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1 Introduction

Physicists have deserted the idea of determinism as a model for reality. Our
most precise laws are quantum mechanical in nature, which limits our ability
to predict (with precision) even the simplest systems of interest. Therefore
probabilistic, stochastic, models are developed and refined in order to properly
understand natural phenomena.

Kramers equation is a special form of the Fokker-Planck equation used to de-
scribe the Browian motion of a potential. The probability density is described
in terms of p(z,v,t) through a partial differential equation. In this short paper,
Kramers equation is derived from the stochastic differential equations, general
solutions to the partial differential equation are discussed and applied to a sim-
ple system that can be solved exactly (harmonically bound particle in a random
force).

2 Derivation of Kramers equation

All continuous, Markov, stochastic normal processes have two alternative but
mathematical equivalent descriptions. There is one that is a governed by random
variables (stochastic differential equations) and another that is in terms of the
probability density p(x,v,t) and its partial differential equation. Remembering
that each two variable process is governed by the two stochastic differential
equations;

AV = a(X,V)dt+ /q(X,V)dtN(0,1) (1)

dX = Vit (2)

with a(X, V) and ¢(X, V) being very general to accomadate many cases. Please
note the notation used for the stochastic force,\/q(X, V)dtN¢(0,1), N(0,1) be-
ing a normal distribution with a mean of 0 and variance of 1. This seems a bit
odd but is very much equal to the normal notation of the stochastic force, I'(¢).
The reader is encouraged to investigate this notation from reference [1], as it
is not explained in this paper. Now, the key to converting one description to
another is equation (3) below.

//f:cv—dd _ <df(§tv)> (3)

f(X,V) is a smooth function of X and V and

_oF of 0*f (dV)?
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and the terms smaller then dt have been dropped. Substituting this result into
equation (3) yields

Op _ [yof  of La®f
//fadxdv = <V8X—|—aav-|-2av2

p _ of [ 0f  a0f
//fadxdv = //{vaeraaerQav2 pdzxdv

integrating by parts the right hand side and dropping the surface terms;

//f(m,v)%dxdv = //f(x,v) [vgi - ;}(ap)+;aa;(qp):| dado

Looking at both sides of the equation yield a result of

dp dp 0 182
' 4 2y _ _Z -7 4
2% T V5, 5y () + 555 (ap) (4)
With equation (4) being a general form of kramers equation. For example, the
harmonically bound potential which is solved in this paper has a = —yV — w?x
and ¢ = 2kty
Op dp 0 9 kty 0%p
ot +U8x v (@2 +v)p] + m Ov? (5)

3 General Solution of Kramers Equation

Some of the steps that are used here to develop a general solution of kramers
equation require additional knowledge that go beyond the scope of this paper. It
is not the purpose of this paper to go through all the rigorous mathematical steps
that are needed to develop the general solution but just present the solution in
a practical manner that can be applied to a simple application.

3.1 Preliminaries-Ornstein Uhlenbeck Process

A Langevin equation of this type;

N
Crf—Z%jCj:Fi(t)§ i=1,...,N

Jj=1

with the -correlated Gaussian Langevin forces

Ti(t)) = 0
(T(OT;(6)) = gi0(t — 1)
qi; = 4ji



describes the Ornstein-Uhlenbeck process, equations (1) and (2) are examples of
this process. The main features are that the differential equations are linear and
the strength of the noise doesn’t depend on . We now look for the homogeneous
solution of the differential equations with the initial conditions satisfying (;(0) =
x;. Using the initial conditions, the solution can be expressed as

G (t) = Gij(t)z; (6)

where the Greens function G;;(t) must satisfy the initial condition G;;(0) = 6;;.
With this knowledge Greens function must also satisfy the differential equation

Gij +7iGjr, =0
and the general solution to being
G(t) = exp(—~t) (7)

For the purposes of this paper the inhomogeneous solution is just stated below

t
¢imiy( / Gij (6T (t — f)df
0
)

With the general solution of (;(t

t

Gi(t) = () + ¢ (1) = Gy (t)a + /Gij(f)l“j(t—f)dt' (8)

