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Symmetry of scalar second-order stochastic
ordinary differential equations
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Abstract : In this manuscript, the definition of an admitted Lie group for stochas-
tic differential equations given in [I] is applied to second-order ordinary stochastic
differential equations. Admitted Lie group generators for a variety of equations
are obtained.
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1 Introduction

One of the standard methods for finding exact solutions of differential equa-
tions is group analysis. A survey of this method can be found in [2], [3] and [4]. It
involves the study of symmetries of equations. Symmetry means that any solution
of a given system of equations is transformed by some local group of transforma-
tions to a solution of the same system. Moreover, symmetries allow finding new
solutions of the system.

In contrast to deterministic differential equations, there have been only few
attempts to apply symmetry techniques to stochastic differential equations. They
fall into two groups as we review now.

The system of It6 equations

dXi(t,w) = fi(t, X (t,w))dt + ga(t, X (t,w))d B (t,w) W
(i=1,..,n, k=1,..,7) :

with initial condition X (0) = X(© is interpreted in the sense that
¢ t
Xi(t.w) = X0+ [ fils X(swds+ [ gals X(s,0)dBu(sw), (12)
0 0

for almost all w €  and each ¢ > 0, where f;(¢, X) is a drift vector, g, (¢, X) is a
diffusion matrix and By (k =1, ...,r) are one-dimensional Brownian motions. The
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first integral in this equation is of Riemann type, while the second integral denotes
a sum of It6 integrals with repeat index k.
The first approach [5} (6, [7, 8] considers fiber-preserving transformations

T, = p(t,z,a), t=H(t,a) (i=1,..,n), (1.3)

and has been applied to stochastic dynamical systems [5, (6] and to the Fokker-
Planck equation [7, [8]. Its weakness is that it can only be applied to fiber-
preserving transformations which form a small subclass of all possibly transfor-
mations.

The second approach [10} 11}, 12, [13] [14] deals with symmetry transformations
including all the dependent variables in the transformation. This approach has
been applied to scalar second-order stochastic ordinary differential equations [10,
11], to the Hamiltonian-Stratonovich dynamical control system [12] and to the
Fokker-Planck equation [12), 13| [14]. There have also been attempts to involve
Brownian motion in the transformation, without strict proof that Brownian motion
is transformed to Brownian motion.

In [1] a new definition of an admitted Lie group of transformations for sto-
chastic differential equations is given, including dependent as well as independent
variables in the transformation. In particular, the transformation of Brownian
motion is defined by transformation of the dependent and independent variables,
and there is a strict proof that the transformed Brownian motion satisfies the
properties of Brownian motion. This theory was applied to first-order stochastic
ordinary differential equations in [1].

The present manuscript discusses how these idaes can be applied to scalar
second-order stochastic ordinary differential equations.

2 Preliminaries

2.1 Lie group of transformations for stochastic differential
equations

This section is devoted to reviewing the theory developed in [I]. We discuss
transformations of stochastic processes and admitted Lie groups.
Assume that the set of transformations

t=H(t,r,a), ==t x,a) (2.1)

composes a Lie group. Let h(t,z) = %—’Z(t,x, 0), &(t,x) = g—‘;(t,a:,O) be the coeffi-
cients of the infinitesimal generator

h(ta x)at + E(ta x)am
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According to Lie’s theorem, the functions H(t,x,a) and ¢(t, x,a) satisfy the Lie

equations
OH Oy

5g = M 0) 5o =) (2.2)

and the initial conditions for a = 0:
H=t p=u. (2.3)
Since %—i](t,x, 0) =1, then %—If(t,x, a) > 0 in a neighborhood of a = 0, where one

can find a function 7(¢, z, a) such that
OH
2
t,r,a) = —(,x,a).
Pt ,0) = S (twa)
Using the function (¢, x, a), one can define a transformation of a stochastic process

X (t,w) by

X(t,w) = p(a(t), X (a(t),w), a), (2.4)
where

t
B(t) :/ 772(3,X(s,w),a)ds, t>0,
0

and a(t) is the inverse function of 3(¢). This gives an action of Lie group (2.1) on
the set of stochastic processes. Replacing ¢ by 8(¢) in (2.4), one obtains

