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Abstract: This paper analyses the model of Black-Scholes option pricing from the point of view
of the group theoretic approach. The study identified new independent variables that lead to the
transformation of the Black-Scholes equation. Furthermore, corresponding determining equations
were constructed and new symmetries were found. As a result, the findings of the study demon-
strate of the integrability of the model to present an invariant solution for the Ornstein—Uhlenbeck
stochastic process.

Keywords: group theoretic approach; lie symmetry; invariant solution; Black-Scholes equation;
stochastic process

1. Introduction

In 1973, Fischer Black and Myron Scholes formulated a mathematical model that
describes option pricing. Their model forms the cornerstone for modern financial theory; it
is not often that one can talk about modern finance without ever mentioning the revolu-
tionary Black-Scholes (BS) model. The central goal of the BS model is to find fair prices of
options by combining the price variation of the stock, the time value of money, the option’s
stock price, and the time to the option’s expiry [1]. In 1976, Robert Merton provided several
extensions to the BS model, the most prominent of these extensions being the ability to
account for dividend yields [2]. The importance of the BS model was recognised in 1997 by
Royal Swedish Academy of Sciences, where Scholes and Merton were awarded the Nobel
Prize in Economics. Unfortunately, having died two years earlier, Fischer Black was not
present for the award.

In this paper, we demonstrate how the theory of Lie symmetry analysis can be used
to find invariant solutions of the Black-Scholes option pricing model under stochas-
tic volatility. The stochastic volatility case was handled using the method introduced
by Palianthanasis et al. [3], where the volatility was assumed to follow the Ornstein—
Uhlenbeck process. The model is governed by the given partial differential equation [3]:

1 1
Vi + §f2 ()S*Vss + ppSf(y) Vsy + Eﬁsz

+rSVs + [w(m —y) —ﬁpu]vy—rV:O, 1)
fy)

where S is the price of an underlying asset (the stock); p is the correlation coefficient;
is the drift; r is the riskless rate; « is the rate of mean reversion; m is the long-run mean
of Y; o is the volatility of the stock. To derive the model for stochastic volatility with the
Ornstein—Uhlenbeck process, it is convenient to regard the volatility of the stock price as
being a function of Y4, i.e., 0 = f(Y};), where Y; is the stochastic process that contains the
Ornstein—Uhlenbeck term [3].
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This paper is organised as follows. In Section 3, a heuristic background of the concepts
underlying Lie symmetry analysis are introduced. In Section 4, Lie symmetry analysis is
presented for the case where the volatility follows a stochastic process. The obtained sym-
metries were used to reduce Equation (1) into a one dimensional linear ordinary differential
equation of order two. In Section 5, the modified local one-parameter transformations
are presented and used to calculate invariant solutions of Equation (1). Furthermore, Lie
symmetry analysis was used to examine a stochastic Heston model. The numerical solution
that represents the evolution of the solutions is presented graphically in Section 6. The
conclusion is provided in Section 7.

2. Fundamental Definitions and Theorems

In this section, a comprehensive review of a group theoretic approach to the solution
of differential equations is given. The theory entails the tools necessary for subsequent
employment throughout the paper. To start with, the mathematical idea of a symmetry is
explained, and then the general properties of groups are explained; the properties are then
extended to the Lie groups. Numerous textbooks are accessible [4-8], as well as research
papers extensively published on the symmetry analysis of ordinary differential equations
(ODEs) and partial differential equations (PDEs). In [5], Bluman and Kumei described
the significance of the theory of Lie symmetry for a PDE. The authors pointed out that
invariant functions can be constructed to reduce the order of a differential equation or the
number of dependent variables [9].

According to Lie theory, the kth-order partial differential equation [10,11]:

ut—F(t,x,u,u(l),u(z),...,u(k)) =0, (2)
admits the given Lie group of transformations of one-parameter:

Foomt+a8(tx,u, U(1), H(2)s - U(k) )
~ x4 agi(t, X, U, U (1), U(2), -eer U () ),
~ uf 4 ant(t, x, u, U(1), U(2)s wees u(k)),
with infinitesimal Lie generators [12,13]:

]

9 .0
_ 0" 17 a7
X=Gg teaa 5 3)
if:
e — F(E,2,1, ), f2), 0 ) = 0. )

the group transformations 7, £, and 1 are obtained by solving the following Lie equations [14]:

df PN 5

o = CEx800),00), . 0g),

dxt TN 5

% _ (;”(t, z, u,u(1>,u(2),...,u(k)), (5)
dne e -

= e 00, ),

with the initial conditions:

? ol i Aw o
tlamo=t, &' [g=0= x', 0] |4=0= uj.
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the infinitesimal form of iz, ﬁ(l), ﬁ(z), .y ﬁ(k) are found by the given formulas [15,16]:

