation is called propagator and it will be denoted F;; (t|tg). Thus P(t|ty) is a
matrix satisfying:

OP(t|to)

W) w0y piei)
Show that:
OP(t|t
W) P t)
0

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°Y, besides to the stationary condition,
satisfies also the so called detailed balance (DB) condition WijP;q = Wjinq (explain
what this means).

If S is the diagonal matrix S;; = 5@']'\/? show that, as a consequence of the DB
condition, the matrix # = S “1HS is symmetric and semi-negative definite. Under
the hypothesis that each state ¢ can be reached through a path of non-zero transition
rates from any state j show that the equilibrium state is unique.

Solution. Consider a uniform time discretization {t,},en, with ¢, —t,_1 = At.
Suppose we know all the probabilities {P;(t,)} of the system being in any state j € .J
at the present time ¢,,. The probability P;_,; of a particle transiting from j — 4 at time
t, is the product of the probability of the particle being initially at j (P;(t,)) and the
transition probability W;;(t,)At:

P'ﬁi@n) = Wij(tn)P'

’ i () A

Then the probability of the system being in a certain state ¢ at the next timestep ¢, is
just the total probability of the system arriving to ¢ at ¢,,, 1, that is:

Pi<tn+1) = ;’Pj%z(tn) = Z]Wi]’(tn)Pj(tn>At

We can split the sum to highlight the probability P;_,; of remaining in ¢, leading to:

P(tys1) = Y, W;jPjAt+P,_;
JeJ\{i}

The probability of remaining is just the probability of being in ¢ and not transitioning to
any other state from i:

jed\{i}

o1



Substituting back:

Pi(tps1) = At > (W;Pj—W;P,) + Py(ty,)
JeJ\{i}

Rearranging and dividing by At leads to a Newton’s different quotient, which becomes a
time derivative in the continuum limit At — 0:

Py(ty + At) = Py(t,) _ ST (Wi Py(t,) — Wi P(t,))

At jEnG)
——P= Y (WyP—W;P) (5.19)
je\{i}

Before continuing, we wish to rewrite P, as a matriz multiplication, i.e. in the form:
Py(t) = (H(t)P(t)),

for a certain |J| x |J| matrix H, with P being the vector with the probabilities of each
state (P]-)]Te j. First, notice that we can extend the sum in 1' over the entire J, as the
term where j = ¢ vanishes:

Py=3 (WP —W;P)
jeJ
Then we rewrite the second term as the following;:
D Wjibi= 3 WP =3 > Wi;Pjo
jeJ keJ jeJ ke

Now we can collect the Pj:

b= ( —6ii > Wk]> P; =Y H;iP; = (H(t)P(t)), (5.20)

jedJ keJ jed
with:

H;j(t) = Wi(t) — 655 Y Wi;(t)

keJ

Note that H;;(t) differs from W;;(¢) only on the diagonal elements, which are equal to
(minus) the probability of escape from that state:

Hyj =Wy =W = W=~ Wy
ki =y

1. Let A be an observable of the system, assuming values a; in each state i. At a fixed
time t, the system state is described by the discrete probability distribution (or
probability mass function) P;(t). So, the average of A at time ¢ is:

a>t = Z Pi<t)az

1eJ
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Suppose that a; does not depend on time. Differentiating:

T - ;}Pz(t) ' 63 ;%HUP]@) ;
=Y P(t) (Z Hijai> =Y Pi(t)(H"a); = (H a),
JjeJ i€J JjeJ

where a is the vector (aj)]Te J-

. The propagator P(i,t[ig,tg) = P;;,(t[ty) is just the transition probability from an
initial defined state iy at t; to a generic state ¢ at ¢.

Consider now a uniform time discretization, and construct the desired time derivative:

lim P(i, tlig, tg) — P(i, t|ig, tg — At)

0
P(i,tlig, tg) =
(Za |ZO7 0) AE—0 At

dty

We choose this definition so that ty — At < t; < t, and we can apply the Chapman-
Kolmogorov equation (that holds as the system is Markovian):

P(i tlig,tg — At) = Y P(i,t]i’, tg) P(i', to|ig, to — At) (5.21)
i'eJ

That is, the transition probability (ig, g — At) — (i,t) can be obtained by splitting
the path into two steps (ig, tg — At) — (ig, tg) and (ig,ty) — (¢,t), multiplying the
two transition probabilities, and summing over all the possible intermediate states i’