0

3.1.1 Calculation of First Moment and Variance

From equation (8) and the properties of the Langevin force, it is easily seen that
the first moment is

M;(t) = (Gi(t)) = Gij (t)z; (9)

and the variance is also easily obtained

0ii(t) = o5i(t) = ([G(t) = (GG () = (G @)])

_ / / G (1) G () ansd (1 — L) dtdf

0

It can also be shown that
Oij = —YikOkj — VjikOki T+ Qij (11)

by differentiating o;; and using the differential equation Gij +7ikGir =0



3.2 Solution to Kramers Equation

We are now ready to solve the general Fokker-Planck equation for several vari-
ables, hence kramers equation. The transition probability, P({z},{ | {x},{), is
given in the partial differential equation

oP 0 o?P

E = = (2;P) + Dy 12

where the matrices 7;;, D;; = Dj; are constant and are the drift and diffusion
coefficient respectively. One can see that equations (4) and (5) are of this form.
Also, P must satisfy the initial condition P({z}, | {z},{) = §({z} — {z}). If P
is expressed by its fourier transform with respect to the variables {«} then the

first order differential equation
op op -
E = —’}/ijkiaikj — Dijkikjp (13)

is obtained and the initial condition is now
P({a}, | {x}, 1) = exp(—ik;a;)

There is more then one way to solve this differential equation, however here the
solution is acquired through the ansatz

- L, . 1 .
P({a} t [ {a},t) = exp | —ikiM;(t — 1) — ikikjaij(t —t) (14)
and inserting this solution back into equation (13) yields the following
) 1 .

(=thiMi = Skik;oij = vijkitMj — vijkiojiki + Dijhik;) P =0 (15)
and noting that the following two differential equations are a consequence of
(15)

Ml‘ = _'Yiij (16)
Oij = —vaoy — Vjou + 2D;; (17)

Using the initial condition of P({z},f | {x},t) gives the initial conditions to
equations (16) and (17).

M;(0) = 425
oij(0) = 0 (18)
The solutions of (16) and (17) can be solved given the initial conditions above
Mt —1) = Gi(t—1)a; (19)
¢
7ilt) = [ GG (2Dudt (20)
0



These two results should look familiar, as the Greens function G;; is the same
one as in section 3.1 satisfying the initial condition G;;(0) = d0;;. Now Getting
back to finding the solution of equation (12), to do this we then insert the
solution P back into its fourier transform and integrates to find,

1

P({z},{| {z},£) = (2m)" % [Deto(t — )]
X ea:p{—% [a_l(t — f)]ij [2; — Ga(t — t')x'k]
x [z; — Gjl(t — )%} (21)

3.2.1 Expansion into a Biorthogonal Set

Now we are going to assume that a complete biorthogonal set of the matrix ~
exists.

%’jug‘a) _ /\auga); Ul(a)%j _ )\av§a) (22)

with the orthonormality and completeness relation
Do =iy Y u™f” =dag (23)

Such a complete biorthogonal set exists if the N eigenvalues aren’t degenerate.
In order to avoid degenerate eigenvalues the matrix 7;; may be changed to ev;;.
In the final result, the limit € — 0. The decomposition of the matrix -y is

= Z )\auga)v§a) (24)
and we can find Greens function G;(t)

Gij(t) = [exp(~ Ze-“ oy (25)

and o0;;(t) by inserting G;;(t) into equation (20), then perform the integration
to find

1—e¢ —(Aat+Arp)t
g - (e,8),, (@), (a)
oii(t) = 2 E A —— D"

D(a,ﬁ) — ( )Dklv(ﬁ) (26)

4 Application-Harmonically Bound Particle

Kramers equation for the harmonically bound particle is

8t+ Iz %[(w X+ yv)p ]—&——aT (27)



and the two matrices v, D can be found from equation 12

0 -1 0 0
K ( wh oy ) ( 0 Yo, ) (28)

with vy, = % Now we can get the transition probability P(z,v,t | £,9,0)

from equation (21);

