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Chapter 1

Stochastic Hamiltonian
Systems

The microscopic deterministic nature of Hamiltonian systems poses a formidable
problem when applied to statistical systems where the number of degree of
freedoms prevents the solution of the motion equations. A possible approach is
to consider the dynamics of a single particle and to introduce the interactions
with other particles in an effective way. This approach has to consider some
physical constraints: e.g. the existence of a preserved energy of the system
during the interactions. We assume that the test particle dynamics is described
by a time dependent Hamiltonian system

where Hy(z) is the average energy of the system associated to a particle in
the dynamical state x (it considers the interaction with the other particles as
environment) and Hi(x,y,) is a local interaction potential with a particle in
the state y(t). The interaction potential acts for a very small amount of time
7 (local collisions) and the states y(t) can be considered a stochastic process
(molecular chaos).

If collision time scale 7 is much less then the evolution time scale of Hy we can
separate the collision dynamics from the evolution and applying the CLT to get
an effective description of the collision effects.

The concept of thermal bath is related to the definition of temperature and the
Maximum Entropy Principle: the physical equilibrium is characterized by an
exponential distribution of the energy states Hy(z) with a characteristic energy
given by the temperature T'. Let x any microstate we have the MB equilibrium

distribution Ho(x)
o\
ps(x) o exp (_T>

where the proportional constant is the partition function

A= [ (~2)) i

assuming it is convergent. The MB distribution is related to the fluctuation
dissipation relation discovered by Einstein: in a physical system we simulate
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the collision dynamics by

q:

3=

51 (1.2)
p= e vp + v/ 2mATE(t)

where v is a friction coeflicient for the energy

Using the stochastic dynamics we get

- » t+At t+AL 2
AHy = —EpQAt + E\/vaT/ &(s)ds+~T </ &(s) ds) + o(At)
t t
The fluctuations £(t) are characterized the correlation function:

1
(€t +ADg(t) = e 2T = 6(An) 70
T
T is a correlation time scale that — 0 in the white noise limit. An explicit
integration gives

/ttw s / ey = G4 g (1) = F

assuming At > 7. We denote by Aw; the fluctuation term integrated over a
time interval At in the white noise limit.

The emergence of dissipation ~ follows from the physical conservation laws of
collision dynamics. If we consider the average energy evolution

2 2
(AHp) = - <p> At +yTAt
m \2m

in the white noise limit. We observe that the dissipation and the fluctuation
term coincides if we define the temperature (p?/2m) = T/2 in the equilibrium
state. The Einstein relation has deep consequences: if we consider the Fokker-
Planck equation for the evolution of the single particle distribution function

dp 0 9?p
9% _ _p g 7P
5 P+ 5P+ T

where Dy, is the Lie derivative for the Hamiltonian Hy (Dy,F = {F, Hp}, the
stationary solution for the distribution is

pulo) = a7t ey (<)) = e (<)) a4y
(1.3)

The momentum distribution is Gaussian and it follows

p2
2 pi(q,p)dgdp =T
/Qmp(qp)qp



The stochastic dynamics describes an ensemble of colliding particles in a thermal
bath of temperature T', so that the FP equation describes the relaxation process.
The equilibrium state is consistent with a thermodynamic description: let g =
T~! by definition we get

S5 A(B) = -A7(9) [ Hoexy (—H(j‘{p)) dqdp = (Ho) = E(T)

where E(T) is the internal energy. The we can identify the Helmholtz Free
Energy
F=FE-TS —ThA(T)=F

where S is the Entropy. We recall that F' defines the equilibrium states of the
system in a thermal bath, so that if F'(n) where n is a parameter that classifies
the microstates, one can study the phase transitions using the bifurcation theory
on F'(n). The definition of Entropy follows

oF

S(T) = —5=

E
=In A(T) + T = —/ps In p, dg dp (1.4)

since
Hy

T

Remark: in the entropy definition it is understood that all the microstates are
equivalent so that the invariant measure for the Hamiltonian dynamics is the
Lebesgues measure. The distribution p,(7") is the maximum entropy distri-
bution with the constraint that (Hy) = E. Using the Lagrangian multiplier
methods we get the condition

Inp, =—InA(T) —

0 { /(hlps + AHp)ps dg dp] =— /(lnps + AHo)dps dg dp
and it follows
ps o exp(—AHo)

where A = 1/7 has to be computed inverting the relation E()\) = E.
To generalize this framework we write the stochastic dynamics of a thermal bath
in a more general form (we set m = 1)

i = Dy,x + /2Ty Dy, x€(t) — v{Ho, H} Dy, (1.5)
where H; = q. We compute the energy dissipation
(AHyp) = —v({Ho, H1}*) At
and the energy fluctuations
((Ho — (Ho))?) = 2T~({z, H }*) At
We have the generalized condition

<{H0»H1}2

) = eyt
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which defines the temperature T according to the Einstein relation. The FP
equation associated to the Hamiltonian (??) in the Stratonovich interpretation
is written in the form

op 2

ot = Prop +7Duy{Ho, Hi}p + 7T Dy, p (1.6)

using the relations

9 0 oMy p, oH_
Ox Ho®P = 6l‘j ak axkp_ 8xj ik 8:L‘k o Hof
and
0 0 0H;
%{HmHl}DHle = @{HO’Hl}ijkaTsk = Dy, {Ho, H1}p

Then the stationary solution is computed by choosing ps(z) = ps(Ho(z)) so
that we get the condition

YD, {Ho, H1}ps(Ho) +vT D3, ps(Ho) = 0

We consider the sufficient condition

s o o () = —T

{Ho, H.}ps(Ho) + T{Ho, H1}dH0 N dHy

and we recover the MB distribution. We remark that the stochastic equation
has a covariant form in the Stratonovich interpretation: a canonical change
of variable x = T(y) in the white noise limit is covariant with respect the
Stratonovich interpretation (see later).

1.0.1 Physical meaning of the stochastic equation

The stochastic differential equations cannot be directly studied with the meth-
ods of the dynamical systems theory due to the not physical characters of the
Wiener process. From one hand they cannot be used as fundamental laws of
Physics, but from the other hand they are a fundamental tool for a ” mesoscopic”
approach the physical problems and for a formulation of non-equilibrium Sta-
tistical Mechanics (Stochastic Thermodynamics) in Complex Systems Physics.
The irreversible character of the stochastic dynamics allows to introduce the
time arrow and the entropy concept in a natural way, but this is incompatible
with the principles of classical mechanics for isolated systems. From a different
point of view, one can say that the stochastic equations destroy the idea itself
of isolated system: more precisely the ”particles” are continuously affected by
unpredictable small perturbations from the external environment (i.e. the con-
cept of environment means the hidden degrees of freedom). The time reversing
operation would imply to reverse the dynamical state of the whole environment
(i.e. the whole universe) not only of the system particles. As a consequence even
if the reverse dynamics is possible, but it is practically impossible to observe.
It is also important to remark that any experimental measure concerns average
quantities (both in space and time) of extensive or intensive observables, whose
evolution does not necessary preserve the properties of Hamiltonian Mechan-
ics. One assumes that the environment degrees of freedom satisfy the following
conditions



¢ the microscopic dynamics should have a strong chaotic character (sensitive
dependence from the initial conditions and/or from the environmental
conditions);

e the macroscopic dynamics is affected by the environment through an ad-
ditive term.

When both the hypotheses are verified, the stochastic equations can be used
as a mathematical model for Statistical Mechanics of physical systems and it
is possible to include some principles of Classical Mechanics. One of the prob-
lems is to reconcile the Hamiltonian nature of the Classical Mechanics, which is
strictly related to the canonical character of the evolution equations, with the
non-differentiable nature of the Wiener process, which describes the continuous
innovative character of stochastic effects (statistical independence of the future
from the past and irreversibility of the time arrow). We assume that the mi-
croscopic dynamics can be interpreted as the superposition of a deterministic
Hamiltonian dependent only on the particle dynamical state and an additive
stochastic term, whose amplitude depends only on the particle dynamical state.
In a generic case one considers the a stochastic Hamiltonian in the form

H(x,t) = Ho(z) + H"(z,£(t)) (1.7)

where £(t) is a regular stationary stochastic Gaussian process (i.e. we assume
that the realizations £(¢) are continuous and we assume < £ >= 0) with a
correlation function

(€Dt +m) = 0%(r)  plyr) = eI (18)

~~1 is the correlation scale time, that defines the noise evolution with respect to
the characteristic time scale of the unperturbed dynamics Hy (the average values
are taken over all the possible realizations of noise that can be associated to a
probability measure du(§) in a functional space according to the path integral
computation). We assume HP?(z,0) = 0 so that the perturbation can be written
in the form
E2(t) 0H,
HP(x,£(t)) = £(t)Ha () + ?HZ(CC) +0(&%)  Ha(z)= Tf(m)

where we are interested in a small noise limit. We approximate the initial system
by the Hamiltonian

2
t
H(z,t) = Ho(x) + H1(z)&(t) + %()Hg(x) (1.9)
We recall the white noise limit v — oo where the noise variance diverges

Tim $(y7) = 5(7)

In the white noise limit we have

- 2
. 2 _ 2
Wl;r{:o </o 13 (t)dt> =o°T
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An explicit calculation gives

</0T &(1) dt>2 = 02% /OT dt /OT dse—t=sl — 52 /07(1 — e M)t
</OT 52(t)dt>2 = g2 (7 + 6_7;_1)

Then letting in the limit ¥ — oo when 7 is fixed, we get the result o27. We
observe that the limit changes if we correlate the value of v and 7 (i.e. as we
can fixed the product v7 is the limit). For example if we fix v the limit 7 — 0

gives
T 2 ’77’2
. 2 ~ 2
t () €)=t

that has different limit. This result is related to different physical models: if
7> ~v~! means that the evolution time scale is much greater than the fluctu-
ation time scale and we can average over independent fluctuations. This is the
diffusion limit where the mean square value of the fluctuations increases o< .
In the white noise limit o2 plays the role of temperature. On the contrary if
the evolution time scale is 7 < 7~ we have the ballistic case where we cannot
average on the fluctuations that are an external forcing for the solution. In this
case the solution is strongly dependent on the noise realization. Another case
is when y7 = 1 and we have the limit

r 2
: 2 o 27
llg})</0 13 (t)dt> ~o'

This is a diffusion limit, but the fluctuation time scale is of the same order of the
evolution time scale: i.e. the environmental fluctuations could be induced by the
particle dynamics itself. This is the expected case for Hamiltonian systems. As
a consequence of the previous remark, the white noise limit has not a covariant
character so it does not commute with changes of variable.

Without loss of generality, we neglect Ha(z) in the following since its contribu-
tion is equivalent to an average contribution

and

E2(t)Hy(x) = 0* Ho(x)

in the white noise limit.

The Hamiltonian Hy(z) is the particle energy whereas Hi(x) is the perturba-
tion Hamiltonian (in Statistical Mechanics one assumes that Hy(x) < Hp(z).
Moreover we consider the case Hy(x) = E are compact invariant surfaces.

In applications to Statistical Mechanics each one considers an ensemble of inde-
pendent ‘particles’ (i.e. copies of the system) whose evolution is defined by the
Hamiltonian (?7): i.e. any particles feel a different realization of the noise that
mimics the effect of the interaction with the environment. This assumption can
justified when the dynamics is non linear since the effect of fluctuations become
independent at different points of the phase space since they depend on the
non linear character of the unperturbed dynamics. For a given realization of



the stochastic process £(t) the evolution follows a symplectic dynamics for any
initial condition. Then the equations of motion read

i:J(aHo 0H;

W +£(t)6x> = DHoJrEHlx (110)

where J is the usual symplectic matrix related to the canonical form of the

Hamilton equation
0 I
7= (% 0)

and Dy is the Poisson bracket operator Dyx = {x, H}. For any continuous
realization {(t), the stochastic phase flow x(t,20|¢) = ®g(zo) is defined by

symplectic maps
78(1)2 ' J 76(1)2 J 1.11
oz or (1.11)

The symplectic character of the phase flow (??) has to be justified from a phys-
ical point of view (i.e. one has to prove that for physical reasons the evolution
must have a symplectic character since it represents a mechanical system). This
is the case when we simulate the diffusion process in the phase space due to the
local chaotic character of the dynamics. The evolution equation for the unper-
turbed energy along the trajectories reads

OHy . OHy" J8H1

ot £ Ox ox
This equation is the backward equation for the evolution of the observable
Ho(z,t) = Ho(®¢(r)) along a stochastic trajectory for a given realization of
the noise (the name backward is due to the fact that x is the initial condition).
The solution can be formally written using the operator

T
Hoy(z,t) —exp< /f )ds % J;)Ho(x) (1.12)

where we use J7 = J and the commutative nature of the Gaussian operators
OH," | 0

Or  Ox

Remark: the fluctuation £(¢) is a scalar function in the Hamiltonian, so that

any phase space variable is subjected to the same fluctuation and H;(z) is not
time dependent. Then we have the relation

DuwyDusyf = {{f, H(s)}, H(t)} = {{H(t), H(s)}, [} + {{f, H($)}, Hs)}
= {{H(t)v H(S)}a f} + DH(S)DH(t)f
so that the operators commutes if {H(¢t), H(s)} = 0. This is the case for the
Hamiltonian £(¢)Hq(x) so that the formula (??) holds.

However if we consider the evolution of a generic observable A(x) which is not
an integral of motion for Hy(x) the complete backward equation is

£(t)

0A _ 0A" 0Hy 0AT oH,

o~ or Toe T Wa T
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and the corresponding operators do not commute at different time so that it is
not possible to write the solution in a exponential form.
The solution (??) depends on the Gaussian operator

T
[ a2

ox

(we assume £(t) Gaussian), which has zero mean value and one can use the

equality
(exp(X)) = exp (<X2>)

which is valid for any Gaussian variable with (X) = 0. Then the average
observable evolution reads

t T T 2
<Ho<z,t>>=<exp (— (s as e Jai>>ﬂo<x>:exp la{g J(fw] t] How)

where we use the equality (£(t) is assumed stationary)

oH," 9 oH,T o
// &(s1)&(s2))ds1 dsa 3%1 J%Txl ——2// c(s1—82)dsy1 dsy ~t

and we perform the white noise limit
e(T) ~ Jer y>1

Hy(z) = (Ho(x,0)) is the initial condition and we recognize the solution of the
partial differential equation

0Hy, 10H," 0 oH\" 0H,

ot 20z “0x 9z T ox (1.13)

Remark: in the case of parametric noise the solution is more complicated since
the perturbation Hamiltonian Hj(x,£(t) produces non-commutative operators
and the evolution operator is not exponential.

The symplectic character allows to introduce the Poisson bracket or the Lie
derivative Dy,

om" oF
D F={F.H} = -1 Jo
In the canonical variable x = (¢, p) and using the definition of J we get
H, OF H, OF
F=¥" OH, OF _ 0H, OF
8pj 8qj 8(]j 8pj

and eq. (?7?) reads

- Or or

OHy _ 1.,  _1OH\" 0 (0H" 0H,
o — 27T T 2 0 T on
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This equation holds for any first integral of motion of the unperturbed Hamil-
tonian. A particular case is the average dynamics when the observable is the
single state of the system

(BL) (20) = /}E B (o) dpu(€) (1.14)

We remark that the transformation @2(930) is a symplectic map but this is not
the case for the average value: indeed the symplectic condition reads (?7?)
aoL” oot
£ § _
J =J
8330 8.2?0

so that the average value cannot be applied to each factor independently and
the map (??) is not symplectic. From the Hamilton equation (?7?) the average
procedure gives

%@@ = J (Ho(®L)) + (£(t)Hy(®L))

and in the white noise limit one gets
At
<<I>£At>(x0) ~ <exp (AtDHO + (8)Dp, ds) > xo + o( At)
0

1
= exp <|:DH0 + 2D§{1} At) xo + o(At)

By iterating this operator we can construct the solution z(¢) in the limit At — 0

1
Z(t) = exp ({DHO + 2D%’1} t) zo +o(1)
This corresponds to the solution of the differential equation
- — ]- 2 —

whose character is not Hamiltonian. This is the average field approximation for
the white noise limit.

1.1 Stochastic phase flows and diffusion equa-
tion

When one considers the white-noise limit the stochastic phase flow @2 can be
associated to a stochastic differential equation that can to be derived from the
stochastic Hamiltonian (?7?) to preserve the symplectic character in a probabilis-
tic sense. The phase flow of the canonical equations (??) defines the stochastic
phase flow

x(t + At) = exp (AtDp, + A{Dy, ) x(t) (1.15)

which is symplectic.
Remark: A is the increment of the stochastic process for a time At; for a
differentiable noise we have A{ ~« At, but this is not true in the white noise
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limit since A{ o< /YAt with v — co. In the white noise limit we consider
At — 0 but yAt finite (i.e. the discretization time scale is of the same order of
the correlation time scale), so that Ag ~ VAt and it is necessary to consider
the second order terms in the development. Using the operators Dy the explicit
expansion reads

Ag
2
~ exp (AtDp, + AéDy,) z(t) + O(At3/?)

ot + At) = 2(t) + {AtDHO + A¢Dy, + D%il} z(t) + O(At? AL?)

where N
t+ At

A€ = d

¢ /t £(s) ds

The relation holds in a statistical sense and in the white noise limit Aé — Aw;,
and A&? — At where wy is a Wiener process (the limit is not a pointwise and
it has to be considered a weak-convergence in a probabilistic sense) and the
previous relation defines the Euler scheme for a stochastic differential equation.
Then in the limit At — 0 one gets the stochastic differential equation

1
dx = Dy, xdt + Dy, xdw; + inhxdt = Dp,xdt + Dy, x o dw; (1.16)

Remark: dwy is a scalar stochastic process.

The equation (??) has not the canonical form (?7), but its solution is stochas-
tically equivalent to a symplectic phase flow in the sense of a L? mean square
norm. The proof consider the possibility of representing a symplectic transfor-
mation using a Lie transformation

D5t = exp (DyyeAt + Dy, xAw,)

where At and Aw, are given (in a simulation one has to choose the increments
Aw, independent each time step). Then we approximate

1
exp (Dp,xAt + D, xAwy) = Dy,xAt + D xAwy + inflet + 0(A*/?)

in a L2?-average norm. Then in the limit At — 0 one iterates the previous
scheme at a finite time t = NAt with an error O(v/At) — 0.

It is possible to relate the equation (??) to a canonical form, by introducing the
Stratonovich stochastic integral

/Uk(x) o dw; = /ok(x)dwt + 1/al(gs)%(x)dt (1.17)
2 oxy
so that if we set
O0H,
Ok(l‘) = Jklail'l

the equation (??) can be written in a canonical form

dx = Dyy,xdt + Dy, x o dw,
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using the Stratonovich integral instead of the Ito stochastic integral. The
Stratonovich equation recover a covariant form with respect to a symplectic
change of variable y = T'(x): using the Ito formula we have

oT 1 2 2
By definition of symplectic transformation we have
or,oH"  oHToT,” 0T, 8HTJ }
Oz, Oz k= Ayn, Oxy ik orr, Oy,
so that o7
2 Pm@® = D)y
Using the same algebraic properties it is possible to show
8T 2 82T 2 2
oz Vi@ + 5oz (Pm@2)” = Di, )y

so we get the equation

1
dy = Dy (y)ydt + D, yewe + 5 Dy yelt

which is the Stratonovich equation associated to the stochastic Hamiltonian
Ho(y) + H1(y)&(t) is the white noise limit.
The statistical properties of any observable can be computed by the distribution

function
><pd®g%x»>

since ®'¢(x) is a symplectic map, where po(zo) is the initial probability distri-
bution of the system and @gt(x) the inverse of the stochastic phase flow with
&(t) given. The evolution of observables gives

0(t) = [ O(@¢Lzn))poa)dro = [ 0(a) {pol@5"(2)) do

To compute the evolution equation of the distribution function one considers
the stochastic Liouville equation. We require a stationarity condition on the
system: for any realization £(¢) and any time tg, there exists a realization £’(t)
such that

—t
0®;

plz,t) = <P0(‘I’g_t(17)) or

Pl = Perceo)

(i.e. the evolution is homogeneous in time). The stationary condition implies
that the statistical properties of the evolution are invariant with respect to the
choice of the initial time. The knowledge of @é (z) gives a complete information
on the system, but in many cases it is enough to know the distribution function
p(x,t) that gives the probability to detect a particle at x after a time ¢ given
its initial condition pg(x) = 0(x — xg). For a fixed regular realization £(t) the
evolution of the distribution function pe(z,t), is the solution of the stochastic
Liouville equation

o0, (0Hy o OH _(0My 0l o
ot 8mJ< o 0%, )pf— ( o 0%, )‘]ax (1.18)
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Remark: the validity of a stochastic Liouville equation strictly related to the
regularity of the stochastic signal £(¢). More precisely if one considers the system

&= o(x)§(t)

the stochastic phase flow reads

At At
z(At) =z + o(x) &(s)ds + —a / / &(s)(u)duds + ..

We require that the following limit (at least in a weak form)

At
dmyz [ [ et +0

Assuming a correlation function

(€(8)€(w)) = vexp (=7ls — ul)

we get

</At/ £(s)é(u)du d$> /At [exp (—vs) — 1] ds = % [1—exp (—yAt)] — At

and the required limit holds in average if

This means that one cannot perform the white noise limit v — oo in the deriva-
tion of the stochastic Liouville equation. From a physical point of view, if the
correlation time scale v~ ! is of the same order of the evolution time scale At,
then the stochastic Liouville is not justified. Conversely if YAt < 1 then the
fluctuation £(¢) can be considered a regular function and eq. (?7) holds.
Remark: the time reversibility can be defined only in a statistical sense. For a
given realization of the noise £(t) one can consider the reverse realization £(—t)
at a fixed time ¢ = 0; if there exists a realization £ (t) such that '(¢) = &(—t) the
system is stochastically time-reversible. The time reversibility property may be
too restrictive and in some cases one considers the reversibility condition only
when the system is relaxed into a stationary equilibrium state (Onsager Theory).
The equation (??) has the form of a continuity equation since the r.h.s. can be
written as the divergence of the stochastic current

<8H0 " 0H,

Je(w,t) = — W+£() oz

) Tpl, 1)

Let CIJEt(:U) is the inverse of the phase flow ®¢ for a fixed realization {(¢) (the
inverse exists as a consequence of the existence and uniqueness theorem for
the solution of differential equations), we can write the solution of eq. (?7?)
according to

pe(w,) = po (05" (2)) (1.19)

where pg(x) defines the initial condition. The distribution function p¢(z,t)
provides all the information for a statistical approach to the system. But in
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many cases the realization of the process £(t) is unknown so that one considers
the expectation value of all the possible distribution function. In principle there
is the problem to study pe(z,t) as a random function whose variance gives
information on the reliability of the expectation value.

In Statistical Physics one assumes that considering an ensemble of particles,
each particle is subjected by a different noise realization and the average on the
possible realization corresponds to the average on the ensemble when the proba-
bility distribution is weakly dependent on the initial conditions. The knowledge
of {pe(z,t)) gives all the information for a statistical mechanics approach to the
study of the considered systems and, from a mathematical point of view, this
means the existence of a generalized law of large numbers for a system composed
by many identical non-interacting particles. The classical result for statistical
systems containing N ”almost” independent particles is that the particle dis-
tribution function is well approximated by (p¢(x,t)) with a statistical error of
order O(1/4/N(AV)) where N(AV') is the number of particles contained in the
volume AV in the limit N — oo and AV — 0. The average value is computed
by considering independent realizations &(¢) distributed according to du(€). Of
course there are situations in which the fluctuations effects are important both
because the system contains a limited number of particles and because the in-
dependence assumption for the dynamics of different particles fails.

1.2 Diffusion equation for the distribution func-
tion

Deriving an evolution equation for the average distribution (p¢(x,t)) is a key
issue for non-equilibrium Statistical Mechanics . We proceed in a formal way
from the stochastic Liouville equation (??). We takes advantage by the following
Lemma:

Given a stochastic Liouville of the form

O _ (O (. ) 70P%
5 = S0 (@) (1.20)

the solution can be formally written according to

pe(x,t) = T exp (_/o f(s)?j(m,s)J({iEds) po(x) (1.21)

where po(z) is the initial distribution and 7 is the time-ordering operator (the
time-ordering operator is necessary due to the non-commutativity of the Lie
operators

oOH 0
Dyey) = %(Jfat)(]%

at different times (we have not this problem if H is time independent)).

To compute the expectation value with respect all the noise realizations, we use
the commutativity property of the 7 operator and the averaging computation.
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This is possible since the Liouville equation depends linearly from the noise £(t).
By expanding the exponential operator we get terms of the form

7;T<(/Ot _g(s)(zjj(x,s)Jids)n> (1.22)

We perform an explicit calculation in the case of a Gaussian process £(s) where
the stochastic fluctuation of the operator

D(t;ﬁ):/o E(s)%—f(as)J%ds (1.23)

are Gaussian and satisfy the cumulant relations. The non Gaussian character
can be considered when a Central Limit Theorem is applied to the fluctuations
in the dynamics (this is possible for small noise) so that we recover the Gaussian
distribution. Moreover according to eq. (?7?) £(t) is a scalar random process so
that it commutes with the derivative operator. Then the average over all the
possible realizations and the time-ordering operator commutes and using the
cumulant relations we get

1 1 n/2

AT (DGO = 5T [(0:6)7) |

where 7 acts on the operator that defines the variance. Introducing the operator

5 (069
OH OH 0]

1/t ¢ 9
- 5/0 ds/o d“<§(5)f(u)>%($aS)J%%(ﬂfau)J% (1.24)

B(x,t)

we get the equality (n is even otherwise we have no contribution)

1

= W[B(f)]"/z

1 n
—T (DGO
In the case of a Gaussian process from the equation (?7?) we derive the relation

(pe(z,1)) = exp (B(t)) po() (1.25)

In the white noise limit, the operator B(t) can be explicitly computed

1/t ¢ OH o OH G,
1 (t0H 0 OH o
= 2 ), ar ) o oy ) 5 ds

and we have the formal identity

1 ["OH 0 OH 0
(pe(z,t)) = exp (2 ; aac(x’s)Jascé):c(x’s)Jﬁxds) po(x) (1.26)

The following Lemma holds:
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Given a stochastic Liouville of the form

o

Ipg

ot
where £(t) is a Gaussian noise with correlation function (??), in the limit of
a white noise for the process £(t), the average distribution p(z,t) = (p¢)(z,t)
satisfies the Fokker-Planck equation

p (1.27)

9p 1[0H Ak
m_z[m@mwm}

Eq. (?7) is related by the backward equation for the evolution of the observable
by an adjoint operation. From the equality

| 500 () doo = [ O (et} da

where we use the symplectic change of variable @2(;30) =z, at t = 0 one gets

/ {DHO + ;DH%} O(z0,t)p(x0,t) dag = /O(xo) [DHO I ;DH%] y (o, 1)
Z/O(xo)%p(xo,t)daco

since © = x¢ and p(zo,t) = po(xo) and the suffix * denotes the adjoint operator.
The choice t = 0 is generic: one can interpret the previous equality as the
evolution from ¢ — ¢ + At in the limit At — 0 starting from the condition at
time ¢ considered known. By definition one has

DL:i ij87H287H iji:—DH
8.’% 83:]- 8£Ej 8:@
so that we recover the FP equation (77?).
One has to remark is that the white noise limit for the process £(¢) is a singular
limit: to keep finite the noise effect , the amplitude of the noise should diverge.
The Liouville equation (?7) is justified only when the noise correlation time v~1
is fixed so that it is possible to consider an evolution time scale At < v~!. The
white noise limit y~! — 0 is an approximation of the solution of the stochastic
Liouville equation when the correlation time scale is negligible with respect
the evolution time scale. The FP equation (??) provides an effective way to
approximate la solution of the stochastic Liouville equation averaged over all
the possible noise realizations.
In the case of the Hamiltonian (?7?) a key role is played by the unperturbed dy-
namics Hy(z): in the case of non-linear dynamics different initial condition can
be related to independent evolution so that an average over a particle ensemble
coincides with the average over the realizations. This is not only true if Hy(x)
has a chaotic dynamics and the correlation among different initial conditions
depend on the Ljapunov exponents, but also if Hy(x) is an integrable Hamilto-
nian and the orbit correlation depends on the nonlinear character and it has a
power law decaying.
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1.3 Remark on white noise limit

The white noise limit is consistent with the Stratonovich limit for the stochastic
dynamics (??) that is related to the stochastic differential equation

1
dx = Dy, x dw, + 5D%,lacdt

associated to a FP equation (??7) by the Ito calculus. The white noise limit can
be useful to approximate the operator (??) when one has a fast decaying in the
noise correlation. This means that we can applied the previous approach when
the fluctuations are defined by a chaotic dynamics with a positive Ljapunov ex-
ponents. In such a case the different realizations are different chaotic trajectories
(i.e. corresponding to different initial conditions) and their correlation decaying
exponentially according to the sum of the positive Ljapunov exponents.