Note now that P(i’, ty|ig, tg — At) is a transition probability over a single timestep,
and so can be computed using the transition probability matrix:

P(i tolig, to — At) = Wy, At

Substituting back in (5.21]):

P(itlig,tg — At) = Y P(z’,t|z",t0)Wi/i(
i'eJ

)

As before, we highlight the case of the system remaining in the same state i:

= Z P(z’,t|@'”t0)Wi/iOAt+P(z’,t|z’0,t0) (1 — Z WkiOAt>
i' #ig k#ig

where the probability of remaining in ¢ is equal to the probability of not going to
any other state k.
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We can know construct the difference quotient:

P(iat’%at()) _ P(iat’i()at() — At) _

At
= — Z P Z t|l to) +P<Z t|’LO7t0 Z Wklo =
) 7510 k#ig
= —ZP@ (i,t|i' tg )W, i +Zo/ (it o) Y Wiy, =
k?élo
Z—ZP’L t|’L to [ zz —52./2.0 Z Wl’“o] =
ki
H).
Zlo
= Z /(tlto) Hy; (o)
And so, taking the continuum limit At — 0:
OP; (tlty) OP(t|t
S = S Bty 1) = P p(rjty) (1)
0 0

Where P(t|ty) is the [J| x [J| matrix with entries P;;(t[to).
. The detailed balance (DB) condition is:
WZJ.Pjeq - WJZP,Leq

This means that the probability of a transition j — i is, at equilibrium, exactly the
same as the probability of the inverse transition © — j. In other words, every process
that would change the state is exactly balanced by its inverse process.

We consider now a time-independent Wj;, and the diagonal matrix S;; = 5Z-j\/PZ-eq.
Then:

A -1 A 1 eq. P;}q
A=5"HS= ;= ; W(Sik}[ksdsy‘ Pt = pertlu

To prove that H is symmetric, we need to show that the off-diagonal elements remain
the same after inverting j <> ¢. That is:

R R / Peq ’ /P‘?q
| ¢

Hyj = Wij — 055> Wi
K

Recall that:
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meaning that for i # j, H;; = W;. So:

(0}

eq ? eq
€ €
eq ": qu <:>W Pq WZ]PJq

And the latter is exactly the DB condition, and so DB implies A symmetric.

To check if H is negative definite, we need to show that:

sz 5 < vz € RV {0}

Expanding;:

[P [P [p
Zx ijlj sz eq Hjjx; sz eq Wijx; le %ZWM
’L
[ P
:Z ﬁWZ]x:BJ $ZQWJZ
1] 1

As H is symmetric:

A P )
Z$ ij ] ZIJH]ZJ:Z = Z ( WW]Z‘%ZI‘] — IJWZ]) e
v

ij j
ed
=3 iw s — 12 W
_ pea Vigtity — L

7

where in (a) we used (DB), or more precisely:

eq

Wi = Wij—eq P

(5.22)
So the sum of the “two versions” of the product will be exactly two times the original
sum:

1 A
ZIZ Z] ] = 5 — Ly HZ]$] + ZIJHJZ'IZ] =
ij L i
1 P ) )
"2 2 %Wijmi$j — Wy —aiWi | =
¥ 7
1 °d Peq
—_ ] _
622 2 = 2 @Wz’jxﬂj Pqu W” =



All that’s left is to show that the equilibrium state is unique, under the hypothesis
that each state ¢ can be reached through a path of non-zero transition rates from any
state j. The idea is to get an explicit formula for the equilibrium P* distribution,
depending only on the transition matrix W, meaning that P* is uniquely determined
from the start.

Recall the detailed balance relation:
Supposing that W;; # 0, we can rewrite it as:

P Wi — j)P.*

Wii o«
PPr=—"z
N Y I

So the probability of the system being at j at equilibrium is proportional to a rate
of transition flows, i.e. the ratio between the arriving flow W (i — j) and the leaving
flow W (j — 1).

In general, not all states have W;; # 0, i.e. there’s no direct transition from i to j or

viceversa. Suppose, however, that j is connected to 7 by an intermediate state ay.
So, by reiterating the detailed balance condition:

Wi(ay — j) W(i — a1)Pfk
TW( = ay)

W(] — al) W(a1 — Z)

*
Py =

We can generalize this to n intermediate steps, i.e. a path that connects j to i by
first going through aq,as, ..., a,:

W(i = a)Wlay = ag)---Wlan = j) .

