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Brownian motion of a classical harmonic oscillator in a magnetic field
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In this paper, the stochastic diffusion process of a charged classical harmonic oscillator in a constant
magnetic field is exactly described through the analytical solution of the associated Langevin equation. Due to
the presence of the magnetic field, stochastic diffusion takes place across and along the magnetic field. Along
the magnetic field, the Brownian motion is exactly the same as that of the ordinary one-dimensional classical
harmonic oscillator, which was very well described in Chandrasekhar’s celebrated paper [Rev. Mod. Phys. 15,
1 (1943)]. Across the magnetic field, the stochastic process takes place on a plane, perpendicular to the
magnetic field. For internally Gaussian white noise, this planar-diffusion process is exactly described through
the first two moments of the positions and velocities and their corresponding cross correlations. In the absence
of the magnetic field, our analytical results are the same as those calculated by Chandrasekhar for the ordinary
harmonic oscillator. The stochastic planar diffusion is also well characterized in the overdamped approxima-
tion, through the solutions of the Langevin equation.
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I. INTRODUCTION

In Chandrasekhar’s celebrated paper [1], the study of
Brownian motion of a free particle was very nicely described
through a mathematical treatment relying upon both the
Langevin and Fokker-Planck (FP) equations, and some gen-
eral lines were suggested toward solving the same problem
in the presence of an external field of force. The proposal has
been extended to those situations for which the Brownian
particle is considered to be electrically charged and also un-
der the influence of an external magnetic field, in different
situations [2-8]. In particular, in Ref. [8], the problem of
stochastic diffusion of heavy ions in the presence of an elec-
tromagnetic field was solved through an alternative method
of solution of the FP equation. This method was extended to
solve the phase-space FP equation, describing the stochastic
diffusion of heavy ions in the presence of an external electric
field only [9]. Also in Chandrasekhar’s paper, the solution to
the problem of a one-dimensional classical harmonic oscilla-
tor describing a Brownian motion was given through the
solutions of the Langevin and FP equations. After this work
on the stochastic harmonic oscillator, many related topics
have been reported in the literature; for example, we can
mention that the study of a harmonic oscillator with random
frequency is a subject that has been extensively investigated
in different fields, including physics [10,11], biology [12],
economics [ 13], and so on; the study of a harmonic oscillator
with random damping [14] was also used for the problem of
water waves influenced by a turbulent wind field [15]; the
study of an underdamped harmonic oscillator for additive
and multiplicative noise has been described in Ref. [16],
showing the phenomenon of stochastic resonance [14,17,18].
Another branch that has been developed recently is that re-
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lated to the so-called nonequilibrium work relations [19-23],
also termed fluctuation theorems. Very recently, in Ref. [21],
Jayannavar and Sahoo reported the analytical calculation of
the distributions of work expended by a charged particle in
the presence of a magnetic field in a two-dimensional har-
monic well. This physical model is used to verify the Jarzyn-
ski equality (JE) [22], which relates nonequilibrium quanti-
ties with equilibrium free energies, in two different cases: in
the first case (i), the center of the harmonic trap is dragged
with a uniform velocity whereas in case (ii) it is subjected to
an ac force. In both cases, the particle is moving in the pres-
ence of a time-dependent harmonic potential and the analyti-
cal results of [22] complement the Bohr—van Leeuwen theo-
rem on the absence of diamagnetism in a classical system.
An important point we would like to note here is that the JE
is calculated through the explicit solution of the Langevin
equation in the overdamped regime, not through the com-
plete solution of this equation. This is so because in the
large-friction limit or diffusive regime the fluctuations are
dominant. However, as far as we know, the explicit and com-
plete solution of the stochastic diffusion of a charged har-
monic oscillator in the presence of an external constant mag-
netic field is a problem that has not been reported yet in the
literature, and our purpose in this work is to give the com-
plete solution of such a problem in a three-dimensional
space-dependent harmonic potential well. Our proposal can
be extended to a situation for which the charged particle is in
a time-dependent harmonic potential well, or used for other
possible applications on single nanosized systems in physical
environments where fluctuations play a fundamental role
[24-28]. As usual, in our work we assume that the magnetic
field is allowed to point along the z axis of the Cartesian
reference frame, and as a result two independent processes
are taking place. One takes place along the z axis or along
the magnetic field but is not affected by this field, and the
particle is in a one-dimensional harmonic well. This case is
exactly the same as that described by the ordinary one-
dimensional harmonic oscillator describing a Brownian mo-
tion [1]. The other one takes place on the x-y plane across or
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perpendicular to the magnetic field and the particle is in a
two-dimensional harmonic well. In this case, the Langevin
equations associated with the x and y axes form a coupled
pair of equations describing the planar-diffusion process,
which is an interesting but not an easy problem to describe.
To solve this planar harmonic oscillator’s Brownian motion
analytically, we use Landau’s strategy [29], which relies
upon a transformation, on the complex plane, of the Lange-
vin equation. On the complex plane, the resulting complex
Langevin equation strongly resembles that of the free har-
monic oscillator and, therefore, its explicit solution is easily
calculated using Chandrasekhar’s ideas. Following the same
strategy, we also study the overdamped limiting case corre-
sponding to the large-friction limit. This case is easier than
the preceding description, because the complex linear Lange-
vin equation is not already of second order but linear and of
first order. In fact, in the same large-friction limit, the same
Landau strategy is used by Jayannavar and Sahoo [21] to
solve the problem in a two-dimensional time-dependent har-
monic well, and applied to calculate the JE. This work is
organized as follows. In Sec. II, we establish the Langevin
equation for the two independent process and solve only that
associated with the planar-diffusion process in a two-
dimensional harmonic potential well. In the absence of a
magnetic field, our analytical results are compared with those
calculated by Chandrasekhar. In Sec. III, we study the prob-
lem in the overdamped approximation and the conclusions
are given in Sec. IV. Finally, we introduce three appendixes
for the explicit calculations in our work.

