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This paper investigates symmetries of autonomous ordinary stochastic differential equations.
Change of time includes the stochastic process itself, and is uniquely determined by the trans-
formation of the spatial variable. As a particular feature, the time change by an admitted Lie
symmetry group may be unrelated with the time change in the stochastic process. Sufficient con-
ditions for a Lie group to be admitted by an autonomous equation are derived. This method can
be applied to second order autonomous equations as well as systems of autonomous stochastic
differential equations.

Keywords: Brownian motion; Lie group of transformations; stochastic differential equation; admit-
ted transformation; determining equations.

1. Introduction

While symmetry techniques have found a wide range of applications in the analysis of
ordinary and partial differential equations, there have been only few and recent attempts to
extend these techniques to stochastic differential equations. The main obstacle which one
encounters here is the non-differentiability of stochastic processes, which makes it difficult
to include change of time in the symmetry transformations. Another difficulty is how to
match the time change in the Lie groups of transformations with the time change in the
stochastic processes.

Symmetries of stochastic differential equations are usually considered for scalar equa-
tions or systems of stochastic ordinary differential equations

dX; = f;(t, X)dt + g (t, X) dBy, (i=1,2,...,n),

where By (k = 1,2,...,r) are standard Brownian motions. Most approaches fall into two
general groups as follows.
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The first approach [1-12] employs fiber-preserving transformations only,
f:go(t,x,a), E:H(taa)>

and thus avoids the problem of how to include the dependent variables in the time change.
Here z is the vector of dependent, that is spatial variables, ¢ is the independent variable,
usually time, and a is the group parameter.?

Misawa [1] and Albeverio and Fei [2] considered H(t,a) = t. Gaeta and Quinter [3]
and Gaeta [4] allowed time to be changed, but did not apply the time change to Brownian
motion. Gaeta later [8] extended the approach developed in [3,4] to include Brownian
motion in the transformation. Mahomed and Wafo Soh [5] and Unal [6] used an infinitesimal
transformation for Brownian motion,

_ 1 1
dB = dB + 3¢ (Tt + fr. + §ggﬂm> dB,

where 7(t,x) = %—Ij(t, x,0) is the coefficient of the infinitesimal generator of the Lie group.

Fredericks and Mahomed [11,12] tried to reconcile [5] and [6]. Melnick [7] and Alexandrova
[9,10] also include Brownian motion in the transformation of the dependent variables.

In general, the change of variables in stochastic differential equations differs from the
change of variables in ordinary differential equations, as the It6 formula takes the place
of the chain rule of differentiation. Exploiting the It6 formula and the requirement that a
solution of a stochastic differential equation is mapped into a solution of the same equation,
the determining equations of an admitted Lie group can be obtained. This approach has
been applied to stochastic dynamical systems [1,2,9,10], to the Fokker—Plank equation
[3,6,8,14, 15], to scalar second-order stochastic ordinary differential equations [5], and to
the Hamiltonian—Stratonovich dynamical control system [14]. It has also been applied to
stochastic partial differential equations [7].

The second approach [16,17] includes the dependent variables in the transformation of
time as well,

T =t x,a), t=H(tza).

In particular, the transformation of Brownian motion is defined through the transformation
of the dependent and independent variables. Generalizing the change of time formula [18],
it was proven in [17] that the transformed Brownian motion

B(t) = /0 n(s, X (s), a) dB(s),

(where n(t, z,a) # 0) satisfies again the properties of Brownian motion. This transformation
of Brownian motion is a logical generalization of the time change in the It6 integral to the
case where the stochastic process is included in the change. Exploiting the It6 formula, this
transformation of Brownian motion and the requirement that a solution of the stochastic
differential equation is mapped into a solution of the same equation, and finally equating

&For completeness let us also mention that transformations = = ¢(w, ), ¢t = t including elements w of the
sample space in the transformation, were applied by Arnold and Imkeller [13] to autonomous equations.
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the Riemann and It6 integrands, the determining equations of an admitted Lie group were
obtained. The definition of an admitted Lie group for stochastic differential equations was
given using these determining equations.