One could compute the effect of a finite noise correlation in a formal way using
Gaussian stochastic operators B(x,t) with an exponentially decaying correla-
tion. The Gaussian character allows to compute the finite correlation effects of
the noise, otherwise one needs to perform the white noise limit to recover the
Gaussian character by means of the Central Limit Theorem.

To generalize the previous results to the Hamiltonian (?7?), we observe that the
stochastic Liouville equation (??) can be reduced in the form required by the
Lemma if one performs the symplectic change of variables

x(t,§) = To(y(t,€))

where ®f(-) is the phase flux associated to the deterministic Hamiltonian Ho(z).
As it is well known from Hamiltonian dynamics theory, in the new variables y,
the new Hamiltonian is &(¢) Hy(®)(y)) so that the corresponding Liouville has
the form (??7) and the average distribution (p¢)(y,t) satisfies the FP equation

_10H,

0 0H, 0
—r > — P t [ —

(‘I’B(y))Jafy@d(y, t) (1.28)

The Hamiltonian Liouville operator is covariant with respect the canonical
changes of variables:

OH, ., P OH, . 8
— (P —_ - - —_

As a consequence the FP equation (??) in the original variables reads (recall
that the symplectic character of the phase flow does not change the density
measure)

_ 10H; . 9 0Hy, . O _
= (pe) (@5 (z),t) = §T;J%T;J%<P§>(‘I’ot(x),t)

where ®; " denotes the inverse phase flow. Letting < pe > (9, (2),t) = p(x,1)
an explicit calculation finally gives

2 oty = 20 @5t 1) + 0y )
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so that the final FP equation reads

dp
ot

H, 10H H
(.%‘t) _8 0J8p 15) 1 0 0 1J8p

oz 72z "0V 2700 Yoz 0z T oa ™Y

We have formally proved the following proposition:

the average distribution function of the stochastic Hamiltonian system (?7?) in
the limit of a white Gaussian noise, satisfies the Fokker-Planck equation (?7?).
Remark: if one interprets the system (??) as a stochastic differential equation,
the FP equation (?7?) is associated to the stochastic differential equation (cfr.

eq (77))

(1.29)

8—J iﬁja o 6—det (1.30)
is obtained if one follows the Stratonovich interpretation of the canonical stochas-
tic differential equations (??). The previous stochastic equation has to be used
instead of the usual canonical equation for stochastic Hamiltonian systems. As
a the consequence of the symplectic nature of the Hamiltonian dynamics, the
differential operator that defines the Fokker-Planck equation

2
do — (8H0 10H, .0 H1J> b+ 0H,

Fi ==, @5, + Ox Oz

OH, B oy ;0. 2
oz oz

is an self-adjoint operator (one can use the properties of the Lie-derivative) so
that the eigenvalues are all real and the eigenvector are orthogonal with respect
to the L2-product. We define the drift and the diffusion coefficients by

0Hy 1 0H, 0’H, 8H1 8H1
a;(w) = - TMJ” * 2 oy Tfrijmﬁa:hxl Z ox; Jii dxp,

(1.31)
We observe that the diffusion coefficient only depends on the perturbation
Hamiltonian Hj(x) and not on the dynamical properties of the unperturbed
system Ho(z).
Moreover the operator is semi-negative defined: indeed if one computes the
quadratic form

1
/p]:dem: —/pDHopda:—i— i/pD?{Ipdx

Using the equality
DH0p2 = 2PDH0,0
and the property

OH _ 0
/Ddex’/Zam ”a;d
0H
gy 2L e Jije—pdo; =0
/X%: Jaxjﬁxip J? /BX%: ]&vip i

assuming vanishing boundary conditions for p and its derivatives, then one gets

/p}'dea: _ ! /(DH1 p)dx <0 (1.32)
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The stationary solution is defined by the condition Fgps = 0; according to the
previous result ps has to satisfy both the equations

DHopSZO DH1Ps=0

which implies {Hp, H1} = 0 (due to the Jacobi identity) which means that if
H, is an integral of motion of the unperturbed Hamiltonian Hy. In such a case
the surfaces Hy(xz) = E are invariant with respect to the stochastic dynamics
(?7): using the Ito calculus one gets (cfr. eq. (?7?)

8Hol OHy . 1~0H, . &°H

dHO = G Jis + = 7J Jl]dt + Z 6 szdwt

61‘1' * 2 ihl 83@,» 8

9?Hy [0H, . 0H
+3 Z { For "M Jk]} dt

0H, 0 [0H,  0H, 0H, 0*H, . 0H,
%;l ax] oz, [Bxi Jin axh} Jujet = Z Oz Ow;0xy Tin Gy, Tt

(9Ho 8H1 (9H1 aHO 82H1 8H1
+ 2 Z 8$l |:ax] 593;6} Ihi kadt+ 9 ; Jin kadt

Oz, Oxj Ox;0z) """ Oz,
1= 0 [0Hy . OH\] , OH, ,
2289@ {895] ‘]’”a ]J}” axhdtio

Then the stationary distribution is related to a micro-canonical ensemble if the
initial condition is on the invariant surface Hy(xz) = E and, if no other integrals
of motion exist, the invariant measure is uniform on the surface.

Remark: the stochastic Liouville equation is time-reversible, whereas the FP
equation is not: indeed the substitution ¢t — —t and H(z) — —H(z) leaves
invariant the equation (?7?), but not the equation (??), so that (p¢)(z, —t) is
not the evolution of a physical distribution (see next section).

Remark: in the applications the equation (??) can be only approximately sat-
isfied by real systems: one can consider the white noise approximation when
the typical correlation time of the stochastic process £(¢) is much smaller that
the typical evolution scale of the Hamiltonian dynamics Ho(z). The justifica-
tion of a stochastic approach understands the existence of two time scales: the
noise time scale that implies a fast decorrelation for the realizations &(¢), but
with the possibility of large fluctuations, and the slow evolution time scale of
the system. The noise time scale can be determined by the chaotic character
of the hidden degrees of freedom that has positive Ljapunov exponents that in
a coarse grained description give an exponential decorrelation like for Markov
processes. The presence of a single noise in the Hamiltonian (??) means that
&(t) is a description of the global effect of the hidden degrees.

Introducing the Lie-operator for Hamiltonian systems, the previous results can
be written in the form

(Texp( | D, + €D ds) ) poe) = exp (~tDi, +1/2D%,) po(o)

in the white noise limit for the Gaussian process £(t). The Fokker-Planck equa-
tion (??) can be written in the form

op 1,
L __p -D 1.
pr Hop + 5D, p (1.33)
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(Since we assume Hy and H; time independent, we do not need the time-ordering
operator T).
Remark: the limit £(¢) towards a white noise, can be formally stated in the
following Lemma:
let £(¢)D(t) a stochastic process of linear operators that are distributed accord-
ing to a Gaussian function with zero mean value, we consider the stochastic
equation

& = &(t)D(t)x

whose solution can be formally written as

6= Tewp ([ €100 ) o

where the initial condition z( is given. Let us define the average linear operator

B)=% /0 ds /0 dud(+(s — u)D(s)D(u)

where 02¢(ys) is the correlation function, then the average evolution X () =<
x(t;€) > is given by
X(t) = Texp (B(6)) X

The proof is based on the fact that the stochastic operator

/Otf(s)D s)ds

is distributed according to a Gaussian function since £(t) is Gaussian and the
the time ordering operator 7 commutes with the averaging procedure. Then
we consider the average exponential stochastic operator

<Tmm/E@D@@»=

wa?/nn/Q (//Uq’) (s —u))D ()D(u)dsdu)n/2

n>0

we have the identity

<Tmp‘/§ $)ds) ) = T exp(B(0)

From the definition we get

=% | st =0®DE) + D)D)
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Then if one considers the formal solution of the differential equation

. dB
X(t)=—()X(¢t
(1) = ()X (1)
one gets
t sp—1 t t
" dB dB 1 dB dB
X(t) = —..— Xy = — —...—X
(t) ;)/0 ds, /0 dS"dsl s, X0 ;n!T/o dsy /Odsnd81 5. o
or

X(t) = T exp(B(t))Xo

The function X (¢) is the formal solution of the differential equation

. 2 t
=% / dsé(y(t — s)(D()D(s) + D(s)D(t)X
0
In the white noise limit one finally gets
. 1 9
X = §D ()X

The previous results can be extended to the case of the stochastic differential
equation
t=(C+&(1t)D)x

One introduces the interaction vision using the variable = exp(Ct)y which
satisfies the equation

y = £(t) exp(—Ct) D exp(Ct)y

Then the operator B(t) and its derivatives are defined

2 t t
B = 5 [ ds [ dust(s —ueCDeCtpect
0 0
dB 2 t
E = %efCt/ ¢(,YS) [DeCsDesz_FeCsDeszD] dSeCt
0

Then the average evolution Y (¢) satisfies the linear equation

. 2 t
Y = %e*Ct/ o(7ys) [DeCSDe*CS + ecsDe*CSD] dseCty
0

By introducing the variable X (t) = exp(Ct)Y (t) we finally gets
X=CX+ %2 /Ot (7s) [De*De™C* + ¢“*De—~CsD] Xds
and in the white noise limit
X=CX+ %DZX

This equation corresponds to the backward equation of the observables.
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In the case of the system (?7) the physical problem is the evolution of an ensem-
ble of particles in the phase space under the the environmental effect. We have
two cases: each particle has a different noise realization £(t) and since all the
particles are identical and the particles are not interacting this is equivalent to
average on the noise realizations; there is the same noise realization for all the
particles (this is a the case when the noise is parametric). In the last case the
unperturbed dynamics plays a fundamental role to justify the averaging proce-
dure: in a linear case this approach may lead to wrong results, but in a generic
case, the non-linear character of the dynamics introduces a decorrelation among
the particle trajectories that can be the result of independent noise realization,
but one should prove that the distribution of the noise realizations is the same
if one consider a single particle or an ensemble on particles. The white noise
approximation is justified if the experimental measures are not instantaneous
but are obtained by a time-averaging procedure

t+T R
T =7 [ kv (134

where the time interval T is sufficiently long with respect to the correlation time
scale of the stochastic process {(t). Then f¢(t) is almost independent from the
realization £(t) (in a probabilistic sense) and for T > 1 we have

F(t) = (fe(t) = / F()(pe (2, 1) da

where we have introduced the expectation value of the distribution function
pe(x,t) with respect all the possible noise realizations.

1.4 Stochastic symplectic maps

The introduction of a thermal bath for a symplectic map M using a stochastic
perturbation of

1.5 Remark on the numerical integration
We consider the problem of integrating the stochastic Hamiltonian
Ho(z) + Hi(z)&(t)

in the white noise limit. We initially consider the reduce case
At
& = Dy, xz£(t) z(At) =z + Dy, z(s)€(s)ds
0

We have the expansion

Dy, z(s)€(s) = DHla:ﬁ(s)JrD}?qlx/Os £(u) du+%D§I1x (/OS ¢(u) du> +0(A/?)
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where the error has to be interpreted in a statistical sense. By substituting in
the expansion we get
At

2(At) =z + Dy, x &(s)ds
0

+D§hx/omg(s) /Osf(u) duds + %Di,l /OAtg(s) </OS§(U) du>2 ds + O(Af2)

Aw?

=x+ Dy, zAw; + D%le 5

1 s 2
+ 5Dj’;hz‘msomg(s) ( / &(u) du> ds + O(At?)
0
so that the solution can be written using the Lie-Transformation
x(t + At) = exp (Aw: Dy, ) x(t) (1.35)

where Aw; = w(t + At) — w(t) is the increment of a Wiener process. In the
generic case of a stochastic Hamiltonian we have

At At
& =Dpg,x + £(t) D, x x(At) =z + Dp,xds+ Dy, x(s)é(s)ds
0 0
The problem is the non-commutativity of the operators Dy, and Dy, so that
one cannot write the solution using an exponential operator. However we can
approximate the solution by a leap-frog integration scheme with an error O(At?)

At At
z(At) = exp <2DHO> exp(Aw; Dy, ) exp <2DH0) z+O(At?)  (1.36)

The leap-frog scheme reproduces correctly the expansion of the solution up to
the mixed algebraic terms of second order of the operator D, and Dy, which
means an error of order O(At?) (i.e. the same order of the stochastic operator
(??). For a finite time integration, the final order of the scheme (?7?) is O(At)
on the mean L?-norm. This implies a convergence of the distribution function
p(x,t) of the numerical scheme to the solution of the FP equation.

The advantage of the scheme (?7) is the possibility of maintaining the symplectic
character of the single particle solution solutions of small noise limit.

The operator (??) applies to the evolution of any observable. Let us consider
the energy evolution Hy(x(t)) (i.e. the unperturbed energy of the system which
is a integral of motion), an explicit computation gives

Ho(z(t+At)) = exp (A;DHO> exp(Aw; Dy, )Ho(z) = exp(Aw Dy, ) Ho (2o (t+At/2)

where we use the symplectic properties of the evolution operator exp(AtDy,).
In the limit At — 0 the average value over the realizations gives

At
(oot + 20) = exp (58, ) (o)
that corresponds to the solution of the backward equation. Assume that the

space is foliated into invariant surfaces Ho(z) = const. and we have an elliptic
fixed point x, with Hy(z,) = E, a direct calculation provides

d 0 0
%/ HZ(z) dac:/ Ho(x)D%, Hydx = —/(DH1H0)2 dx
E. E.
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where the choice of the surface Ho(z) = 0 is arbitrary. Therefore we have a
Ljapunov function and the equilibrium state in the set requires the condition
Dy, Hy = 0. In a generic situation this is possible only if Hy(z(t)) — const.,
since the condition implies that Hj is a first integral of motion of Hy. This
means in the stationary solution for a stochastic Hamiltonian system with open
boundary conditions has a trivial stationary state and the dynamics needs to
study the transient states of the FP operator corresponding to the small eigen-
values.
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Chapter 2

The Fokker-Planck equation

The probability distribution associated to a stochastic differential equation

= a(@) +H@EWD) (=0 (&(t+TIEW) = F exp(—y7)

satisfies a FP equation in the white noise limit v — oo

op 0 10 0
5 = —%a(:c)p + i%b(x)*b(f)ﬁ’ (2.1)

or
Remark: this is consistent with the Stratonovich interpretation of the stochastic
differential equation that corresponds to the Ito equation

dz = a(z)dt + %b(x)%dt + b(x)dw; (2.2)

The Stratonovich interpretation is covariant: let z = T'(y) we have

Oy 1 ob dy 0y
dy = 52 [T ))dt + Gb(T(0) 52 5t + BT )| + 54T )i
We define

i) = SLaT(w))  by) = SLH(T )

and the new equation has the form

X . 1. _9b
dy = a(y)dt + b(y)dw; + ib(y)a—ydt

where we use

b ooy Iy

oy Oyom + @b(T(y))

The stochastic equation corresponds to the white noise limit of

y = aly) +b(y)&(t)
that is the covariant transformation of the initial equation. Using the notation

dz = a(x)dt + b(z) o dw,

27
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to denote the equation (?7?), we observe that using a covariant form for the
change of variable z = T'(y)

_ Oy

= %(a(m)dt + b(x) o dwy) = a(y)dt + b(y) o dwy

dy
we recover the Ito form of the stochastic equation associated with the new
Stratonovich equation. The FP equation describes the evolution of the distri-
bution function

or

p(y;t) = p(T(y),t) o

and it has the same form as (?7).
For stochastically perturbed Hamiltonian systems we have the form (?7?) for the
evolution equation

aHo 8H1 5'H0 8H1 62 8H1 8 8H1

Using the formalism of the Lie derivative the previous equation can be written

2
dr = D,z dt + eDpg, xdw: + G—D?{ xdt = Dy,xdt + eDp,x o dw
2 1
To perform a canonical change of variables 2z = T'(y) we can use the covariance

nature of the Stratonovich formalism and we get

dy = D)y dt + €D,y © dwy

where the Lie derivatives have to be computed in the new variables. In this way
one performs a perturbation approach when Hj is integrable.

We apply the action-angle variables transformation (¢,p) — (6,1) so that
Hy(q,p) = H(I) and we have a new Hamiltonian

Ho(q,p)dt + eH1(q,p) o dw, = Ho(I) + eH1(0,1) o dwy

We remark that the stochastic differential equation in the action angle-variables

0, 1)

H 2 (OH
d; = Q;(I)dt + eDy, 0; o dw, = Q;(I)dt + e@dwt +< Q, Hy pdt
ol 2\ a1,

2

dl; = €Dy, I; o dw; = eaaj;?dwt - % {881;?, Hl} dt
We remark that the canonical form of the stochastic equations has to be inter-
preted. In the limit of small noise € < 1 the angles are fast variables and it
is possible to average on the angle by considering them uniformly distributed.
Applying an averaging principle on the angles variables means that we con-
sider the angle variables as uncorrelated random variables independent of the
fluctuations. In such a case the action dynamics reduces

62 8H1 8H1 6H1
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where we introduce an equivalent stochastic process with covariance matrix

O0H, 0H,

ik = 5, 90,

using independent Wiener process. The FP equation has the form

Op 0 [_/foH: N\ -0 [OHOH\\ /OH\0H\] 0p
ot~ 201, a0, /" a1, \ 06; 00, 00, 00, /| o1,

We observe
0’H, OH, n O*Hy 0Hy]\ _ 0 [0H, 0H,y —0
00,00, 01, ~ 01,00, 00; -\ 09 | 99; OI, N
and we get the self-adjoint FP equation

8ﬁ_€2 8 <8H18H1>8p

ot 20I; \ 99; 96, | Ol

(2.3)

where we have the approximation

A1) ~ ﬁ/o " p(0,1,1)db

This is consistent if we apply the average to the FP equation

o _ _qip . < {3%8%_5‘%15%
ot 90 "2 |00 oI 99 oI 96 oI oI 09
0 0Hy 0 0H, 0 OH, O OH,
T 91 96 90 oI ' oI 96 oI ae}p

When we average on 6 the expression in the square bracket all the derivatives
with respect to 6 disappear. Moreover we have

0 0H, 9 0H, & 0H,0H, N 0 0*H, 0H,
dI 00 99 I ~ 9IY B9 Il oI 992 Ol
9 0H, 0 OH, 0 (8H1)2 o 0 0H,0°H,

~ar\ 00 ) a1 " a1 00 2100

oI 90 oI 00 ~ oI

and summing the contributions we get the operator

O omoHy 0 [0 (0 oM | 0 (9 0
o100 00 01 oI |06 \ 06 oI oI \ 00 ol

Therefore assuming that the distribution p(6,1,t) ~ p(I,t) (i.e. the uniform
distribution in the angle is invariant for the dynamics) the FP reduces to eq.
(??). The uniform distribution in the angle depends on the dynamics: we expect
that this assumption is valid for the Hamiltonian dynamics since it is related to
the invariant measure, but it depends on he thermal bath and on the resonant
condition on the unperturbed frequencies Q(1).

The Stratonovich interpretation allows to develop a stochastic perturbation the-
ory by changes of variables. The interesting case is when the unperturbed
Hamiltonian Hy(q, p; A) depends on a parameter A = pt. The limit p — 0 is the
so called adiabatic limit.
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2.1 Thermodynamics point of view

In the case the stochastic Hamiltonian (?7?), the linear operator that defines the
FP equation are related to the stochastic phase flow @2. If the perturbation £(t)
is regular, the phase flow is symplectic but it depends on the noise realization.
An averaging process will destroy the symplectic character of the dynamics since

L o9t 9! odL" L [ 2%
“\az a2 /)7 \ o s

so that the average Jacobian matrix is not symplectic.As a consequence the
average probability distribution does not satisfy the Liouville equation. However
the Hamiltonian character implies specific properties to the diffusion equation
using the Stratonovich interpretation. Stochastic perturbation are considered
to model the fast fluctuations of the environment and we have a parametric
dependence on the noise

H(z;((t)) = Ho(x) + Hy(z;((t))

Hi(z;¢(t)) defines the fluctuating part and one assumes (H; (z;((t))) = 0. Then
if the evolution time scales of the unperturbed part are slow with respect the
fluctuation time scales. We introduce the interaction vision * = ®!(y) where
®' = exp(tDp,) is the phase flow associated to the unperturbed system. The
new Hamiltonian reads

H(y, t;¢(t) = Hi(®'(y); C(¢))
and the distribution function p¢(y,t) satisfies the stochastic Liouville equation

dp¢
5 = —Du, (y,150)P¢

The Lie operators Dy, (y,+.¢) do not commute due to the explicit time dependence
and the solution can be formally written

t
pC(y7t) = TeXp (_/ DHl(y,s;C(s))ds,‘) pO(y) (24)
0

where 7 is the time ordering operator. We apply the white noise limit to
the stochastic process Hi(z,((t)): i.e. this process can be approximated by a
process Hy (2)€(t) where &(t) tends to a white noise and Hy () defines the local
variance of the fluctuations. We use the formal relation

t 1t
<Texp (/0 DHI(y,s;<<s>)ds>> ~ T exp (2/0 D, @) ds)

where we explicitly compute the average operator

t o [t OH,, . .. OH, . . 8
AWQMWW:@A%—AMMM—%mM#f

OYk oyn Jy;
0
= L D@ (y) =
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which define the FP equation for the evolution of the average distribution

Z 3 >§ypj (2.5)

The r.h.s is a self-adjoint operator so that the corresponding stochastic process
is reversible and all the eigenvalues are real. The stationary distribution is
constant if the diffusion takes place in a compact region. Using the statistical
properties of H, (x) the diffusion coefficient can be written in the form

D1y (0) = i @ (4) s
Yk

OH,

G (@' W)

This equation corresponds to the stochastic differential equation

P Oy (gt y)e(t)

in the Stratonovich interpretation for the white noise. Since the equation has
a canonical form, let z = ®*(y) we perform the change of variable using the
covariance property of the Stratonovich interpretation

t= Y T (gflj(m + 8H1<z>5<t>> (2:6)
k

and the corresponding FP equation reads

v 8H0 ap
ot~ ik &’m E)xk Za (2.7)

The self-adjoint nature of the operator implies that the stationary distribution
of eq. (?7?) is constant in general (i.e. if the unpertburbed Hamiltonian Hy and
the perturbation Hamiltonian H; has no common integral of motion F'). Then
we have a Maximal Entropy solution without any constraint since the using the
Gibbs Entropy we get

H,
/ npde = — /aoapd /apD 6”d

and we prove dS/dt > 0 since the first term vanishes (it is a divergence of a
vector field) and the second term is positive defined if D(z) is a positive defined
symmetric matrix so that dS/dt = 0 implies p = const..

2.2 Reversibility character of diffusion processes

The concept of stochastic reversibility can be formulated as follows: if z(t) is a
possible realization of a trajectory of a stochastic system in a stationary solution
(i.e. the statistical properties of the system are described by the stationary
distribution p®(z)) then z:(—t) is a possible trajectory with the same probability:
i.e. the transition probability P(xz,t + At|y,t) satisfies the detailed balance
condition

P(x, Atly)p®(y) = Ply, Atlx)p® (z) (2.8)
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We recall that the conditional probability is the solution of the FP equation
with initial condition d(xzg — y) and it can be formally written

Pz, Atly) = (0(z — @' (y))  Jlim P(x, Atly) = d(x — )

where the expectation value is over all the realizations of the noie £(t), and in
the white noise limit we have

. 1
Jim [ P Apo(0) dy = ~Lrr@(a)

with Lpp the Fokker-Planck operator in the Stratonovich interpretation. The
previous relations imply
1

V()

which means that the matrix on the Lh.s. is symmetric;

Py, At|z)y/p*(z) = T (y, z)
(2.9)

Iz, y) = Pz, Atly)\/ p*(y) =

A=
—
=

/ £ (@) T (2, y)g(y) dy di = / T2 (y, 2)]7 £ (2)-gy) dardy = / T2y, 2) f (x)-g(y) da dy

Then the operator

1
Srp = ﬁﬁFP\/E

has to be self-adjoint since the relation between the evolution matrix and the
operator Spp is understood by

T2 (z,y) = exp(—Spp(x)At)d(z — y)

and the symmetry condition implies
[ @) expl-Sep@)at)gta) do = [ exp(-Ser()A0f @) 9(u)dy

so that S}P = Srp.
Let us consider the case

E _gal+ 872
EP = 92 oz 0x2

where p® o« exp(—V (z)/T), an explicit computation gives

1 1 0 [0V 0

- S — - | — S Ti S| —

lenVF = o S T

1 0 [1ov B 192V 1 [10V\? 92
NG [zaxﬁ”ﬁax] _28:c2_T(28x> Toa

and we get a self-adjoint operator. In a generic case if we know the stationary
solution, we set

lenpS:aa—Z = a(x):*a%Jrarot(I)
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The Kirkhoff condition implies div J* = 0 for the stationary density currents

ov op®
J(z) = mr —p° + aryp’ — T 8/; = arotp’ # 0
so that
i 0 s Oarot B l@Va 0
ps a rotP afE T a rot

If if the gradient of the potential is orthogonal to the field a.,,; then a,.; is a
free divergence field and vice versa: this is the case of Hamiltonian systems.
This means that V' (z) is an integral of motion for the vector field a,,; and it is
possible to compute the stationary condition from the vector field. However a
term a,.,; destroys the adjoint properties of the FP operator since the term

1 8am 0
ArotV P° = 5 L Qrot
or

\/> 8
is not self adjoint even in the case diva,,. = 0. However the free divergence
condition implies

ov 0
Arot aSU -
i.e. the rotor field is orthogonal to the gradient of the internal energy. In
this case the stochastic reversibility is recovered is we introduce the involution
x — —x: i.e. the reverse fluctuation at a state x observe in stationary condition
corresponds to a direct fluctuation but at a state —z.