P = : :
J W — a,)Wi(a, — ap_1) - W(ag — Z)/
i

By hypothesis, every state 7 is connected to every other j by some path with a finite
number of steps and all non-zero transition probabilities. So, if we choose the right
intermediate states, the denominator in the previous expression is # 0. Summing
over all states j:

1
1:ZPJ*:ijP¢*=>P¢*Zf
(@) ey ieJ F;
——
Fj

where in (a) we used the normalization. This is a explicit relation between the
transition matrix W and P*, meaning that the equilibrium distribution must be
unique.
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Exercise 5.8 (Semi-positive definite matrix):J

Show that the matrix D*” = Y% _; ¢ g% is semi-positive definite (w,v = 1,...,k, with k
and d arbitrary).

Solution. Let € R?\ {0}. Then:

d
wv w v
v, D", = Z Twladaly =

w,v,a=1
d d

Z > Twla D Tula =

a=1w=1 v=1

d 2
— (Z xwga) >0
a) a=1 \w=1

where in (a) we changed the index v — w.

{Exercise 5.9 (Discretized measure from Langevin):}

Consider the following Langevin equation:

dz® (t) = (@, t)dt + Zd: ga(x,t)dB(t) w=1,...,k

a=1

For £ = d and an invertible d x d matrix g(x,t), determine the discretized measure
dPy, .. (x1,. .., @,]T0, 1) and its formal continuum limit.

Solution. Consider a discretization {t;},~; . The discretized Langevin equation in the
Ito prescription becomes:

d

Axf = f“(@i—1,tio1) M+ Y ga(ei—1,ti_1)AB]"
a=1
This can be rewritten in vector notation as:
Az; = fi 1At + 9, 1AB; (5.23)

The joint distribution of the increments is given by:

n o 4?AB,;
dP (ABy,...,AB,) = e
(AB, ) (11;11 (2t )CW)

.eXp( L5 1am ||)

To get the distribution of the position increments Ax; we make a change of random variable
by inverting (5.23)), which is possible because ¢ is invertible by hypothesis:

AB; = (g;1) ' (Az; — fi_1AL)
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with jacobian:

O{AB;'}

1T ldet(a !
8{Axf} _H|d t(gz—1)|

=1

det

(This is the determinant of a lower triangular block matrix, where each diagonal block is
g;—1 for a different 7).
This leads to:

° Az,
dP (Axq,...,Ax,) = :
(1 g @ 2 AL;) 2 det |g; 1|>

_ 2
‘ 1 z": H gi1)" [Ba; — fi_1 ;]
P Al;

Multiplying by At;/At; inside the exponent sum and taking the continuum limit leads to:

g d’a(r)

dP (x(7)) =
=tr)) — i (2mdr)"? det|g(a(7), 7)

|Exercise 5.10:]

Derive the Fokker-Planck equation from the Langevin equation.

Solution. See ex. 5.4.

o8



The Bloch Equation and the Feynman-Kac formula

{Exercise 6. 1:}

Prove that:

/ dr (V (2(7), 7) exp ( / dsV(z ) )) 6z — 2(t))w =
~ /to dT/]Rdx W', 7lg, to)V (2, 7)W (, tla’, 7)
where:
Wg(x, t|zg, tg) = (§(z — x(t)) exp < / drV(z )}
and V(z(7), ) is a potential.
Here the (-);y notation denotes the average over paths from x(ty) = xg to = at ¢, with

unconstrained end-point, which corresponds to (-),, in Maritan’s notes. For the fized
end-point case, (---d6(x — z(t)))y in these notes is equivalent to (- -- )y, in Maritan’s notes.

Solution. The equality follows if the integrands are equal, i.e. if:
(V(2(7),7) exp < / dsV(x ) ) ) 6 —2(t))w =
- /R da' Wi (', 7lao, )V (a!, T)W (]2’ 7)

Expanding the average:

I =(V(x(r),7)exp <— tOT ds V(x(s), 5)) Mz —z(t)w =

T

= dyzV (x(7), T) exp (— ds V(z(s), s)) Sz —x(t))

C{zg,tost}
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where the integral is over all paths starting at z(t;) = zg and reaching an arbitrary
end-point at t. The presence of the ¢§ fixes the end-point, leading to:

= dywz V(z(r), T)exp (— /tOT ds V(z(s),s))