It is worth to note that if H = H(t,a), then these determining equations coincide with
those obtained in [12]. Coincidence of the determining equations also occurs in the case of
autonomous stochastic ordinary differential equations.

In spite of its greater generality, the definition of an admitted Lie group for stochastic
differential equations given in [16,17] has some weaknesses, as we explain now. First, the
relation of the function 7 defined in [16,17] by the formula

772(15, x,a) = H(t,z,a)

restricts the set of transformations substantially. Second, the determining equations defined
in [16,17] only give necessary conditions for the transformed function to be a solution
of the original equations, as they are obtained by equating integrands. Compare this to
deterministic equations, where the determining equations are obtained by differentiating the
original equations with the transformed solution substituted into them, hence giving also
sufficient conditions. Some of these difficulties will be overcome for autonomous equations
in the next section.

The motivation of this paper is to propose a new set of admitted transformations for
autonomous systems of stochastic differential equations, where the dependent variables are
included in the transformation. We do not require that the time change in an admitted
Lie group is related to the stochastic time change, thus making possible a wide range of
admitted Lie groups. This new method also confirms that the examples considered in [16,17]
are correct.”

The outline of this paper is as follows. In Sec. 2, we define a new class of admitted trans-
formations for autonomous stochastic differential equations. Geometric Brownian motion is
chosen as an example to illustrate the new approach. In Sec. 3, we extend this new method
to systems of autonomous stochastic differential equations and consider two applications.
Section 4 deals with admitted Lie groups of transformations of autonomous stochastic ordi-
nary differential equations.

2. Transformations of Autonomous Stochastic First-Order
Ordinary Differential Equations

The first step in the study of admitted Lie groups of transformations consists of a discussion
of admitted transformations. Throughout, we will consider transformations of the form

t=H(t,z), ==t z),

where the functions H(t,z) and ¢(t,x) are sufficiently many times continuously differen-
tiable. The time change in stochastic processes will be of the form

t
t= [ s ds (2.1)
0
for some fixed function 7(¢,z) > 0. Here {X;};>0 is a stochastic process.

PThe authors of [12], using the approach [16,17] assert that the examples in [16,17] are not correct.
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Recall that if (¢, x) is a continuous function with continuous derivatives ¢, ¥z, Yrz,
and a stochastic process {X;}+>¢ is a solution of the stochastic differential equation

dX = f(t,X)dt + g(t, X)dB, (2.2)

then by Ito’s formula, the process (¢, X) has the stochastic differential

2
deo(t, X) = <<Pt + e+ %s%) (t, X) dt + (92 )(t, X) dB.
Here f = f(t,z) and g = g(t,z) are measurable deterministic functions and {B;};>¢ is
standard Brownian motion.

As is usual, for ease of notation we will omit the stochastic variable w, switch freely
between the notations Xy, X(t) or X(¢,w), and make the convention that identities hold
a.s. only. We also assume that solutions of all stochastic differential equations exist locally,
that is for t € [0,¢).

2.1. Admitted transformations

Assuming that n(t,z) > ¢ > 0 is continuous in ¢, formula (2.1) defines a random time
change with time change rate n?(t, X (t,w)):

5 () = (6. X) = [ (s X () ds (2.3
0
whose inverse is
ax(t) =a(t,X) = ;gg{s :B(s, X) >t} (2.4)
Bla(t,X),X) =t =a(B(t, X),X), (2.5)

for t > 0 sufficiently small. Using the function ¢(t,x) and this random time change, one
can define a transformation X (¢) of the stochastic process X (t) by

X(t) = ¢lalt, X), X(alt, X))). (2.6)
Setting 1 (t) = ¢(t, X (t)) it follows that
X(B(t, X)) = (1). (2.7)

Now due to Ito’s formula one has

60 =00+ [ (o0t for+ L) (5. X060 s

n / (9i02) (5, X (3)) dB(). (2.8)
0

Because X (t) is a solution of (2.2) and ¢, (t,x) is a continuous function, the process
o (t, X (t))g(t, X (t)) is continuous, and gy, is a nonanticipating functional. According