X(ﬂ(t)’w) - go(t,X(t,w), a)'

It is useful to introduce the function

o
t,x) = =L(t,x,0).
(1) = 2 (1,,0)
Notice that the functions h(¢,z) and 7(t, ) are related by the formulae

r(ta) = 2B

t
, h(t,x) = 2/ 7(s,x)ds.
0

We are now ready to present the notions of admitted Lie group and determining
equations.
Definition 1. (see [1]) A Lie group of transformations (2.1) is called admitted
by the stochastic differential equation (1.2)), if for any solution X (¢,w) of (1.2) the
functions £(¢, x) and 7(t, z) satisfy the following determining equations:

Eit(t, X(t,w)) + f365(t, X(t,w)) + %gjktgzkfi,jl(t7 X(t,w))
o fu(t X (8,w) /0 (5, X (5, w))ds
_fidgj(t?X(ivw)) - 2fiT(taX(t7w)) = 07 (25)
G5 (1 X (1,0)) — 2g(1, X (1,0)) / (s, X (s,0))ds

—gikT(t, X (t,w)) — gir, ;& (t, X(t,w)) = 0,
i=1,..,nk=1,..7),
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where (e),, stands for the partial derivative with respect to the coordinate appear-
ing in the subscript, for example, &; + = 9

i
at

Note that the determining equations (2.5) were constructed under the assump-
tion that the Lie group of transformations (2.1)) transforms any solution of equation

(L.2) to a solution of the same equation.

2.2 Determining equations for scalar second-order stochas-
tic differential equations

This section is devoted to constructing determining equations of an admitted Lie
group of transformations for a scalar second-order stochastic differential equation.
Let us consider the It6 equation

X(t) = f(t,X(t), X (1)) +g(t,X(t),X(t))d%Et)7

where f and g are given functions and B is a Brownian motion. Equation (2.6)
describes, for example, the motion of a particle in a noise-perturbed force field
and can be interpreted as the system of first-order stochastic ordinary differential
equations

(2.6)

X(t,w) = X(0,w) + t Y (s,w)ds,
Y(t,w) =Y (0,w) Jr/o f(s,X(s,w),Y(s,w))der/O g(s, X (s,w), Y (s,w))dB(s).

(2.7)
According to definition 1 in the previous section, a Lie group of transformations
(2.1)) is called admitted by the stochastic differential equation (2.7), if for any

solution (X(t,w),Y(t,w)) of (2.7) the functions &(t,z) and 7(t,z) satisfy the
system of determining equations
&1 (8 X (L), Y (1,0)) + 980 (6 X (L0), Y (L0)) + fé1,y (8 X (Lw), Y (1,0))
+1g28 . (t,X(t,w),Y(t,w)) — &t Xtw), Y, w))
—2yT (t,X(t,w), Y(t,w)) =0,
o (1 X (L), Y (1,0)) + péae (1 X (L0), Y (E0)) + fa, (1 X (10),Y (1,0))
+%92€2,yy(t,X(t,w),Y(t,w)) —2f; (t,X(t,w),Y( ,w))/ T(S,X(s,w),Y(s,w))ds
0
~F& (8 X (4,0), Y (60)) = 27 (6 X (1), Y (tw)) =0,
€1y (t,X(t7w)7Y(t,w)) —0,
t
gfz,y(t,X(t,w),Y(t,w)) —2g, (t,X(t,w),Y(t,w))/ T(S,X(S,w),Y(s,w))ds
0
—g7 (8, X(6w), Y (6.w)) = 936 (£ X (1w), Y (t,w)) = 0.

N ~——

~+

(2.8)
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3 Main Results

In the following, we present and solve the determining equations for a variety
of scalar second-order stochastic differential equations.

3.1 Narrow-sense linear equation

Let u, v and o be constants, and o # 0. Consider the equation [15],

dB
e
called the narrow-sense linear equation. The functions f and g in equations (2.8)
are f = —v2x — py and g = 0. The system of determining equations thus becomes

E10 4 Y€ — (Vo4 py)lry + 2028 4y — 297 — & =0,

ot + Yoo — (V2 + py)ay + 50%E0 yy + 20020 + py) 7 4 12& + péa =0,
fl,y = 07 gQ,y —7=0.