C{z,to;x,t}

Now the integral is over all paths from z(ty) = z( to z(t) = x. Note that 7 is fixed, and so
is V(z(7),T) depends on the position x(7) reached by a path after 7. We can then rewrite:

In this way, V (2, 7) can be brought out of the path integral:

= /]Rdx' V(') /C{:co,to;z,t} dyyz 6(z’ — 2()) exp (— /tOT ds V(x(s), s))

Note how the integrand depends only on z(s) with s < 7. In other words, the paths
starting at x(7) and arriving at z(t) have an unit weight:

r
— [ a’v(, / d (— / ds V(x(s), ) / d
/IR o (ZL‘ T) C{mo,to;x/ﬂ'} W XD to S (l‘(S) S) C{x/ﬂ';x,t} W

(. (.

v~ '

Wg (m/,T\mo,to) W(a:,t|a:/,7')

[Exercise 6.2: }

Prove the backward Fokker-Planck equation:
0, Wp(,t|zg,t9) = —D(05, — V (20, t0)) Wp (2, t|zo, to)
in two ways:

1. Using the Bloch equation:
atWB(‘ra t|$0, tO) = (Dai - V(Q?, t>>WB(‘r7 t|$0, tO) (61)

and defining a £; operator so that 0;,WWg(t) = L;Wg(t) and repeated integrations
over intermediate times.

2. Using the path integral formulation

Solution.

1. We rewrite the Bloch equation in operator form:

oWp(t) = LWp(t) (6.2)
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where Wg(t) = Wg(z, t|xg, ty) for simplicity. L; is a matrix with infinite elements,
that can act over any function h(z) replicating the rhs of (6.1)):

(Lih)(x) = /]Rdy Ly(x,y)h(y) = (D5 =V (,1))h(x) (6.3)

where £;(x,y) are the matriz elements of L£;. From (6.3) we can see that £; must be
diagonal:

Li(x,y) = (D = V(z,1)d(z ~y) (64)

Now we integrate (6.2]) over [tq, t], with the initial condition Wg(0) = Wj:
[} (o) = W) =Wy = [ dey £, Wy(t)
And rearranging:
Wi(t) = Wy + /: dty £, Wp(t) (6.5)

We can use to evaluate Wp(ty):

Waltr) = Wo+ [ dts £, Wp(ts) (6:5)
And substituting in we get:

W(t) = Wy + /tz dt, £, (WO + /,: dt, £t2WB(t2)>

We can reiterate this procedure an infinite number of times, reaching a formal

solution of (6.2):

t t t
Wa(t) = Wy + /t dty £, Wy + /t dt, /t YAty £y, Lo, W+ (6.7)
0 0 0

t t t
+/ dtl/1dt2/2dt3£t1£t2£t3W0—|—...
to to to

Note that each integral appearing in W (t) can be interpreted as a sum over univariate
paths. For example, consider the second one:

t t
/t i /t iy £, £,V (6.8)

Here we are summing over all values of ¢1, ¢y in the domain [t, t] such that ty < ¢;.
To see this explicitly, consider the integration extrema:

t0<t1<t t0<t2<t1

In other words: evaluate £y L;, Wy over all possible choices of two consecutive points
t1,to in the segment [t(, ], and then sum all the results.

Written like , the procedure is as follows:
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e Start by choosing t; € [ty,t]. This will be the last point in the segment.
e Choose the second point in the preceding region, i.e. ty € [tg,t1].

e Compute the integrand.

Note that here we are starting from the end, and proceeding backwards. A more
natural way would be to choose a starting point and proceed forwards. That is:

e Choose ty € [tg,t]. This will be the first point in the segment.

e Choose t1 in the consecutive region, i.e. t1 € [tg,t].

This amounts to the rewriting:

t t
/ dt, / dty £y, Ly, Wy
to t

This procedure can be generalized to n points, and so we can rewrite (6.7)) as follows:
t t t

WB(t) - WO +,/t dtl Ltl WO +/t dtz/t dtl £t1£t2W0+ (69)
0 0 2

t t t
[ dt / dt, / dty L4, Ly Lo Wy + . .
lg 3 2

Now it would be really nice to make all integrand extrema equal, i.e. write, for
example:

t t
/ dt, / dty £y Ly, Wy
lo lo

However, in order not to break causality, £; £;, Wy must be evaluated only with
ty < t1. This can be solved by reordering the operators as needed. That is:

o If {5 <y, evaluate Ly Ly Wy as usual.
o If 1y < iy, evaluate Ly, L; Wy instead.