Admitted Transformations for Autonomous Stochastic ODE 183

to the time change formula for It6 integrals [19], a nonanticipating functional Y (s, X(s))

with
t t
P(/ Y2d8—|—/772d8<00, t20>:1
0 0

satisfies the formula

1 _
o (3), Ko (@) D)

ax(t) t
/0 Y (s) dB(s):/O Y(ax(s))n(

Correspondingly, the last term of Eq. (2.8) changes to

Bx (t)
[ ortaeaox (). Xax(s) dBs)
Since Bx(t) = JUQ(S,X(S))dS and [(ax(t), X) =t, then
i (ax (1), X (ax (1)) o’y () = 1,
and hence (2.8) becomes

sy =00+ [ [ (et S0+ Gar) ] ax) Xax(om) s,

Bx (1)
+ /0 (0™ gpa)(ax(s), X (ax(s))) dB(s). (2.9)

On the other hand, requiring that X (%) is a weak solution of Eq. (2.2), one obtains

X(f):)_((O)—i-/o f(s,)_((s))ds—i—/o g(s, X (s))dB(s).

Substituting® ¢ = Bx(t) into this equation, one gets
g

_ _ Bx (t) _ Bx (t) _ _
X(Bx(t)) = X(0) +/0 f(s,X(s))ds +/0 g(s, X (s))dB(s). (2.10)

Equations (2.9) and (2.10) will certainly be equal if the integrands of the two Riemann
integrals and the integrands of the two It6 integrals coincide. Comparing integrands one
obtains,

2
(14 e+ Grpar ) (ax(0), X(ax () = 6. X(0) ax(). X ax ()

(992)(ax (8), X (ax (1)) = g(t, X () n(ox (t), X (ax (1))

(2.11)

“These considerations are similar to the constructions applied in [16,17]. It should be noted that there is no
change of variables in the integrands as the authors of [12] misleadingly state.
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for all sufficiently small ¢. Replacing ¢ by ¢ = Bx(t) and using (2.5), these two equations
become

2
(14 e+ Gpan ) (0.X(0) = F(Ox(0) X () (0. X)),
(90:) (. X(8) = a(Bx (1), X (Bx () n(t. X ().

Using (2.7), this pair of equations can be rewritten as

2
(sot - g—som> (1, X (8)) = F(Bx (1), olt, X (0)) 72 (1, X (1)),

2 (2.12)
From here onwards it is assumed that Eq. (2.2) is autonomous,

This assumption makes the time change in (2.12) disappear and allows us to consider these
equations as the deterministic equations for the functions (¢, z) and n(t, z):

g% (x)

pi(t, @) + f(2)pn(t, x) + Pua(t, ) = fp(t, )77 (¢, 2),

(2.14)
g(x)SOx (t> l‘) = g(@(ta .7})) 77(75> l‘)

Considering the second equation of (2.14) as an equation defining the function 7(t, z),

 g@)pa(t )
16:2) = = o, )

the first equation becomes the parabolic nonlinear equation

)

2(x 2)ou(t, )\ 2
ilt.) + F@onlt.) + E prn(t0) = Flotea) (S22 o)

Thus, if the function ¢(t, z) is a solution of (2.15) and X (¢) is a solution of (2.13), then
©(t, X (t)) will again be a solution of (2.13). In case that

_ sealtn)
D= et 210

the solution (¢, X(t)) is a strong solution, and we call the transformation z = ¢(t,x)
a strong admitted transformation of (2.13). Otherwise it is called a weak admitted
transformation.

2.2. Geometric Brownian motion

As an example, consider the autonomous stochastic ordinary differential equations
dXt = ,U,Xt dt+GXt dBt, (217)

where > 0 and o > 0 are constant. Its solution with the initial condition X (0) = X is
called geometric Brownian motion.
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Since the solution of the pair of Egs. (2.15) and (2.16) is trivial: ¢ = kz, where k is
constant, there are no nontrivial strong admitted transformations.
For obtaining weak admitted transformations one has to solve Eq. (2.15) which is now
2,.2 2,2
o°x x

A simple check shows that this equation admits the Lie group with the generators

X1 :l’ax, XQ :(pap, X3 :8,5.