II. THE LANGEVIN EQUATION OF A CLASSICAL
HARMONIC OSCILLATOR IN A CONSTANT
MAGNETIC FIELD

The Langevin equation of a charged particle embedded in
a fluid describing a Brownian motion in a space-dependent
potential U(r) and in the presence of a constant magnetic
field, can be written for the velocity vector u as

ie—put LuxBotaad UM +AQ. (1)
mc m

where >0 is the friction constant, ¢ is the charge of the
particle and m its mass, grad U is the gradient operator of
potential U, and A(r) is the fluctuating force per unit mass,
which satisfies the properties of Gaussian white noise with
zero mean value (A;(r))=0 and a correlation function given
by

ALDAL) = 208,80~ 1. 2)

\ is a constant that measures the noise intensity and, accord-
ing to the fluctuation-dissipation theorem, is related to the
friction constant by A= BkzT/m with kp the Boltzmann con-
stant and 7 the temperature of the surrounding medium. The
overdot in Eq. (1) denotes the derivative with respect to time.
Here we use A|=A,, A,=A,, and A;=A_. If we assume a
three-dimensional harmonic potential well U(r)=k(x>+y?
+2%)/2 with k a constant, and the magnetic field for simplic-
ity pointing along the z axis of the Cartesian reference frame,
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that is, B=(0,0,B) with B a constant, then Eq. (1) can be
described by means of two independent processes. One is
described on the x-y plane perpendicular to the magnetic
field and the charged particle is in a two-dimensional har-
monic well U(x,y)=k(x*>+y?)/2; the other is along the z axis
or along the magnetic field in a one-dimensional harmonic
well U(z)=kz?/2. In these cases, Eq. (1) can be written in
terms of its components as follows:

i+ Bi+ 0x—Qy=A(1), (3)
J+ By + oty + Qi =A (1), (4)
i+ Bi+ wiz=A(1), (5)

where (=¢B/mc is the Larmor frequency and w’=k/m is
the characteristic frequency of the oscillator. As we can see,
Eq. (5) is exactly the same as that of the ordinary classical
harmonic oscillator describing a Brownian motion, which
has already been solved by Chandrasekhar [1]. Thus we will
focus on the two stochastic differential equations [Egs. (3)
and (4)], which describe the diffusion process on the x-y
plane perpendicular to the magnetic field in a two-
dimensional harmonic well. Due to the Gaussian character-
istics of the processes here considered, there exist two ways
of describing this planar-diffusion process explicitly. One is
through the calculation of the first two moments of the vari-
ables x, y, u,, and Uy, which can be achieved through the
explicit solution of the Langevin equations (3) and (4). The
other one is through the explicit solution of the Fokker-
Planck equation associated with those Langevin equations.
Here we follow the proposal of solving those Langevin equa-
tions and as a consequence the calculation of the moments of
the relevant variables. Once those moments are calculated,
all the transition probability densities (TPDs) P(x,t|xy),
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FIG. 1. Reduced correlation A=0" =0,/ (kT/mw?) vs the re-
duced time 7= B¢ for w/B=1 and different values of (/. Solid
line, )=0; dashed line, )/ B=1; dotted line, )/ B=2; long-dashed
line, )/ B=3.
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FIG. 2. Reduced correlation B=¢" | = 0y (KT/m) vs the re-

duced time 7= St for w/B=1 and different values of )/ B. Solid
line, (=0; dashed line, )/ B=1; dotted line, )/ B=2; long-dashed
line, O/ B=3.

P(y’tyO)’ P( Mx»tlx()’uxo)’ P( My,l)’o,uyo), P(X,MX,I.X(),MXU 5
P(y’uy’t|y0’uy0)a P(x’uy’t|x0’uy0)’ P(y’ux’t|y0’uxo)’ and
P(x,y,u,uy,t

X0, yo,uxO,uyO) can readily be calculated from
the general Gaussian distribution [30,31]

P({&.t

{&o) =

(2 w)”/z(Det U'ij) 1/2

Xexp(— %E (O'_l)ij(gi —(ENE - <§j>)) 5
ij

(6)
where P({&},0|{&)=0({&—{&}) represents the initial con-

dition, {&}=(¢;....,£,), and the variance o;=(£&—(&))(§;
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FIG. 3. Reduced correlation C= ¢*

xXu x

=0y, /(kT/mw) vs the re-
duced time 7= B¢ for w/B=1 and different values of /. Solid

line, ()=0; dashed line, )/ B=1; dotted line, )/ B=2; long-dashed
line, )/ B=3.
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FIG. 4. Reduced correlation D= o';u =0y, /(kT/ mw) vs the re-

duced time 7= Bt for w/B=1 and different values of Q/ B. Solid
line, )=1; dashed line, )/ B=2; dotted line, )/ B=3.

—(&)). In our case &=x,y,u,,u,. The two differential equa-
tions (3) and (4) are clearly coupled and seem to be some-
what complicated to solve analytically. To avoid this math-
ematical difficulty, we use an alternative method of solution
to the one proposed initially by Landau and Lifshitz [29], by
solving the simple classical harmonic oscillator in the pres-
ence of a constant magnetic field. The proposal consists in

mapping Egs. (3) and (4) on the complex plane, by defining
the complex function

p=x+iy. (7)

In this case, Egs. (3) and (4) can be written as

p+Bp+ w’p=Al), (8)

where B=p+i(), Z(t)zAX(t)HAy(t). From now on, we will
write any complex number and any complex function with
an overbar, except for the correlations which appear in Figs.
1-6. As we can see, on the complex plane, Eq. (8) has a
structure very similar to that of the ordinary one-dimensional

harmonic oscillator describing a Brownian motion and,

FIG. 5. Different reduced correlations (see Figs. 1-4 for their
definitions) vs the reduced time 7= Bt for (}/B=1 and w/B=10.
Solid