To automatically reorder the operators as needed we define the time ordering
(meta)operator:
L

TILy Ly | =L such that ¢, >t, >--->1

p1 Pn Pn

So we consider:
t t
/ dt / dty T|Ly, £40,]Wo
to to
Now the operators are in order, but we are computing twice the integral in ! In

fact, for any choice of t1,ty € [ty,t], there are two possible orderings, and here we are
counting both of them (by properly rearranging the operators). We can correct this
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by dividing by 2, or - in the general case involving the reordering of n operators, by
nl.

At the end of this long journey, we can rewrite the formal solution as follows:
t 1 gt t
W(t) = Wy + /t L, Wo+ 5 /t dt /t Aty TILy, L) Wo+ (6.10)
1 N t . ’
+§/ dtl/ dtg/ dtz T[Ly L, Lo,]Wo + -+ =
400 1
= Z 'T !H/ Ly, dt] Wy = {exp (/ L. drﬂ (6.11)
We are finally arrived at a point when we can differentiate! So, without further ado:

t t
o, Wr(t) = 0, T {exp (/t L. dT>:| Wo=T {ato exp (— f ’ L, dT>:| Wy =
0 ,

t t
ZT[—eXp(—/tOETdT> 8t0/750£7d7} Wy =
t
=-T {exp </to ETdT> Cto} W

Let Wy = 0(xz — 2) and let’s compute explicitly the matrix product:

O, W (tlto) = /dyT[eXp (/ . dT) Lto}( ,y) 6y — z0) =

J/

Matrlx element

S [exp (/t(j C, dT) ﬁto} (w, 20)

Now note that £ is before all the others L., so it is already ordered - meaning that
we can bring it out the 7 operator:

- (T [exp </t0t L, dr)} Lt()) (z, )

Then we write explicitly the matrix product between the 7" block and the £; :

:—/]Rdy (T {exp (/tSETdTﬂ)(%y)Eto(y,xo):

W(Ivt‘yato)

= — [ dy Wi(a, tly. o) L1, (3:20)
Finally, use (6.4 to evaluate L; (y,7):

O, Wa(x,t|zg, tg) = / dy Wp(z t|y,t0)(D(9 V(y,to))d(zo —y) =
—(Daio — V(xg,t9))Wp(x, t|20, o)

which is the backward Fokker-Planck equation.
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2. Recall that:
Wi (@, [z, o) = (d(z — 2( eXP( / dr V(z )>>

Let’s introduce a uniform discretization {¢;},;—1 _,41 with fixed ¢y and ¢, ; =t.
Then we can write Wg(x, t|zg, ty) as the continuum limit of the discretized integral:

n+1
1/}0 WB (I tn+1|x07t0 /]R"+1 < m)
n+1 (*Tz 2 n+1
eXp<_Z4_D EZV) Qin+1—x)

i=1

We add a previous timestep ¢_; to the discretization, and consider the paths that
started in x_q at t_q:

( ) n+1 11,2
=W x, t xT_ ,t /
w 1 B ( n—i—l’ 1 1 n+2 ( /—D€>

n+1 2 n+1
T; — Xy
- eXp (— Z (4D€1>—€Z V%) 0(Tpy1 — )

i=0 1=0

We interpret vy as the evolution one timestep later of ¥_;, in the sense that the
starting point “moves by one step forward”. This is analogy to what we did for the
forward Bloch equation, when we considered 1,11 as the evolution of ,,, in the
sense that in the former the arrival point was one timestep forward with respect
to the latter. So, while considering the arrival point leads to the forward equation,
considering the starting point - as we are doing now - leads to the backward one.