X=-12X-pX+o

(3.1)
If 42 — 402 > 0, then the general solution of this system is

€1 = CreMt 4+ Cae™t, & = Crye™t + Coyae™!, 7=0, (3.2)

where 1 = —3(p + /p? — 4v2) and v, = —5 (1 — \/p? — 4v2). For this solution,

h =0, and a basis of admitted generators corresponding to (3.2) is
enty,, e’?to,.
If 42 — 402 < 0, then the general solution of determining equations (3.1) is

51 = Cleigt COS(’Ygt) + 0267*5% Sin(’}/gt),
&2 = Ciyre 5t cos(qst) + Coyae™ Bl sin(yst), 7 =0,

where 11 = —5(p +\/p? —4v2), v2 = —5(u — /p? — 4v?) and 43 = /42 — 2.

Here again, h = 0. Thus, a basis of admitted generators corresponding to (3.3) is

(3.3)

ezt cos(v3t) 0y, ezt sin(y3t)0z-

3.2 Ornstein-Uhlenbeck process

A better model of Brownian movement is provided by the Ornstein-Uhlenbeck
equation [16]

3} . dB
where b > 0 is the friction coefficient, and o # 0 is the diffusion coefficient. The
functions f and g in equations (2.8) are f = —by and g = 0. Thus, the system of
determining equations becomes

Eip+Yérn —by&ay + 20260y — 29T — & =0,

o0 + Ybom — byoy + 20280 4y + 2y + bEa = 0,
fl,y = 07 52,3; —7=0.
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The general solution of this system is
&1 =C1+4Coe™, & =—Cobe™, 1=0. (3.5)
A basis of admitted generators corresponding to (3.5) is

—bt
Op, € 0.

3.3 Mass-Spring linear oscillator

The response of a mass-spring linear oscillator to white-noise is described by the
equation [11]
dB

X=X +o—
+Uﬁ’

where b? = %, m is the mass, k is the characteristic coefficient of the spring and

o # 0 is constant. The functions appearing in equations (2.8) are f = —b%x and
g = o, and the system of determining equations becomes

Eip+yérp — D&y + 2026y — 2yT — & =0,
62715 —+ y£2,$ — b217§27y —+ %O’zfg,yy =+ 2b2$T -+ b2§1 = 0, (36)
gl,y = Oa g2,y —7=0.

If b = 0, the general solution of determining equations (3.6) is

fl =3C1x + Cot + (s, fg = Cly +Cy, T=C1. (37)

¢
For this solution h(t,z) = 2/ T(s,z)ds = 2Cyt. Thus, a basis of admitted

generators corresponding to (‘%% is
3x0; +2t0y, 10y, Oy
If b # 0, the general solution of determining equations (3.6) is
& = Crsin(bt) + Cycos(bt), & = Cibcos(bt) — Cobsin(bt), 7=0. (3.8)
A basis of admitted generators corresponding to (3.8) is

sin(bt)d,, cos(bt)0,.

3.4 Nonlinear equation

Consider the equation [11]

. . X dB
X =aexp(—X) + bexp(——)cii—t7

: (3.9)
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where a, b # 0 are constant.The functions appearing in equations (2.8) are f =
ae™¥ and g = be~ 2. The system of determining equations becomes

E10 + Y€1p +ae V€, + $b2e Yy, — 2yT — & =0,
o0 + Ybom + ae Ve + $b%e Vs — 2ae7YT — aeYE =0,
fl,y =0, £Z,y -7+ %52 =0.

Its general solution is

1
51 =Ci+ 02(13 + t), & = Cy, 1= 502 (310)

¢
For this solution, h(t,z) = 2/ 7(s,z)ds = Cit. A basis of admitted generators

corresponding to (3.10) is
Op, (x+1)0, + 0.

In the above examples, all transformations were fiber-preserving. In this case,
the proof that a Lie group of transformations transforms every solution of the
equation into a solution of the same equation is easy.