2.3 Correlation properties of fluctuations

The symmetry condition implies that the correlation among the fluctuations is
symmetric if computed in the future or in the past. The correlation concept
is related to definition of the expectation value for the fluctuations at differ-
ent times in the stationary state. We consider a generic stochastic differential
equation
i = a(2) + €€(1)

without loss of generality we assume diva(z) = 0 so that the phase flow is
volume preserving. Let x(¢) a solution of the unperturbed system with z(0) = z
we have the linearized dynamics

0k = %(az(t))&z + €€(t) = A(t)dx + €£(t)

and we solve the linear dynamics using the principal matrix ®f

t
Sa(t) = € / Ble(s)ds  0w(0) =0
0
Then one considers the expectation value
(0x(t + 1)dx(t)) = C(7;t) (2.10)

The integral converges if the Ljapunov exponent of the system are all negative:

i.e. the matrix .

lim [ (®§[®F]")ds

t—o0 0
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exists. In the white noise limit we compute
t+7
(0 (t 4+ 1)0x4(1) / / (@5 inkn () [®L]jn€n (w)) dsdu

[ /0 (@8] [RL]7; ds = (@1 ]S (t)

where X(t) is the covariance matrix. When ¢ >> 1 the integral converges so the
c(r : t) o< @7 and when 7 increases it decreases according to the maximum
Ljapunov exponents. The linearization procedure requires ¢ < 1 to be applied.
The computation of (?7) can be performed by using the solution of the FP

equation
op 0 €2 0%p
F P G Y v

The fundamental solution p(dz,t|0) gives the probability to be in the state dx
after a time ¢ with initial condition lim;_,o p(dx,¢|0) = 6(0). By definition we

have o(52.£]0) = <5 <53; - e/ot DLE(s) ds>>

The correlation can be computed by
(0zi(t + 1)oz;(t)) = /inéyjp(&c, t+ 7|0y, t)p(dy,t|0)doxdoy

and we use the equality

t+71
p(dz, t 4+ 7|dy,t) = <6 (63(; — PTGy — 6/ PLFTE(s) ds>>
¢

Then we compute
t+7
(Saa(t +7)0a; () = / < ([@ﬁf]ﬂayl e /t [¢§+T]il§l(s))>5yjp(5y,t 10) doy

= [®;7]u /5yl5yjﬂ(5y7t 10) doy = [®;7 ]S, (t)

recovering the previous result.
Let us consider the correlation with past events (i.e. we reverse the process)

t—7
<5£L‘Z(t — T (SCEJ / / (Pt T zlcgk ) [ jhgh > dsdu

—e / [0 [T dsf@!_ T, = Sl — el ]}
Therefore we have the relation
Cij(m;t) = Cji(—T;t + 1)

Assuming the existence of a stationary limit ¢ — oo with A(t) = A the re-
versibility condition is a symmetric condition

exp(A7)Y = Zexp(ATr) =  B7V2exp(Ar)2Y? = 212 exp(ATr)n1/2
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which means that ¥ ~'/2 exp(A7)X'/2 is a symmetric matrix. We recall that the
stationary distribution is Gaussian with a covariance matrix ¥ can be explicitly
computed and the previous relation reads

/o exp(A(t—s)) exp(AT) exp(AT (t—s)) ds = /0 exp(A(t—s)) exp(AT7) exp(AT (t—s)) ds

that implies that exp(A7) = exp(AT7) and A is a symmetric matrix.

This condition generalized to nonlinear case and it follows that the field a(z) =
—0V/0x.

The correlation among the fluctuations can be studied for any observable I(x)
by defining

I(t: 1) = / ) deo

In this case the evolution depends on the adjoint operator ﬁTFP and for the
stationary value is constant

I, = /I(:z:)pg(x) dx
We compute
t+r gt
(BI(t +7)SI(1)) = / / (@5 ]a () (B jnn (1)) dsclu

t
— @i, / (] [91]T ds = e[0T (1)
0

Kok Kok ok
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Chapter 3

Thermal Baths and
Hamiltonian Systems

If the Hamiltonian (??) simulates the interaction dynamics between a test par-
ticle and the fluctuating nonhomogeneous environment, the missing of a dissi-
pative term implies that the energy Hj is not conserved in a average sense. The
Hamiltonian (?7?) models the effects of a fluctuating potential in the environ-
ment, but there does not exist a stationary state due to average flux of energy
between the system and the environment. If we assume that in a stationary
the system energy has to be preserved in average, the previous equation (?7) is
not suitable to describe the evolution and a possible solution is to introduce a
dissipative term in the equation of motion

iZDHO$+ (—{Ho,Hl}—F\/ﬁg(t)) DHI.’L' (31)

where z = (¢, p) and £(t) is a white noise.
Remark: the previous equation is not Hamiltonian due to the presence of the
dissipation: indeed the neglecting the fluctuations we have

dH

dt
and the system collapses to the critical points 9Hy/d2z = 0. The physical mean-
ing is that of the equation (?7?) is that there should be a relation between the
energy fluctuations variance, defined by the T(Dy, Ho)? = T({Hy, H1})? and
the local dissipation field introduced by the term {Ho, H1} Dy, Hy = (Dp, Ho)?*:
i.e. the variance of the fluctuations turns out to be proportional to the dissipa-
tion (fluctuation-dissipation relation). As an example if we set H; = —,/m7q
and Hy = p?/2m + V(q), the stochastic equation (??) reads
p

Q=
m

. ov
p= g P+ /2mTyE(t) (32)
where T is the temperature and we satisfy the Einstein relation. The Fokker
Planck equation (?7?) reads

= —{Hy,H\}Dy,Hy = —{Hy, H;}> < 0

ap 0 P 82
—_ = 7D -_ e
n H0p+"}/ mp+m1’y 2p

37
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and we recover the usual stochastic model for a thermal bath.
The corresponding FP equation in the limit £(¢) — white noise is written using
the Stratonovich interpretation of the stochastic equation

9 _ _

ot (DHO7DH1{H03H1}):0+TD%{110:0 (33)

where we use the property

0 OH, , OH, Of
Oz, Jik Ba:kf_JJk Oxy, Ox; -

D, f
so that
i{m H }E{x H}p=D?
gr WO U g\ HUP = VP
The stationary solution can be computed in the form ps(Hp) so that:

0= (_DHO + DHl{HOaHl} + TD12L[1> ps(Ho) =
Dy, ({Ho, Hi1}ps(Ho) + T Dy, ps(Ho))

Then assuming a detailed balance (DB) condition and we reduce to the equation

(Ho, Hy} = —T{Ho,Hl}d%o n(p (Hy))

whose solution is
H H
In(ps(Hyp)) = —?0 + const. = ps(Hp) o< exp <_TO> (3.4)

Remark: in a generic case of a FP equation

dp 0 0%p 0
@& __Z T _ 2
ot axa(x)p + Ox? Ox IT@,t)
for a system in a thermal bath: if the deterministic field can be factorized
ol

a(x) = ar(x)

Oz

where I(x) is a first integral of motion for a,(x) and a,(x) is a zero-divergence
field

oI da,
ar(x)a—x =0 B 0
Then stationary solution of the FP equation
I
op 0 0 T@p

ot~ on |TWr g Ty,
can be computed in the form ps(z) o exp(—I(x)/T') using the relations

) oI ) Ps oI
Tl = "agP  gprlrs = par(@)yy
We observe that

rot a(x) = rota,(x)
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In this case the stationary currents do not vanish

Ju(w) = al@)pu(a) ~ T = a()pu()

but we have the relation

ops
o =0 (3.5)

which means that the local entropy production vanishes (the DB condition is
usually formulated Js(z) = 0). A direct computation gives the entropy produc-

tion
dsS / J dp
— =— | ——dzx
dt p Ox
so that the condition (??) implies that the local entropy production vanishes at
any point at the equilibrium condition.
We recover the Maxwell-Boltzmann equilibrium for the distribution function

that is independent from the choice of H; where T is the temperature and the
proportionality factor is inverse of the partition function

A(T) = / exp (-H‘}(z)> da

that relate the statistical mechanics with the thermodynamics formalism. In
the case of a mechanical system (??) the stationary solution factorizes

ps(q,p) o exp <_ 25;) exp (_V:(rq))

so that the definition of temperature follows

T p?
2 \2m
We introduce a thermodynamics formalism assuming that potential V (g, A) de-

pends on a parameter A so that the change in the parameter corresponds to the
work performed on the system when A is varying reads

Js(x)

aw oV 0Hy
— = = ANdgdp= | — A)dqd .
o x40, A) dgdp / gy P(a:p:A) dadp (3.6)
Using the FP operator
2

0
Frp=—Dp,(\) + TapP + T’YaT)Q

for a given value of A\ we describe the relaxation process

op

0
a = _DHop - %J(Q7P)

by defining the probability currents

J(q,p) =" {ppTgﬂ =7 {

8H0 3/)
T
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Remark: the Hamiltonian evolution is reversible and cannot influence the relax-
ation process, but it changes the definition of probability currents. The energy
change in the relaxation process is computed by the adjoint operator

d-Q _ * = aHO aQHO

] p(q,p, A) dq dp

Then we get the relation

aQ OHy /JQ(qm) / dlnp
e _ [ Yo dgdp = — | 2202 qodp—T —Pdqd
it p J(q,p)dqdp p qdp J(q,p) op fap

The first term is always positive and it represent the dissipated energy that
contributes to the total increases of entropy of the universe due to the non-
reversible character of the transformation. The second term is the contribution
to the internal energy. This is the heat exchanged by the system. In the case
of adiabatic transformation A\ = et ¢ — 0 we approximate

p(q,p, \) = A(T, \) exp (W)

In such a case d) = 0 and we have

o oV aw
oy AT, A) = —T/ FyPs(ep A dadp = ——+

Then it follows that the change of the free energy corresponds to the work
performed on the system in a adiabatic transformation the change

oF _ W

oN  d)
We consider the change of the Gibbs Entropy in the isothermal transformation
(i.e. the entropy production)

ds dp 0 9?p

= —_ | ZZodpdg = — -D — Ty—=|Inpdpd

dt /875 npapaq /{ H0P+78pPP+ ’Yapg npapaq
We observe that the natural boundary conditions implies

/(DHop)lnpdx:—/DHopZO

since the Hamiltonian fields have zero divergence, and the Lie derivative does
not contribute to the entropy production. The remaining terms can be written
using the density currents

ds oJ J op
— = | —lnpdx=—- | —=-dpd
dt Op npaz p@ppq
Using
op_J . p
op T~ T
we get
ds

2
T—:V’I/J—dpqur/depdq
dt P
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The first term is always positive and can be interpreted as a change in the total
entropy due to the transformation whereas the second term is related to the
change of internal energy during the transformation or the relaxation process

E
B _ /Ho/JFdepqu /HoﬁJdpqu QJdpdq
t Op dp

i.e. the work performed by the system decreases the internal energy. This
implies that if the initial distribution satisfies (Hy) = E(T) (i.e. the asymptotic
energy) the total work of the internal force has to vanish after the relaxation
process, but the total entropy increases in any case.

To better explain the relaxation process one defines the non-equilibrium free
energy

F=FE-TS= /(HO(va) +T'np(q,p,t)) p(g,p,t) dpdq (3.7)

which reduce to —T'In A(T) at equilibrium. Then it follows

F H 2
d—: QJdpdq— 1/—dpdq—/J—dpd ——’y*l/J—dpdq
dt Op P

and in the relaxation process
AF <0 (3.8)

which corresponds to the Second Principle of Thermodynamics. It is possi-
ble interpret the relaxation process using the relative entropy (Kullback-Leiber
divergence) of two probability distribution

Drr(pll ps) = /p(q,p) 1npps((qq’2) dpdgq (3.9)

It is a measure of how much an approximating probability distribution p is
different from a reference probability distribution ps. We have the properties

Drr(p |l ps) >0
Dkr(p |l ps) # Drr(p || ps)
DKL(P ” ps):O = Ps=p

The first inequality follows from Inz > 1 — 1/2 when 2 > 0. Then

p(q,p) ~ plg,p) -
/ps(q,p) In @7 dpdq > /ps(q,p) (1 ps(q’p)> dpdq =0

By definition we have

p(Qap) —Fs + <H0>p <H0>p —TS(p) —F
p(q,p) In ————=dpdq = —S|p| — =
/ (2.9) ps(a;p) % T T
where we recognize the non-equilibrium free energy. The minimum value is for

p = ps and if (Hy), = E, it follows S(p) < S(ps) which corresponds to the
maximum entropy principle. Then we compute

a9J p(qp /
—In [In , In ps(q,p)| dpd
R o9 p(g;p,t) — In ps(q, p)] dpdq

__7*1/—dpdq—/<]—d dq +/J7dpd ——771/?dpdf1<0

diDKL@(q,p, t) |l psla.p) =
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The non-equilibrium behavior can be explained using a thermodynamics formal-
ism: in the case we have a dependence Hy(g,p, \) and we simulate a thermal
bath, we consider the quantity

X(¢:p; A) = p(q,p, A) {exp (=W (q,p, 1)) (4.p) (3.10)

where W(q, p,t) is the average work associated to a transformation A = et for
all the realizations passing through the state (¢, p). Then we have the equation

X

ox _ _ Ao,
ot~ |7FF T T oA

whose solution is simply

Ho(q, p, A(ﬂ))

t —_
x(g,p,t) o exp ( T

according to the definition (??). Assuming an equilibrium initial condition

Ho(a:,)\o))

pala . o) = AT, Do) (2002

we have

x(z,t) = ATH(T, Ao) exp <HO(‘T’>‘1)> AM, T

= s\4, 7)‘

But using the definition (??) one gets the relation

B B AN\, T B F(T, 1) — F(TXo)
(exp (=W (g, p,\1))) = /x(q,p7A1)dqdp— A00.T) —eXP( T
(3.11)
where we use the definition
A\, T
AF = -Tlnh——"—
YA, T)

This is the content of the Jarzinski equality that implies the 2nd Principle of
Thermodynamics: using the Jensen inequality

() > el

it follows

exp <F(T’ Al); F(T)\O)> > exp (—(W(g,p, \1)))

3.0.1 Detailed balance condition and stochastic reversibil-
ity
The FP equation is a continuity equation for the probability density

op
9 Lrpp

)
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whose solutions can be interpreted as the transition probabilities among the
microstates when the initial condition is §(z — y)

exp (Lpp(2)t)6(z —y) = ' (a]y)

Remark we assume that the system is not explicitly time dependent. It is
possible to prove that there always exists a stationary solution

/ 7 (@ly)pa(y) dy = pa(2)

since the matrix 7(z|y) is stochastic

/ﬂ't(x|y) do =1

The other eigenvalues satisfy Re A < 0 and define the relaxation process when
the system is out of equilibrium: the study of the spectral properties of the
operator Lpp is a key issue for non-equilibrium thermodynamics.

In the limit ¢ — 0 one gates the transition probability rates

ol = lm T — £ @i —y) 2y (3.13)

If we define
i(ale) = [ (i) dy
The matrix
L(zly) = 7(z|z)é(x — y) — 7(z]y)

is a Laplacian matrix and the FP equation can be written in the form or a
master equation

% /'CFP(x)fs(x —y)p(y.t)dy = / [#(2ly)p(y, t) — plylz)p(z,y)] dy

- / Laly)p(y.t) dy

(3.14)

The spectral properties of the FP operatr is a special case of the spectral prop-
erties of the Laplacian matrix. The master equation is a continuity equation
and we define the density probability currents between two states

J(z,y,t) = 7(z|y)p(y, t) — 7(ylz)p(z, )

A system satisfies the detailed balance (DB) condition if J(z,y,t) = 0 if the
stationary currents vanish between any couple of states

w(zly)ps(y) — 7 (ylz)ps(w) (3.15)

The DB condition in a symmetry condition for the transition rate matrix. Using
the FP operator we have

Lrp(x)d(x —y)ps(y) = Lrp(y)o(y — x)ps(x)
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We observe that performing a change of variables p — /pspthe previous condi-
tion reads

L rr (@8 — )V (9) = e Lrp (9)8(y — )V (@)
ps(z) ps(y)

that is a symmetry condition for the operator.

We have the Lemma: if the operator L£(z)d(z — y) is symmetric then L£(z) is
self-adjoint.

Proof: a direct calculation implies

£@) @) = [ L@t = f ) dy = [ L5 — 1) dy
~ [ow- D W) dy = £@)f@)

where we use the symmetry condition. It follows L(z) = L*(z) §.
In a general case

Lrp = a% {—a(x) + Ta}

Oz
the DB condition implies that the equilibrium distribution satisfies to
J2@) = o) =T pufa) =0
S(x) = |a;(x) — s(x) =
K2 ax7 p

This condition is an exact condition on the field a(x)

a;(x) 0

which admits a potential: i.e. the V(x) = Inps(z). This implies that a;(x)
defines the internal energy V(x) and the equilibrium solution is

po(z) o exp (— V;”)

In p,(2)

In the Hamiltonian case, we show that the operator

1 0 o P’
2 T2 ; . _P
- Tl xen (<L)
is self-adjoint. We have
1 0 [ T Ops 8}
i T 2
VPs Op | 2y/ps Op ‘/p»@p
1 0 1 p Ops 02

P 0
= -~ | =5 s T sA_ | — & T —
V- p [2*/7* \/’T‘o‘p} 2 " ap op o

However this is not true for the whole operator

0 _0H 0 T Ops 0
Lrpp=——J—24 — |-2 Ps p 2

or O dp 2 Op Op
since the Lie derivative Dy, implies the existence of a non-zero stationary cur-
rents, but these currents are orthogonal to the gradient of equilprobability sur-
faces ps(x) = const.. Then they do not contribute to the entropy production
cucu
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3.1 Perturbed Stochastic Hamiltonians

The Stratonovich interpretation allows to apply a covariant formalism to the
stochastic equation (?7?) by changing the Hamiltonian function consistently. As-
sume that Hy is almost-integrable we can introduce that action-angle variables
and we have

Ho(I,0) = Ho(I) + H(I,0)

Moreover the covariant properties of the Poisson bracket implies the stochastic
system in the new variables can be written by computing H; = H; (0, I) and we
get

oI oI

. oH (1, O0H) OH,
F= -G - (500 %+ VTew) 5

i=0)+ 20+ (S, Teq)) 2

where Hy = H, (6, 1) and Q(I) = dH,/dI. The action evolution depends on the
perturbation € and the random fluctuations £(¢). The KAM theory shows that
in most case the effect of the perturbation Hamiltonian is a local change of the
action since the deterministic transport is very rare. If € < /T we neglect the
perturbation and without loss of generality we can set (I) > 0 (in a local region
of the phase space) and the angle variables turn out to be fast variables and
an averaging procedure can be applied (the averaging problem will be discussed
later) so that the actions dynamics read

- 1 O0H, OH, 0H, 0H,
Li==5% (I><ae aek>+ T<ae aok>f’“(>

where ( ) denotes the angle average and we have introduced an effective noise
for the average dynamics with variance

o OH, OH,
* =\ 00, 06,

According to eq. (??) the FP equation in the action variables read

dp 10 OH, OH, ap
ot 201, < 00, 0, > [Q (I)HTMJ

We recover the equilibrium solution

1 0Hy 0

“Ton = an e = e (-

Ho (1)
T
which does not depends on the choice of Hy. Therefore Hq(0,I) defines the
relaxation time scale which is dependent on the system state. We consider the
simple case

0H, 0H,

A EELN s Dl

<aej aek> JkZRTR
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and Q;(I) = w; (linear case) and the equation. Then the action dynamics
factorizes in the different components

. 1

Ij = —gwil;Dj + /T1;&(t)
It is convenient to change variable I; = 7']2 /2 so that the stochastic equation
reduces

7= —Zwr—i— (t)

(we drop the index to simplify the notation) and we get the FP equation for the
stochastic harmonic oscillator for the distribution p(r,t)

D TD
-5 ¢

op 0 op

where a time scaling ¢ — D;t/4 is applied. The stationary distribution reads
2 I
Peq(T, t)r dr o< exp <c;;) rdr = exp <wT> dI

We look for the eigenvectors in the form ®) = p.,¢) and we get the equation

wr? 0 wr?\ Opx

If we scale r = z4/T/w we get the equation for the Hermite polynomials

A 22 0 22\ O¢y
L P (T )= g o _2>az

Then the eigenvalue are A = —nw where n is an integer. It follows that the
relaxation time scale is independent on the temperature 7" and decreases with
the frequency w at the fixed point.

3.2 Statistical Physics point of view

The Hamiltonian systems in a thermal bath provide a mathematical tool to
study non-equilibrium statistical physics if one assumes the possibility of mod-
elling a thermal bath using the Wiener process. We consider the case of an
Hamiltonian system Hy(z, A) depending on the parameter A which describes
the evolution of a system in a thermal bath associate to Hj(z). The unper-
turbed Hamiltonian defines the internal energy

E(t;\T) = /Ho(ac, ANp(x, t; N) do (3.18)

where p(z,t; \) is the solution of the FP equation (see eq. 77)

9 _ _

5 = (Do — Dy, {Ho, H1}) p+ TDiy,p = Lrpp
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where the solution is dependent on the parameter A\. The equilibrium solution
is the MB solution

p*(z) = AL T) exp (_HO(;A)> AN T) = /exp (-HO(;;"A)) do

If A(t) is time dependent we have an approximate solution p(z, A(¢)) that tends
to the adiabatic solution when A < 1. If x(t) is any stochastic trajectories, the
change of the system energy is defined by Ho(x(t),A), so that if p(xg) is the
distribution of the initial conditions we have

E(t; \T) :/<H0(x(t;xo)7)\)>p(xo)dx

The theory of stochastic systems implies

dE

TOT0 = [ LipHo(zs Aot t) da

where L% p is the adjoint of the FP operator and x; is the system state at time
t. Then we have

LyppHo(x,\) = (Dy, — {Ho, H1}Du, ) Ho(z,\) + TD};, Ho(z, \)
= —{Ho, H\}> + T{{Ho, H,}, H,}

If X\ is fixed we define the exchanged heat with the environment during the
relaxation process

% = */{H07H1}2p(x,t) deJFT/{{Ho,Hﬁ,Hl}p(:r,t) de

If p(x,t) = p*(x) x exp(—Hy/T) the MB distribution, we get d@Q = 0 (station-
ary condition). We define the relaxation current density

J =—{Ho,Hi}p—TDp,p

and we have the relation

aQ
dt

—/{H07H1} {Ho,Hi}p+TDg,p) dx

2
/{HO,Hl}de:—/J?dx—T/%DHlp

We understand that exchanged heat per unit time is partially dissipated in
the system and it is partially stored in the distribution. Out of equilibrium
the system exchanges heat that creates the currents that change the internal
distribution performing work and dissipate energy in the system. The energy
dissipation vanishes if J = 0, the equilibrium condition that satisfies a detailed
balance condition and it corresponds to a maximum entropy condition. In the
relaxation process the system changes the distribution to a maximum entropy
distribution but part of the energy is dissipated during the process. This ef-
fect is the basis of the second principle of thermodynamics since the adiabatic
limit implies J — 0. We observe that the FP operator cannot be written as a
divergence of a density current due to the presence of the operator Dp, .
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If A(t) is time-dependent we define the work performed on the system

aw [ 0H,

so that we get the first Principle of Thermodynamics. If we perform an adi-
abatic transformation the system distribution p(z,t) o exp(—Ho(z,\)/T) so
that d@ = 0 during the transformation. Using the partition function it follows

0 1 aHo Ho(l’, /\)
— InA\NT) = — _0W A
o mANT) = —man T | oy o ( T )
so that in the case of adiabatic transformations we have
% = —T)\a% mANT) = W=-TnA\;,T)—InA(\;,T)]

The work performed by the system in a adiabatic transformation
W =F(\;,T)—F(\,T) F(\T)=-Tln A(\T)

where we define the Helmholtz free energy F(A,T). In the case \ is finite we
get the second principle of thermodynamics since

ty 2 .
EffEi:/ {/de/TJDHlpr/ aHopdsc} dt
t p p oA

cucu The second principle of thermodynamics implies AF < W
We consider the classical system

p2

where A simulates the change of the energy due to the coupling with the en-
vironment. If one introduces a thermal bath the equations of motion have the
form

dg = pdt

ov
dp = a—q(q7 A) dt —ypdt + /2T~ dw,

Any solution g, (), pw(t) represents a possible isothermal transformation of the
system that relaxes toward a stationary stochastic process; in the relaxation
process the system change its energy exchanging heat with the environment.
We compute the exchange heat by

dH = —yp*dt + /2T ~yp dw; + Ty dt
and by averaging on the fluctuations we get the internal energy change
dU = (T — (p))y dt = dQ

where

p*) = / p°p(q, p.t) dgdp
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H, represents the environment effect using the statistical physics point of
view: i.e. Hj(x) represents the local fluctuations due to the environmental
interactions that have to justified from physical laws. This also means that there
are many physical system with the same equilibrium but with different coupling
with the environment and different fluctuations. The spectral properties of the
FP equation depends on the choice of H;. The DB condition is related to the
self-adjoint nature of the Fokker-Planck operator: the unperturbed Liouville
operator —Dyy, is not self-adjoint but we look for solutions in the kernel, so
that we consider the operator

1 H, H,
Spp = 5 exp (212) Dy, ({Ho, Hi} + TDy,) exp <—2Cﬁ>

and we change variable p(x,t) — exp(—Ho/2T)u(z,t) to get a self-adjoint op-
erator: a direct computation gives

Hy 1 Hy Hy
({Ho,H1} + TDpg, ) exp <_2T) = i{HO,Hl}exp (—QT)—i-Texp (_ETDH1>

and we get
Lo 1 2 2
SFP - iDH1H0 - E{HO,Hl} +TDH1

that is self-adjoint. The new FP equation reads

ou 1 5 1 9 9

E = |:_DHO + iDHlHO - E{H(LHI} +TDH1 U
A possible approach to the study of the spectral properties is to consider the
interacting frame

a

u(z,t) = exp(tDp, )v(z,t) % = exp(tDu,) <8t

e +DH0> v

and we look for a solution

ov 1 1
5= exp(—tDy,) [2D§,1H0 - E{Ho, Hi )} + TD%,I} exp(tDg, v

We analyze a statistical mechanics approach to a stochastic Hamiltonian sys-
tem under the assumption that the distribution function that solves that F.P.
equation (17). Let us introduce the Gibbs Entropy

S(0) =~ [ m(p)pds (3.19)

for a given distribution p(z,t). By using the Jensen’s inequality one can prove
that the Entropy is positive:

exp (/m(p)pd;ﬂ) > /exp (Inp) pdx = /pzdx

Let us compute the time derivative of the Gibbs Entropy in the case 77

ds 1 1 [ (Du,p)?
% _/lnp<DHU +2D12q1>pdg:_/DH0pd:1:+2/pldx
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and using the usual boundary condition on p, we get the Entropy Growth Prin-
ciple

iﬁ _»1 /r<Lhﬁp)
dt 2

2
dz >0
p

Remarks:the zero Entropy production would imply Dg,p = 0 (i.e. p is a first
integral of motion for Hy), but this condition does not satisfy the eq. (??) so
that one has a continuous Entropy production in the stationary state that is
not an equilibrium state. On the contrary if one introduces the dissipative term
(??) it is straightforward to check that the Maxwell-Boltzmann distribution is
stationary distribution that maximize the Gibbs Entropy.