The idea is now to highlight a v, inside of 1)_;. As v starts from x,, we highlight
the term with z:

o da (xg — 21)°
V1= feoes <.HO 4@6) exp (‘we ~h)-
1=
n+1 2 n+1
xr xr
- exp (— > <Z4DZI EZV) (Tpi1 — )

=1

We wish to free that term from the path integral. To do this, we rename xg to z’
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with a 9, so that:

O o) g,
e[ (<)
Vo1 = \/47TD6/ ! exp( 4De Vit ot 1 V4rDe

n+1 (fL' T; 1 2 n+1 .,
- exp <_Z4DZ—€ZV> (Tpa1 —x)o(x — ) =

=1
1 / (I/ - 3771)2 / (¢) /
= ——= | doexp| ———F———€V(z,ty) | Wi'(z, thi1]2', o)
vamDe /JR 4De
—_—
22/2

To simplify the gaussian we change variables:
2

/ 2 /
zZ Tr — I_ r — T_
zz(z;zyel);”:ﬁ:‘dx'szedz; ¥ = 2| + 2V2De

leading to:

Yoy = 2De / dz’ exp [—22 —eV(r_1+ z\/Q_De)} .

V4rDe /R
: Wg) (I, tn+1|$_1 + 2V 2D6, to)

Then we perform a Taylor expansion about zv/2De ~ 0 of both the potential and
the solution:

exp(—eV(x_l + 2V 2De)) ~ exp(—e[Vx_l + 0(61/2)]) ~1—eV(z_q)+ 0(63/2)
Let Wg)(x,tnﬂhr_l,to) be 1:

Wg) (2, tpi1|z_1 + 2V2De, ty) = ¢ + ' 2v/2De + 1/)"2221)6

Substituting back in the integral, and ignoring higher order terms:

2

Yo = \/12_7T /IR dz’ exp <—Z2) [1— eV (z_1)](¢ + ' 2vV2De + 4" 2*2De) =
2
= \/12_7T /]R dz’ exp <—22) [w(l —eV(z_1)) + 2¢'V2De + zQw//QDe)}
Note that:
2
1) = —=exp (—2)
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is a normalized gaussian with 0 mean and unit variance. So the first moment is null,
and the second is 1, leading to:

¢71 - WB(ZL’,ﬂx,l,t,l) =
= (1—eV(z_1))Wp(x, tlr_y,t9) + 2Ded;_ Wy(a, tlz_y,to)

Rearranging:

WB(x7t|x—17t0) - WB('raﬂ'r—la t—l) =
= EV(x,I)WB(x,t‘$,17t0> - 2D€8323,1WB('I7 t|l‘,1,t0)

Dividing by € and taking the continuum limit e — 07

Wz, t|lx_q1,tg) — Wg(x, tlx_q,t_
lim Bz, t|lz_1, 1)) gz, t|lr_y,t_)
e—>0Jr €

= V(':(:—l? t0>WB(I7 t|$_1, tO)) - 2D0§_1W(x, t|IL‘_1, t())

= 8t0W(x7 t|$_1, tO) =

And renaming x_; — x( leads to the desired result.

{Exercise 6.3:]

Prove that:
Wg(x, t|xg, tg) = (exp ( /t; V(x(s),s) ds) 5k(a:(t) —x))

satisfies the backward Bloch equation:

atOWB(wvt|w0a tO) = (612)
¢ 0 N~ o
Z f(zo, 1) + Y D(xo, o) ——— | — V(xo,to) | Wp(x, tlzo, t))
w=1 axOM v=1 35170,u

for the simplest case k = d =1 and D(z,t) > 0 generic.

Hint: use the discrete measure for d = 1:

dPy, i (®q,. .., mn|*’f’30>750): (6.13)
ﬁ H daj’ Z Z (Azi' — fz'a—lAti)2
i=1a=1 DAL i=1a= 4D At

Notice that it is easier to prove the backward Bloch (6.12)) rather than the forward one
since a change of variable involved in the derivation does not need complicated derivations).

Equation (6.12) is different from the one referenced in Maritan’s notes, as the derivatives
should be wrt the starting point and not the arrival.
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Solution. The procedure is really similar to that used in ex. 6.2 part 2, but we now
consider the dependence of D on z and ¢, and an added force f(z,t). First we rewrite
everything in the d = 1 case. We start from:

Wg(x, t|zg, tg) = (exp (— /t: V(z(s),s) ds) d(x(t) — x)) (6.14)

and we want to prove that:

2

0 0
Oy, Wp(x,t|xg, o) = — Kf(%’t())@xo + D(woa%)p

> _V(antO)] Wg(z,t|zo,to)
Lo

Introduce a uniform time discretization {t;},;—¢ _,, with fixed end-points and At; =
t; —t;_1 = €. Then, following (6.13) and adding the term —eV; for the exponential of the

integral from (6.14])), we get:

Wg(z,tlxg, ty) = lim, I/V](B (z, t|zg, o) = g

e—0"

w() - /]Rn <Z]:[1 1/47TD7;_1E) ‘
. exp (_ zn: (z; — $4@D1Z_—1€leﬁ> zn: €V> 5z, — )

=1 =1

Note that we have f;_y and D;_q, but V;. This is because the first two come from a change
of random variables from the Ito SDE, for which Ito’s prescription applies. On the other
hand, V' comes from the functional that we are averaging.