These generators compose an abelian Lie algebra.d Invariant solutions constructed on the
basis of this Lie algebra are exhausted by two classes: one class is based on the generator

X1 — k}XQ = l’ax - kcpap,
while the second class is based on the generator
2X5 — \o? X1 + 2kXo = 20, — Ao?x0, + 2kp0,,

where k and A are arbitrary® constants.
The first class of invariant solutions has the representation

© = zFu(t).

Substituting this representation into (2.18), one gets

TIPS P

Hence, the transformation is

2
o = Czlexp <tk(k; - 1) <u - %)) (2.19)
The second class has the representation
o =eu(z), z= ze 2, (2.20)
Substituting this representation into (2.18), one gets
o2 2200" 4 2z(Ao? 4 2u)vv’ — 2u2*v' 2 + 2kv? = 0.

This equation is linearizable. Introducing y = In(z) similar to the linear Euler equation, it
can be reduced to the equation

v 4 kjov’ — (v + 1) 2 + kzv? = 0, (2.21)
where the constants are

k
7:2%_17 k1:’7+A7 k3:2§

4The admitted Lie algebra of Eq. (2.18) is infinite dimensional.
®Here signs and scales of these constants have been chosen for convenience in computations.
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This equation can be mapped into the free particle equation u”(7) = 0 by the change of
variables

where
¢ =h%e MY B =yh, Y =9 — ki — kg (2.22)
Thus, the general solution of (2.21) is
h(y)v™" = c1q(y) + <o

Solutions of (2.18) of the form ¢ = wv(z), (i.e. & = 0 in (2.20)) depend on the
parameter k.
If k1 = 0, then

1
y y (2.23)
y

If k1 # 0, then

k1 ek1y 1 eFy

Rk v B ,
14k’ h= 1t ek 4 y = In(z) + A\to®/2

T ki1t eRy’ (2.24)

kle—kl)\tUQ/Q)—l/v_

(G
o =(c1+cor™

3. Autonomous Systems of Stochastic First-Order ODEs

The approach developed above is easily extended to systems of autonomous stochastic first-
order ordinary differential equations. For simplicity, we illustrate this with a system of two
equations

dX1 = f1i(X1, X2) dt + g1(X1, X2) dBy, 3.1)
dXy = fg(Xl, Xg) dt + gg(Xl, Xg) dB;.
Let us make a transformation of the dependent variables,

T1 = pi(t,z1,22), T2 = @a(t,x1,22).

Comparison of integrands as in (2.11) leads to the equations

2 2
_ g g
n2 <901t + 112y + foPres + o Plere; + 919201020 + ?2%?1129;2) = fi(p1,¥2),

2
2 2
—2 91 92 _
n 90215 + fl@?xl + f2()021'2 + 2 902931:61 + 9192902931:62 + 2 ()022321’2 — fQ(()O].J SOQ), (32)

NN G112, + G2P12,) = 91 (1, P2),

NN 919221 + 920225) = g2(01, 2)-
Here on the left-hand sides, n = n(t, x1,x2), fi = fi(t,x1,22), and g; = g;(t, x1,x2), i = 1,2.
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Next two applications are considered: autonomous stochastic differential equations of
order greater than one, and deterministic change of Brownian motion.

3.1. Second-order stochastic ordinary differential equation

Notice that a second-order stochastic ordinary differential equation
dX = f(X,X)dt + g(X, X) dB,
can be rewritten as the system of first-order stochastic ordinary differential equations
dX, = Xy dt,
dXs = f(X1,X2)dt + g(X1, X2) dBy,

where as is usual for deterministic differential equations, X; = X, X» = X have been
applied. Equations (3.2) become

N2 (1t + To@1a,) = P2,

2
n? (SOQt + ooz, + fo2u, + %¢2x2x2> = f(¢1,92), (3.3)

901932 = 07 77_1990%2 - g(so].a SOQ)

We observe that the first equation is similar to the prolongation formula if one takes into
account the change of time

ﬁ(t,X,X):/O (s, X (5), X () ds.