3.3 Coarse grained description

In a generic situation we have an Hamiltonian system H(x) where z are the
microstates that are assume equiprobable since the preserved measured is the
usual Lebesgue measure. We have proved the following relations

Fe 5 Y exp(-0H()  E=GLBF  S=@50 = E-F)

we introduce the mesostates I and we consider the equilibrium distribution for
each mesostate

peq(1) =Y _exp(—B(H(x) — F)) = exp (—B(F1 — F))

zel

where we introduce the free energy of the state I. The definition is consistent
with the conditional probability

plell) =

Kok Kok ok

3.3.1 Master equation and Statistical Physics

The evolution of the master equation is written in the form

P t) = 3 [y Ny, 8) = meWple ] = = 3 Layply, ) (3:20)

Y

where 7, is the transition rate between the state y — x and L, the associated
Laplacian matrix. In complex systems physics the structure of the Laplacian
matrix defines the interaction among the mesostates of the system.The formal
solution is written

p(z,t) = exp(—tLay) po(y)

Y

so that the transition probability reads

7TxAyt = exp (—AtLyy) y#x
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This equation is related to a Markov stochastic process z(t) whose realizations
satisfy the condition

Plz(t)] = lim0 H exp (—AtLyyay_ ) zp =x(kAt) t=nAt  (3.21)

where z(0) = z¢ is the initial condition which is given. For finite n we have the
normalizing condition
Y Plakizol =1
{wk}g=o
where x( is fixed. The continuous limit defines the path integral approach to
Markov system. Let ps(z) the stationary solution, the DB condition can be
formulated by

exp (—AtLyy) ps(y) = exp (—AtLy,) ps(z) VAL

It follows
Layps(y) = Lyap () (3.22)

The DB condition (??) has two consequences: the Laplacian matrix defines the
internal energy of the system by

(8 is a scaling factor to define the measure unit). Then pg(x) has the form of a
MB distribution. We observe that the definition

Loy =exp(BE(y) x#y

means that the escape rate from the node y is exponentially small in the energy
associated to the state E(y) according to the Kramer transition rate theory, and
it clearly satisfies the DB condition. This definition is consistent with a random
walk dynamics on a landscape potential with many local minimum and each
‘link’ has the same weight. A different choice is

Ly = exp (g(E(y) —E(w)) T#y

where the link between two state ahs a weight proportional to the energy dif-
ference (i.e. one chooses the nodes with lower energy in the dynamics). The
second consequence is the stochastic reversibility of the dynamics: we define the
reverse evolution by yx = z,, — k and we consider the probability

n

Py(t)] = Jim [ exp (=AtLy,y, ) ps(uo)
k=1

where one assumes that the ‘initial’ condition is distributed according to the
stationary distribution. Remark: we impose the same transition probabilities
for the revrese process, so that we interpret the reverse process as a possible
physical realization. Using the DB condition

exp (_At’cykyk—l) pS(ykfl) = exp (_At‘cyk—lyk) Ps (yk) = exp (_Atﬁxn—k+1mn—k) pé‘(xn*k)
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we recover the probability of the forward sequence. We say that the system
is stochastically time reversible since the statistical properties cannot distin-
guish the time arrow: any measure on the observables cannot distinguish if the
evolution is time reversed at the stationary state.

The DB balance condition is strictly related to the maximum entropy principle
but it implies consequence of the relaxation process. For a given initial distribu-
tion p(x,0) the relaxation process is an irreversible isothermal transformation
according to the equation

9 _

5 = Z [myp(y, t) - Wyzp(xv t)]

Part of the exchanged heat is dissipated in the system or accumulated in the
internal energy. We consider the entropy change during the relaxation process

% = — Z [ﬂzyp(y, t) - Wyxp(xa t)] hlp(xv t)
= 7% Z [ﬂmyp(y, t) — Wyzp(l"a t)] [In Wzyp(ya t) —In Wymp(:ﬂ, t)]
- % Z [Wiyp(ya t) - Wyzp(xv t)] [ln Tey — In Wym]

where we recognize the total entropy production

dSi, 1
2 = 5 Z [Tayp(yt) — Tyap(@,t)] 070y p(y, 1) — InTyzp(x,t)] > 0

dt

which vanishes when the current density m,,p(y,t) — myzp(x,t) vanish. The
second term is the work performed by the currents with respect the vector field
In 7y, — Inmy, associated to the internal interactions. The performed work can
be written in the form

W E— Zﬂxyp(y,t) lnﬂmy — Zﬂyzp(xvt) lnﬂym
Ty yr

which can be interpreted as the difference between the forward entropy pro-
duction and the backward entropy production when the trajectory is reverse.
This different must be positive: i.e. the system tends to minimize the entropy
production choosing the relaxation path.

If one diagonalizes the master equation using the Laplacian eigenvector

=Y ewd  PIE=1 Y =0
A T T

where v (the null eiegenvector) is the equilibrium solution and ¢y = 1. We have
the dynamics for each eigenvector

A=Ay = A =cMN0)e M

*HREXEX We observe that the DB condition implies

ps(2) ps(y)
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i.e. the matrix similar to £, i symmetric so that the eigenvalue od the Lapla-
cian are real and positive whereas the corresponding eigenvectors are orthogonal
with respect the measure p; . The spectral properties are related to the corre-
lation function of the observable. Let I;(x) any set of observables we define the
evolution of the average values

Yy

using the adjoint operator which has a constant stationary eigenvalue. The
correlation function between two observables is defined

Kij(r) = (Lifws (tauly) L ZI y7 ZI p(x, 7y) L (y)ps(y)
= li(w)exp (- ﬁTyT)I( )ps(y) (3.23)

zy

where the suffix s means that the trajectories are computed at the stationary
condition. By definition we have

Kij(=7) = (Liws(t — 7))L (25(1)) = ZI ) exp (=Lay7) Li(y)ps ()

= Z Li(y)ps(y) exp (*Q;gﬂ') Ij(x) = Kji(T)

zy

The stochastic reversibility assumes that K;;(7) = K;j(—7) = Kj;(7) which
implies

exp (—LayT) ps(y) = ps(y) exp (—L1,7) = [exp (—LayT) ps(y)]'

and we recover the DB condition. The symmetry of the correlation K;;(7) can
be related to the Onsager symmetry relations.

The DB balance condition implies constraint to the relaxation properties to-
wards equilibrium since they are relate to the spectrum of the Laplacian oper-
ator. We assume that the Laplacian operator depend on a parameter A = et
L;,(A) such that the DB condition is satisfied for all the A values € [Ag, A1].The
evolution of the system is described by two phases: if we introduce the energy
E(x,\) through the DB condition for each value A for each evolution of the
system xz(t) we introduce the First Principle of Thermodynamics

—(x ——(z(t),\)A

dt oA (2(5),2)

The second term represents the work per unit time performs on the system when
its state is 2 (t) whereas the first term is the exchange heat with the environment
and the transformation is isothermal.The first Principle follows by taking the
average on all the possible states x(t).

For each possible evolution z(t) of the system we define

exp(—fEn_r(rr—1))
CXP(_BEn—k(Ik))

7}11@—11’1« (k + 1) = Teprr_1 (n - k)
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where we discretize the time evolution ¢t = kAt with k£ = 0,..,n (8 is a parame-
ter). We observe that the difference

AW,k = Epn_p(xr-1) — En_i(zr)

is the work performed on the system when the state changes x, — xr_1. The
previous definition has the property

PIEHUESIESY Eﬁig:ggz_:gi;;%(n k)= muln—k) =1

using the DB condition: i.e. it is a stochastic matrix. By definition we have

exp(—fEk(zr-1)
exp(—fEgr—1(xk-1)

(expBW®D) = > [] meww. (k)

{zk }6’ k=1

p(70;0)
that can be written in the form

N T o O BE k(@)
<exp(BW[x(t)])> - {%S kl;[o znfkmnfk—l( k) eXp(_ﬁEn—k—l(l‘n—k—l)p( 070)

n—1
R exp(—BEn—k(Tn—k))
= Tar g qmn_p B+ 1 Z0; 0
{%ﬂ kl;[[) k—1 k( )eXp(_BEnfkrfl(mnfkfl)p( 0 )
0

using the relation

exp(—jiEn,k(xn,k»
exp(—BEn—k(Tn—r-1))

Ty kTr—k—1 (TL - k) = ﬁxn—k—lmn—k(k + 1)

Then we get
n—1
exp(—BEy,(7n)

) s
exp(_ﬂEO(Cﬂo) kr:[O p(x()’ O)ﬂ.mnfk—lxn—k (k + 1)

(W) = Y

{zx}g
n—1
Z R Zn
= 7" Z H Trﬂﬁ"*k*lzn—k(k +1)p(z,;0) = 7
O (wyp k=0 ’
and we recover the Jazinski equality
(exp(BW[z(1)])) = exp (BAF)

for the Markov systems.
Faxrkk If we define the function

x(@,A) = p(z, A) exp (=(E(z, A))

3.4 On numerical integration of stochastic equa-
tions

We consider the problem of introducing a numerical scheme for the eq. (?7)

i = Diyw+ (—2{Ho, Hi} + VTIE(t)) D,
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We divide the Hamiltonian distinguishing the deterministic and the stochastic
part. The idea of a stochastic integrator is to substitute the process x(¢) with
a new process &(t; At) such that

Ms(a(t) — a(t: A1) = (lo(t) — 25 AD|2) = O(A#)  (3.24)

for any finite t = nAt. k/2 > 0 is the integration order of the numerical scheme;
the average is computed over all the noise realizations. We observe that if we
define Ax = x — (x)

lz — &) = [| Az — Az + ((z) = (@) < [|Az — AZ|* + ((z) — (2))?

and if we prove that the average value and the mean square value of the pro-
cesses x(t) and #(t; At) differ by a quantity O(At*/2) we get the estimate (?7?).
We remark that there is not any requirement on the convergence of the single
trajectories of the processes if we consider the same noise realization (strong
convergence) since we are interested in the statistical properties of the process.
We build a leap-frog numerical scheme: we approximates the deterministic dy-
namics by

x(t + At) = exp (AtDp, )x(t)) exp (—At%{HO, H1}DH1) x(t)
= MAta(t) ~ (1 + AtDy, — At%{Ho, Hi\}Dy, + O(At2)> 0
and we use a stochastic symplectic kick for the stochastic dynamics

x(t + At) = exp (\/ﬁAthm) x(t)

with Aw; the increment of a Wiener process.

Remark: The scheme assumes the possibility of explicitly integrating the sym-
plectic flow associated to Hy(x) but it is enough an approximation with an
error O(At?). The same is applied to the phase flow of the dissipation term
~v/2{Hy, H1}Dpg,: in this case we have not to satisfy a symplectic condition and
the Euler approximation can be used

exp (—At%{Ho, Hl}DH1> r=x— At%{HO, Hi M, Hi} + O(A?)
with Aty < 1. Then we define the stochastic process

z(t + At) = MAY2 o exp (\/ﬂAwDHl) o MAY 2 (t)

whose global error is expected O(At3/2) in a statistical sense.
If Hy = q and Hy = p?/2 + V(q) (the usual thermal bath) we have

q

exp (—Atl) D

exp (—At%{HO,Hl}DHl) x =exp(—Aty/2 pDy)x = {
2

q
D+ VITvAw

As previously discussed the numerical scheme is order O(At) when we integrate
the stochastic equation for a finite timet.

exp (VT7AwDy, ) @ = {
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3.5 The over-damped limit

If the unperturbed Hamiltonian can be written in the form Hy(p,q) = p?/2 +
V(q) and Hy = —q. We have the stochastic equation

dp = f%dt v (—yp dt + /2T~ dwt)

dq = pdt

where the parameter v allows to modulates the dissipation. We compute a limit

y>1
d AV dt 2T
—p:————&— —pdt 4+ | — dwy
¥ dq v o

Then we get the approximated dynamics in the slow time 7 = ¢/ by the reduced
dynamics

dg = —aa—VdT +V2Tdw, (3.25)
q

The equilibrium distribution is the marginal distribution of the whole system
on the g coordinates. Remark: to apply the over damped approximation the
form of the Hamiltonian Hy(p, q) and of the thermal bath H;(p, ) = —g cannot
be modified. The over damped limit is coordinates dependent but the spectral
properties of the FP operator associated to the stochastic equation(??) are
related to the spectral properties of the whole FP equation.

We consider the relation with the averaging theorem: let the initial Hamiltonian
being integrable such that using the action-angle variables (0, I) we have Hy =
Ho(I) and Hy = H1(0,1). The thermal bath equations read

: O O
6 = Q(I) + (1) 891 811+\/2T§

[ == (8H1> — V/2T¢(t) aHl

We consider the limit v — 0 (i.e. the small noise limit) where the angles 6 are
fast variables. The averaging principle considers a slow time 7 = ¢ and the
white noise limit /T'/7£(t)dT — dw, to derive the stochastic equations

Q) 0H, 0H, 0H,

dr + QN 2 dr + VT2, dw,

d0 = 90 oI ol

I = —Q(I) (88}?) dr — vg% dw.

so that in the limit v — 0 the phase advance Q(I)/~v distributes the angles
randomly on a torus surface: i.e. one can apply the random phase approximation
to the action dynamics, where the angle can be considered independent random
variables uniformly distributed. This claim is not correct when the frequencies

satisfies a resonance relation
> (1) =0 (3.26)
i
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In such a case even in the limit v — 0 the phases are not uniformly distributed
in a N-dimensional torus but only on a subset whose dimension depends on
the resonance order. However the angle dynamics is fast and in the case of an
ensemble of particles with initial condition uniformly distributed on the torus,
this condition is preserved by the evolution. The FP equation have the MB
stationary solution (cfr.eq. (??)) which is uniform in the angle. Then we expect
that there is a fast relaxation to the uniform distribution in the angle variables
whereas the relaxation process in the action variables is a slow process. Then
one can apply an averaging principle where the action stochastic dynamics

dI = —Q(ID(I) dr — \/2TD(I) dw- (3.27)

where we define the quasi-linear diffusion coefficient

- ()

The corresponding FP equation reads

ggzgﬂ@D@Mﬂﬂ+T%D@

0

ﬁp(la T)

and we recover the stationary distribution

ADDMpu(T) + TDI) 2pu (D=0 = pu(]) ox exp (_ Ho(D) )

The diffusion coefficient D(I) is related to the relaxation process to the sta-
tionary distribution. The averaging principle cannot be applied in presence
of separatrix surfaces in the phase space where the action-angle variables are
singular and the particle distribution tends to concentrate near the hyperbolic
fixed point in 2D Hamiltonian systems.

3.6 Susceptibility and Diffusion

The stochastic dynamics (?7?) can be interpreted as the perturbation effect of
fast chaotic degrees of freedom on the dynamics of the Hamiltonian Hy(x).
The chaotic character is related to the correlation time v~' of the random
perturbation £(¢) and «y is the maximum positive Ljapunov exponent. Let z((¢) a
trajectory of the unperturbed system H(z) we consider the problem to describe
the effect of the noisy perturbation £(¢)Hi(x) in the limit of small white noise

v
(€t +m)E(H) = €5 exp(—y7)

The limit v — oo can be performed by keeping €2~ finite or one can introduce

a slow time s = ¢/ and study the evolution in the slow time. We linearize the

dynamics around the reference orbit

277 T T
T = —JJrf(t)WJ — =0T = 5850 (:Co(t))(st+€(t)% (zo(t))J




58 CHAPTER 3. THERMAL BATHS AND HAMILTONIAN SYSTEMS

where dz = x(t) — xo(t). This is a linear stochastic Hamiltonian

1. 0%H, oH, T

H (62, 4:€(1)) = 5605 3 (wo(t)dw + €075 1 (wo(t))da

that is valid only if ||dz| < 1. We recall that the fundamental matrix ®f of
the system with € = 0 gives the information on the Ljapunov exponents of the
system Ho(z) from the spectral properties of the matrix

A(t) = o n([@f] ")

and the limit lim;—, o, A(t) defines the Ljapunov exponents of the orbit. When ¢
is small we have the local Ljapunov exponent that may have large fluctuations.
The susceptibility of the system considers the solution

/5 @, 200 (). ds

A direct calculation provides

||fSm / / £(s1)€(s2) [8511 (xo(sl))J]T [QJT‘P; {a;il(xo(sz))t]] ds1dsz

and performing the white noise limit one gets

(oat1?) = @ [ [2es] (0" o [ o] as

The possibility of applying the white noise limit gives the possibility of choosing
t < 1 and the behavior of the norm is defined by the average local Ljapunov
exponent computed along the vectors (0H;/0x)J(xo(t). The relation between
the Ljapunov exponents and the average local Ljapunov exponent depends on
how the orbit () explores the phase space: the problem is that the orbit can
spend a long time trapped in regions with a very small local Ljapunov exponent
(in principle it can be almost zero) where the time spent in a region with a
great Ljapunov exponent is o exp(At). Assuming an averaging principle on an
ergodic component ¥ of the unperturbed dynamics a possible estimate could be

{[|6z(t)]|) ~ eQ/ZU(d:v) [8;?4 exp(2A(z, t)t )aéHlJ (3.28)

where z((t) has to explore the invariant set ¥ (o(dx) is the dynamical measure
that describes how the orbit explores the phase space at time t: when t — oo
the invariant measure of Hamiltonian systems is the Lebesgue measure, but this
is not true for finite ¢). Then we expect that the positive Ljapunov directions
dominates and we have an exponential linear increase of ||0z(¢)|| in the limit €2 —
0 which justifies the linearization procedure. The noise modulates the effect of
the positive Ljapunov exponent and it can destroys local spatial correlation in
the unperturbed dynamics. This is the susceptibility for a long term evolution.
If we can perform the average for ¢ < 1 we approximate

20
(I)tzIJra o

Lo T S (o) (= 8) + O(F)
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and we get

OH, T oH,
Sz(t)|I?) = € | =—(0)J | ——(w0)Jt + Ot
o1 = € | )| e+ ()
so that -
- {ldz@®))*) _ o [0H: OH, _
lim 5 =€ W(ﬂfo)'] W(ﬂfo)J = b(zo) (3.29)
(cfr. eq. ??). € has to be sufficiently small to justify the linear approach and the
white noise limit has to hold (i.e. the evolution time has to be much slower than
the noise correlation time scale to keep the effect of noise finite for small €). In
such a case we get information on the perturbation Hamiltonian H;(x¢) whereas
the unperturbed dynamics is irrelevant, but we have the drift coefficient. This
is the susceptibility of the short term evolution when the initial condition is
known.
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Chapter 4

Averaging principle for
Stochastic Hamiltonians

The chaotic dynamics in non-integrable Hamiltonian system can be related to
the existence of positive Ljapunov exponents in the evolution. The perturbation
theory considers Hamiltonian system of the form

H(O,1) = Ho(I) + Hi(0,1)  ||Hy|| < 1

but the perturbation term H; cannot be reduced to zero in generic cases but
there are optimal estimate for the norm ||Hi||. A rough estimate associates
the maximum local Ljapunov exponent to the optimal estimate of H; (i.e. the
Ljapunov exponent related to the hyperbolic points of non linear resonances
that are ubiquitous in the phase space). The main assumption is that the effect
of local Ljapunov exponents is to introduce fast fluctuations in the dynamics
whose amplitude depend on the phase space point. This means that the fluctu-
ations are everywhere and there is a uniform chaos in the space. The Ljapunov
exponent is related to the decorrelation time of the fluctuation and this also
may depend on the phase space point. However in the white noise limit we
need to separate the evolution time scales of the variables and the fluctuations
time scale. This will be possible in a slow time if the considered region has a
positive Ljapunov exponent. In other word the diffusion approximation applies
on an invariant subset of the phase space where we have a lower bound on the
maximum Ljapunov exponent.

We consider a perturbed Hamiltonian system in the action-angle variables in
presence of a weak chaotic dynamics in the phase space and it is possible to
get a phenomenological description of the dynamics by mean of stochastically
perturbed Hamiltonian system

Ho(I) +&(t)Ha (0, 1) (4.1)

where (0, I) are action-angle variables and the noise realizations have an expo-
nential decaying correlation. The justification of such models is the possibility
to describe the effect of a coupling of an integrable Hamiltonian with an Hamil-
tonian chaotic environment that introduces fluctuations in the phase space. But
one can also simulate the effect of weak chaotic layers in the phase space that
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introduce pseudo random kicks in the evolution of the action variables. To main-
tain the symplectic character of the dynamics we consider the regular (colored)

stationary noise so that
= / E(w)e™tdw
w

where £(w) are random variables such that

E€w) =0 E(Ewiw)) = F(@)s(w—u')

where F'(w) is the power spectrum of the noise. We recall that

E¢t+1) / / E(¢(w g HWmIHIT gy = / F(w)e™ dw
w
so that the correlation function is the Fourier transforms of the power spectrum
F(w). For Markov process one gets

O(1) = B(E(t + 7)E(t)) = 0?77

where one can set 02 = v/2 to get the white noise limit. Then

o) 2
F(w) = 02/ el gr - TV
W= "t )

A Fourier analysis of the orbits where we distinguish between a discrete spec-
trum related to the phantom of a regular orbit and a continuous like spectrum
that is related to the chaotic behavior.The perturbation H;(0,I) describes the
amplitude of the fluctuations whereas the "noise” £(t) takes into account the
correlation properties of the fluctuations: the noise realizations £(t) depend on
a probability space (this space can represent hidden degrees of freedom and
the correlation of the related stochastic process can be related to the chaotic
character of the dynamics). In the case of a weak chaotic region the realization
depend on the initial condition and the system (??) is an effective description
of the dynamics. Of course the measure of the chaotic region should be large to
avoid the dynamical traps of Hamiltonian systems which are due to the stick-
iness of trajectories to some specific domains in phase space. In the case of
a weak chaos the white noise approximation cannot be directly applied to the
process £(t), but one expects that ||[Hy|| <1 so that it is possible to introduce a
slow diffusion time 7 o< || Hy||?t for the action variable at which the white noise
approximation is justified. Indeed the "noise” depends on the angles variables
that can be considered as a fast variable, which are independent in a time much
shorter than the diffusion time scale. We introduce the slow variables

p=0—-Q)t
and we have a new Hamiltonian
H(¢,I) = &(t) Hi(o + QI T)) (4.2)

and we have the Fourier expansion

Hy(¢+ QI I) = hi(I) exp(ik(¢ + Q1))

k
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in the action angle variables of the unperturbed system Hg([).

Remark: the change of variables requires a covariance property for the equations
so that we need to keep the Stratonovich interpretation in the white noise limit.
To find an approximate solution of the stochastic dynamics (??) we consider
the evolution of angle-action variables (¢, I) for a time T and we get the map

B Ta‘H'1 T OH; 0y,
Ag; = /0 a1, (¢+Q(I)t,1))g(t)dt—/0 ta—ek(dwﬂ(f)t,f)) ol &(t)dt
T
an = — [ gy o 1))e(s)ds
o 09;

where A¢ = ¢(T) — #(0) and AT = I(T) — I(0). The norm || H;|| < 1 is the
perturbation parameter and the time interval T should be sufficiently long to
consider independent the noises £(t) and £(¢t + T') but it has to be short with
respect the evolution time of the action and the slow phase. We observe that
the fluctuations in the angle ¢ contains the effect of the secular term o t9€2/0I
so that the sensitivity to the fluctuations of the process £(¢) increases during the
time interval T. In a perturbation approach where ||H;|| = ¢ < 1 the changes
of the action is or order |AI| o< €T/ (€2(t)) whereas the secular terms provide

the estimate
| T vEm) + o)

which means that if it is possible to choose T' > 1 the angle fluctuations are
dominated by the secular term assuming the non degeneracy condition

Ad] o | 22

o0
Jor] = o0

The stationary solution for a diffusion process in the angle is the uniform distri-
bution, but if A¢ is small during a time interval T' the existence of resonances
EQ(I) = 0 does not allow to average the angles in the action dynamics. Let
us estimate the variance the angle variables using the dominating term for an
evolution time Ty assuming that the action variables can be considered constant
during such time interval (i.e. Tye < 1). One gets

0y, 00,

0H,
Tim Tk o (4 —
™ oL, 9, (t—s)dtds

Ty (To  HH
Var[A(b}ijw/O /O¢tsaT]:(¢+Qt,I))a—(¢+Qs,I))

and in the white noise limit (i.e. the maximum Ljapunov exponent defines a
time scale A7l <« T4 we get the following estimate

max

2 3
¢
4.

00

[VarlAgll (Ty) ox €2 | 5

The angles are defined in a n-dimensional torus T" and the relaxation toward
a uniform distribution has a characteristic time scale Ty if

[Var[Ag]|[ (Ty) ~ (2m)"
Then Ty has to satisfy

73/2 o (2m)"
T e]|oQ/oI||
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ie. Ty oc € 2/3 and the requirement Tye ~ O(e'/3) < 1 can be satisfied. At
this time the angles can be considered uniformly distributed and an averaging
principle can be applied. We recall also the condition A\pax > €2/% on the local
Ljapunov exponent to avoid long time trapping in small regions. On an ergodic
component all the orbits have the same Ljapunov exponents and the previous
requirement can be satisfied if the Ljapunov time scale (i.e. the convergence
scale of the maximum Ljapunov exponent has to be much faster than €2/ 3.
We remark that if we have an almost isochronous system

the previous estimate gives a relaxation time scale Ty ~ ¢~%/3. Let us consider
a time interval T for the evolution of the actions

- o 02H, OH,
Al __/0 s)ds +/ /0 e o (ONOL

T 2
3 H, [0H o OH
—/ / L {1 - 14 £(D)E(s)ds dt
0 0 69k89] a_[k 8Ik Bek
where it is understood Hy(¢ + Q(I)t,I) and we neglect terms of order o(€?).
We observe that an explicitly computation of the fluctuations contribution (i.e.

the first term in the expansion) if the slow phases ¢ can be considered constant
during T is performed by using the Fourier expansion

T
/O ang() Z/w/o ik;hi (1) exp(ik(¢ + QUI))s + ws)E(w)ds dw

k

szk hi.(I) exp qub)/ exp(i (]Z:;z((l()) )?) — 1é(w)dw

where we observe the appearance of small denominators that provides a con-
tribution to the fluctuations is of order O(T) when kQ(I) + w = 0 (i.e. the
non-linear resonance conditions). The variance per unit time of the fluctuating
terms reads

1 . .
1.9) = > kjmuhi(Dha (et
k.n

(ei(kQ(I)+w)T _ 1)(€—i(nﬂ(1)+w)T _ 1)
/w (kQ(I) + w)(nQ(I) + w)

The integral can be written in the form

4 _ )
L¢) =~ > kb (1) (I)etE=m @+ DT)

F(w)dw

/ sin((kQ + w)T/2) sin((nQ + w)T'/2)
w (kQUI) + w)(nQI) + w)
However if T' ~ T;, the phase can be considered relax and only the terms & =n
contribute. It is possible to prove that the limit

in? w
Dy (1) = lim ka; k() s (1) /w > ((fg(%)iw))f/ 2)F(w)dw (4.5)

F(w)dw
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If the power spectrum is peaked at w = w, the variance of the action fluctuations
is maximal at I = I, when kQ(I,)—w, ~ 0. If F(w) = const. (white noise limit),

using the integral
*® sin?(ax
/ #dm =Tma
fee T
one can prove that

/ol 08,

that corresponds to the random phase limit.

Remark: the Fourier components of the fluctuations F'(w) depends on how the
orbits explore the ergodic component; the condition F'(w) = const. is the white
noise that implies large fluctuations (i.e. large Ljapunov exponent) but for a
weak chaotic region F'(w) has a non trivial structure.

The result (??7) holds only if we have separated relaxation scales for the slow
phases and the actions. This condition means that we have not resonance struc-
tures in the phase space in the considered region. The local character of the
action-angle variables opens the problem of performing a gluing procedure of
the different charts in the phase space.

Ifthe relaxation time of the angles ¢ is much faster than the diffusion time of the
action variables 62T¢ < 1, the angles themselves can be treated as fast random
variables that characterize the different noise realizations independent from the
random perturbation £(¢), then we consider the action average dynamics with
respect both the random perturbation and the angles ¢

(ALYT) = zafk/ / aHl¢+Qt)%§l(¢+ﬁs)®(t75)dsdt

= 28] Zk kil (1 |2/ / exp(tkQ(t — s))P(t — s)dsdt

where we have neglected the contribution of the terms with zero mean value with
respect to the angle variables. We remark that if ®(7) is decaying sufficiently
fast for 7 — oo then it exists the limit

(AL) :Th—EnooﬁaTZk ky|lhe (1 |2/ / exp(tkQ(I)(t — s))P(t — s)dsdt

and in the white noise limit the expression reads
1 0

AL = ——Y kjk/|h(I)]?