As in the previous exercise, we consider the solution with the starting point a timestep in
the past, that is:

= /”“ <H w/47rDZ 16)
" — g — fige)? &
- exp (— Z (i 4151‘_151_1 ) - Z EVZ) 3z, — )

1=0 1=0

Then we highlight the first term (the one in xg):

b /n+1 (H \/m)
. exp (_ (o —2_1— f_16)° _ €Vo> ,

4D71€

— T 1_fz 16 "
exp( Z 1D, ¢ i_z:ld/;) oz, — )

=1
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Note that now the last term looks like 1, which is what we want. We just need to bring
the first term outside the path integral - and we do this by renaming z to ' with another

0:

_/ dl’l ex _(Ij—l‘_l _f—le)Z _GV(I/ t )
17 R JArD_qe P 4D_qe 0

o () oo (- £ =557 £)

(2, — )0(zg —2') =
7 2
r —T_1— _1€ €
R \/mexp ( ( 41)1 1€f . ) —GV(ZE/7t0)> Wl(g)(.l’,ﬂl’/,to)
QV 7
2°/2

We then perform a change of variables:

/
=" \jﬂl)ifle :>9€/:x_1—|—f_1e+zv4D_lg
_1€

leading to:
Wé)(x tlz_1,t_1) / dz exp ( ) exp < eV(rx_1+ f_1e+ Z\/4D_1€)> .
B(an tle_1 + fore+ 24D 16, 1)

Finally, we perform some Taylor expansions for f_je+ z,/4D_1e ~ 0:

exp (—EV(x_l + f_1e+ z«/4D_1e)) = exp (—€V(z_1) + O(eV/fe)) =
=1—eV(z_1)+O()

Let Wg) (z,t|z_1,t9) = ¥, and denote with 1)’ the first derivative wrt z_; (and so on).
Then:

(33 tlo_y + foie+ 2y/4D_1¢, tp) ¢+ (fo1€+ 2/AD_1e))'+
+ §(f—1€+2\/ AD_je)*y"

Substituting back in the integrand, and neglecting everything of order > 1 in e:
W (@ oy, t_) / dzexp < ) lw(l —eV(r )+ faed'+

1
+ 20/ \/AD_je + 2224D16¢”]
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These are all gaussian integrals involving the moments of a standard gaussian (with 0
mean and 1 standard deviation), and so:

Wi (@, tlw_y,t_q) = W5 (@, tlw_y,t0) (1 — €V (2_1,t0)) + fo160p W (x,t|w_y, to)+
+ 2D,168§71Wé€) (SL’, t’l’,l, to)

Rearranging, dividing by € and taking the continuum limit e — 07 finally leads to:

0y, W, tzg, tg) = —[f(20)0y, + 2D(20)02, — V (wo)]W (2, ¥z, t)

[Exercise 6.5: }

Derive the analogous of the Bloch equation and of the backward Bloch equation for the
Master Equation of exercise 5.7.

Hint: The trajectory i(t) stays constant and suddenly jumps at random times. Thus
ft s)ds is well defined. When evaluating the average:

Wg(i,tlig, tg) = exp< /V ds) )i) (6.15)

where Wy (i, tglig, tg) = d;, and 0;;, is the Kronecker delta, at time ¢ + dt one has to
consider two contributions: one from no change of state and the other from the change of
state.

Solution. Recall that in ex. 5.7 we considered a system evolving through states ¢ € J,
according to the following rule:

Pi(t) = (H(t)P(t));  Hy(t) = Wi(t) —6;; > Wi(t)

keJ
Let’s consider a uniform time discretization {t;};—o _, witht, =tand At; =t; —t;_; =
Introduce a potential V': J — R and denote with V; the potential at the state . We then
consider a path through states as a vector {i;};—o ., where i; € J is the state explored
at time ¢;.
Then we discretize (6.15)):

Wi(i, tlig, tg) = lim_ Wé)(l tnlio: to)

e—0"

Wg)(i7tn|i0at0) - exp( Z V 6) 7i B
n
=2 X Wi, Wiy exp (— ZVz'f) 0i,i  (6.16)
~—

T ined ~- s=1 .