From the last equation in (3.3) one finds

9(x1,22)P2s, (t, 21, 2) (3.4)

t,xr1,x9) = .
(@1, 22) g(p1(t,x1,22), p2(t, x1,22))

Substituting (3.4) into the remaining equations of (3.3), one obtains an overdetermined
system of partial differential equations for the functions ¢ (¢, x1,x2) and o (t, x1, x2):

2
Plzy = 0, w1+ T2P1z, = P2 <gﬂ> )
9(01,¥2)
(3.5)

) 2
9 _ _ Pows
Vot + Topoz, + f902x2 + 5 P2xoxso f((pla 902) (gg(sm, @2))

For example, for the Ornstein—Uhlenbeck equation
dX = —bX dt + 0 dBy,
where b > 0 is the friction coefficient and o # 0 is the diffusion coefficient, Egs. (3.5) become
Pla =0, Q11+ T2P12, = P25,

o2 2
ot + T2P20, — DT2022y + G P09z, = —bp2s,., .
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3.2. Deterministic change of Brownian motion

Considering (2.13) as a system of equations,

dXy = f(X1)dt + g(X1)dB,
dX, = dB,,

where we have set X1 = X, one can include Brownian motion into the transformation (2.6).
Equations (3.2) become
g’ 1 _ 2
Y1t + f901x1 + 5 Plaix + 9P1z1 0o T 5Plzows = f(¢1)(9902x1 + SOQIQ) ’
2
90215 + f902x1 + %@2:61931 + gSOQCEﬂEQ + %902932:62 = 07
912, T P1az = 9(01)(90201 + P20s),
N= 9$2z, + P2z,
For example, for geometric Brownian motion,

2.2
P1t T PT1P12; + %‘lewl +0T1P12125 T %901332172 = pp1(ox1p20, + 902932)2’

2,2

ot + 1T192, + T5 P20y + 0192125 + 3P200s = 0,
OT1P12, + P1a; = 0P1(0T1022, + P24,),
N = 0T1P2z; + P2,
One solution of these equations is

o(kixa+k2)

pr=ce¢ q(2), @2 =kizo + kg + k32! 77,

where k; (i = 1,2, 3) are arbitrary constants, z = x1e~ 72, and the function ¢(z) is a solution
of the linear second-order Euler-type equation

22q" + vzq' — vkiq = 0.

For this solution,
N = ]{?1.
In particular, if k1 = 1, ko = k3 = 0, this transformation becomes
YH+1)x2

_ — _
p1 = c1x1 + 224 e , P2 = T2,

where ¢; (i = 1,2) are arbitrary constants.

4. Admitted Lie Groups of Transformations

In this section we show how a Lie group of transformations can be associated to an
autonomous stochastic ordinary differential equation.
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4.1. Lie group of transformations

Consider a general system of stochastic ordinary differential equations:
dX; = fi(t, X)dt + g, (t, X)dBr, (i=1,....,n; k=1,...,r). (4.1)
Assume further that the set of transformations
t=H(t,z,a), T;=pi(t,z,a) (4.2)
composes a one-parameter Lie group with the infinitesimal generator
h(t, )0 + &(t, x)0s,.

Since the initial point in the Riemann and It6 integrals is fixed (¢ = 0), then it has to be
invariant under admitted transformations. This gives

h(0,z) =0 (4.3)

as one of the conditions for the group to be admitted. This requirement can be omitted if
one allows changes of the initial point in the integrals.