< J> 2Ta]‘k; J ll k?( )|
The corresponding variance for the fluctuating terms reads

9 T T
NN ijkl|hk(l)|2/ / exp(ikQ(t — $))B(t — s)ds dt + O(e)
Ol 4 o Jo

and it coincides with (??) if divided by T. We introduce the diffusion time 7 =
€2T < 1 to apply a diffusion limit € — 0 T4 — oo. Then in the limit e — 0, we
choose a time step 7 > ! (i.e. the Ljapunov time scale of the fluctuations) so
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that the fluctuations of A¢ and A can be considered independent at successive
time intervals. If we consider an evolution time scale T ~ € 2/3 5o that 7 =
O(e*/3) < 1, the slow phases relax at each time step and the action evolution
can be described by a diffusion process whose diffusion and drift coefficients are
computed averaging on the slow angle variables

— T [Duné+ 22 57 Da(D) (4.7)

that is approximated by the stochastic differential equation

aI; = ;zl: (aéfrjl (I)dr + mdwl(7)> (4.8)

where D;;(I) is defined by the equation (??)and dw;(7) are independent Wiener
process in the slow time. The evolution of the distribution function p(I, 7) at the
diffusion time scale is well approximated by the solution of the Fokker-Planck
equation

0 1 0 0 0?2
L [ Dy (I)p(I,7)

R B 5 PRV I -_Y
s = 201, |ag DM )} T+ 5 5L ot
After some algebraic calculations one gets

9 10 B

i iaiijjk(I)aTkp(I’T) =Dip (4.9)

In a generic case D, () is strictly positive defined symmetric matrix and the
stationary solution is trivial ps = const.. It is easy to prove that the FP oper-
ator (?7?) is a self-adjoint operator with all non positive real eigenvalues. The
operator (??) is defined on the space of probability distribution p(I) which is
an invariant space with the scalar product

(pro2) = [ pr(Dpal)t

and it is easy to check
(p1,Drp2) = (D1p1, p2)

with natural boundary conditions (i.e. p and its derivatives vanish at the bound-
aries). Moreover we have

d 9 0 op ap dp
@ — i 2 <
ol = [t o gEpun g =~ [argloumat <o

so that ||p||?(¢) is a Ljapunov function for eq. (??) which is strictly decreasing
except when dp/0I = 0. From the previous inequality it follows that all the
eigenvalues are negative except A = 0 and |A\|~! defines the relaxation time scale
of the corresponding eigenvector. The eigenvectors define an orthonormal basis
and we have the characteristic equation

.2
Z@I TR
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The eigenvectors are orthogonal and if A # 0 we have the condition

/PA(I)CUZ 0

i.e. the orthogonality with respect to the stationary condition. An interesting
case is when D(I) is an homogeneous polynomial of order 2 (quadrupolar noise):
i.e. according to the definition H; is linear in the action and we have a linear
multiplicative noise. A formal approach looks for solution py in the form of ho-
mogeneous polynomials. The space of homogeneous polynomial is invariant for
the FP operator so that we get a linear system in the coefficients. The eigenvalue
A has to be chosen in order that the solution is not trivial. The polynomials are
not summabale so that the previous condition has to be interpreted.

4.1 Example of Physical Systems
We consider some physical examples: assume the unperturbed Hamiltonian is
linear with a dipole noise

P’ + ¢
9

H(q,p) =w + €£(t)q

The stochastic equations read

G=wp
p=—wq— (1)

The solution of the system is a Gaussian random process in the white noise limit

_( cos(wt)  sin(wt) Y[ cos(ws)  sin(ws) 0
(a() p(1)) = (sin(wt) cos(wt)) (90 po)te /0 (Sin(ws) cos(ws)) (g@)) ds
The covariance of the process is increasing with ¢ as

€ (t + sin(2wt) /2w (1 — cos(2wt)/w>

2 \ (1 —cos(2wt)/w t — sin(2wt)/2w

By averaging on the fast angle variable we have the FP equation

dp 5,0 Op
2 2E
ot ol ol
in the action
; 4 ¢
2
A direct calculation gives
2 2

Using the average FP equation we get

@_ @ _Q/Q@ _2/ _ 2
7 —/Iatdl—e Iallajdl—e pl=¢€
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where we integrate by part two times. Then we recover the correct result and
we have a diffusion process. The second moment can be computed in the same

way
d<12>_2 2 0 0Op 42 4.2
Then we get
Var(I) = 2¢*t? — e*? = *?

This result is consistent with a exponential distribution
1
p(I,t) o 2texp (—2>
et
where the average value and the rms coincide.

We consider the more general system (this system simulates a quadrupolar noise
in a circular accelerator)

2 2
+ t
H(q,p;€) =Zi:wip 1 +e£(2)%:qi9ijqj

2

so that we have the motion equations
¢i = wipi
pi = —wigi — (1) Y Qijgy
J

where the Stratonovich interpretation is necessary to keep the physical inter-
pretation. We observe that all the degrees of freedom feels the same noise £(t)
since the physical origin of the noise is a fluctuation in an external linear field
that introduces a random coupling among the components. The solution of this
problem is strictly related to the random matrix theory since the evolution can
be approximated by a product of non-commuting random matrices, by discretiz-
ing the noise at a time scale At so that we get a stepwise linear system. As
previously remarked in the stochastic case the time step At has a physical mean-
ing since it is the correlation time scale of the noise if we assume independent
fluctuations each time step. Let £(¢) a stochastic noise, its statistical properties
are mainly characterized by the average value and the correlation (indeed these
properties are related to the CL Theorem). The average is usually set ({(¢)) =0
and the correlation reads (we assume a stationary condition)

€t +7)Et) =c(r)  c(At) =0

This implies that the continuous limit (i.e. the possibility of modeling the
fluctuation using a Wiener noise) implies that the covariance has to change to
maintain the fluctuation effect. The effective scaling law is that one has to
increase the fluctuation variance proportionally to At~! so that c¢(7) — &(7).
An alternative is to consider the small noise limit ¢ — 0 and to introduce a slow
diffusion time so that the slow time step e2At — 0 even if At is finite.

Let us consider the problem to understand the stability time scale of the orbit:
i.e. the estimate the positive Ljapunov exponent for the system. Using the
linear action-angle variables

g =\/2L;sin0;  p; = \/2I; cos(6;)
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one computes the diffusion coefficient from the definition of the average action
dynamics

OH, OH, . .
Dij = < 06, 09, > Hy(1,0) = %: Vi1 sin 6,9 sin 6

assuming the possibility of averaging on the fast angle variables (i.e. the dis-
tribution can be always considered relaxed in the angle variables). An explicit
calculation gives

D;;(I) = 2¢2 Z VL I 15318251, (cos 8; cos 0 sin 0y, sin 65,)
kh

€2

1

since the non-vanishing contributions require ¢ = j and k = h. The average FP
equation (cfr eq. (7?)) reads

%_62 0

1 9]
% — 28I [Ii kaﬂikgfi - 511'29121‘ 2
¢ k

01,

where p(I,t) is the distribution in the action variables. We compute the evolu-
tion of the average value (Ij,) according to the relation

d 0 dp 0 )
%<I”> - IhaT-Z_Dij(I)aij dl = /PanDhj(I) dI = <anDhj(I)>
and we get
d e 0 1 &2
£<Ih> = 5@ [Ih Ek:[kﬂhkggh — 2[29}21}1‘| = E %:Qhkg{huw

The eigenvalue of the matrix QQ7 are positive so that the solution (I},)(t)
increases exponentially. However we justified this approach in a nonlinear case
where the relaxation process of the angle variables is related to the change of
the frequencies with the actions. In a different approach it is convenient to use
the moving variables (Q, P)

(o) = (o aien) (7)

Qi = €&(t) sin(w;t) Z Qi;(Q; cos(w;t) + P; sin(w;t))
P, = —e&(t) cos(w;t) Z Qij(Qj cos(w;t) + P sin(w;t))

J

and we get

The diffusion time scale depends on the spectrum and it scales as e~2. This
result is justified in the white noise limit for the fluctuation £(¢) so that it is
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possible to average on the noise at a fixed value of the angles and then we
use the fast angle dynamics assuming that the frequencies w are non-resonant.
The variables (@, P) are both slow variables and using the diffusion time scale
T = €%t the system can be written in the form

dﬁi = 5(7) sin(w; /€*7) z]: Q,;(Q; COS(w]fQT) + P; Sin(LUj/62T))
Ciliz = —5(7') cos(w; /€°T) Z 0:5(Q; cos(wj/eZT) + P; Sin(wj/e27'))

J

where £(7) tends to white noise in the slow time. We observe that any small
change in 7 corresponds to a large change in the phases 6; = w;/e>7 that can
be considered random variables. The previous system can be approximated by
a stochastic dynamics of the form

dZ = A(0)Z dw,

where A(f)dw, are random matrices defining the increments of a Wiener process
with A(6) independent of w,. The evolution is described by a FP equation (?7)
with diffusion coefficient

D(Z) = (A(6)Z2A(0)2),

Remark: the previous approach assume w; ~ O(1); in a general situation (non
linear coupling) the averaging procedure fails if the frequencies w; are almost

resonant
E kiwi >~ 62
i

Since the average values vanish the stability study is related to the covariance
matrix A direct calculation is possible using the evolution equation for the
observables

d
£<QZQJ> =

Given an initial condition Iy the solution of the FP equation can be interpreted
as the probability to realize a path that move from I to a value I is a time t.
By introducing the probability density
7 (I |Io) = p(I,t|1)
so that we get the Kolmogorov equation
ol tip0) = [ (T | Toypo(To) (4.10)
Moreover the transition probabilities satisfy the condition

wt(I]1) = /WH(I | J)w* (T |Io) dJ (4.11)

KRk kK
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The particular form of the FP operator is strictly related to the action variables
of the unperturbed Hamiltonian. The interpretation of the FP equation as a
continuity equation introduces the concept of probability currents

FRE e
Jjlp] = zk:Djk(I)ajk

and the stationary condition is written in the form divJ = 0. The DB condition
would imply J;[p°] = O that is consistent with the condition p® = const. if
D, does not have a null eigenvalue. The self-adjoint character of the operator
implies that if H(I) is any observable its evolution H (I, t) satisfies the same

equation
oOH 10 0

This is related to the Ito formula

1 dDj — OH 1 0’H

gt gl

Assuming we know a set of independent firat integral Hy(I) of first integrals of
motion for the unperturbed system Hj, we compute the fluctuations variance

1 OHj, OH}, 9
HidHp) = - — D) (7)——
() = 5 32 7 DalL)r) Gt + Ol
and we get the relation
DH _ (dHpdHy,) :1 OH}, A )8Hh
kh dr 4 7l 8Ij it 8[[

The relation between D¥ and D is defined by the Jacobian matrix 9Hj, /91,
that changes the metric matrix if it is not orthogonal. The spectrum problem
is characterized by the condition

ALD; AT = AILDE AT
jazj=y £ T A, 2 ADE AT,

kh
where the condition ||A]| = 1 has to be rewritten from the relation
oI, oI; 0I;
Al = LAH, = |AIl? = L ——L AH,AH
=Y g A = AP =Y S S AR,
k jkh
The metric matrix
GH _ 0I; 0I,
M OHy, OH,

defines a deformation of the unit sphere and it has to be estimated in the
inequality
DIl < IDHIIGH]

that is related to the perturbation estimate H; whereas ||D|| is affected by the
definition of the integrals H.
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4.2 Numerical computations of Diffusion Coef-
ficient

The numerical computation of the diffusion coefficient has to cope with the
problem that one does not known the unperturbed action I that reduce the
Hamiltonian in the perturbation form

H(I,0) = Ho(I) + H,(0,1)

where ||H1(0,I)|| is an optimal remainder of a perturbation theory in a weak
chaotic region (possible homogeneous). The action-angle variables are the result
of a perturbation approach but we have not an explicit definition; for any initial
condition in a Poincaré section we assume that there exist a action value and that
the angle variables have a fast dynamics due to the frequencies Q(I) = 0H,/0I.
If one introduces the slow angle variable § = ¢ + Q(I)t the new Hamiltonian
reads
H(I,¢) = Hi(6+ Q(I)t, 1)

but we have secular terms in the angle dynamics

b= _0Hy  0H, 09
oI a0 oI
We remark that if one integrates the dynamics (0(t),I(t)) to recover the dy-
namics ¢(t) one can perform the reverse dynamics

The chaotic region can be characterized by the presence of fast fluctuations in
the dynamics of the slow variables (¢, I) due to local positive Ljapunov expo-
nents. The local Ljapunov exponent is mainly related to the local structure of
the phase (i.e. the presence of hyperbolic structures) whereas the Ljapunov ex-
ponent depends on how the orbit explores the phase space structure. The local
fluctuations accumulate to induce an exponential decorrelation among the or-
bits but the stickiness phenomenon in Hamiltonian systems may introduce long
term correlation in the orbit evolution. The existence of a positive Ljapunov
exponent allows to consider different orbits as independent noise realizations in
a numerical approach using a coarse grained description of the dynamics. For
a given tessellation of the phase space {E)} we associate the matrix

w(®"H(E,) U Ey)
w(Ey)

where p(E) is the invariant measure (i.e. the Lebesgue measure for Hamiltonian
system in the phase space) and ®' the phase flow. The matrix ®}, can be
interpreted as a transition probability matrix that gives the probability to be in
the ‘state’ F,, at time t conditioned to the information that the initial condition
belongs to E). The partition {E}} covers an invariant set of the phase space
(but one can introduce an absorbing barrier to study the stability properties)
so that the condition
> o, =1
h

¢
Phy =
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is satisfied. One can associate a Ljapunov exponent for any set E}, by considering
the expectation values of the Ljapunov exponent for all the orbits with initial
condition € Ej (possibly neglecting low probability outliers that do not affect
the average evolution). We remark that the spatial scales play a fundamental
role since they define what is local and global in the coarse grained dynamics:
the Hamiltonian character introduces infinite time and spatial scales in the
system (consider the stickiness phenomenon or the Arnold’s diffusion) but the
tessellation associates to the Ej the same dynamical features. This procedure
requires a tolerance to define what is true in probability or with high probability)
and what is exceptional in the evolution.

the existence of an average positive Ljapunov exponent A for any set Ej allows
to define a decorrelation time scale 7; ~ A~! and to approximate the evolution
of a distribution function p(h,t) = P(E},t) by a Markov process

p(h.t+ At) =" Oplp(hk,t)
k

using At ~ A\~ The coarse grained distribution describes the system evolution
when each iteration the physical orbit that performs a transition Ey — E} is
substituted by another orbit chosen in the subset Ej for the next step. The
chaotic behavior in each partition element allows to consider independent each
iteration to justify the Markov character.

From the definition of transition matrix 7T$yt of diffusion process, we have the
relations with the drift and diffusion coefficient

aly) = 55 S — )y +o(1)

x

Dly) = 5> S~ 9)*r + o)

x

whereas no other contribution comes from the higher momenta (this is a conse-
quence of the Central Limit Theorem). The problem is that one cannot perform
a limit At — 0 and the previous formula holds only if the evolution time scale
of the variable y is much less than the Ljapunov time scale At. This is not the
case for the angle variables 6.

The Markov property requires that most of the orbits starting from a set Ej
has a local positive Ljapunov exponent, so that each time we shuffle the initial
condition we have an exponential increasing from the initial orbit with high
probability. Therefore using a coarse grained description we introduce a noise
each time step At whose amplitude depends on the partition radius R(E) (a
continuum limit would requires R(E}) < 1. The time interval At is dependent
on the local Ljapunov exponent. If the Markov properties is justified a possible
approach is to substitute the initial Hamiltonian with an effective Hamiltonian
of the form

H(I,0) = Hy(I)+ &) Hy (¢ + Q)L T)

where £(t) is a stochastic noise with a correlation time At. The action dynamics
gives
: OH,
I=—-¢0t)——(6,1
£ 0. 1)
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Let (0(t),I(t)) a given orbit, we linearize the dynamics

02 H,

5081 ((t) + Q) I(t))SI = —Hegr(t)S1

oI = —£(1)

To estimate a local Ljapunov exponent for the actions we assume the ansatz
(¢(t), I(t)) almost constant in the time interval At and we write the solution as

At

OI(At) ~ T exp (— (s)Hor ds) 0l

0

Using the estimate in the white noise limit

</0Atd5/osdUH9I(S)H91(U)§(8)§(u)>

Using an evolution time scale At we compute the drift and the diffusion coeffi-
cient for the action variable associating a single value for the coordinate in each
set

1
a(ly,0r) = Ar Z(Ih — It
h

1
D(Ix, 0) = < > (In = L)
h

Kkokokokok



Chapter 5

Perturbation Theory and
Stochastic Hamiltonians

The Stratonovich interpretation of the stochastic differential equation allows to
develop a perturbation theory to the stochastic Hamiltonian dynamics using a
covariant description of the motion equation

dx = Dpxdt+ /2TyDp,x o dwy — y{H, Hy } D, x dt x(q,p)

in the limit of a white noise fluctuations &(¢). If H(q,p) is a perturbed Hamil-
tonian one can perform the action-angle variable transformation to reduce the
system in the form R

H(q,p) = Ho(I) + €H(I,0)

Let z = ®(X) a canonical change of variables we have that the canonical equa-
tions & = Dy are invariant in form if we use the new Hamiltonian H(®(X))

DH(:E)Q? = DH(X)X

The same is true for the term Dy, assuming the Stratonovich interpretation
for the stochastic differential. The Poisson bracket {H, H;} is a scalar and it
can be computed using the invariance relation

{H, Hi}(®(X) = {H(®(X), H(®(X)}
We get the differential equation
dX =Dy X dt+ /2TyDp, X odwy — v{H, H }(X)Dp, X dt

and we can apply a perturbation theory to study the solutions. If the initial
Hamiltonian is integrable we can introduce the action angle variable and the
previous equation takes the form

dO, = Qi(I) dt + /2T~ dt
1, (5.1)
dl, = 5777“

ciccio

(6]
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In the physical applications we consider both the limit v,e < 1 and we
neglect the terms O(ve). In the action-angle variables assuming Hq(I,0) =

V21 f(6) we have

_ 9H, oH T~ df OH,
_9H  ——0f af * 9H,

5.1 Adiabatic Transformation in a Thermal bath

We consider a stochastic 1D Hamiltonian with a slowly modulated parameter
A=c¢t
H(x,t) = Ho(z, \) (5.2)

where z = (gq,p). In the case of physical system

2

P
Ho=2 4v
7 om + V(g A)

the choice Hy = —/mq defines the usual thermal bath for a Boltzmann gas

dp = —aa—v dt + /2T ymdw; — ypdt
q

The arbitrariness in the choice of H; understands that the same MB equilibrium
highlights to the universality of the MB distribution that allows to describe
the equilibrium stochastic properties of a physical system whose elementary
compoQnets perform different type of non-linear interactions simulated by the
H; Hamiltonian. The FP equation for the density function p(z,t) associated to
the stochastic dynamics is computed using the Stratonovich interpretation

dp

5 = ~DPtop +7Dm, {Ho, Hi}p + TyDiy,p = Lrpp(z,\) (5.3)

The stationary solution can be computed by setting peq(z) = peq(Ho(x)) and
we get the condition

dpe
{Ho, H1}peq(Ho) +TDp, peq(Ho) = {Ho, H1} | peq(Ho) + Tdqu =0

and we recover the MB distribution. Using the adjoint operator
Lyp = Dy, —7{Ho, H\}Dp, + TyD%;,

(we use the property DL = —Dy) one computes the evolution of any average
observable (K (z(t;w))) where x = 2(0;w(0))

oK
—; = LkpK = Dy, K —y{Ho, Hi} Dy, K + TyD}, K
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The unperturbed energy evolves according to
dHy = \/2T~vDy, Hydw, — y{Hy, H, } Dy, Hy dt
and we get the fluctuation-dissipation relation
(dHg) = 2T~ (Dy, Hy)* = 2T~({Ho, H1 })* = —2T(dHy)
If we define the current density
J = —{Ho,H1}p—T{p, Hi} (5.4)
the FP has the continuity form

dp

E =—Duyp—7Du,J
In the adiabatic limit € — 0 and the frozen system solves the stochastic equation
(7?) for a given realization £(t) by z¢(xo,t; A) using A as a parameter. The
stochastic process (g, t; \) relaxes to a stationary process for

: oo
t11>1r010 T (o, t; X)) = x5y () Y xo

with an exponential convergence in a weak sense. Then we call the adiabatic
approximation of eq. (??) the solution x?d(xo,t) = 2g°(xo, t;€t). We consider
the evolution for a long time scale T such that €' — A\; — Ag and the problem
of adiabatic theory is to estimate the error of the adiabatic approximation with
respect to the true solution lim. o z,,(zo,t) when t € [0,T]. The initial distri-
bution of zq is assumed as the stationary distribution at the initial value of the
parameter Aqg

5.1.1 Thermodynamics interpretation

The stochastic dynamics (??) describes the evolution of a statistical system
where the particle interactions is described by the stochastic dynamics during
a isothermal transformation. We consider the physical system

p2
HO(qap7 >‘) = ? + V(Q7>\)

where the stochastic terms are associated to the Hamiltonian H; = f\/ﬁq. The
frozen equilibrium distribution reads

pg(@; \) = AT, \) exp (—HO(:”F”)) AT, A) = / exp (—HO(;"A)) do

and we the temperature is defined as the expectation value of the kinetic energy

2 2
_ (Nt P
T<2> 27rT/eXp( 2T> dp
Then T does not depends on A, whereas the average internal energy E(T,\) =

(Ho(z, \)) follows from the definition of the Helmholtz Free Energy

F(T,\) = —Tn A(T, \)
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and using 8 = T~ ! we have

(Ho(z, ) = —% In A(8, ) = ﬁ /Ho(x, ) exp (—BHo(x, \)) dz

Analogously we compute

B
A\, B)

where we define the generalized force X acting on the system to recover the
equilibrium state when the parameter A varies. We recover the relation

O A -

2 / O 0 exp (~BHo(a, V) do = BX(5,)

din A= E(8,\)df — B X(B,A)dA = d(E(8,\)B) + BAE(S, \) + BX (8, 1) dA

so that
dE =T d(In(A(B,\) — E(8,\)B) — X(B\) d\

Recalling the first principle of thermodynamics
dE =TdS — X dX

we get
S=In(A(B,\) — %E(B, A) = “Th(AB,\N)=E-TS=F

using the definition of Free Energy and it follows

A1 A1

FOW=FO0) == [ XG0 == [ (G pad = V) (V)

Ao Ao
that is the works performed by the system. We remark that the previous cal-
culations require that the adiabatic distribution describes the system evolution:
i.e. the system crosses maximum entropy equilibrium states and the adiabatic
distribution is an approximate solution of the FP equation.
In the adiabatic approximation the stationary distribution satisfies the DB con-
dition J(z,\) = 0 we define the adiabatic distribution

H t
pad(x,et) = A7H(\, T) exp (—0(;’6)> (5.5)
Remark: the condition J(x, \) = 0 is different from the usual DB condition for
stochastic systems since the current density is a scalar and the condition means
that
_{H07 Hl} - T{lnp, Hl} =0

and it defines In p uniquely if {Hy, Hy} # 0 since p is a first integral for Hy.
If we compute the entropy production using the solution of the FP equation

(77)
ds
E=/[DHOP+%DH1~7 lnpdxz—g/%DHlpdx
v [T Y § 2l
=57 ;(J-F{Ho,Hl}P)dl‘:ﬁ 7dm+ﬁ J{Ho, H1}dx
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The parameter /27T is a scaling factor in the entropy production and we dis-
tinguish the total entropy production and the dissipated work per unit time

dstot o .72 dis v

Since dS*t/9 > () when the density current is # 0 (i.e. the transformation
is not adiabatic), the dissipated work is always non negative and corresponds
to the work performed by the current density which is dissipated and it does
not contribute to the Free Energy change. The adiabatic condition J = 0
during the transformation A\; — A2 means that no work performed on (or by)
the system is dissipated and it contributes to the change of the Free Energy.
Due to the definition of thermal bath, J = 0 in the equilibrium state and the
total entropy production vanishes since it corresponds to a maximum entropy
state. The condition can be also related to the Minimum Entropy Production
Principle to characterize the equilibrium state.
In a general framework we consider the distribution function evolves according
to a FP equation

dp

ot

where A is considered a parameter in the frozen system. We evaluate the error
of the adiabatic solution, by a perturbative approach

(z,t) = —Lpp(z, N)p(x,t)

p(x,t) = paa(z, \) + p(z, ;A) + O(®) A=t

One has to prove that p is bounded on a time interval o< e ! so that the error of

the adiabatic approximation remains O(e). A direct substitution in the Fokker-

Planck equation provides
p

L 4 Lrp(z,\)p=—A"1(\) (

1 0A 10H _H(z,\)
8t exp —_—

AN N T Tox T

with

oA _ 1 [0H _H@ NN, AJoH
ox 1) ax P T =TT\ oA

The average with respect to all the possible realizations of 9H/J\ in the adia-
batic approximation, is the work performed on the system so that the term

oH _[oH
o\ o\
represents the difference between the adiabatic average work and the actual

work due to the finite modulation velocity € weighting each state as if it is at
the equilibrium. Then the previous equation can be written in the form

- cereni=1 (5 - (51)) pealen 000 (5

The solution satisfies

/ﬁ(x, A)dz =0
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J (-3 e

and the equation (??) is well defined since the r.h.s. has no component in the
kernel of the operator Lpp. All the eigenvalues of the operator Lpp has negative
real part and one assumes that the fluctuations 0H /90X — (0H/ON) are bounded
for A € [Aa, Ap]. The adiabatic solution of the equation reads (we set p = 0 for
t=0)

since

puatet) = 7 [ exptCente =) (20 = (55) 00t s

= (I —exp(Lrpt))Lrb H (88];’(3;, A) — <%§I> (A>> Pad (T, A)]
M

€

A =¢t t

A direct calculation provides

2t ——exp(trot) | 1 (53 @0~ (51 ) ) puate 0] + 000
~ ik (‘Zﬁ(x,» _ <‘9afj> <A>) pad(, ) + O(e)

Remark: the error estimate requires to control the spectral properties of the
operator

(I —exp(Lppt))Lrp

if the quantity in the square bracket is bounded (we denote by ﬁ;}p the pseudo-
inverse of the operator). The eigenvalues of the operator E;}, have a negative
real part define the relaxation time scales of the unperturbed system and the
previous estimates holds under the assumptions that the relaxation time scales
are short with respect the modulation time scale ¢! (also considering the A
dependence). In this case one has the limit

lim exp(Lppt) =0

t—re—

and the error depends on the inverse of the Fiedler eigenvalue Ap of the oper-
ator (the eigenvalue of Lpp with the least negatove real part). If e=! > A\.!,
the norm ||paq|| is bounded and the adiabatic approximation approximates the
solution p(x,t) with an error O(€*t): we can estimate

lo(2,8) = paale, )] = O(e)  te [0, (5.7)

We observe that p,q(z,t) changes by a quantity O(1) during the evolution.
The current density (??) depends on p

J = —€[{Ho, H1}p+ T{p, H1}]

We observe that the current density depends on the thermal bath realization
H;.
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Given the realization z¢(t) (i.e. a solution of the stochastic equation (??) for a
given realization of the noise £(t))

l'g(t) = (I)ztt,, (xa;f, )\) )\ = €t ta,b = ,u)\mb

where ®f (z4;,A) is the stochastic phase flow for eq. (??) for the evolution
from x, at t, to a state x at t. Considering an isotherm transformation between
two states x, — xp in the equilibrium distribution, the change of the energy
does not depends on the transformation

AE,, — / Ho (2, ) paa(, M) dar — / Ho (2, Aa)paa(®, M) dz = E(\) — E(As)

If p < 1is an adiabatic parameter, the system can be considered in an (almost)
equilibrium states during all the transformations and we formally have

% = i/]—Io(x’)‘)pad(w,/\) dzx
/ [88H)\0 (@, N)paa(z, N) + Ho(z, \) 3§;d (x,)\)} i (5.8)

The derivative represents the adiabatic evolution of the energy. Then AFE,, =0
if we perform an adiabatic isotherm distribution with A constant. Using the
partition function A(A,T) we define the Helmholtz Free Energy potential

F(\) = Tl A(T, \) = —Tln/exp (—HO(;A)) dx

which satisfies the relation
dF = dE —TdS
By definition we have

dF [ OH, ow

= [ SR Npaale, N = -2 (5.9)

that can be defined as the performed work W by an infinitesimal change dX in
an adiabatic transformation. Then we have

Ap H
AFy, = / 8 (@, A paa(@, ) dudh = —AW

In the adiabatic approximation the change of internal energy dE = dF + TdS

and we have
/ Ho(z, )22 ad( ) da

that can be identified to the heat exchanged varying A for an adiabatic trans-
formation. This is consistent we the definition of Gibbs entropy

S = —/pad(:r,)\) In paa(z, A) dz
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since we compute

s _ 9pad _ [ 9paa _
Td)\ -T a0 In paq(z, A) de = a0 (Ho(z,\) + TIn AN\, T)) do =
_ Opad , 01n pag
_/HO(:E,)\)aT dm—/Ho(:v,)\) Y Pad(z, ) dzx
using the equality
8pad _
o dr =0

We get
dE dF dsS
—_— = — 4+ Ti
dx  di d\
This is equivalent to the first principle of thermodynamics where the exchanged
heat is performed at constant temperature and it is identified by §QQ = T dS in
the adiabatic limit ;x — 0. We observe that the exchanged heat depends on the
entropy change which is due to the change of the distribution p,q(x, \) when
A varies. Then if one computes the change of energy for the initial equilibrium
distribution paq(xa, As) we get the average performed work.
When p is finite and we perform a isotherm transformation, we generalize pre-
vious definition by computing the work and the exchanged heat for a single
realization z¢(t)

(5.10)

A

* 0H

Wialel = = [ 5002 (2 2),3) A
Aa

Oln paq

SEL(@ @i ) N AN (5.11)

Qba / HO )\ H(xa’g >‘) )

where Wy, is positive if the system performs work on the environment. We ob-
serve that one has to consider the limit of the stochastic phase flow @i‘a/ HERTIDY|
in the slow time A = ut when p — 0 and ¢t — oo, to prove that the adiabatic
evolution of the system is described by the distribution pyq(x, \).
The second principle of thermodynamics means that if p is finite

Ay
(Wule) == [ (GR@@ae NN A< -aR, (12

In the adiabatic limit p — 0, then z¢(t,\) is a realization in the equilibrium
distribution of the stochastic process at a fixed value of the parameter A and
the exchanged work read

A aH o
(Wha) = / 92, N paa(w, N) do dr = T/ oy AN T)dX = —Ap, F
Aa
according to the thermodynamics formalism. We recall the relation

(Ot (a9 ) = [ G Npta ) d

is the evolution of the observable dHy/OA(x, ut) where py(x, t) is the evolution of
the distribution function at time ¢ when A = ut. In the adiabatic approximation

p(@, 65 A) = paa(z, pt).
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Remark: in the adiabatic approximation p — 0 the change of A is so slow
that the system can be considered in the equilibrium condition p,(z, \) where
the current probability vanishes and there is no entropy production. When u
is finite, the system crosses non-equilibrium states which contribute to tottal
entropy production through the dissipation process and the performed work is
reduced.