3 n = * . 37 R = * .
line, A=o; dashed line, B= Tyus

dotted line, C=o*

s
xux



JIMENEZ-AQUINO, VELASCO, AND URIBE

FIG. 6. Reduced correlation A= o7, =0,/ (kT/ma?) vs the re-
duced time 7= St divided by 5000 for w/B=0.01 and different
values of (/. The solid line corresponds to the exact value given
by Eq. (26) and Q=0; the dashed line is the exact result for Q=1;
the dots the exact result for 1=10. The circles correspond to the
overdamped approximation given by Eq. (50).

therefore, its solution is easy to calculate. In fact the solution
of Eq. (8) is calculated in Appendix A, yielding the follow-
ing result:

t

1 = . o
p(t)=—— (e”lff e Mt A(t’)dt'—e’“ztf e Mt A(t")dt')

My — M2 0 0
+ Eloeﬂlt + 520€ﬁ2t, (9)
where
_ B B __ B B
=——+—, =——=-—, 10
==2+70 === (10)
and

Bi= VB -4 =g - Q* -4’ +i2Q.  (11)

On the other hand, the complex velocity is defined as i,
Ef)=ux+iuy. Therefore

1 I L —
iy (1) = ———(@e™’ f e M A(t")dt'
M1 — M2 0

t

= it —iot" /| = = Wty = = it

—M2€M2J e A(t)dt") + aygett’ + fpaneet.
0

(12)

The constants a;q and a,, can be calculated in terms of the
initial conditions p(0) = po=xo+iyo, #,(0) =ity =u, +iu,
and are given by
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(Pofr — 1, Pofy — U,
To=-———", Gp=—""2, (13)
)
and therefore the solution of Eq. (8) and its corresponding
velocity can be written, respectively, as

1 _ _
p(t) + ———[(poit — it ™" = (Pojty — it ) €]

M= Mo
t
:f A" (t)dt' (14)
0
— 1 —m o o N R = (= = — N\ Doy
i, (1) + i-7 [Ml(Poﬂz—upo e — o (poity —Mpo)e 2]
1= M2
t
=f At p(tdt', (15)
0
where the complex functions (') and ¢(¢') read as follows:
pu— 1 - ! — ’
t') = a7 (eF=1) — ghali=11)) (16)
1~ M2
T4 1 = ay(=t") _ = (=)
P(t )=ﬁ Z (e = et (17)
1= M2

The solution for the complex conjugate p*(z) and its corre-
sponding velocity ﬁ: are also calculated in a completely
similar way in Appendix A. In order to analyze the meaning
of the solutions given in Egs. (14) and (15) in terms of the
original coordinates x, y, u,, and u,, we must separate the
real and imaginary parts of Egs. (14) and (15), as well as the
real and imaginary parts of the roots i; and u,, in such a

way that the complex number 3, can be written as
Bi= * (a+id), (18)

where

5= L (19)

=\\a*+b*—a,
V2

1 75— —
a=T§\ Va®> +b* +a,
\!

and the parameters a=3’>-Q’-4w? and b=28(. We show
in Appendix B the solution and the complete expressions for
the averages x, y, u,, and u, for arbitrary initial conditions,
and only as an example we will write here the results for the
particular case when xy= Yo=1ty, =0 and iy, #0. In this case,

(x) = e P B [sinh(at/2)cos(5t/2)cos(21/2)
+ cosh(at/2)sin(6t/2)sin(Q1/2) ]
+ Dy cosh(at/2)sin(8t/2)cos(Qt/2)
— sinh(at/2)cos(6t/2)sin(Qt/2) 1}, (20)

(y) = e P"{B,[cosh(at/2)sin(5t/2)cos(21/2)
— sinh(at/2)cos(8t/2)sin(Q1/2)]
— Dg[sinh(at/2)cos(5t/2)cos(t/2)
+ cosh(at/2)sin(6t/2)sin(Qt/2) ]}, (21)
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(uy) = e_B’/zuxo[cosh(at/Z)cos(5t/2)cos(Qt/2)
+ sinh(a/2)sin(8t/2)sin(Q1/2)]
— e P F [sinh(at/2)cos(8t/2)cos(Q1/2)
+ cosh(at/2)sin(6t/2)sin(Qt/2) ]
+ H[ cosh(at/2)sin(5t/2)cos(2t/2)
— sinh(at/2)cos(6t/2)sin(Qt/2) ]}, (22)

(uy)y=—e P 2u,co[cosh(at/Z)cos((‘)‘t/2)sin(Qt/2)
— sinh(a/2)sin(5t/2)cos(Qt/2) ]
+ e P2 H [sinh(at/2)cos(8t/2)cos(Q1/2)
+ cosh(at/2)sin(6t/2)sin(Q/2) ]
— Fy[cosh(az/2)sin(5t/2)cos(2t/2)

— sinh(at/2)cos(8t/2)sin(Q1/2) ]}, (23)
where now
2ux0a 2uX05
By = , Dy= , 24
07 2+ 8 0T 24 8 @4)

uxoa(,B2 +8)

_ _ l,tx()&(ﬂz - 0[2)
P

Bla? + &) 25)
Equations (20)—(23) represent the deterministic solution of
the problem since the average of the noise vanishes. The
quantity « is such that 0<a << and the leading terms in
Egs. (20)—(23) when — o decrease exponentially with a re-
laxation time 2/(8—a), in such a way that the presence of
the magnetic field makes the relaxation slower than in the
case where B=0. As a second step in the analysis of this
problem we calculate the two-time auto- and cross correla-
tion of the relevant variables. In Appendix B, we provide the
explicit expressions for all the correlations at different times
t, and 1,. For equal times t,=1,=1, Egs. (B47)~(B52) can be
straightforwardly reduced to

kgT
o =2 {1— -ﬁ{n
ma)

X (2 sinh?(at/2) + %sinh(at))

ﬁ2+ 52
a+ &

2_ 2
+ iz s (2 sin?(6t/2) + gsin(ﬁt)> ] } ,  (26)

kT 24 &
0, .= {]—e"g’[1+'3
Y m

&+ &

(2 sinh?(at/2) — Esrnh(at))