According to Lie’s theorem, the functions H(t,z,a) and ¢(t,x,a) satisfy the Lie
equations

oH 8%

— =h(H — =& (H, 4.4

94 (H,0), - =&(H ) (4.4)
and the initial conditions for a = 0:

H(t,z,0) =t, ¢i(t,z,0)=x;. (4.5)

Using the functions ¢; (¢, , a), one can define a transformation X (f) of a stochastic process
X(t) by

X(t) = pla(t,X,a), X(a(t,X,a)),a), (4.6)

where the functions 3(t, X, a) and a(t, X, a) are as in formulae (2.4) and (2.5), but with
n = n(t,x,a). This gives an action of Lie group (4.2) on the set of stochastic processes.
Replacing ¢ by 3(t, X, a), one obtains

X(ﬁ(t>Xa (I)) = go(t,X(t),a).

In contrast to deterministic differential equations, one notices that the function H (¢, z, a)
is not involved in the definition of the transformed stochastic process (4.6). In fact, the
time change of the stochastic process is not defined through (4.2), but is the stochastic time
change (2.3). Nevertheless, one can still relate the function 7(t,x,a) with the Lie group,
in analogy with deterministic differential equations. For deterministic differential equations
the function n? plays the role of the total derivative of the function H(t,x,a) with respect
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tot: > =H ++ H ;&;. Since the stochastic process X (t) is not differentiable, other relations
need to be considered instead. The simplest relation,

Hy=n’ (4.7)

was applied in [16,17]. Since for deterministic differential equations #; = f;, one may also
choose the following relation,

Hy+Hfi=n*. (4.8)

Recall that for stochastic differential equations the It6 formula plays the role of the total
derivative. Hence, one further relation between the Lie group and the function 7(t, z,a) can
be considered,

1
Hi+H;fi+ §gjk9lkH,jl =7’ (4.9)

Since H(t,z,0) = 1 and H 4,(t,2,0) = 0, none of these choices contradicts positivity of
the right-hand side.

In calculations of an admitted Lie group of transformations for Eq. (4.1) it is useful to
introduce the function

In
T(ta .%') = %(ta €z, 0)

If one assumes any of the relations (4.7)—(4.9), then similar to deterministic differential equa-
tions, the functions 7(¢,z) and (¢, ) define a Lie group of transformations for stochastic
processes. In fact, if the function 7(s,x) is given, then the function h(¢,x) is the unique
solution of the Cauchy problems,

he=27, h(0,z)=0,
h,t + h’ifi(t, ZL‘) =27, h((), .7}) =0, (4.10)

1
hi+hifi+ §gjk91kh,jz =27, h(0,z) =0,

respectively. Integrating the Lie equations (4.4) with the initial conditions (4.5), one then
finds the functions H (¢, x,a) and ¢(t,x,a). Notice that each of these Cauchy problems has
a unique solution.

4.2. Admitted Lie group

The problem which remains is to find sufficient conditions which guarantee that the trans-
formed process (4.6) is again a solution of the system (4.1). In the following we will over-
come the difficulties encountered in [16,17] for autonomous equations of form (2.13).f Our
approach is to use the admissibility condition for transformations (2.15) to define admitted
Lie groups of transformations. In particular, the stochastic time change (2.3) need not be
directly related with the time change (4.2) by the admitted Lie group.

fn [12] the authors also tried to correct [16,17]. Their attempt led to the strong restriction: all possible
admitted transformations are fiber preserving.
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Assume that the deterministic functions ¢(t,z,a) and H(t,z,a) compose a Lie group
of transformations G with generator

Y = h(t,x)0 + £(t, x) 0,
Then the functions (¢, x,a) and H(t,x,a) satisfy the Lie equations

g—i(t,x,a) =¢(H(t,x,a),p(t,z,a)), %—Z(t,x,a} = h(H(t,x,a),p(t,z,a)), (4.11)

and the initial conditions

o(t,x,0) =z, H(t,z,0)="t.
Requiring that ¢(t, z,a) be admitted by the stochastic differential equation

dX; = f(Xy)dt + g(Xy) dBy, (4.12)
it has to satisfy Eq. (2.15) as well. Thus we obtain the following definition.