“———— Probability for a Fix

Sum over all path endpoint
paths
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The average is over all discrete paths connecting iq at tq to ¢ at ¢ (it can’t be written as
an integral in the Wiener measure, as the states J are discrete t00).

For the forward Bloch equation we evolve the destination by one time-step:
© n+1
WB (Z’ tn+1’i0, tO) = wn‘i’l = Z T Z EWirl,+l7in ’ EWZI ZO Xp <_ Z ‘/;:56) 5i7,,+l:i
ileJ Z.”JrlEJ s=1
The sum over 4,,,; can be computed to remove the 0:
n
wn—i—l = eXp <_Vi€) Z T Z EWi,in : 6W21 ip €XP < Z V;éf)
ieJ  ipeJ
Then we highlight the 7,, term:
n
Ypa1 = exp (—Vje) Z Z Wi - eWi 4, exp (— Z Vz‘f)
ieJ  ipeJ

To bring it out of the sum over paths we insert a 9:

Yp1 = exp(—Vje) Z EWi,i/ .

i'eJd
n
. Z - Z GWin,in 6W11 io €XP (— Z \/;se) 5%’1./ o

ied  ied
(6.16): Wy (i tlig o)
= eXp(_‘/iG) Z EWi7i'WB(i/7 t|i07 tO)

i'ed

We now split the transition probability W,/ . over the case i =i and i’ # 4, using the same
trick of ex. 5.7 to express everything Wlth the off-diagonal terms:

Unir = exp(=Vie) (X W, Wi tlio o) + 1= X Wy |Wa(itlio, )
i'eg\{i} i'eJ\{i}

Note that we can extend the sums over the entire i’ € .J, as the i = ¢’ terms cancel out.
We then expand the exponential:

exp(—Vie) = 1 — Vie + O(e?)

Substituting back and neglecting higher order terms in e:

W )(@ tntilio, to) = (1 — Vie) [Wg(i, tlig, to)+

ted (Wi,i’Wg)(i/a tlig, to) — Wi',z‘Wg) (2, tlio, to))]
i'eJ
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Rearranging, dividing by € and taking the continuum limit leads to:

. . . W(E) Z,t Z)t _W(E) Z,tl7t
8tWB(Z,t‘ZO>t0) :lg% B ( ”‘H' 0 Oi B ( |0 0) _

= _‘/ZWB(Z?ﬂZOatO) + Z (Wi7i/WB(il7t|i07t0> - Wi/7iWB(i7t’i07 tO))
i'ed

For the backward Bloch equation we start from:

9 W (i, tlig, to) — Wy (i, tlig, t -
WB(Z t|20,t0> = h B(Z’ |ZO’ 0) B(Z7 |ZO7 1)
8t0 e—07" €

Applying the ESCK relation:

WB(Lt‘Z.O’tfl) = Z WB(i7t‘i/7tO)WB@/atOﬁO?tfl)
i'eJ

The last term is the average over only one step:

Wg(i tolig, t 1) = exp(=Vye )Wy, ¢

710
And so:
Wa(i,tlig, t_1) = > Wg(i,t|i', to) exp(—Vi/e)Wi/’ioe =
i'ed
=Y WB(i,t|¢/’t0)Wi/7i0 exp(—Vye)+
i'#i
+WB(i,t|2'0,t0)eXp(—Vioe) 1— Z Wlmoe]
ki,
Then we compute the difference:
WB(ivﬂiOatO) WB(Z t|20,t 1 Z WB i t|Z to)W/. exp( ‘/;JE)"_
i' #ig
+ Wg(i, tlig, to) exp(=Vige) Y Wii,e

k#lo

We then add a ¢ to merge the two sums, and extend them to include the diagonal terms
(without adding anything, because the two terms cancel out in that case):

= =Y Wg(i,t|i', to) Wy, eexp(=Vye) + >0y, Wp(i,t|i', to) exp(=Vye) D Wijpe =

i i k#iq
= — > Wg(i,t|i', ty) exp(=Vye) e[ Wy, S0 D W]
i k#ig

Dividing by € and taking the continuum limit leads to: (to be completed)

atOWB(Z.J t|i0’ tO) =
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