3.5 Non fiber-preserving transformations

Consider the equation [11]

.. dB
X =0X— 3.11
T ( )

where o # 0 is constant. Here the functions appearing in equations (2.8) are f = 0
and g = ox. The system of determining equations becomes

&1, + YE1p + 502071y — 29T — & =0,
§o0 + Yoz + %023&252411/ =0,
5171} = 0, $£2,y — XT — 51 =0.

and its general soilution is

& = Ciz + 02.13_2, 52 = Cly, T = —ng_g. (312)

¢
For this solution, h(t,z) = 2/ 7(s,z)ds = —2Co2~3t, and a basis of generators
0

corresponding to (3.12) is
0y, x 20, — 227 3t0,.

For finding the Lie group of transformations corresponding to the second gen-
erator, one has to solve the Lie equations
OH (9(,01 _9

— = 2¢;°H, —— =
Oa Lt Ty TR
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with the initial conditions for a = 0:
H=t ¢ =z

The solution of this Cauchy problem gives the transformations of the independent
variable ¢ and the dependent variable x,

f=H=t(1+3az"%) "%, z=¢ =(a°+3a)5. (3.13)

Hence n2 = (1 + 3az—3)"3.

Let us show that the Lie group of transformations (3.13) transforms every
solution of equation (3.11) into a solution of the same equation. Assume that
X(t) is a solution of equation (3.11). In [I], it was proven that the Brownian
motion B(t) is transformed to the Brownian motion

a(t)
B(t) :/ (14 3aX3(s))"3dB(s), (3.14)
0
where
t
B(t) = / (1+3aX () Hds, off) = inf{s: B(s) > 1}, £>0.
0 52
Applying It6’s formula to the functions ¢1 (¢, 2, y, a) = (#3+3a)% and @a(t, 7, y, a) =
y, one has
01(t, X (t,w), Y (t,w),a) = ¢1(0, X (0,w),Y(0,w), a)
f
—|—/ Y (8) X2 (s)(X3(s) + 3a)_%ds
0
@Q(tv X(ta CU), Y(ta UJ), G;) = 902(07 X(07 w)a Y(O’ w)’ a)
t

+/0 o0X(s)dB(s).

(3.15)

Changing the variable s = «(5) in the Riemann integral in (3.15), it becomes

t , B(t)
/ Y(s)XQ(s)(X3(5)+3a)_§ds:/ Y (a(5))d5.
0 0

Because of the transformation of the Brownian motions (3.14), the It6 integral in
(3.15)) becomes

t B(t) 1
/ 0X(s)dB(s) = / o X (a(3))(1+ 3aX 3(a(5)))5dB(5).
0 0

X (t,w) and Y (a(t)) = Y (t,w), one obtains

Since X (a(f)) (1 + 30X 3(a (D))

B(t)
1 (8, X(5,w), Y (£,0), ) = 92(0, X (0,0), Y (0,),a) + / ¥ (s,w)ds,
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Bt)
wa(t, X (t,w), Y (t,w),a) = p2(0, X (0,w), Y(0,w), a) +/0 oX(s,w)dB(s).

Because ¢1(t, X (t,w),Y (t,w),a) = X(B(t),w), and @a(t, X (t,w),Y (t,w),a) =
Y (B(t),w), one has

B B(t)
(B(t),w) = X(0,w) Jr/o Y (s,w)ds,

S

_ B B
V(B(0).0) = V00 + [ oX(s.w)dB(),

which is equivalent to ~
= - dB
X=0cX—.
dt
This confirms that the Lie group of transformations (3.13)) indeed transforms every

solution of equation (3.11)) into a solution of the same equation.

4 Conclusion

The new definition of an admitted Lie group of transformations for stochastic dif-
ferential equations given in [1] was applied to scalar second-order stochastic differ-
ential equations. This approach includes the dependent and independent variables
in the transformation. The transformation of Brownian motion is defined by the
transformation of dependent and independent variables. The developed theory was
applied to five scalar second-order stochastic differential equations: an equation
representing an Ornstein-Uhlenbeck process, an equation describing a mass-spring
linear oscillator to a white-noise random, the narrow-sense linear equation, a linear
It6 equation and a nonlinear It6 equation.

Acknowledgement(s) : The author is thankful to S.V. Meleshko and E. Schulz
for very fruitful discussions.
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