Definition 1. The Lie group G is admitted by the autonomous stochastic differential
equation (4.12) if it satisfies the equation

2(x
S(t,x,a) = @(t,x,a) + f(z)p.(t,z,a) + g é )gom(t,:c,a)
2
- H(ottza)) (BEALLD Yy, (413)

This definition of admitted Lie group overcomes the difficulties described in the Intro-
duction. It is similar to one of definitions of admitted Lie group for deterministic equations.

4.3. Determining equations

For finding an admitted Lie group one can directly solve Eq. (4.13). A solution ¢(t,x,a)
of (4.13) determines the coefficient

¢
t.x) =
£t.) =5

_(1, (t, xZ, 0) .
If & = 0, then by virtue of the uniqueness of the solution of the Cauchy problem for the
Lie equations, one has that ¢;(t,z,a) = 0. Hence, ¢(t, z,a) is a solution of the second-order

nonlinear ordinary differential equation

2(x 2)pu(t, 2, a)\
F@)ealta) + E o t.0) = folta)) (B2 BB o g

In this case the function H may be chosen as the solution of the Cauchy problem

%—Ij(t,x,a) =h(H(t,x,a),p(t,z,a)), H(t,xz,0)="t.

Here the function h(t,z) is an arbitrary function. The choice of the function h(t,x) may
depend on additional conditions one imposes, such as (4.7) for example. If there are no
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additional conditions, then one can chose h(t,z) = 1, which gives H(t,z,a) = t. This
means that the Lie group only acts on the space variables.
If & # 0, then the first equation of the Lie equations (4.11) defines the function H (¢, x, a).
As an alternative for finding an admitted Lie group, one can also use the determining
equations obtained by expanding the left-hand side of Eq. (4.13) with respect to the group
parameter a,

2 3
S(t,x,a) = aSq(t, z,0) + %Saa(t,x, 0) + ‘;—,sam(t,x,()) Ten

By virtue of the Lie equations (4.11), the coefficients ‘ngf(t,x,O) of this expansion can
be written through the coefficients of the infinitesimal generator. For example, the first
coefficient of the expansion® is

9% (x)

Sa(t,l‘,O) =& — f(x)gm + B)

fuo t <2f(x)gg,((f)) - f’(x)) 3

Necessary conditions for S(¢,z,a) = 0 are ngf(t, x,0) = 0. In case that & = 0 the equation
Sa(t,x,0) = 0 is a linear second-order ordinary differential equation, in contrast to the
nonlinear equation (4.14), and its solution also gives a sufficient condition for S(¢,z,a) = 0.

Conversely, in the example considered below, ‘g%f(t,x,()) =0 (k = 1,2,3) are already

sufficient” to guarantee that S(t,z,a) = 0 for general £.

4.4. Admitted Lie group of geometric Brownian motion
For geometric Brownian motion,
f=pz, g=oz, (,LL>0,0'>0),

and Eq. (4.13) is
oz’

o2
e — prtTE = 0. (4.15)
¥

ot + prpg + 5

Particular solutions of this equation were obtained in Subsec. 2.2.
Let us consider the solution (2.19),

¢ = Ca® exp(tk(k — 1)y02/2). (4.16)

If £ =1, then setting C' = e%, one obtains £ = z. Since & = 0, then H = t. Hence, the
admitted generator is

0. (4.17)

This generator was also obtained in [17] and later in [12].

€The remaining terms of the expansion are cumbersome and not presented here.

b There is the problem to find the minimal number N of the terms of the expansion %(t,x,()) =0
(k=1,2,...,N) which guarantees that S(t,z,a) = 0.
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If k # 1, then setting k = e, one obtains
¢ = z(In(x) + tyo?/2).
Since & # 0, one also finds
H(t,z,a) = te*®,
Hence, the admitted generator is
2t0; + x(In(z) + ty0?/2)0,. (4.18)

This generator was also obtained in [12].
Solutions corresponding to (2.23) do not satisfy the property

o(t,z,0) = x.
Let us study the possibility that the solutions corresponding to (2.24),
@ = (c1 4 cor e PN g — ) (4.19)

compose a Lie group. Assume that ¢; = ¢1(a), ¢, = ¢o(a), A = A(a). Since for a Lie group
o(t,z,0) = x, then

c1(0) =0, ¢, (0)=1, XO0)=0.