We define the work performed by the system along the realization of an isotherm
transformation ®" (z4;&,\) (We set Aqp = ptq ) that connects two equilibrium
states by

~Wialze] = Ho(®} (243 €, 0) — T'In(paa(®F (za; € A), Ap)
- HO(xau Aa) + Tlnpad(xay )\a)

where the initial state x, is distributed according to the equilibrium distribution
with A = A,. We compute

o (52)-

ty . _
<exp (_ H()(éta (xaa f’ ACZZ) H(](mav )\a) _ ln(pad((biz (xa; 57 A), Ab) + hl pad($a, )\a)> >

1 exp (—Ho (P} (€456, 1), \)/T) \ ox ~ Ho(z, \p) . A(Np)
_A(Aa)< Pad(P1" (T3 €, N), Ab) >_/ p( T )d

where we use the assumption that z = <I>§Z (24;€,A) can be considered dis-
tributed at equilibrium: this means that when the modulation A\ = ut ends
at t = t;, the system has to relax to the equilibrium state for fixed value \,.
The relaxation process takes place at a fixed temperature T (i.e. there is a
coupling with the environment) and there is an increase of entropy during that
corresponds to a work dissipation performed by the system. This is at the
base of the Second Principle of Thermodynamics where the arrow of time (i.e.
the relaxation process) is related to the Maximum Entropy Principle for phys-
ical systems, taking into account the preservation of energy. In other words,
the transformation is assumed to connect equilibrium states of the system in a
non-reversible way.

Therefore we get the Jarzinski’s relation

~Thn <exp (Wb“T[xD )> = AP, (5.13)

that holds for a non-adiabatic transformation between equilibrium states.
The equation (??) means that if one measures the performed work and the
exchanged heat in many transformations a takes the average value, one gets a
measure of the free energy AFjp,. Moreover the Jensen inequality implies

o () (5o ()

(Wialz]) < —AFy, (5.14)

It follows
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This is equivalent to the formulation of the Second Principle of Thermodynamics
for isotherm transformation where the work performed by the system is always
less or equal to —AFy,.

Performing the white noise limit, we compute the change of the energy during
an infinitesimal transformation at the state x we have

dHo(z,\) = \/2TyDy, Ho(z,\) o dw; — v(Dg, Ho)*(z, ) dt + u%(m, A)dt
=V 2T7DH1HO(:I;’ )‘>dwt + T’YD?—IlHO(mu )‘)

OH,
— (D, Ho)*(x, ) dt + MT)\O(% A) dt
that implies the backward equation if the average on the noise realizations

o0H

8ﬁ0 70(
o\

= Dl%llﬁ()(xa )‘) - ’Y(DH1H0)2(‘ra )‘) + 1

o z,\) (5.15)

where Hy = (Hp) where z is the initial state. For a fixed value A the backward
equation (??) shows that the energy Hy evolves towards a constant value (the
null eigenvector of the operator), which correspond to the equilibrium energy,
but the relaxation depends on the spectrum of the operator. When A is modu-
lated the change of the energy can be O(1), but it does not depend on the type
of transformation we consider but only on the initial and final state. By varying
the realization £(t) we are considering all the possible final states at A for an
isotherm transformation, and in the adiabatic limit = are distributed according
to a MB distribution. If we consider an instantaneous change of A then the
transformation happens without heat exchange but we have a relaxation in the
final state which a increase of the total entropy and a dissipation of part of the
performed work.

5.1.2 Perturbation approach for the 1 DoF case

Assuming that E = Hy(x, \) defines closed curves, one can introduce action-
angle variables for any value of the parameter

BN = §  pla.E\)dg

(5.16)

o = 2

q
5] / p(g, E, X)dq

Ho=FE

q
Let F(q,I,)\) the generating function

q

Flg.I,\) = / p(g, E(I,\), \)dg

Ho=E

We perform the change of variables (??) on the Hamiltonian system (??) and
the new Hamiltonian reads

oF
Ho(I,\) + p N

0,1,X) (5.17)
(¢,1)
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In the 1DoF cases the adiabatic theory uses the relation

1 /9 <8H0 < OH, >>
_ GHol [ 9Ho o (5.18)
i QEN ox |, x|,

where Q(EX) ~ O(1) is the frequency of the frozen dynamics p = 0. The
relation points out as the f#-mean value of OF/OA vanishes. This remark is
at the basis of the adiabatic invariance of the action variable I since the only
resonance condition is at the separatrix where 2 — 0. A direct calculation

oF
A

shows that
t+T
1% 8H0 8H0
I(t+T)—I(t)=—/ ( —< >)d$
Qi 2 q,p 2 q,p
27 2
1% dH, < 0H, >> (H )
= —_— —( — dd ~0 (| =
02 Jy ( oA ap oA 0p 02

where we explicitly use the estimate AI ~ O(u) inside the integral. Given a
time of order p~! one can apply the previous estimate fn times with n = (Tyu)~*
and we get the adiabatic invariance estimate for the action variables

-1 K
I(t+p~Y) = I(t) :0(@)
We observe that the ratio i/ defines the adiabatic parameter since it com-
pares the evolution time scale with the modulation time scale. The use of a
perturbation approach allows to introduce improved adiabatic invariant by per-

forming a change of variables (6,1) — (¢, J) in the Hamiltonian (??). This can
be performed by a generating function

G(0,J)=0J+ uG1(0,J,\)
where the first perturbation order G; satisfies the homological equation
0, | oF _
20 Hox T

The solution G1(0,J) exists thanks to the relation (??) and G;(J, ) describes
the oscillation of the action variable I. The average value of G;(6,J) is not
determined. The new Hamiltonian reads

Q(J,\) 0

H(J,$,\) = Ho(J,A) + O (gi)

It is possible to prove that the new action J(q,p, \) varies by a quantity O(u?)
in a time O(p~!) and it is an improved adiabatic invariant.

5.2 Application to physical systems

We consider the effect of a thermal bath assuming an initial Hamiltonian of a

physical system
2

Ho(q,p.N) = 53—+ V(. ) (5.19)
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and the stochastic dynamics (?7?)

& = Dyyx —y{Ho, H1} D, x + /2Tv¢(t) Dy,

where we choose H; = —y/mgq (remark: H; has not the dimension of an Hamil-
tonian) to get the usual form of the thermal bath

g=p
p= —%(q, A) = yp + /2T ymé(t) (5.20)

where we set m = 1 that is always possible scaling the potential and the tem-
perature. The physical system is an ensemble of particles under the effect of a
potential V' (g, A) that interact by physical collisions satisfying the assumption of
molecular chaos so that the Central Limit Theorem can be applied. The collision
effect is described by the white noise and the Einstein fluctuation-dissipation
relation. In general the fluctuation £(t) is a vector of i.i.d. iMarkov processes.
This allows a statistical interpretation of an adiabatic transformation A, — Ap
with A = put p < 1. For a fixed A the system relaxes to an equilibrium state

paa(a,p. ) = A~ (T, N exp (—; (;’;n + Vg, A))) (5.21)

where A(T, \) is the partition function

AT, \) = /exp (—W) da = /exp (—me) dp exp (—V(jqu) dg

= (V2rT)? A, (T, \)

where d is the number of DoF. A, (T, \) is well define if the potential confines
the particles V' (g, A) — oo for |g| — oo but to compute the explicit dependence
on the parameters can be difficult.

Remark: the relaxation process follows from the Markov property of the fluctu-
ations that in the white noise limit describes the evolution of the distribution
function using the FP equation

&){pap oV dp 02

9 p
S — Tm—= 22
5t }Jrvapperfy mo— (5.22)

mdq  Oq Op Op

and the relaxation process depends on the spectral property of the FP operator.
The operator cannot be separated so that the solution p(q,p,t) cannot be writ-
ten as a product of two distributions in the momentum and in the configuration.
This means that during the relaxation process the momentum and the coordi-
nate evolution are connected through the eigenvectors of the operator. The
factorization of the stationary distribution (i.e. the null eigenvector) suggests
that there can be a limit for which the evolution time scales of the coordinates
and momentum are separated and one can an averaging principle to reduce the
dynamics dimensionality. This is the case when v > 1 where the relaxation time
of the momentum tends — 0 and spectrum of the operator can be separated
in two clusters: one cluster tends to oo related to the momentum relaxation
whereas the other remains finite and describe the coordinates relaxation.
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We remark that in the considered case we factorize the entropy into the sum of
the kinetic entropy plus the configurational entropy

d T
— /pad(x, A) In pga(x, N) de = B InT+(V (q, )\>—|—d§—|—Aq(T7 A) = Sp(T)+S,(T, \)

2 2

p p T
—_— ) = —Pa 7’)\dd:—
<2> /2Pd(qp ) dp dq 5

in the equilibrium state (this is the ‘thermal energy’ that remain constant during
an isotherm transformation). This is the thermodynamics definition of temper-
ature as the average value of the kinetic energy. The adiabatic distribution is
factorized into the momentum Gaussian distribution and the coordinate distri-
bution

Pad(q: A) = A7 (T, ) exp (V(‘,}A)> A (T, \) = /exp (V(‘,}A)> dq

where A, () is the partition function that allows to study phase transition in
multidimensional system. We recall that the introduction of a thermal bath
describe the particle interaction under the assumption of molecular chaos so
that the dynamics of each particle can be considered independent, whereas the
potential V(g) is an external potential for each particle depending only on its
coordinates. The average field approach assumes the possibility of describing
the particle interaction not included in the instantaneous collisions using a self-
consistent external field, but this is not justified in many cases. The temperature
T enters in the definition of p,q(g) but it is not the average value of the potential
energy

where we define

V() = 4,1T) [ V@exp(-6V(@) do =~ AT =T

The exception is the quadratic potential V(q) = w?/2 ¢® when A,(T) = V27T /w:
in case of linear force the average of kinetic energy equals the average of potential
energy.
The dependence on A introduces the possibility of performing isotherm transfor-
mations for the system for which a thermodynamics description can be applied
however this requires the assumption that a quasi static description of the sys-
tem is possible. The spectral properties of FP equation associated to the system
(?7) are not easily derived in the nonlinear cases. These properties would allow
to study the non equilibrium and transient states of the system (this is one
of the main goal of the stochastic thermodynamics that aims to characterize
the thermodynamics properties of transient states). One possible approach is
to distinguish between fast and slow relaxing variables and takes only the dy-
namics of the slow variables. The over damped limit v — oo (see section ?7?)
means that the momentum p are fast variables and the dynamics reduces to the
Smoluchowski stochastic equation

ov

dg=———(q,\) + V2T dw;
dq
which describes the relaxation in the configuration space, where 7 = t/v is

a slow time. This limit implies that the spectrum of the FP operator (7?)
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divides into two parts one of which tends to co (x ) and corresponds to the
relaxation process in the p variables, the other part tend to the real axis and
remain finite. The corresponding eigenvectors can be factorized in the Gaussian
distribution for the momentum and coordinate eigenvectors that describe the
relaxation process in the coordinate. ****

The Fokker-Planck equation reads

o _ 00V

0

Pp

0q?

The stationary solution is paq(q, A\) and the FP equation can be written in a
self-adjont form: we look for solution in the form

and we get
d¢ AN V' 8¢
e Texp | =) Zexp [ —— | 22
ot PAT Jdq P T ) 0q
The operator can be put is a self adjoint form by a change of variable
- v \%
¢ = exp <2T)¢ = p=exp <—2T>¢
and we get the FP operator
Teoxo (L) L en (V) 2 exn (L
AT ) 9 TP\ T ) 5g P \ar

The characteristic equation

VA 0 VY 0 \%
= T e e — e P
vo=rew (57) gyow (o) e (ar)
defines orthogonal wave functions with negative real eigenvalues. We have a
Schrédinger like operator

o _1ovifo  1av
dq 2T 0q | |0q 2T Oq

}¢=n¢
We observe that assuming natural boundary condition
0 10V]|o 1 0V
2(q)dg=T / — = —"" | bd
n/fb(q)q %3¢ 3T aq| |ag T 2T 9 | ¢
o 1av] )\
/({3q+2T3q}¢> !
so that n < 0 and we recover n = 0 when

0 1 0V 1%
mtarag om0 = soxew(-x)
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Remark: ¢(q) can be normalized in the £2-norm and the general solution of the
FP equation can be written in the form

t V(Q)
(4:t) = paa(q) + Y _ cne™ exp [ =2 ) dy(g)
rP\a Pad\d o P< 2T) q

We have also the properties

/Wpcﬁg?)%@wm=o [ ontarsuta) da =3,

and the coefficients c,, follow from the relation

o = [ oot 0o (52 ) aq

We observe that the FP operator has the form
L=-TAA

where

A_[a 18V]

J— + [

dq 2T 0q

can be interpreted as annihilation operator when the potential is linear V(q) =
w?q?/2. We have the commutator relations

t 0 1 0V 0 1 0V 0 1ovV]||o 1 0V w?
A= |+ | |-t ||t | |t o

dq 2T Oq 0q 2T 0q 0q 2T 0q| |0q 2T Oq
The eigenvectors of the FP operator can be computed recursively starting from
the stationary state Apg(q) = 0. If p(q) is an eigenvector with eigenvalue 7, we
use the relation

T

w?
LAp(q) = —TATAATp(q) = —T A [ﬁ + T] p(q) = — [vT + w?] A'p(q)

Then we have the spectrum

OJ2

L (A)" polq) = —no

We have a discrete real spectrum with negative eigenvalues that decreases as the
linear force increases: i.e. if w(A) — 0 we have a singular behavior that has to be
studied also considering if the separation between fast-slow variables is still valid.
In a generic situation the possibility to introduce fast-slow variable depends
on the dynamics. Using the Stratonovich interpretation, the MB distribution
p(z) x exp(—H(z)/T) is a covariant object and we can use any set of canonical
variables. In the case of integrable systems we have p(I) oc exp(—H (I)/T) as a
function of the action variables so that the angle distribution is uniform. The
problem is if in the relaxation process the angle variable can be considered fast
variables with respect to the action variables. In the case of linear systems we
have the stochastic equations (Stratonovich form)

- . Ty

0 = w + ysin(20) — 4/ 7o sin(0)&(t)

I =—2yIcos®6+ 1/ ATy cos O&(t)
w
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If v <« w the angle is a fast variable but the deterministic dynamics is not
related to the relaxation process. However it is possible to consider the average
dynamics if w does not satisfies a resonance condition: if we compute the average
on the angle variable of the stochastic equation using the slow angle 6 = ¢ + wt
and introducing the slow time 7 = vt we get

Z¢ = sin(2¢ + 2w/y7)1 \/ZSIH(QH‘W/VT) &(7)
dl
d—T:—2Icos (¢ +w/~7) +\/ - 0s(¢ +w/y7)&(T)

We remark that we have a singularity in the angle dynamics for I — 0 due to
the polar variables not to the dynamics. The averaging principle assumes that if
w/~ is big, the phases in the coefficient of the action dynamics can be considered
random variables extracted form the uniform distribution (i.e. the stationary
distribution of the phase dynamics). This assumption is satisfies when the slow
time scale evolution A7 can be chosen such that w/y A7 > 1. In this case the
action dynamics tends to a stochastic dynamics but one has to take into account
the correlation between the fluctuations in the action and angle variables since
they are generated by the same (7). In particular the angle fluctuating term
gives a contribution to the action dynamics

_g <sin(¢ +w/’yr)£ cos(¢ +w/’yr)> = g (sin®(¢ + w/y7))

¢

whereas the variance of the fluctuating term reads
4IT 9 2IT
o e de=—1m

We have the reduced average dynamics

dI T 2IT

dT_< I+2w>+ w £)
Remark: for a linear systems the averaging process cannot be justified by the
relaxation of the slow angle ¢ (except for low values of the actionl) but it follows
form the unperturbed dynamics ¢ + w/y7 when v — 0. The phase dynamics
could be used to check that the uniform distribution of the angle variables does
not depend on the action evolution, so that it is possible to perform the phase
average on the FP equation.
The average FP equation for the action distribution p(1,t) reads

o 0 o/ T 0
or 81(1_2 *‘[ f)”‘m(” I@I)

We see that the evolution of p(I,t) is singular when w — 0 and in the case of
an adiabatic modulation w(\).

By varying the parameter A we perform an isotherm on the system and the
change of the potential energy (V(g,A)) represents the amount of work per-
formed on the system by the environment

2
(V(g,\) = / %pad((bpa A) dpdq
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>k Kokook ok ok okok sk ok kokosk skokok

0Hy, _ 0H, _ 0°H,

0 7 = (2 -T
Y W, T,z v(p )

ds Jp
— = [ —Ilnpde=D
dt / ot At = Tl
The idea is to prove that in the adiabatic limit the system can be considered
in equilibrium state (frozen system)
In A(T, \)
op

that connect the partition function with the Helmholtz free energy

E(T7 >‘) = <HO>(T7 )‘) =

F=FE-TS= /Hpaddpdq—l—T/padlnpaddqdp =-TlhA
We recall that for an adiabatic isotherm transformation
Fg—Fy=F(T, ) — F(T,\s) =W

where W is the performed work by the system. By varying A, the change of the
energy is defined by two contributions

0
a/H(qm, Npad(q,p, N) dpdg =

OH O0pa
/a(q,pd)pad(q,p, A) dpdq+/H(q,p, A)%(q,p,k) dp dq

A direct computation gives

—T%/pad In paq dq dp = —T/ Opud In paq dq dp

O\
. apad apad
—/H Y dgdp +T1In A(T, \) Y dqdp

apad
= [ H dgd
/ I\ q ap
and we get

OF OH s
N /mﬂad dpdg + Ta (5.23)

We indentify

Ao OH
W(T,\) = — A dA ﬁ(qypd)pad(qyp,k)dpdq

and we extend this definition to non-adiabatic isotherm transformation when
A = ut. More precisely we consider a solution of the stochastic equation (?7?)
z¢(t| o) for a given realization of the noise £(¢), A = ut and a given initial state
xo (2o can be a random variable distributed according to an equilibrium state)
we define

K OH
Wg()\) = —A dt/ a(fﬁg(t | $0),)\a + ut)pad(xo7Aa) dl‘o A= >\a + ut
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and (W¢(\)) denotes the expectation value with respect all the realizations £(¢).
The second principle implies for an irreversible transformation (i.e. p is finite)

(We(N)) < -AF

The idea is to prove that in the non-adiabatic transformation when pu finite this
relation should be the consequence of the difference between the real distribu-
tion p(q,p,t) and the adiabatic quasi-static distribution puq(g,p,t). If we solve
the stochastic equation to compute a single trajectory z¢(t|zo) the previous
condition could be not verified.

5.3 Action-angle variables

Assuming H; = —y/mgq, we perform the action-angle variables using the co-
variance properties of the Stratonovich interpretation of eq. (??7). We have to
compute

{Ho 1) = —(1, N2 9 10 = i 2| g1
o6 |\
and
_oH,  0I| _ JmoH,
D= W‘map w2 Op
OH;

Remark: performing the change of variables in eq. (??) A can be considered
a parameter even if A = put, but in the computation of the differentials of the
new variables one has to compute the variation with respect to A. This can
be performed maintaining the canonical form by changing the Hamiltonian Hy
according to

. oF
HO(av-[?)‘):HO(I?/\)—i_Ma (97[7)‘>

q,1

where F(q,I, ) is the generating function for the action-angle change of vari-
ables.
The stochastic dynamics for the action-angle variables read

- o OF 0H, 0H, O0H,
9 OF OH1\’ OH,
BLETRE)N i — Q2 <80) —V 2T’Yﬁ§(t) (5.24)

where we perform a white noise limit for £(¢). The existence of a stochastic
adiabatic invariance for the action variable is related to the possibility of aver-
aging eq. (??) with respect the noise realizations and with respect to the angle
variable. In the limit of white noise (Stratonovich interpretation) the average
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OH,\?
a0 (aa)
p[Pmom 62 o
T 17002 a1~ 9001 06

action evolution reads

0 oF

(AI) = *M% N

At

] At + O(A?, 2 At)

The last term in obtained by the stochastic fluctuations and it can be written
in the form

0°H, OH, 0°H\0H,  d [8H16H1} 0 <8H1>2
oI

902 O 9001 00 90 | 00 oI 90

The average dynamics for the action can be written in the form

| o oF 9H, \”
0 (0H; OH, & (OH\’ 2 2

Then it is possible to consider the limit of the stochastic process I where we
also consider the average on the angle variable since the angle is a fast variable
and the uniform stationary distribution on the angle can be considered invariant
during the evolution. The average stochastic process I satisfies the stochastic

differential equation
— OHy \*
9

(&), (),
(5.25)

This equation holds if the uniform distribution of the angle is preserved in the
evolution since the angle variable has a relaxation time faster than the action
variable (this can be proven in the limit of small noise). The FP equation for

p(I,t)

o 9 OH;\? o [ (0H\*\ | _ 0% [ (oH\*\ _

%781[9<(89)>6T8]<<69> ) PHTEE A\ a0 7
0 /[ (0H\? 97

The equation (??) can describe the evolution of the action distribution far from

the separatrix curves where @ — 0. In the case of physical systems (cfr. eq.
(??) and Hy; = v2mgq), the diffusion coefficient can be written in the form

OH \*\ 1 [(0H\*\ 1 /p?
00 Q2 Op 02 \m
0 6
that highlights as we have a singularity when 2 — 0 at the separatrix. Far
from the separatrix the p(I,t) is regular and for a fixed A\ (frozen system) the

dI_:—'y
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equilibrium condition reads

01 . B H,
[Q—i—TaI] Peq(I,N) =0 = peg(I) xexp (_T)

but one should introduce the boundary condition when I increases. Moreover
the angle dynamics is not fast near the separatrix and the averaging procedure
is not justified.

5.4 Adiabatic character of the action distribu-
tion

If one considers the evolution of the distribution function p(I,t) average on the
angle variables we get the conjugated operator of eq. (??): i.e the average FP
equation (see. eq. (77))

0

with an error O(p?) that we neglect if p < .

Remark: the dissipation 77! is a relaxation time scale so that we have to con-
sider the relation between the adiabatic time scale 11! and the relaxation time
scale. The adiabatic assumption u~' > v~! means that we have the adiabatic
approximation for the evolution of the distribution function

@ HO (17 .U’t) >

05T
PHEaT

~0 = padu,w:Alw)exp(— !

and the partition function reads

A = o (-2 o

In this case the distribution is independent from the initial condition and the
system is in a thermal equilibrium. The adiabatic approximation assumes the
quasi-stationary condition for the slowly modulated FP equation: the expected
error can be computed in a perturbation way, let

p(It) = paa(l, ut) + pAp(I,t) + O(u?)
A direct calculation provides

op 0 dAp|
n —’yaID(I) {Q(I, /\)Ap—FT—aI } i

w=((%)),

Opad
oA

where we set
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We observe that by scaling the time we define the adiabatic parameter by the
ratio p/v and we require the condition p/vy < 1, Using the relation

i 1 Hy(1,)) _l 0H, _ 0H,

A ey () = 1[S00 [ O patr ] ()
_1[0Hy| /0H,
B T |: a>\ I < a)\ I>:| pad(]’)\)

we see that dp,/OX\ has no component on the kernel of the FP operator. We
recall the thermodynamics interpretation of the isotherm transform and we rec-
ognize in the previous formula the difference between the Helmholtz free energy
(??) and the average work performed during a non adiabatic transformation of
the action I(t;€) (but we average on the angle variables assuming that this is
the stationary condition). If we introduce the evolution operator

df = exp (m;]p(z) {Q(I, A+ T(,?ID = exp (tyLpp(1))

which solve the FP equation (??) for fixed A, we formally have

t
0
Ap(rt) == [ wtas | %t )|+ 04)
0 oA
restricted on the invariant space where the operator is invertible. A direct
calculation provides

Hy HY\ .0 0 1[0 a1 @

that is self-adjoint operator and eigenvalues of the FP operator Lrpp are all
real and negative except the null one. Then the evolution operator ®! is a
contraction and we have the estimate

apad
oA

where A\ is the Fiedler eigenvalue of the FP operator. If A,;, = O(1) the
previous results implies that Ap is bounded O(1) for a time ¢ oc g~ ! and the
adiabatic stationary distribution approximates the real distribution with an
error O(u): i.e. it is an adiabatic invariant for the stochastic dynamics. This
result does not hold near a sepatatrix curve and during the phenomenon of
separatrix crossing the distribution changes.