2_ 2
+ ﬂ 5 <2 sin?(81/2) — gsm 5t)>]} (27)
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4BkgT
Oy = %e_ﬁ’[sinhz(at/Z) +sin%(61/2)],  (28)
* m(a”+ &)

2kyT

Ty, = me‘ﬂ’[é sinh(af) — a sin(5)],  (29)

and 0,,=0, o, , =0.
) Ay

Now, let us define the reduced correlations as the
corresponding dimensionless quantities, that is, o},
o/ (kgT/ma?), 0y =0y ) (kgT/m), a;u

XX

=0y, /(kgT/mw), and o }u /(kBT/mw) Also the re-
duced time is 7=t and in these new variables the behavior
of correlations is shown in Figs. 1-4 for certain values of the
magnetic field represented by the variable )/ and of w/f.
Several comments can be made about the behavior shown in
Figs. 1-4. First we recall that the value =0 corresponds to
Chandrasekhar’s solution. In this case, in Fig. 4 the correla-
tion O';MX(Q=O)=O, and it is not shown. Second, the relax-
ation when t— is slower when 1 #0 than in the case
without the magnetic field. This effect is enhanced as the
normalized field /B grows. In Figs. 1-3 the small-time
behavior is essentially the same no matter the field value.
Lastly, in Fig. 5 we can observe the behavior of the reduced
correlations for {0/ 8=1 and w/B=10. In this case, due to the
magnitude of the w/ B parameter, oscillations can be seen.

All our analytical results for the averages (x), (y), {u,),
and (u,), and the correlation functions given in Eqgs.
(26)—(29), can be compared in the absence of magnetic field
(2=0) with those obtained by Chandrasekhar for the ordi-
nary one-dimensional harmonic oscillator. In this case, the
parameter b=0 and thus 5—0 a=[8*—4w? which leads to
a=va. If we define B;=a, then a=4,. Under these condi-
tions, we can clearly verify that

(x)= xoe_B’/2<cosh(,81t/2) + Bﬁsinh(,Blt/Z))
1

2u,
+ —2e P2 sinh(B,1/2), (30)
B
(uy) = uxoe_ﬁ’/z(cosh(ﬁlt/Z) - gsinh(,Bth))
1
2
- Z%Ue-ﬁ”z sinh(B,1/2). (31)
1

For the variances, we have

2
. {1 - -ﬁt(z%sinh%ﬁlﬂzn gsinhwlm 1)}

ma 1 1

(32)

2
o, kBT[ 1- e_B’(ZB—Zsinhz(ﬁll/z) - ﬁsinh(ﬁlt) + 1)} .
X B B

X m 1

(33)
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4pkpT

Gxu,_ 2 e
X m 1

Pt sinh*(at/2). (34)

The averages (y) and (u,) have the same expressions as Eqs.
(30) and (31), respectively, just changing the initial condi-
tions xy— y, and Uy = Uy 3 both correspond exactly to Chan-
drasekhar’s results. The auto- and cross correlations also re-
duce immediately to the corresponding expressions, when
we recall that in this case O, = Oy, =0, which means that in
the absence of the magnetic "field the processes (x,u,) and
(v,u,) become statistically independent as expected.

III. THE OVERDAMPED LIMITING CASE

In the overdamped approximation, or in the limit of large

friction, where | 3] is large, we can neglect the inertial term in
Egs. (3) and (4) and therefore the resulting equation on the
complex plane can be written as

L A
p+yp=——"0), (35)
B
where
— wz . —% 0‘)2
Y=E_Z"=w-iv YV =__=%ntiv (36)
B B
and
_ B’ _ Qw?
TE e M pagr 7

which represent the real and imaginary parts of Y. The solu-
tion of Eq. (35) and its corresponding velocity are immedi-
ately calculated, yielding the following results:

p={(p)+ f Ay dr' (38)
0

N S A(r)
i, =i, + J A(t’)é(t’)dt’+—B , (39)
0

where the deterministic solutions (p) and (i) are given by
(@) == ¥ "p. (40)

The complex functions x(¢') and /(¢') are defined as

(py=e""pys

it =- %e_w—r/). (41)

In a similar way, the solutions for the complex conjugates of
p(?) and i,(t), as well as for x(1), y(z), u,(1), and u,() are
given in Egs. (C24)-(C27) of Appendix C. So the statistical
properties of the variables of the system will be calculated in
a similar way as before. The x, y, u,, and u, averages are
shown to be ‘

(x) = e[ xq cos(yt) — yo sin(y1)], (42)

(y) = e "y, cos(yt) + xo sin(y;t)], (43)
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() = el 0B = 1 Qin(y) - oy

B+
+yoQ]cos(y1)}, (44)
—Yr!
(uy)=- m{wz[xoﬂ +yoQsin(y1) + 0’[yoB
—xoQ]cos(y1)}. (45)

Similarly as in the preceding section, we now evaluate the
integrals given in Egs. (C30)—(C34) to obtain the following
expressions for the variances at two times, that is,

kgT
0=~ (el = e cos y (1~ 1), (46)

_ 1y—t — vty
T, = ( YRIt=tal _ o= R(t 2))

e

Q
—sin y,(t; - tz))’ (47)

X (COS Yt —1y) - B

kgT
_ ti=to| _ =gty
Ty = (eVR\ 171l _ o 7R(t1+12))

e

X (%cos Yi(t, = t,) + sin y,(t, - t2)> . (48)

kgT
Oy = _( Yol = gt ))sin (1 - 1), (49)
mae?
where 3,= (1 +%22) and, according to Eq. (37), yg=w’/ B
and y,=w?Q/BB,. Again, if t;=t,=¢ then the variances re-
duce to

kgT
Tu= 2 51 =), (50)
kgT
T = ﬁ(l B, (51)
kgT Q
O, = g (=€, (52)
e

Here B, accounts for a redefinition of the friction coefficient
B when the magnetic field is present. This situation can be
understood in the following way. In the absence of the mag-
netic field, it is evident that 3,=f and therefore expressions
(50)—(52) reduce, respectively, to

kgT
Oy = £ 2(1 _e_szt/B)’ (53)
mae

(1 2P, (54)

and oy, = Oy —O Thus, the description of the Brownian
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motion through Egs. (50)—(52) suggest a redefinition of the
friction coefficient by the value f3,.