The coefficient of the infinitesimal generator is obtained by differentiating (4.19) with
respect to the group parameter a and setting it to zero:

§= @fﬁ(ln(fﬁ) +tyo?/2) — @x - C,lfyﬂx"“.

Forming a linear combination with the generators (4.17) and (4.18) one obtains only one
additional generator,

2o, (4.20)

This generator was also obtained in [17], taking into account the additional condition (4.10).
It is worth to notice that since solutions (2.19), (2.23) and (2.24) are particular solutions
of Eq. (4.15), the generators (4.17), (4.18) and (4.20) do not exhaust the set of admitted
generators.
Let us employ the determining equations ngf(t,:c, 0) =0, (k=1,2,...) for finding an
admitted Lie group. The first determining equation is

26 — 2uzy + 0° 0 s +20€ = 0
or
26 + 0% (@76 — (7 + D38 + (7 + 1)) = 0. (4.21)
If & = 0, then the general solution of this equation is

E=Cir + Cgl‘7+1.
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If & # 0, then from the equations S, = 0 and S,, = 0 one can find & and h;. Substituting
them into S,4, = 0, one obtains the equation

5
9 oy + @ (x,s,ﬁx,..

o »h
o8 ) = 0. (4.22)

R
"9t da3

Further study depends on the value of h,.
If hy =0, then

he =2(& — &/x).
The general solution of this equation is
x
&= §(ht In(x) 4 2hq),

where hy = hi(t) is an arbitrary function of the integration. Substituting this solution
into (4.21), and splitting it with respect to z, one finds

hig =0, R} = (y+ 1) /4.
This gives that
h = cit + cg, hlzt(’y+1)02/4+82,

where cg, ¢; and ¢y are arbitrary constants. The requirement! (4.3) forces the constant cg
to vanish and one thus obtains the generators (4.17) and (4.18).
If h, # 0, then Eq. (4.22) gives g—iﬁ. The equations

9 (06 _ 0 (o€
ox5 \ ot ) ot \ 0z
and glef(t, 2,0) =0 (k =1,2,...) are satisfiedJ Since, there are no other equations for the

function h(t,z), there is an infinite number of linearly independent admitted generators.

Remark 1. In [17] the admitted Lie group
o(t,z,a) = (a+z" 7)Y, H(t,x,a) =t(1+ az?)"?

for geometric Brownian motion was presented as an example. In the context of the present
paper, this group arises from transformation (4.19) with A\ = ¢, = 0 and the additional
relation (4.7).

n [12] the constant cg is mistakenly kept.

jUsing symbolic calculations on computer we checked equations ‘ngf(t, z,0) =0, k < 7. It is likely that this
identity holds for all large k.
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Another example considered in [17] is the equation
dXt = [Ldt + dBt,

where p > 0 is constant. Here Eq. (4.13) becomes

1
1+ Py + 5P 2 = 0.

One easily verifies that the function obtained in [17],
1
o(t,z,a) =z — oM In(1 — 2uae®**)

solves this equation. The additional relation (4.7) then yields
H(t,xz,a) = t(1 — 2uae*)~2

as already obtained in [17]. This confirms that the examples of transformations considered
in [17] are correct, contrary to what [12] claims.

5. Conclusion

We have shown how one may associate a Lie group of transformations to a stochastic
differential equation in a way which allows the stochastic process to be included in the time
change. In case of autonomous equations, the change of time is determined solely by the
change of the spatial variable. We thus were able to formulate sufficient conditions for a Lie
group of transformations to be admitted.

While the transformations determined by the Lie group map solutions of the stochastic
differential equation to solutions, the change of time in the stochastic process no longer
coincides with the change of time by the Lie group. Hence, there is no need to apply 1to’s
formula to the latter, removing a restriction imposed in [12].
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