When the phase space is divided into different region by the separatrix curves,
the previous results apply to each region separately if the transition rate among
the region is much smaller than the modulation time scale. This can be esti-
mated by using the Kramer’s Theory of transition rate.

To study the FP spectrum for fixed A we consider solutions of the FP equation
in the form (only for 1DoF case)

entpa(l)¢77 (I)

. < —1
Jim [[Ap(Z,)] < A

which satisfy

2
1pa (D)D) =2 <(8H) >pa<I>Ta¢’7 — 12 D(1)pu(n) 2

arQ2(I) \ \ ap oI oI oI
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2 2 2
D(I) = g _ 0H, 0I _ 1 0H,
Op dp 0H, Q(1)? dp
The eigenvalues scale as n — 1/~ (i.e. increasing 7 the relaxation time increases)
and the operator

where

o (DA Do)

is self-adjoint with respect the scalar product
60 = [otpuninar

The eigenvectors ¢, (I) are orthogonal with respect to the scalar product and
all the eigenvalues n are real negative.

Near a separatrix curve the adiabatic invariance is lost and we can observe the
resonance trapping phenomenon in analogy with the deterministic dynamics.
The action-angle variables are singular at the separatrix and we have different
action-angle variables so that the FP equation (??) is a local equation in each
region of the phase space. In the stochastic case the resonance trapping is
rule by three different time scales: the angle relaxation time scale that is a
consequence of the fast character of the angle variable due to the frequency
dependence on the action d/dI # 0, the adiabatic modulation time scale e~*
and the Kramer’s time scale due to the transition of the particles between two
resonance region. These time scales have to be separated in a increasing order to
describe the adiabatic resonance trapping into different resonance region using
the equilibrium solution of the FP equation (?7). *¥¥¥¥¥xx

The study of the spectral properties as a function of A is a key issue to apply
an adiabatic approximation. We recall that linearizing the dynamics near an
elliptic point (linear noise approximation) the corresponding dynamics is driven
by a quadratic Hamiltonian system

2
1
Ho(g,p; A) = % +3 > @ VN ae =Y wi(A\)Ie(N)
K nk B

plus a dissipative force and a stochastic term. Averaging on the angle variable
we get the equation

dp o .,/ (0Hy\’ dp
ZF . -0 T2
ot 72}; o1, <(3pk) > [“”“” oI,

where wg is the linear frequency at the elliptic point and by definition we have

<(Zﬁf>=@@=wm

The averaging principle can be applied if & does not satisfy a resonance condi-
tion. The FP equation reads

dp 0 [ T&p]
o9r _ w o o

ot~ 2ean | o an
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We observe that v is a time scale and that the stationary solution is

T 1
ps(I) = ;exp <_T zk:wkfk>

We look for the eigenvectors in the form

exp (—; thfh> pn(I)
h

where p,(I) is a polynomial. A direct substitution gives
n 1 o} 1 Opy
—pp(I) =T = I —1T —= In | =
If px(I) is a polynomial of order n in the action we have the condition

n=-7Y mwr Y mk=n
k k

that shows as the eigenvalues are related to the linear combination of the fre-
quencies wy, and scale with «y. The polynomials py (I) are orthogonal with respect
the scalar product associated to the invariant distribution and all the eigenvalues
are real negative. The linear combination of the frequencies can be arbitrarily
small for n > 1 so that A\ are arbitrarily small but as the polynomial degree
increase the coefficients of the expansion on the eigenvector base decrease so
that the contribution of higher order polynomial can be smallw er than u.

In the 1DoF case, the equation (??) is singular at a separatrix curve since
Q(I) — 0 and both the averaging procedure is not justified and the relaxation
time scale diverges. This is the case when we have a non linear resonance in the
phase space of Hy(g,p; A). However it is possible to derive an adiabatic theory
assuming that p(I;ut) is preserved with a small error is we are not near the
separatrix and it has an absorbing boundary condition at the I, the singular
action value at the separatrix.

5.5 Stochastic adiabatic theory

The generalization of the stochastic adiabatic theory in presence of non-linear
resonances in the phase space is based on the following picture (to be analytically
justified). The phase space is divided into different areas where local action-
angle variables can be introduced and we have a global diffusion dynamics due
to a thermal bath. In the 1DoF case we have the FP equation

dp 0 0?%p p?

F__p Zor Tyl Hy =2 1 V(g ) 5.28
5t Hop+vapp+ V32 0=+ (g, ) (5.28)

If Hy(q, p; ut) is slowly modulated p < 1 the adiabatic distribution corresponds
to the MB solution

p(g,p, 1t) = A(N) " exp <W>
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Remark: the adiabatic distribution is Gaussian in the momentum p so that
(p?) = 2T for each degree of freedom (this is the definition of temperature).
However it is not possible to separate the relaxation time scale of the coordinate
dynamics except in the over damped limit v > 1.

We have seen that if the Hamiltonian is integrable and the frequencies (1)
do not satisfies resonance condition (in particular in the 1Dof case we have no
separatrix in the phase space). Then if the phase space has a bifurcation phe-
nomenon during modulation the adiabatic invariance of the distribution is nor
guaranteed. In the case the phase space has a sepatatrix a possible extension of
the adiabatic theory would be to use the action variable in each region of the
space so that we expect that the adiabatic distribution in the action variable
p x exp(—Hy(I,\)/T) is almost constant for long time and to introduce the sep-
atarix as an absorbing boundary condition (in the action space) for the average
FP equation. In the case it is possible to use the Kramer’s Theory to estimate
the probability to cross the sepatarix in the different region. The slow modula-
tion effect is to move the separatrix in the phaase space so that the transition
rates change. The theoretical problem is to show that if the modulation is slow
the real distribution is well described by the adiabatic distribution rho(I; ut) is
each region since the relaxation time scale is faster than the Kramer’s transition
scale and the contribution of the action dynamics near the separatrix (where
the angle are slow variables) is negligible. ***** One can introduce an improved
action variable

I=J+ e%—(g(a, J, ) (5.29)

where the generating function G(6, J, \) satisfies the homological equation
G 1 /" OHo| [ 0H, &
00 Q2(J,\) N |y N |y

The solution is formally written as
G0 J)\)1/9/9' OHy| [ OH, do'do
TTTQ2(,N) oX |, , ox |, ,

where the integration defines a primitive function (we could require a further
condition like that G (6, J) vanishes at a given section in the phase space). Using
the improved action variable the Hamiltonian (??) reads

Ho(J, ) + eHy(¢, J,NE(t) + O(*)E(t) + O(e*)

where the new angle ¢ is implicitly defined by

oG
=0+e—(0,J,\
6=0+ 520,
We remark as all the transformation are singular as Q(I,A) — 0 that corre-
sponds to crossing a nonlinear resonance.
The stochastic equations of motion are

OH;
Qo(J, \) +6W5(t)

0H,

*wa(t)

¢
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where we neglect the error terms. In the diffusion time scale 7 = €2t we can
describe the evolution of the improved action as a diffusion process according
to the diffusion equation

dp 10 dp
ar ~ 207775 (5-:30)

where the diffusion coefficient is computed from the expectation value

D(J,)\):<<8Hl> > // ))dtds

assuming that the angle are relaxed to the uniform distribution which is invari-
ant at the diffusion time scale. In the limit of a fast decorrelation of the noise
at the diffusion time scale

D(J,7) = <<3;§1 6, J, )\)> > (5.31)
6

The distribution function p(J, 7) form the equation (??) differs from the distri-
bution p(I,7) by terms of order O(€?). Therefore the evolution of the action
distribution at the diffusion time scale is not affected by the presence of a slow
modulation A\ = €2t in the Hamiltonian up to an error of order O(e).

5.6 Remarks on perturbation theory

The perturbation theory for Hamiltonian systems is strictly connected with the
definition of Arnold-Liouville integrability
In the case of a Nekhoroshev like estimate for the diffusion coefficient
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Appendix A

The two degrees of freedom

Remark: in a two dimensional case one expects perturbation expansions in

action variables
k| ||
Z B i eik01+ih0:
I3

so that a scaling of the variables I = I; / I (the transformation is not canonical)
changes the equations of motion according to

i 1 0H

o !

We consider a diffusion coefficient of the form
hiw(I) = 8507 D (I + I2)

that corresponds to a Laplacian operator

We introduce the new actions

J = Li+1
JQ == Il—IQ

and we use the Ito calculus to change variables

1 oD
—(0? + 02)==dt + V' D(o1dw; + oodws)

d = d +dlh) =
N 1 dlz) =3 a.J;
1, oD 5
dJQ = (dIl — dIQ) = 5(0’1 — )Wdt + (aldwl - O'Qd’(l}g)

The new Laplacian operator reads

o?+o05 9 0D O’%—O'QaD 0
+
2 8J1 8J1 2 8J1 BJQ

2 2 2
Ul+02 8 a 2
2 (8J2 (J1)+D(J1)8J22>+(01 )

0 0

a.J; anD (1)

101
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We remark that there always exists a solution of the FP equation of the form
p(J,7) = p(J1,T) such that

dp oi+o03 & 0D o?+o03 9? o?+o3 0 0
“F i —~ D — D i
ar 2 95,07, 5 aplUur > a5 PG gr

and that the Laplacian operator corresponds to a skew system if o1 = o9 (see
appendix). We have also to take into account the boundary conditions that can
be not invariaant with respect to the change of variables.

From a perturbative point of view, the assumption that

D(I)ZD(O‘111 + 0315) I1,I,b >0
means that the phase space is foliated into surfaces
o111 + 0215 = const.

where the diffusion dynamics is the same.

A.1 Stochastic symplectic maps

An analogous approach can be performed to study the perturbed symplectic
maps of the form

(9n+1) _ <9n + eang(Gn,In;e)) R (97,, + Q(In))

In+1 N I, +5£nM1(9naIn;6) I,

where the stochastic perturbation is a symplectic maps tangent to the identity
and &, are independent identical distributed random variables with zero mean
value.

Remark: the random variables change any unit time so that we have a cor-
relation inside each time interval. This means that the random perturbation
cannot be described by a white d—correlated noise e one has to consider the
perturbation effect.

Remark: without loss of generality we assume that the perturbation map can
be represented by a Lie transformation with Hamiltonian H; (6, I)

On + €6 My(0n, In;€)\ 0y,
(In + anMj(en,In;ﬁ)) = exp(e&n, Dg, (0,1)) (In)

Let R the integrable map and M,, the stochastic map, the evolution is the result
of the composition of the maps

xn+1:MnOROMn,10R ..... OM()OR(lf())

from a given initial condition and a realization of the &; variables. It is convenient
to perform a time dependent change of variables using the slow angle

on = 0, —nQ)
In I,
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Then y,, = R~ "x, and we have

Yny1 = R " 'oM,oRoM, 10R...oMyoR(y)
= R 'oM,oR"oR ™0 M, 10R"...R"" o Myo R(yo)

We use the property of the Lie transformation (R* is a canonical change of
variables)
R o exp(e€, D, ) o R* = exp(e€, Dy, o)

where
Hy o R* = Hi(¢ + kQ(J), J)

The main idea to apply a diffusive approach to the stochastic dynamics is to
show that an averaging principle holds on the angle variable for € < 1. In the
diffusion time scale 7 = €2k one can perform a continuous limit e = v/Ar and
one interprets the maps

eXp(anDHloRk)

as a stochastic discrete dynamics according to

Xy o)

OH OH
Ops1 = On+ egka—;(ok + kQ(I), I,) + egkka—el(ek + kQ(I), I,) 5

OH
Iy = Ik_ﬁfkT;(ek+kQ(Ik)7Ik)+O(€2)

Remark: the average value of the term O(€?) should be explicitly computed, but
we know apriori that the diffusion limit will provide a Fokker-Planck equation
in the conservative form. Then the drift coefficient is related to the diffusion
coefficient determined by the fluctuating terms O(e).

Let €' > N > 1 we consider an average approach over N steps

On

0o + e\r Z Ek 8H1 (Ok + kQUI), Ii)

=+ €N3/2

Q([k) + O(Né?)

)81

N—
8H1
N3/ kzzj (O + kQI3), I

Ikvr = I — E‘F\ﬁ Z €k6H1 Or + kQ(Ik), 1) + O(Ne?)

The limit N — oo with eN3/2 oc VAT (7 slow time) implies that the actions
can be considered constant whereas the angles tends to a diffusion process with
diffusion coefficient

N osH 00 OH o2
Z kn 71 (0 + kQ(I), )31 891 0+ nQI),1) 5']( VE(Ek€n)
nk 0

Remark: Dg(I) depends on the derivate 9Q/0I that is assumed of order O(1)
and it vanishes for linear systems.

Remark: we have a dependence on 6 if resonance conditions hold h-Q=2mn.
The relaxation time scale in the angle variables is of order (¢2N3)~! so that
when the iteration N ~ ¢~2/3 the angle relaxes but the actions change of order
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O(e?/3) and can be considered constant. On the contrary in the diffusion time
scale e/ N o< A7 (7 is the diffusion time) the angles can be considered relaxed
and the action diffusion coeflicient reads

N-1
Di(1) = <}V X Gk n o nQ<I>7I>E<fksn>>e

where the average <>y is justified since we have the relaxation of the angle
variable at a time scale N o ¢72. In the case of a §-correlated noise F(£x&,),
the diffusion coefficient reduces to the random pahse approximation

OH 2
Dr(I) = ([ —-(6,1) ) Jo (A2)
00
This equation requires N sufficiently big so € has to be small. (cfr. Averaging
Principle section).



Appendix B

1D Stochastic Hamiltonian

In the 1D case the diffusion equation for a stochastically perturbed Hamiltonian

system has the form
op 10 ,,..0p

or 201 ()E

2~ pry— L[ (9
A AT << i) >9

and 7 = || H; ||?t is the diffusion time. Then the scaling parameter in the defini-
tion of the diffusion time allows to normalize the diffusion coefficient

Irlbs
/ R*(1)dI =1
0

Moreover if the diffusion coefficient can be written in the form

no(3)

the dependence of the parameter I can be absorbed by a scaling on the action
variable I /Iy — I’ that corresponds to a scaling in the time scale 7/I3 — 7'.
Of course one has to consider the change in the boundary conditions. To study
the 1D case, we consider a FP (??) of the form

op __1odh 10

or — 20Jd1" " 2002
We can define an effective potential V' (J)

where

Joar T ) hdl

that introduces a drift term towards the boundary condition at J = 0 if we set

Lo qr
== [

so that limy_,o J(I) = —oo. The FP equation assumes the standard form

9 19dv. 18

or 20747”2092

vy =— [ Mgy /1@d1 — _Inh (I(]))

(B.1)
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V(J) is a decreasing potential as J — 0~ so that it introduces a drift force
towards the absorbing boundary condition. We use the eq. (??) to study the
diffusion of weakly chaotic Hamiltonian system in presence of small stochastic
perturbations. According to a Nekhoroshev-like estimate for the perturbation
term in the Hamiltonian (??) we assume

-l ()

where I, depends on the nonlinear terms and the exponent « is usually related to
the dimension of the system. Then we remark that the diffusion coefficient h?(I)
tends to zero exponentially fast as I./I — 0 so that the relaxation time scale
depends strongly on the initial condition. We are interested in the evolution
of an initial distribution with an absorbing boundary condition at I, < I,.
The main problem is to estimate the current at the boundary condition and its
dependence from the parameters of the diffusion coefficient. The parameter €2
has the dimension of a diffusion coefficient [I?/t] but can be scaled introducing
a slow time 7 = €2t. The FP equation (??) can be associated to a stochastic
differential equation in the slow time 7 = €%t

a (L\® [ IL\"“ IL\“
dl = T <I> exp -—2 (I) :| dT—|—eXp |:— (I) :| dw-,—

Introducing the adimensional action x = I /I, we have

[ 1\“ 1\
dr = e exp |—2 | — dr +exp|— | — dw;
I2ge—1 i x x

The change of variable

y:—/:aepri)T dv  wa =o)L

reduces the evolution to the form

with an absorbing boundary condition at y = 0 and

== [ () |

Remark: a(y) > 0 represents a external forcing towards the boundary that
vanishes when z — 0 (i.e. y —» —00).

If one neglects the effect drift field a(y), y(t) is a Wiener process with an ab-
sorbing boundary condition and the fundamental solution is

p(y,t) = \/;W [exp (sztyO)Q) — exp <(y_2§/0)2>] y<0

with p(0,y) = 6(y + yo). Then we compute the probability current J(¢) at the
absorbing barrier is

0

1
J(t)zia—z

S TR
y=0 \/2mt3/2 2t
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J(t) has to be an underestimate of the real current since a(x) > 0. In the initial
variable we have

Yo Z/(QJ I L\"
J(t) = 27 Wexp (2t> Yo = *Z . €xp |:<I) :| al (BQ)

Given a generic initial condition p(Iy) in the new variable we have

p(Io)%) = Lp(lo) exp [(_ﬁoﬂ

where Iy = I(yo) an the total current is

J(t) = Mﬁ /_ uliexp (-%f‘”) p(Io)dIo (B.3)

We observe that the current vanishes at ¢ = 0 and increases up to a characteristic
time of order ¢ ~ y2: around t ~ y2 the current is stationary since the function

fly) =ye v /2

has a critical value at y = 1 and the current is stationary at a local maximum at
y2/t ~ 1. Due to the sensible dependence in the exponential one can estimate
the integral by using the biggest term

[ o[ (5) Jor=ee[(5)

where C' is a suitable constant. Then after a transient time, one expects a
constant negative current at the barrier due to the particles distributed near

the position I,
L\“
J(Ip) ~ Cexp [—2 () ]
Iy

We propose two different approaches assuming that after a transient time the
system relaxes in a condition where the evolution of an ensemble of particle at a
position I = Iy mainly depends from the value Iy. This assumption is satisfied
when the derivative dh/dI > 0. One can estimate the average current measured
at the absorbing barrier during time under the assumption that, during the
evolution, the particle distribution is divided by a small region into two parts
with different relaxation times. This means the time 7([) is strongly dependent
from the point I (it is true when d7/dI > 1). In a quasi stationary condition the
escape rate of a particle at the position I in the interval [7, 7 + d7] is estimated
by 1/7(I) since the main contribution to the average first passage time is the
time spent near the position x = I, then we have

dp __p(,7)
E( )= 7(I)

since one neglects both the incoming probability at the position I in the time
dr and the surviving probability once the particle has left that position. The
evolution of the distribution function is approximated by

p(I, At) = p(I,7)exp <7‘?It)> (B.4)
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In the case of a Nekhoroshev like diffusion coefficient

h%(I) = €% exp [—2 <Ij)a]

the average first passage times reads (see Appendix A)

I, I « u 62ua
7(I) = 262/ x exp {2 (*) ] dx = 26213/ 5du
I xr Ia/I* u

where u = I'*/x and we set u* = I*/I, ~ 1. A crude estimate for the integral

when u > 1 is
U p2u” 1 e2u” | 4—q [U e2u”
/ 3 du = >~ 4—« - / 5—a du
w U 2a u w 2a0 J- u
The first term gives the main contribution to the integral when u > 1

u e2ua e?u“
3 du ~ 7
1 u utTe

I4—a I* a
7(I) ~ 26 JERD exp {2 <I> }

In the previous case 7(I) has a weak dependence from the position of the ab-
sorbing barrier. In an analogous way one can compute the stationary solution
ps(I) when a source is set at I = I; and an absorbing boundary condition at
I1=1,

so that

0 0

We have

Iq
ps(I):Q']/I e(y_ls)h;l(yy)

where J is the incoming particles flow at the source. The escape rate k(Is) can
be estimated by the integral

L 4l p o dz
N(I,) = 2J/I / @(z—ls)hgl(z)dyz 2J (I—fs)/l h;j(z)

and we have

k(1) = N(JIS) - 2/Ia (I - Is)hf(fl) x Ua ;215)2 exp {2 G)T (B.6)

S

dl

“ Ia
—|—2J/ I-1)——
e

s

and we recover an the evolution equation similar to (??). All the previous
approaches suggest the current the absorbing barrier is proportional to

el

for a Nekhoroshev’s like diffusion coefficient with a strong dependence from the
initial condition.



Appendix C

Evaluation of the first
non-zero eigenvalue

Let us consider the 1d-Smoluchowski equation

op 9 adv 9?p

It is possible to change the diffusion operator to a self-adjoint form by introduc-

ing
p(x,t) = exp ( V(x)) p(z,1)

2D
Remark: the operator
r g dv . 0?
FP oz dx ox?
satisfies the detailed balance condition for the stationary state and it is self-
adjoint for the scalar product

(o) = [ e (52) steaa

Indeed a direct check shows that

(1-era) = [ 1o (V52 £rraterio = [Cens)exs (V52 e

Then the transformation reduces the scalar product to the usual form: this is
possible only if the detailed balance condition is satisfied.
A direct calculation provides

V@\op _1odv. (V) 9 e (V) Op
exp( 2D ) ot 20x dx exp( D p—i—Daxexp 2D ) Oz
and finally

ap 1|d?V 1 (av\® 9%p

2 d;z:2_2D<dz> P+ Do (©2)
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The eigenfunctions ¢, (z) of the equation (?7) satisfy

1 A2
D [a(z) — A ¢a(z) = Ir2

@=Ll (W) &V
=5 12D d dx?

The solution is expanded in the form

)= ex(t)pa(x)
/\

where

where
ex(t) = ex(0)e™

and we have the orthogonality and completeness condition
/dﬂé‘(bx Jox () = 6(A = X) Z@ =6(z—a')

Using the initial condition

plas0) = e (550 ) o(e.0) = o0 (550 ) S er @)

exv(®) = [dresp ( ) p(2, 06 (2)

In the case p(x,0) = 6(xz — o) the final solution reads

p(x,t) = exp ( (V()QDO)> Zef)\t@\(%)@\(l’)
A

we get

If we set an absorbing boundary condition at = 0 (p(0,¢) = 0), then we require
#(0) = 0 for the eigenfunctions and the current at the barrier reads

J(t) = D%(O,t) = Dexp (—(V(O)Q_Dv(xo)> z}\:e_)‘t%(ﬂco)%ﬁ)\m) (C.3)

We see the existence of different decaying scales related to A~! and to the initial
condition.

Let us consider the case V(z) = —vx (i.e. we have a constant drift toward the
barrier) with an absorbing boundary condition at = 0, then a(z) = v?/4D
and the self-adjoint operator reads

1/2 32
2 i p=
4D + Ox?
and it is negative defined, so that all the eigenvalues are < 0; indeed D9? /922 is

also a negative defined symmetric operator and we have an upper bound to the
spectrum (except the zero eigenvalue) < —1?/4D. The eigenvector equation

1 I/2 d2¢)\
55| @ =T
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with the boundary condition ¢ (0) = 0. If we set

we have non-trivial solutions with

1 . kx )
A(x) = \/7 sin | —==
o) = (5
(the factor is a normalizing condition). The zero-eigenvalue corresponds to a

trivial solution and we have an upper limit for the negative eigenvalues from

the condition

v? v?

— —-A>0 = Amin = ——=

4D 4D
)\;Lin defines the decaying characteristic time for Fiedler’s eigenvector. Therefore
the existence of a constant drift field implies an upper bound to the Fiedler’s
eigenvalue. As an example we compute the current at the absorbing barrier for

v = 0 so that ¢y (z) o« sin/(A/D)x, then from eq. (??) we have

J(t) = g/o e M sin (\/ gx()) \/ l);d< g) = %/0 e Pt sin (uzo) udu

where A = u2D. The integral reduces to a Gaussian integral since

2 2
et <o o5 o )

and
1 [o® 2 o0 2
272'/0 exp {—Dt (u — lQ%t) } udu —/0 exp {—Dt (u —1—1%) ] udu
_ = o |2 _ o ™
= [m exp {Dt (u - ZTDt) ] udu = T (D72
Then we get

I = 2 e 75 /OO e 2Dt ( ;20 )2 du = e 3 o
= exp| ——2 xXp |——— (u—i—) |udu=exp|——F | ————
omi P\ 4Dt ) | P 2 2Dt P\71Dt) VarD(20)3/?

that coincides with the results (??). The presence of a drift field modifies the
previous calculation and we define A — v?/(4D) = k3 = u?D and we have the
relation

k 2 2 2Dt 2
Atii\/—%xoz (u2D+4VD>tiiuxo=4VDt+2(uiixo) + 0

we get the Gaussian
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Let V(z) = —vx, the current reads
J(t) = exp _Pro _ th T\ wo — exp (o +vt)? 0
2D 4D 4Dt ) \/2mD(2t)3/2 2Dt V2mD(2t)3/2

and we have a current describes by a moving Gaussian towards the barrier
which is diffusing. In an adiabatic approximation it is possible to approximate
the current for a slowly varying drift in the form

(‘I’t(xo))2) To
2Dt ) \2mD(2t)3/?

J(tzo) =~ exp (

where ®(z) is the phase flow of the drift force
dz av

dt — dw

This approximation holds if the drift dynamics of the distribution is well approx-
imated by the dynamics of the initial condition xy (average field approximation).
J(t) = dP/dt has a physical dimension [t]~! so that it is a scalar with respect
a change of variables. For a generic initial distribution po(zo) we have

N 1 > (9 (20))?
J(t) ~ \/FD(W/O To exp <_2D(1)t> po(o)dxo

We consider an explicit example with h(I) = n(I/I,)", we have the FP
equation
o0 a0 (1" o
ot 2 0I \ L oI
To simplify the formulas we introduce the scaled time 7 = tn?/(212) and the

scaled action u = I /I, and the FP equation reads

ap_ﬁ Zn@

or  ou" ou

and the change of variable (??) reads

7= 7/10 a Z;: - ug—l(ln 1) [1 B (fj)n_l]

In the new variable the FP reduces

aﬁ _ 8 n—1 a2ﬁ

ar ~ as™ U amy
where u
u(J) = -

(1—(n— 1)uZﬁlJ)1/(n_1)

The fundamental solution depends from the initial condition Jy(ug), ug €
[0, I,/I.] and we integrate the drift field

dJ _dud) _
dr  drdu

n—1
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so that J ) )
L | _
P = ug(nfl) T2 2n(n —1)7
and
1 1 1 2(n—1)
J(1) = — 1—2n(n—1)u T J <0
() mn[wrl %an (n— 1) <

Remark: the previous expression is singular in 7, but our approximation holds

only when 2n(n — l)ug(nfl)r < 1 so that

1 2(n—1 1 e

= \/1 —2n(n — 1)u0(n )7~ —Ty n(n —1)r

0 g

and
1 1 1 (n—1) (n—1)
J(1) ~ — -1 = J
(7) (n—1) [ug—l ué"_l) + U n(n )T] 0+ nug T

This condition defines a time scale in the initial variables

12 I 2(n—1)
ts ==
<= (1)

as a function of the initial condition Iy: the r.h.s. defines the dynamic aperture
time scale at the initial condition .