The reader may notice that we did not give the expres-
sions for the correlation of the velocity; actually is easy to
see that this correlation must have a term proportional to
Dirac’s 8. This follows from Eq. (39) since the velocity is
proportional to a combination of the Gaussian white noise,
which is & correlated. A Dirac & in the correlations for the
velocity is a direct result of the approximation done, and
does not correspond to what we obtained without the ap-
proximation. It is to be expected that, although the correla-
tions for x-u, and y-u, remain finite, the comparison with the
exact results may not show agreement. This is actually the
case if one considers the large-time behavior for the exact
result and the overdamped approximation. In Fig. 6 a com-
parison between the exact and the overdamped approxima-
tion results for o}, is shown for w/B=0.01 and different
values of (/3. As is evident from the figure the agreement is
rather good. Notice that for the free-field case o7}, is given
equally well by the exact result and the overdamped approxi-
mation; in contrast there is a noticeable difference in the
values for O’;MX given by the exact result and the overdamped

approximation.

IV. CONCLUDING REMARKS

In this work, we have been able to solve the problem of
Brownian motion of a charged particle in the presence of a
constant magnetic field in a time-independent harmonic well.
The magnetic field is allowed to point along the z axis of a
Cartesian reference frame and, as a consequence of this fact,
two independent processes for the charged harmonic oscilla-
tor occur. One process takes place along the magnetic field
and is described by the Langevin equation (5). This process
was exactly solved by Chandrasekhar [1] in 1943. The other
one takes place on the x-y plane perpendicular to the mag-
netic field and is described by two coupled Langevin equa-
tions. To solve these equations, we use an alternative method
of solution relying upon a transformation of these two equa-
tions through the change of variables given in Eq. (7). This
method allows us to establish Eq. (8), which is then easier to
solve than Egs. (3) and (4). We have established the general
auto- and cross correlations at two different times, which are
given in Egs. (B47)-(B52). At equal times t,=t,=¢ Egs.
(B47)—(B52) reduce, respectively, to Egs. (26)—(29) whereas
0,,=0 and (ruxuy=0. Our analytical results have been com-
pared with those calculated by Chandrasekhar, in the absence
of the magnetic field. In this case, the planar-diffusion pro-
cess, on the x-y plane, takes place in an independent way for
each one of the processes, along the x and y axes, as ex-
pected. In the overdamped approximation we have calculated
the same statistical properties, which is easier than in the full
description. Our complete solution can be extended to that
situation for which the particle is in a two-dimensional time-
dependent harmonic well, similar to that studied in Ref. [21]
in the overdamped approximation. Finally, in this large-
friction limit the explicit solution of the Smoluchowski equa-
tion associated with the Jayannavar and Sahoo problem is in
progress.
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APPENDIX A: SOLUTIONS FOR p(¢)
AND p*(¢) FUNCTIONS

To calculate the solution of Eq. (8), we follow the same
method used by Chandrasekhar to solve the one-dimensional
harmonic oscillator [1]; thus, we first calculate its homoge-
neous solution, which is given by

P =aie"" + @e™, (A1)
where a; and a, are constant complex numbers, &, and u,
are the roots of the homogeneous equation associated with

Eq. (8), i.e.,

B+ B+ o’ =0, (A2)
and therefore the roots are given by
__ B B __ B B
=——+—, =——--—, A3
M1 2" M2 27 2 (A3)
and
Bl =\ B2—4a)2= \,'//32—92—4w2+i2,89. (A4)

Now, we suppose that the solution of Eq. (8) is also of the
form of Eq. (A1), but now assuming that a, and a, are time-
dependent functions, that is,

pt) = a, (e + ay(n)e, (AS5)
and also satisfy the following condition:
da, - . da, -
Tt E82 it _ ), (A6)
dt
Substituting Eq. (A5) into Eq. (8), we have
da, - da, - —
i —— e + ,—e' = A(t). A7
M di e M2 dt e (1) (A7)

The solution of the system of equations (A6) and (A7) leads
to

t
a(t)=——— f e‘f_‘l"A(t’)+alo, (A8)
M= M2Jo
1 —
(72(1‘) =—_ — f e_“zt A(t’) +C_120, (A9)
M= M2Jo

where @), and @, are constant. So the solution of Eq. (8) is
then

t

1 I _ o
pt)=—— (e“l’f e M A(t")dt' —e“ff e " A(t')dt")
M= M2 0 0

+510€ﬁ1t+520€ﬁ2t. (AIO)

In a completely similar way, we can calculate the solution of
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the Langevin equation for the conjugate variable p*(r)=x
—1iy, which is given by

P+ B+ wpt = A1), (A11)

where the asterisk stands for the complex conjugate. In this
case, the complex function p*(7) and its corresponding veloc-
ity i1,(r)=u,~iu, are given by

e 1 —k —% at —k —% %k ™
p (1) + ———[(poity = it Je™1" = (pojty — it )eH™']
)

_ f T (A12)
0

and

—k 1 —_k =k —3k —k o —_k =k —3k —k .
i1, (1) + P ﬁ*[m(po,uz = it e = iy (poty — it Je*?']
— M2

t
=J At p*(¢)dt', (A13)
0
where now the roots
. BB . B B
=——+— =—— - Al4
M 5 5 Mo B 5 ( )

and

Bi=\B? -4’ =B - 0> -4 -i2BQ. (Al5)