P(x,v,t | #,6,0) = (2m) " (Det a)‘éexp{—% [0_1(75)]m [ — a:(t)]2

o W], I~ O] o= o]~ 5 [ O], - o) (29)

and the expectation values are found by using equation (19)

(z) = (t) = [exp(—t)] 0 £ + [exp(=71)],,,
(v) = v(t) = [exp(=7t)],p & + [exp(=71)],, 0 (30)

The eigenvalues of the « are now found to be
1
A2 = 5(7 + 72 — 4w?) (31)
and noticing that;
M+A=7  AMlg=0w? (32)

By using equations (22-24) we find the column and row matrices,

u® — < ;11 > u® — ( 71)\2 ) (33)

V(l) = ( >\1)\_2)\2 A]ikg ) ) V(z) - ( /\1)\_1>\2 Alikz ) (34)

and using equation (25) we get

Ale—AQt _ )\26—)\1t

Goa(t) = [exp(_'yt)]zz =

AL — A2
e*)\gt _ ef)\lt
Tv t) = —t)|. = YV
Gon(t) = [eap(—t)],, —
— At — Aot
o _ et
va(t) - [e:L‘p( ’yt)]vx w /\1 _ )\2
-t — Aot
Gun(t) = [eap(—t)],, = 22& "2 (35)
vV )\1 _ )\2

the average values as one can see are

)\16—)\2t _ )\26—>\1t 6_A2t _ e—)\lt

<.T> - )\1 — /\2 v /\1 - )\2 !
— A1t — Aot — A1t — Aot
NG —e . e — Aoe ,
v = w T +
@) A1 — A2 A1 — A2



Using equation (26) and finding that D(*f) = %, gives the o matrix

1

) _
VVin AL+ A2 4 —(A At L one b _onge
() = 1tA)t 1)y - it 2
7ea(?) S WEN ISR WS UL =N X
i “Ait . ,—Asty2
ow(t) = Oy = )\2)2(6 +e 2 (36)
) i
TVin AA1 A2 —(A1+A2)t —2X1t —2Xot
vt = A A 1At 1) — X\ b\ 2
7ol (>\1*)\2)2_1+ 2+)\1+)\2(e )~ hie 2

4.1 High Friction Limit

Let us now consider what happens in the high friction limit. First lets take a
look at the eigenvalues and in this case they can be expanded as;

1 1 1 2w?
)\1,22§(Vi\/72—4w2%§7i§7(1—7) (37)

(4)2

)\1 ~ 7, )\2 ~ (38)

neglecting the terms 712 Consider now the average values for  and v, we see
that both expressions contain exponentials with —A;¢ and — st in the exponent.
For large v this implies that one decreases exponentially with the other one
decreasing slowly. Again removing the terms % and a little algebra gives you

(@(t)) ~ de= 5" (39)
(.d2 w2t
(v(t)) = ——dFe” 7 (40)

v

This is a very interesting result because the loss of an initial condition. This
all points in the direction that in the high friction limit, the partial differential
equation can be reduced to only include the position coordinate. This is exactly
the case and although not derived in this paper, one will get the Smoluchowski
differential equation.

4.2 Stationary Solution

For w? > ~?2/4 the real parts of the eigenvalues); o are greater then zero and for
7?/4 > w? the eigenvalues are greater then zero. Hence, equation (35) vanishes
and for the ¢ matix;

2

v
Opz(00) = a%t
Oan(0) = 0 (41)
Op(00) = UtQh



and the probability distribution P(z,v,00 | #,90,0) is derived from equation
(21);

w 1 v? w?z?
P £0.0) = — - _
(0,001 4,%,0) 21z, “r ( 203, 20, )
mw E
= — - 42
onkT ( kT> (42)

4.3 Free Brownian Motion

For free Brownian motion without an external force,w? — 0. The eigenvalues

then go to Ay — 7, A2 — 0 and the expressions simplify to

1— e )0
(z(t)) = &+ (A —e)o
0

() = e %

(29t — 3 +de 7t — 72
Oua(t) = UtQh 2

1—e )2
ow(t) = V2 (7

(t) th

Ou(t) = 03 (1 —e 27
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