An approximation for the current at the absorbing barrier for po(I) = §(I —
Iy) is given by

- 2
Jo e (JO + nuéﬂ 1)T)
«p | —
V2m(27)3/2 P 2T

Jo(T) =~

Finally in the initial time 7 = t?/(21?) and using the initial action I = ul, we

have )
2Jo I3 (2120 + (In/1.) " Ynn?t)
Jo(t) » ———=—exp | —
VTt3/2 41202t

(C.4)

where

Jo =

1 [t !
<nn[m“1_%”4

The same procedure can be applied in the case of a Nekhoroshev’s like diffusion

coefficient
h ! e L\*
) = pexp [ -2
) TP T

We perform the change of variable

T T—
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where u = I/I, and we use the scaled time 7 = tn?/(2I?). The drift field for
the new FP equation is
aJ
dr
assuming an average field approximation. Then we get the expression for the
out-going current in the initial time 7 = tn?/(212)

2JoI2 + « (I—O) o exp — (I—O) - n’t
QJOIE * 1, 1.

lv=roaad PyEer (C5)

au™ " texp (—u) " ~ aug * exp (—ug)

Je(t)

Remark: the different between the expressions (??) and (??) is the drift field we
consider constant, therefore the quantification of the out-going current depends
on the value Jy. Indeed if one introduces = = Jy/+/7 and we neglect the effect
of the drift, the both expressions are

y a? z?
Je(z) >~ J; 24ﬁ exp (—2)

Therefore J; 2 is the scaling factor for the current and its evolution time scale
is

212
te ~ 772* Jg

A crude estimate gives

J2 N # £ 2(n—1)
0= o102 \ T,

for the power law, whereas we have

L\? L~
Jg ~ (I) exp <2IO >

in the Nekhoroshev-like diffusion. Then we expect a different scaling of the
current as we move the initial condition Ij: in the first case the current decreases
as a power law and the diffusion time scale increases by the same factor; in the
second case the current decreases exponentially

x I—* 26 72£a
) P\

Taking into account that the diffusion time is also scaled, the time to loose a
fixed AP fraction for a delta(I —I) initial condition is computed by integrating
the current

Tp 3 2 dt I2 Tp .IQ
A= [ rwar~g2 [ F_ _wNadt L / _z
/J (t)dt ~ J, /o NG exp( 5 dxdx N X exp 5 dx

where we use

2RI dt 2312

= —_ =
nlx dz n2z2



Then we get a relation between AP and z,

12 x2
AP =+ (1 _exp (2P
v (oo (-F))

and we estimate the dynamics aperture time scale

2

n*xp

ap

that is consistent with ..

115

(C.6)
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Appendix D

First passage time and
transition rate escaping
from a barrier

We first consider the generic diffusion problem

dp

E(!E,t) = Lrpp(z,t)

where L p is a generic Fokker-Planck operator and we assume that = € Q2 and

09 is an absorbing boundary condition p(z,t) =0 at x € 9Q Vt. By definition
the probability to be in £ at time ¢ for an initial condition §(z — a) is

Po(tla) = /ﬂp(m,ﬂa)dm

Let t, the first passage time at 02 for a realization starting from a at ¢t = 0 and
let p(t|a its probability distribution, we have by definition

/toop(s

since 0f) is an absorbing boundary condition. Then

a)ds = Pq(t|a)

|
0
p(tla) = a—p(x,ﬂa)daj = | Lppp(z,t|a)dx (D.1)
o Ot Q
To get an equation for the average first passage time 7(a)

T(a)/Oootp(ﬂa)dt/Q/Oootgtp(x,ﬂa)dtdx/O.Oo/gp(x,ﬂa)dz:dt

we use the adjoint operator L} p and taking into account the boundary condi-
tions

LTFPT(CL) = _/0 /QLTFPp(x,ﬂa)dx dt
117
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Remark: L}P acts on the initial state a. From the Kolmogorov relation for
Markov processes we get

0

—/ dtp(z,t|xo, s)p(zo, s|a,0)dxg =0

Js Q

so that
/dx (o, sla O)2 (z,t|zo, ) + p(a, t|z s)g (zo, sla,0)
0 0P\ Zo, ) aSp ) 0> AT, 0 an 0 )
0
:/dzop(mo,s|a,0)%p(az,t|z0,s)—|—p(:c,t|330,s)ﬁppp(x0,5|a,0)
Q

Then 5
/ de |:asp(xat|x0>s) + LTFPp(x7t|x07s) p(an S|a’70>
Q

and since we consider a stationary process

0 0 0
%p(x,ﬂmo, s) = ap(x,t — 8|@o,0) = —ap(x,t — s|xg,0)

Letting s — 0, one gets the adjoint equation

0
5P t1a,0) = —Lizpp(z, t]a, 0)

According to the previous result, the average first passage time reads

L}PT / /LTFPpa:t|a Ydx dt = // o p(z,tla,0)dt dz = — /535 a)d

since lim;_, o p(z, tla) = 0 due to the presence of an absorbing boundary condi-
tion. In an explicit form we have the equation

L pr(a) = -1 (D.2)

Similar equation can be obtained for the variance of the distribution p(t|a)
o?(a) = /000 t*p(t|a)dt — 7%(a) = —2 /OOO/Qtp(:L‘,ﬂa)dm dt — 72(a)
Then we have
L}Paz(a) =-2 /000 /Q tLTFPp(a:,t|a)dx dt — LLPTQ(CL)
Using the relation

/ / p(z, tla, 0)dt dx = 72/ / (2, t|a, 0)dt dz = —2 /OO tp(tla)dt = —27(a)

we finally get the equation

LY p0%(a) = —27(a) — LI, ,7%(a) (D.3)



119

We specify the previous relation in the self-adjoint case (1D-Hamiltonian case)

10 0
Ler =55, P05,
one gets
dp
Lrpp(z,tla)de = — D(z)=— -do
Q o0 Ox

that defines the outgoing current through the boundary 002 at time ¢. It is
possible to evaluate an average value 7(a) for the first passage time starting
form a point a

10 0
3907 Wg, =71

so that

7(a) = 2/(1% Dfx) dx

where we set the boundary condition 7(z,) = 0 at the absorbing boundary
condition x,. Then from the relation

(D.4)

10 0 b or o 9
§%D(l’)%7’2(x) = %D(.’E)T(x)% = —27'(:6) + D(CL‘) <8x>
we get
10 9o 97\ 2 14
3@ =D (5) =5t )
and

o?(a) = 8/;a D:E(Qx)/l% ﬁdydw

We remark that the computation of the average first passage time requires the
knowledge of the evolution at all times, however this result can be related to
the escape probability rate. Let us apply the first average passage time to the
computation of the Kramer probability escape from a potential well. We start
from the Fokker-Planck equation

%

ooV P _Op
ox 6mp

oxr2 ot

where the potential V' (z) has a minimum at = z( and a saddle point at x = x;.
The average first time 7(x) is written

oV or

Ox Ox

and we get

0a?

2
37':_1

oo (1) e ()

The previous equation can be integrated

() [ ()
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where we assume lim,_, o, V() = co. The final result is

@) = [l)/m exp (vg,)) /: exp (—Vl(;)) dzdy (D.6)

Then the Kramer’s estimate follows by approximating the integral at the critical
points of the potential (z, is not set near the local maximum 1) so that the
result independent from x. The transition rate is defined

I
-

It is critical to understand the underlying assumptions for the previous estimate:
the fact that k. does not depend on zx is due to the fast relaxation scale time
inside the potential well with respect to the escape time scale from the potential
well and to the quasi-stationary distribution that concentrates the particles near
the local minimal point where the effect of the potential can be approximated
by a parabolic potential: then we estimate 7 ~ 7(z) where x ~ x.
In a analogous way one considers the stationary solution in presence of a local
source at xy; < xg and the absorbing barrier at z; < x,. The stationary
solution obeys to the differential equation

§ v 8%p

that can be integrated

p(z) = %exp <‘;(I)) /: exp (Vl()y)> Oy — xs)dy

The parameter J defines the current at the absorbing barrier and the transition
rate can be computed as the ratio between J and the number of particles in the
potential well, k. = J/N where

N = l‘;/; exp (“g”) /; exp <Vl()y)> Oy — z)dy da (D.7)

and the Kramer’s estimate follows by approximating the integral (??). Assum-
ing that V(x) has a local minimum A and a local maximum B z; < x4 < Tp
We apply the previous results in the Hamiltonian case when the operator Lgp
is a self-adjoint operator and the first passage time equation (?7?) is

0,5, .0 _
%h (a)%T(a) =-2

with lim,—0 h(a) = 0. In the 1d case with an absorbing boundary condition at

T4, the equation reads
0 2a

%T(a) = _hT(a)
so that

T(a) = /Ia hziéc)dx a>0 (D.8)
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(Gaussian Processes

Given z; j = 1,..,n Gaussian variables we have the join distribution
_ 1
p(z1, .., 2,) = [(27)"det X 2 exp <2xTElx>

where 3 is the correlation matrix. It is clear that the second moments have to
define all the higher order moments of the distribution. It exists an orthogonal
matrix O such that OTY0 = A where A is a diagonal matrix and we can
introduce the independent variables © = O'x with variance A. Then we compute

< Tijy oLy > = <Oi17j1uj1 """ Oi2k7j2kuj2k>
(E.1)

= Z OTleAleSlyjl """ OrkajkAjkOSkvjk
{(r1,51),0(riessk)

{(r1,81),-5(7k88)

where the sum runs over all the possible different k couples (not ordered) that
can be obtained from the sequence of index iy, ....,79; and we have used the
definition ¥ = OAOT. In case the previous expression is independent from the
couples {(r1, $1), ., (g, Sk) }, we have

< Ty Ty, >= (Qk' — ].)”2“22 ..... by

i2k—1,52k

which generalizes the relations among the cumulants for Gaussian variables.
Let us consider a Orstein-Uhlenbeck process z () so that

< z(t)z(t+7) >= o exp(—|7|)

Given n-times t; < to < ... < t,, we can construct n Gaussian variables x; =
x(t;) whose correlation matrix reads

Ci; = o exp(y|ti — t;])

and the joint probability function is

o(x1, .., xn) = [(277)"detC’]_1/2 exp <;:cTC’1x>
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The inverse matrix C~! has a very simple tri-diagonal structure

d1 —€1 0 0 0 0
) ) —eq d2 —€2 ... 0 0 0
C =0~ "
0 0 0 L ) dn,1 —€n—1
0 0 0o .. 0 —€n—1 dy,

where introducing

_Jo =0
" expl—(tiv — 1)) 1<i<n-1

we define
0 1=0
e; =qri/(1—12) 1<i<n—-1
0 1=n
and

di=1+rie;+ri—16,1
Let us explicitly compute

n
2TC 1y =02 E (dix? — 2e;_17;w;_1)

i=1

then a direct substitution of the definitions give

n n

2 2 2 2

o g [(1 +ric1€ei-1)xi — 26,‘_11‘,‘.%1'_1] +o E rieT; =

i=1 i=1
n

0'—2 Z [(1 =+ T‘iflei,l).’[?? — 2€;_1T;x;-1 + 7“1',161‘,1.%‘1271]
i=1
and finally we get the expression
zn: (ﬂfz - Ti—lﬂﬁi—l)Q
= o?(1—r?y)
so that the joint distribution can be written in the form

n

p(x1, .y xn) = [(277)"detC’]_1/2 exp (— z_: W)

Remark that the distribution is singular if r; = 1 (i.e. ;41 = ;). After some
calculation we also get

n

1
detc'=]] ——————
H 02(1 _ ri2_1)

i=1

Let us estimate the expectation value

/li[xip(x)dx
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(n should be even otherwise the expression vanishes). According to the result
(A.1) we ave to consider all the possible n/2 couples obtained from the indexes
1,...,n and compute the corresponding correlation coefficients. Starting from
the case (n,n —1),(n —2,n — 3),..,(2,1) we have a contribution

n/2

o"exp | —v Z(t% —t2i—1)
i1

and all the other cases can be obtained by exchanging indexes among the cou-
ples. Any exchange between the indexes j,k (j > k) implies a factor

exp(=2v(t; —tx))  t; >tk

which multiplies the previous contribution. Therefore in the white noise limit
7,0 — oo and o2/~ finite, we have the weak limit

n/2

/H%P dI—)Hétm—tm 1

Finally we consider the expression

/Ot dtn..../0t2 dh(f_[m(ti» — 27}7_1 <</Otx(s)ds)n>

since we can exchange the integration indexes. [ x(s)ds is a Gaussian variable
and we have the relation

n n/2

/Ot dtp.... /Ot2 dt1<£[l z(t;)) = o" n2: 11 M (/ / exp(—7|s — u|)dsdu)

This result has to be consistent with the relation (A.1) so that we get the
equality

/Otdtn..../om dt1<ﬁz(ti)> ;7211” (/ / exp( fy|5u|)dsdu>

2

/2

For a Gaussian variable = of average value < z > and variance ¢, we have the

following equality
2
< exp(z) >=exp (< x> —5—2) (E.2)

For the proof we use the identity

n

<z"> = <((z—<z>)t+t<ax>)">= _—
( <=3

n!
<(z—<z>) ><ax >

n/2 |
_ o 2k n—2k
= Z%'(ni%) (2k — o™ <z >
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then we get
n/2

n!
no_ 2k n—2k
<z >_272kk!(n—2k)!a <z>
k=0

Then we consider the exponential expansions

n/2 2%k
<z > <x>M o
i< ew (7 ) = XX ST =SS S
m>0 k>0 n>0 k=
(n=m+ 2k) and
< > n/2
z" o2k n—2k
P TR DO DL e s LA

n>0 n>0 k=0

The comparison between the two expressions gives the equation (A.2). We
remark that the algebraic properties of the exponential function are fundamental
for the proof.

The evolution of Gaussian processes is completely defined by the first and second
moment of the distribution and it is described by the Fokker-Planck equation
dp Dy 9%

(E.3)

(D;; is a strictly positive defined symmetric matrix), with an initial condition
p(x,0) = po(x) and suitable boundary conditions. The equation (A.3) allows to
compute directly the evolution of the distribution moments. In particular the
mean value is zero and the covariance is

d Jp
% /xhxk—dx = /thpdx = th

Then the solution of eq. (A.3) with initial condition pg(x) = d(z — o) reads

. o [ — ((x — 20) D™z — x0))
pla,t) = (27)"/2\/DetDt * p( 2t >

with open boundary conditions. Since the equation is linear, any superposition
of the previous fundamental distribution, is still a solution of the FP equation. In
the one degree of freedom case, if one introduces a reflecting boundary condition
at © = 0 we can find a solution for z > 0 with initial condition pg(z) = d(z —x0)
in the form

1 (x — x0)2>
x,t) = exp | — +
plat) = s e (L2

Analogously the presence of an absorbing boundary condition at = 0 can be
realized by the superposition

exp <_ (z + 550)2)
2w Dt 2Dt

(z — $0)2> B

1 (x+xo)2>
7t = (&) —_ —_—
(1) 2ﬂum( i~

ex —
97Dt p( 2Dt
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We remark as p(x = 0,t) = 0 and it is possible to evaluate the surviving
probability

dP p ~Dop

— = =—-———(0,t

dt /0 / 8:1:2 2 8:10( )
that implies

D [Y0p
Pit)=1-— —(0,t)dt

A direct computation gives
Do 2
ZI200,) = —%  exp  — 0

If one considers an initial population density p(zg), the probability flow on the

barrier is estimated
Dt 2
Xo xo
= exp | —5— | dup(wo)dwo
//0 V23 ( 2“) (@)

Let s = 1/u and y = /s we get the integrals

/OO T exp (_x%s) ds — /oo 2z exp (_$3y2> dy
1/Dt V278 2 1/V/Dt V27 2

and performing the final scaling v = yzy we compute

J(t) = J%//g[::mexp (”;) dvpu(wo)dzo = 2/ (1 — Exf <%)> 1) dzo

(E.4)
This result is related to the estimate of the first passage time through a barrier
x = b. For the usual Brownian motion we have the definition

Tb = inf{t / we = b}
with wg = 0. Using the Markov property we get
P(wt >b / Ty < t) = P(wt_Tb > O)

i.e. since wr, = b one evaluates the probability that the trajectory moves left
or right. By definition we get

’P(wt > b, T, < t) . P('[Ut > b)

Plwe>b /Ty, <t)=

P(Tb < t) o 'P(Tb < t)
In a random walk we have
P(U}t > b)
— =P >0
P(wt > b) (wt T )

and we get the relation

P(Ty <t) =2P(w; > b)
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Given the probability distribution p(z,t) we get

Plwy > b) = /boo p(x, t)dx

which implies for the probability density

> p

x,t)dr = —D0pdx(b,t
e p0x (b, )

pb(t) =2

Therefore the probability density of the first passage time al b is two times the
density current at b.

In the case of an absorbing barrier at x = 0 one can solve the FP equation with
open boundary condition

A D 9%p
ot = a5 5
(the solution at = 0 is computed by continuity) and the required solution

is the difference between two solutions with symmetric initial conditions with
respect to the barrier. The probability flow at the barrier is twice the flow from

the right at =0
P9 ZoP+
di (““”’* Ty
When a(|x]) > 0 we can use a stationary solution to estimate the current

)

D dps
2 Oz

a(z)ps +

=0 = ps(.%') X exp (— D

where

and the normalization constant change in time according to 1 — p(t): this ap-
proximation is correct if the exit flow is sufficiently small to allow a relaxation
of the distribution.

E.1 Time ordering operator and averaging

Let £(s)D(s) a stochastic processes of linear time dependent operators, we con-
sider the linear equation
z=£&(t)D(t)x

whose formal solution reads

— Texp (/Otg(s)p(s)ds> o

where 7T is the time ordering operator

D(t1)D(t2) if ¢ >t

TD(t1)D(t2) = {D(tQ)D(h) if 2>
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Indeed
t n t S1 Sn—1
T(/O D(s;f)ds) :<g;n>/0 dsl/o dSQ..../O dsn&(51)...£(s2) T D(s5,)...D(s;,)
t S1 Sn—1
= > dsy | dss.... dsn&(51)...6(sn)D(s1)...D(sp)
I e de

where the sum runs over all the possible permutation of the indexes (1,...,n),
and we get

T exp </Ot§(s)D(s)ds> - Z/Ot dsl/osl dSQ..../OS"l dsn€(51) o ($0) D(51)e-D(50)
n>0

The averaging of the evolution operator gives the expression

zn: % <T (/Ot f(s)D(s)ds)n>

and it is possible to proof that

<T (/Ot 5(3)D(s)ds>n> - < (/Ot §(s)D(s)d8>n> (E-5)

We proceed using an explicit computation

<T-ljl (/Otﬁ(Sj)D(sj)dsj» = n!/ot dsl..../os”_l dsp_1 (€(s1)..-£(5n)) D(51)...D(sp)

and analogously

T <ljl (/Otf(Sj)D(Sj)de>>

- ¥ )/Otdsl...,/osnldsnl < &(51).E(8n) > D(s51)...D(5,)(E-6)

(jlv-“v]n

The equation (??) follows.

There is a strict relation between Gaussian processes and the linear Fokker-
Planck equation

dp 1 0%p

ot o 2 ”( )8.%18.%]

where D(t) is a positive defined symmetric matrix. Let

S(t) = /O D(s)ds (E.7)
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the solution can be written in the form

1 (x — 20)E7H(t) (z — o)
2m) 2 Jdets () T ( 2 )

pla,t) = (ES)

To prove the assertion one considers the stochastic differential equation

dx = +/D(t)dw

where dw are differential of Wiener processes and /D(t) is well defined since
D(t) is symmetric positive defined. It follows that x(t) is a Gaussian process
since it is a linear transformation of the Wiener process and, using the Ito
formula, its covariance c;;— < x;x; > satisfies the equation

dCij =< dacldwj >= Dij (t)

Then we recover eq. (??) and the distribution (??) is the probability density
of z(t) with the initial condition x(0) = . However the direct substitution of
(??) in the Fokker-Planck equation shows non-trivial identities: we have

1 9%p 1 1
—Dij(t) ——— = 2% 1D lgp — —Tr(DL !
and B 1 1 d
P -1
— = ——aD — —— —detX
o~ 277 P Qem a4’
The first terms coincide since
d

— >y l=Dpyt43yD =0
dt +

that implies
2Dyt =-D7!
To compute Tr(DX~1) we use the relation X(t) = OT (t)A(t)O(t) where A is a
diagonal matrix and O(t) an orthogonal matrix, then
do dA

(DO)(t) + Z(HOT (1) (1) + OT(£) - (1) O(1)

doT
D(t) = —
(t)=—
and we recall that
doT
At) = W(t)O(t)

is an antisymmetric matrix. Finally we have

Tr(DY ™1 = Tr(ABZ ()X 1)) — e ()2 (1) A(t) + TTOT(t)%\(t)O(t)E‘l
so that since TrA(t) = 0 we have
Tr(DY 1) = Tr (OT(t)ng(t)AlO(t)) = %(t)A’l = /\%djg

This expression has to be compared with

1 d

d d
mﬁdetz = log detX = p 27: log(Ai(t))
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and the result follows.

The usual form of Gaussian distribution is related to the boundary conditions
at +oo. In the case of an angle variable on a torus one has to impose periodic
boundary conditions and we get

The normalizing condition requires

27 1 0 2m(k+1) 92 1 o) 92
0)do = —— | dl = —— —— |do=1
~/O p( ) 2o Z /27rk P < 20) V 2ro /_oo P < 20)

k=—o00

In this way one recover the fundamental solution of the diffusion equation
op D 0%p
ot 2002
on the 1D torus with initial condition do, ()

1 = (0 —27k)?
p(0.0) = mtkzjxp( G-z )

0 €[0: 27

An alternative approach considers the Fourier development of the solution

k=00

p(0,t) = > ck(t) cos(ko)

k=—o0

that inserted in the diffusion equation gives

dey(t) Dk? 1 Dk?
= lt )= — 2
dt g o alh) = grexp ==
according to the initial condition. Then we get
k=00
Dk?
p(0,t) = Z exp (—2t> cos(kd)
k=—o00
which implies the remarkable identity
TR (0 — 2rk)? 1 D2
_ ) = = e k6
JacDi k;w exp ( 5Dt o 2 exp 5 cos(k0)

The distribution tends exponentially to a stationary constant distribution.
An interesting example is a skew Hamiltonian system of the form

dd = aldt
dl = edw;

The solution is a Gaussian distribution with covariance matrix
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with periodic boundary conditions. It can be written in the form

1 > 6 al \? I?
I = e—e— _—— —_ 2 _— _—
P8 1.¢) V/2mdetX(t) k; P [ a?e’t? (9 m 2 t) 262'5]

—o00
where we set the initial condition I(0) = 0. The corresponding F-P equation

reads 8 8 2 62 82 243 82
p p € p 2 O%p  a7t” 0%
_— = — I— — _— e
ot - “ag 2 (tap ot oe0r T 3 aﬂ)

We introduce the diffusion time 7 = €2t so that the previous equation reads

dp o Op 1 0%p a 9?p o ,0%
or =~ 2loe t 3 (312 22 001 T AT o9

whose solution is

p(0,1,7)=

1 = 6e? ( al )2 2
—_— exp |———= |0 — T
J2ndets(r) k;m P l 273 2e? o7
In the diffusion scale time (e?/a < 1) the solution is well approximated by

2
1 1
P(LT)i%ZGXP 9

since the angle relaxes quickly to a uniform distribution (the variance is propor-
tional to ?/e*). This result proves an averaging principle for the F-P equation
which admits a solution p(6,1,7) = p(I,7) in the diffusion time scale.
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Fokker-Planck equation and
Stochastic dynamical
systems

The statistical properties of stochastic dynamical systems
= a(z) + o(z)€(t)

that satisfy the stochastic by a Fokker-Planck equation in the Stratonovich
interpretation

op 0 10 0
e —%a(at)p + 5%0(53)%0@)9 (F.1)

performing the white noise limit for the fluctuation £(¢). In a multidimensional
case the FP equation (?7) reads

o 0 10 0
5% —%ak(w)p + 587kakj (x)aizhahj (z)p

We consider the particular case when the differential form
dyk = O’kh(l’)dxh
is exact (at least closed). Then we have the condition

aO'kh 80kl

(91‘1 axh =0

In such a case we can perform a change of variables *HHHHFFIIAAAAE We intro-

duce a change of variable z = x(y) such that

dx
d*y = o(z)

Remark: o(x) # 0 is an assumption to avoid singularity in the solution p(z,t).
Then we have the relation

p(z,t)dx = p(x,y)o(x)dy = p(y,t)dy

131
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and we write the FP equation in the form

0 __Day), 19
ot Bya(y)p 2 Oy?

(C.2)
We consider the simple case a(y) = 0, then we have the Gaussian solution

and in the initial variables

plat) = ————exp (_<y<>—y>>

2ro2(x)t 2t

y(x):/m;g)

Interestingly average value of y is constant < y >= yo and we have no drift
term, but the average value < x > can be computed from the formula

where

where from our assumptions we have dy = dw;. Therefore we get the stochastic
differential equation

The average dynamics reads

<z >= % <U($)ZZ>

and in the mean field approximation one gets

. 1 d
<& >= §a(<x>)

g
E(<x>)

A direct computation shows that

<ie= [ o)L, 1y = — / o<y>§—5dy ~ 5 [Tttt

The mean field approximation is valid when the distribution is peaked around
the mean value, the given the distribution p(y,t) which solves the FP equation
(C.2) we can approximate the evolution as

—(PAE())2
ply,t+ At) = \/ﬁ /exp <_’!J(‘21’At())> plx, t)dx

where ®!(z) is the phase flow associated to the average dynamics

a(<y>)
o(<y>)

<y >=
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(mean field approximation). Indeed for At < 1 we have

PO (2) ~ o + alz) At =2 + a(x)At

We recall that the Gaussian

L (_ (y — 3:)2)
V2T At P 2At
is the solution of the FP equation

op 19%p

ot 20y
for any value Z with initial condition lima;—0 p = (T — z), therefore we get

e (<) = o)+ S - o]

Let & = ®2Y(z) ~ x + a(x)At, then we have to evaluate the integral

/5 (y—z—aa )At){l—i—;aaQAt}( t)dz =

[t [t aat + 3 2 apn] (1- Lwat) a
R LA 20y P Bz “
where u = x + a(x)At. Performing the integral, the final results is

p . . da 16%p
Fya(y)At — p(y, )8 At+ -2 LAt

ﬁ(yat—’—At):pA(:%t)_ 26 2

so that performing the limit At — 0 we recover the FP equation (C.2). In the
mean field approximation can be applied, an approximate solution of the FP
equation (C.2) is written in the form

p0) = = [ (—l"“;(x”) pa)da

This approximation may be applied if the drift term a(x)/c(x) is small or the
effect of diffusion is limited. A better approximation is achieved by considering
a local linear approximation of the drift term

Zig ~ co(x0) + c1(xo)(x — o)
Then the solution is Gaussian with a local variance o (t; zg)
do 2 .
i = ci(zo)o(t) +1 = m(e 1)

and the formula (??) changes as

(P ()2
pt) == [ e (W) P (F.2)
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F.1 Change of variables for the Laplacian oper-
ator: polar coordinates

We consider a 2D Laplacian operator of the form
10 0
D(ry~lr)— F.3
20r; ar; D! )arj (F-3)
where X = 0y is a positive defined symmetric matrix and
ryTlr = Z rha}:klrk
hk

By performing an orthogonal transformation we can diagonalize the matrix X
and the operator (??) reads

fz n 2D< ) 6?; (F.4)

Then we scale the variables r; — r;/o; and the new operator (??) is

1 0 0
- D(r? 4+ y2 F.5
2 ; ari (Tl + TQ)arl_ ( )
We perform the change of variables
J:LJFTS § = atan -
2 T9

on the Langevin dynamics associated to the Fokker-Planck equation with Lapla-
cian operator (?7)

1 8D
dr; = (F.6)
By a direct calculation using the Ito formula, we get
dJ = mrdri+ 7‘2d7‘2 + D(I)dt
= ﬁd 2 2J

and the FP operator reads

1 5 aD 8D 1 8 T2 BD 71 aD
2D — == - =
207 < T (J)> YT <2J o 2J arg)
0? 10?2 D(J)
T PNt ol
According to the definitions we have in the drift term
I} 0D 120D 0

237 T2 gy TP =53

and the angular drift term cancels. We obtain a FP equation of the form

JD(J)

op 0 0 0? D(J) 8%p
or = 007Dt gDt S G
that can be averaged on the angle variable
o< p> 0 o< p>

or %JD(J) aJ