Here the functions "(¢') and ¢*(¢') are now

— 1 —% ’ & ’
PH(t) = (P11 — eFali=)) (A16)

M= Mo

(1) = — 1 — (IaTe,fl‘(t—;') _ ﬁ;eﬁz("t’)).
M= Mo

(A17)

Under these conditions, the aforementioned solutions can
be written in shorthand as

p={(p)+ f At gl ', (A18)
0
P =(p")+ f A ()t (A19)
0
and
i, = (ii,)+ f A $(t)dt' (A20)
0
it, = (it,) + f AN (1t (A21)
0
where

PHYSICAL REVIEW E 77, 051105 (2008)

- _ (PoB+2it,) - _
(p) = poe P cosh(B,1/2) + fpoe_ﬁﬂz sinh(B,1/2),
Bi
(A22)
(i) = ﬁpoe_[g’/z cosh(3,1/2)
(it B+2pp0”) - _
B inh(Byt12),  (A23)
B
(p" = ﬁ;“)e—[g*’/z cosh(31/2)
(poBF+2i) -, B
+————L 2 Ginh(B12),  (A24)
Bi

(ity) = 17:;06_[3*[/2 cosh(;1/2)
(@ B +2piw?) - _
- B Ginh(B12).  (A25)

Bi

APPENDIX B: SOLUTIONS FOR x(f)
AND y(t) FUNCTIONS

By defining the complex functions ¢(r)= r(t)+ith(1),
with (r) and (1) the real and imaginary parts of A7),
respectively, and similarly for ¢(t) = ¢g(t)+i¢,(t), and also

V(') = A p(t'), T ')= A (@), (Bl)

D)= A )p(t"), D)= A1), (B2)

we can easily show that

V(t')=Re¥(¢') +ilmP ('), (B3)
(1" =ReW(¢') — ilmP (1), (B4)
d(1") =Red(1') + ilmD(1'), (B5)
®*(t') =Red(t') — ilmP(¢'), (B6)
with
ReV (1) = A, — Ay, (B7)
W (1) = Ay + Ay, (B8)
Red(t') = A dr— Ay, (B9)

Im®D(t') = A,y + A, i (B10)

However, from Egs. (16) and (17), we can also show that
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elt) = 5 —slang(t.t') + on(e.r)]. - (B11)
1) == lan(ir) = o). (B12)
9ul1') = laen(t) + gt (B1)
D1 = =lagir) - doe. V), (B14)

where
’ 1 =) iy(t—t") 1 (-t aa(t—t")
77R(t,t )— 2(6 1 etal=t ) 2(6 1 e )’

(B15)

nltt’) = - é(eﬁl(t—ﬁ _ eﬁz(t—t’)) + é(eﬁf(t—t’) _ eﬁi(t—t’)),

(B16)
and
N D
er(t,t") = E(Mlem =) _ el
1 _. Bt % Et’)
+ E(Mleﬂl =t _Mze,uzz t ), (B17)
i o, o,
e/l1,1") == E(ﬁle’ul(H ) = fyefal=)y
i < (=t s T (!
+ E(ﬁTel‘l(t—f ) _ ﬁze,%(l—t )). (B18)

If we now take into account that (p)={x)+i(y), {(p")=(x)
—i(y), it,)=(u) +iu,), and <ﬁ:§):<ux>—i<uy>, then, from Egs.
(A18)—(A21) and (B1)—(B6), we can conclude that the solu-
tions of Egs. (3) and (4) will be given, respectively, by

x(t) = (x) + JOZ ReW (¢ )dt', (B19)
y@=@+£m@wwx (B20)
w@#@+£M@ﬂW, (B21)
(1) = (uy) + fotImCI_)(t’)dt’, (B22)

where the averages for x, y, u,, and u, will be
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(x) = e7P"xy[cosh(at/2)cos(5t/2)cos(Qt/2)
+ sinh(at/2)sin(5t/2)sin(1/2)]
+ e P2y [cosh(at/2)cos(8t/2)sin(Qt/2)
— sinh(at/2)sin(81/2)cos(Qt/2) ]+ e P"*(By + Cy)
X [sinh(at/2)cos(dt/2)cos(2t/2)
+ cosh(art/2)sin(8/2)sin(Qt/2)] + e P"2(D,, - E,)
X [cosh(at/2)sin(5t/2)cos(2t/2)

—sinh(at/2)cos(5t/2)sin(Q1/2)], (B23)

(y) = e Py [cosh(at/2)cos(5t/2)cos(Qt/2)
+ sinh(at/2)sin(6t/2)sin(Q#/2) ]
— e P2y [cosh(at/2)cos(5t/2)sin(Qt/2)
— sinh(at/2)sin(8t/2)cos(Qt/2)] — e P"2(Dy - E,)
X [sinh(at/2)cos(8t/2)cos(Q1/2)
+ cosh(ar/2)sin(6t/2)sin(Qt/2)] + e P"*(By + Cp)
X[cosh(at/2)sin(t/2)cos(t/2)

— sinh(at/2)cos(8t/2)sin(Q1/2)], (B24)

(1) = e, [cosh(at/2)cos(81/2)cos(Q1/2)
+ sinh(at/2)sin(6t/2)sin(Q1/2) ]
+e P 2uyo[cosh(cut/ 2)cos(6t/2)sin(Qt/2)
— sinh(at/2)sin(8/2)cos(Qt/2)] — e P2(Fy + G,)
X [sinh(at/2)cos(5t/2)cos(L2t/2)
+ cosh(at/2)sin(8t/2)sin(Qt/2)] - e P(H, - I,)
X [cosh(at/2)sin(6t/2)cos(2t/2)

—sinh(at/2)cos(5t/2)sin(Q1/2)], (B25)

(uyy = e‘ﬁ’/zuyo[cosh(at/Z)cos(5t/2)cos(Qt/2)
+ sinh(at/2)sin(6t/2)sin(Q#/2) ]
—e P! 2ux0[cosh(at/2)cos(5t/2)sin(Qt/ 2)
— sinh(at/2)sin(8t/2)cos(Qt/2) ] + e P> (Hy - I,)
X [sinh(at/2)cos(8t/2)cos(£1/2)
+ cosh(at/2)sin(8t/2)sin(Qt/2)] - e P2(Fy + Gy)
X[cosh(at/2)sin(St/2)cos(2t/2)

— sinh(at/2)cos(t/2)sin(Q1/2)], (B26)
where
_ o X0
By=—— 52(;(32 +68) + 2uX0>, (B27)
Co=—2 (22 (B28)
07 24 & B « o)
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Dy = — f 52(%(,32 )+ 2uxo>, (B29)
Ey= azigz();)(ﬁ +8%) +2u, ) (B30)
o MXO 0
Fo= 2 s\ 58 B+ &) +20x |, (B31)
s [ uy, )
Go= 2+5< — (B - )+2wyo>, (B32)
H=5<( %) +2 ) (B33)
0= s 3 B —a’)+2wx,
u
0= a2i52<?('82+ 52)+2w2y0>. (B34)

On the other hand, for the two-time auto- and cross correla-
tions we use the definition established in the text. According
to Egs. (B7)—(B14) and (B19)—(B22), it is possible to show
that the variances at two times are

Oy = (x(t1)x(25)) = (1) Xx(22))
=0y, = Yty (1)) = ()X () = 1(21,1,).,
(B35)
Ouu, = Qu(t)u, (1)) = Cuy (1) Xy (1))

= O-u),u(v = <uy(tl)uy(t2)> - (uy(t1)>(uy(t2)> = J(tl’t2)s
(B36)

Oy, = (Xt u(12)) = (1) X (1))

=0y, —<y(t1)u (£2)) = (1) Xuy (1)) = K(ty,15)
(B37)

Txu, = (x () uy(t5)) = (1) Xy (1))

=0 (t)) = G(t)Ku (1) = L(t1.1)
(B38)

=—O'

Oy = (x(1)y(12) = x( )Xy (1))
== 0, = (y(t)x(1)) = (¥ (1) Xx(1y)) = M2, 1),
(B39)

O, = (1) (1)) = Caa(11) Xty (1))

== Oy = (uy(t)uy(tr)) = Cuy (1) Xu (1)) = N(24,15)
(B40)

where
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N [T ("2 , ,
Jl(f1af2)=Pf f [7r(t1,1)) MR(12,13)
0o Jo
+ (1, 1) py(tp,15) 1dr dty, (B41)
N [ ("2 , ,
J(t.1) = Pf j Ler(t1.1]) r(2,15)
0o Jo
+ o111 @ty 1) 1drdr;, (B42)
O\ (T (2 , ,
K(ty,1) = Pf f [7r(t1,1)) @r(t2.13)
0o Jo
+ (1)) @1y, 1) ldt dty, (B43)
2N [ ("2 , ,
L(ty,1) = pj f [7&(t1,17) @/(t2,15)
0o Jo
= nlt1,1) @p(ty.ty) Jdtdts (B44)
YN , ,
M(zy,1,) = PJ f [7r(t1. 1)) (1, 15)
0o Jo
— nt1,17) mr(ty,15) 1dt dty, (B45)
o\ (1 (" , ,
N(ty,1,) = Pf f Lor(ty,1) @f(ta,15)
0o Jo
= ot1, 1) e(ty,15) Jddt), (B46)

where A2= o+ &. These integrals can be evaluated by us-
ing Egs. (B15)—(B18); the result is the following:

N[ E (1,1 Es(t,t
Uxx=_2< i) oy i)
A\ B-a B+ a

2
Xcos[@,(t; - 1,)] - 52[]:RBR 7161])

(B47)
2N _ _LE|(t),1)
a-uxux= P(/u“llu“l /13_1 az COS[®1(t1 - t2)]
_ _E(1.1) -
+ ity = cos[O5(1) = 1)] = i [Re(fujz3)

X (FpBg = FiB;) = Im(j, ) (FrB; + f[&)]) , (B48)

”[ B ot - )+ 2

Uxu -

A? 2 B-a

><sin[®1<r1—r2>]) EZ(’;’”(;?“ sinf6,(1, - 1]
1

—cos[ O, (1) — t2)]) - Im(}—kck - -7'—101)] , (B49)
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T {El(’;’”) ( PR CIORE)
+sin[0) (1, - @]) EZ(;”” ( Z:QCOS[(*DQ(I] )]
+sin[@,(t; — tz)]> + ﬁ[}"}ﬂ),+ fIDR]:| , (B50)
n=2(- Eﬁ(“’”) (61— 1)+ 2512
Xsin[@,(r; —t,)] + o 2 52(.7:,5R fR5,)>
(B51)
B L )
S il 00~ )] + s Re( )

X (FrEr+ FiEg) +Im( iy j1y) (Fré - f15R)]> , (B52)

where A’=a?+ &, O, = %(5—9), 0,= %(5+Q), and

E\(t),1,) = (e B-ln=0l2 _ o=(B-a)i+)i2y = (B53)
Ey(t,,ty) = (e (Bralli=nli2 _ ~(Bra)n+)i2) - (B54)
Fit,1,) = (e_(ﬁ—ia)\zl—tzvz — g B2y - (B55)
Fz(futz) = (e—(ﬁ+i5)\zl—r2|/2 _ e—(ﬁ+i5)(rl+zz)/2)’ (B56)

5R6F1 + BImFl,
(B57)

fREﬁReﬁl—ﬂmﬁl, fIE

ReF, = e P12 cos 81, — 1,]/2 — e PUHD2 cos 81, + 1,)/2,
(B58)

ImFl = €_Blt1_12|/2 sin 51[1 - t2|/2 - e_ﬂ(tl+t2)/2 sin 5(t1 + tz)/z,

(B59)

— % 1 2 2 1 D 2
Re(m,uz)=z(ﬁ -—a )—1(5 -0, (B60)
I 3) =~ 5 (85~ ), (B61)
Br = cos[Q(t; — 1,)/2]cosh[ a(t; — 1,)/2],  (B62)
B, = sin[Q(z, — t,)/2]sinh[a(t, - 1,)/2],  (B63)
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Cr = sin[Q(t; — 1,)/2{ 8 sinh[ a(t, — 1,)/2] + Q cosh[«
X (t; = 15)/2]} = cos[Q(t; — 1,)/2]{B cosh[ a(t; — 1,)/2]
+ a sinh[a(t; — 1,)/2]}, (B64)

C;=sin[Q(t; — 1,)/2 a cosh[ a(t, — 1,)/2] + B sinh[ «
X () = 1)/2]} + cos[ Q(t; — 1,)/12{ S cosh[a(t; — 1,)/2]
+Q Sinh[a/(t] - tz)/z]}, (B65)

Dg = sin[Q(t; — 1,)/2){8 cosh[a(t; — 1,)/2] + Q sinh[ &
X (t; = 1)/2]} = cos[Q(t; — 1,)/2[{ cosh[ a(t; — 1,)/2]
+ B Sinh[a'(tl - t2)/2]}, (B66)

D, = sin[Q(t; — 1,)/2{ B cosh[ a(t| — 1,)/2]} + a sinh[ &
(tl - t2)/2] + COS[Q(I] - tz)/2]{5 Sinh[ 5(t] - tz)/z]

+ Q cosh[a(t, — 1,)/2]}, (B67)
Ep = cos[ Q1) — t,)/2]sinh[ a(t; — 1,)/2], (B68)
&, = sin[Q(t; — ty)/2]cosh[ alt, — 1,)/2]. (B69)

APPENDIX C: SOLUTIONS FOR x(t) AND y(t)
FUNCTIONS FOR LARGE FRICTION

The Langevin equation for the complex function p*(r)
reads

k| ok A*(t)
+YP = (C1
B
Thus its solution and its corresponding velocity ﬁ;‘; read
t
pr=(p)+ f AX(#)x*(¢)dt' (C2)
0
—% —k t_ T -’4<(t)
i, = )+ [ A)()dt + ——, (C3)
0
such that
P)=e7py (Ey=-7e TR, (c4)
i« 1 SH( — _ _
X =—e7 0 o )———e Te o (c)

Again, if we define the complex functions (') = xg+ix; and
{(t") =Lg+iL;, and also

E(') = Al)x(t),

I

(') = A (),  (C6)

A, ()= AT,  (C7)

we can show that

(') =
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Z(t")=ReE(t") +ilm=Z('), (C8)
E*(t") =ReE(t') — ilm¥('), (C9)
I1(+') = Rell(s") + iImII(¢"), (C10)
IT*(t') = Rell(¢") — ilmI1(1'), (C11)
where
ReE(1') =Axg — Ayxrs (C12)
ImE(t') = A+ A Xk (C13)
Rell(t") = A Lr - AL, (C14)
ImII(t") = A 4+ Ay dg. (C15)

Here the real and imaginary parts of y and  can be written
as

Xelt)) = =L Bra(t.t") + Quc1,1')],

B+ (Cl6)
I 1 ! !
x(t') = m[ﬂfﬁ(m )= Qup(t.t)],  (C17)
1
Lrltt') =~ m[ﬁm(m’) +Qm(t,t')], (CI8)
I 1 ! !
gt )=—m[,37'1(m ) — Qg(,t)], (C19)
where
1 o e
Kg(t,t') = 5(6_7(’_’ ) 4V =1y (C20)
Ki{t,1") = — é(e_w_”) _ 7)), (C21)
1 _ = ’ _ —x ’
Tr(t,t') = E(ye_y(’_’ )4 ey (=), (C22)
Aty == (G T, ()

Also, in a similar way as was done in Appendix B, the solu-
tions for the real functions x(z), y(t), u,(t), and u,(z) are then

t

x(1) =) + f ReZ(¢')dr',

0

(C24)
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y(1) =)+ f Im=(t')drt’, (C25)
0
and
u () ={u,) + J tRel:[(t')dt’ + 9,(1), (C26)
0
(1) = (u,) + j ImIL(¢")dr’ + 9,(1), (C27)
0
where
_ BAL) + QA (1)
0(1) = —Lﬁz T (C28)
BA r(t) - QAx(t)
0,(1) = —W (C29)

Also, from Egs. (C12)—(C19) and (C24)—(C29), we can show
analogously as in Appendix B that at two times o=y,
=P(tl 7t2), O-uXuX=a-u ,uV=Q(Zl ,12), O-xux=0-yu‘,=R(tl 7t2), and

! ¥ )
Oy =—0y, =5(11,1;), and o, =-0,,="T,where now
y x )

2N [T (2 , ,
P(ty,1,) = Ff f R GRALCR)
0o Jo

+ k(11,1 k(1. 1) Jdr dt, (C30)
) 2\ , ,
Q(ty,1) = F(a(tl — 1) = [7r(t1,17) + TR(12,17)]
(1
+ f f [7r(t1,17) TR(12,15)
0o Jo
+ 71,17 78y, 15)1d1dt) (C31)
N [ ("2 , ,
R(tl,l2)=ﬁj f [xr(t1,1) Tr(t2,15)
0o Jo
+ k/(t1,1)) 71y, 85)]d1 1), (C32)
al 2)\' ZI t2 I !
S(t1,1) = Ff f [kg(ty. 1) T(t2,1)
0o Jo
— ki(t1,17) Tr(tp, 15)dt | d1y, (C33)
2N [ ("2 , ,
T(t,1,) = Ff J [xr(ty. 1)) ki(12,1)
0o Jo
- Kl(tl’ti)KR(t27té)]dt{dté’ (C34)

where I'>= 82+ Q2. These integrals can be evaluated with
the help of Egs. (C20)-(C23).
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