% ~ o o
uj ~ u; +“’7i (x,u,ul),
0 ~ o ®
wj = uwt a’?z‘j(x/ u, Uy, uz), (6)
% ~ o o
Wi i Wi i T (o, u, Uy, .y ).

the functions % (x, u,u1), nf‘j(x, u,uq,1p), and q;‘;...ik(x, u,uy, ..., ;) are obtained from the
following prolongation formulas [6]:

nt = Di(y") —utDi(g)),
ns = Di(nf) —uiiDi(gh), @)
mhoa = Dy(f i ) —ub D (@),

where D; denotes the operator of total differentiation with respect to (x1, x3...x,), then:

0 % 0 x 0
Di:aixi—i_uiw—i_uijw. (8)
the transformed derivatives 4 (y), 2), ..., il(y) can be computed from the formulas:
D; = Di(f")D;. ©)
the generators are therefore given by:
xW = X4pp 9
= +171 (.X,T/l, ul)?l
1
(10)
0
xk = x4 e ) —
o (e )

Theorem 1. A function F(x,u,--- ,uy) is invariant under the prolonged group G, if and only

if[17]
xMF =o, (11)
where XK is the generator of G.

Theorem 2. Every one-parameter group of transformations (£ = f(x,y,€),7 = g(x,y,¢)) is
reduced to a group of translations f = t + €, i = u with the generator [17]:

X:g,

by suitable change of variables
t=1t(x,y), u=u(xy).

Considering the Lie groups of point transformations related to a given differential
equation £ involve n independent variables x = (x1,x,...,x,) € R" and m dependent
variables u = (u!,u?,...,u™) € R™ [4,18], let:

v = X(x,u;a),u” = U(x,u;a) (12)
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be a group of transformations in the space € R"™"™ of the variables (x, u) [4,18]. Further-
more, for:
u=0(x) = (0(x),®%*(x),..,0™(x)), (13)

be a solution of the equation £. A Lie group of transformations of the form (12) admitted
by & has the following two corresponding properties [4,18]:

1. A transformation of the group maps any solution of £ into another solution of &;
2. A transformation of the group leaves £ invariant, say, £ reads the same in terms of
the variables (x, #) and in terms of the transformed variables (x*, u*).

Definition 1. [18]-The function u = @(x) with components ut = ©4(x) (A = 1,2,...,m)
is said to be an invariant solution of (2) if u = @4 (x) is an invariant surface of (12) and is a
solution of (2).

3. Symmetry Analysis for Black-Scholes with the Ornstein-Uhlenbeck Process
We assume that Equation (1) admits a Lie symmetry satisfying the generator:

X = &9, + ¢%s + ¢%9, + ydv. (14
the prolonged symbol is then:
xPl = X0 4 yfay, + 550y, + Yoy,
+,75yavsy + 1559y + UNEI (15)

using Equation (7), we can obtain the following exact expressions for the prolonged
coefficients:

nto= e+ Viny — & Vi — ViVi&y — & Vs — ViVsEy
- BV - Vi
n° = ys+ Vsny — EVi — ViVsly — 55 Vs
— VsVsh — 33V — VsV &y
o=yt Vg — &V — &V Vs — ViVy&y — & Vs
— Vi~ VY
nss = s+ 20svVs + v Vss + vy VsVs — E35Vs — E2sVy

~ G8sVi— 28§ Vss — 288Vsy — $3Ver — 205y Vs Vs
— 283, VsVy — 288, VsVi — & VsViss — 283 Vs Vss
— &YV Vss — 280 Vsy — &4 ViVss — 281, Vs Vs
— By VsVsVs — &y VsVsVy — Epy Vs VsV

= gy 2y Vy v Vi Hvv Ve Vy — 8, Vs — 65, Vy
— Vi —282Vys — 223V, — EL Vi — 282V, Vs
— 25y VyVy — 28V, Vi = G VsV — 280 Vi Vs — 63 Vi Viy
— SV VVs — SV Vy — Svoy Vi Vi

7Y = sy + iy Vs — &3, Vs +isvVy — 68, Vy — G5, Vi
+ vy VsVy — &y VsVy — G5y VsVy — &y Vs Vi
— S VeV = G VsVs — Sy VyVy — &5 Vss — EaViy
+ v Vs, — & Vsy — EaVsy — &y Vs — 85 Vi — &0 Vs Vsy
— GVVssVy — & VsV — Shy VsV V.



Symmetry 2021, 13, 847

50f13

the symbols 7, °, 7Y, 7%, 5, and 5¥¥ are substituted into the determining equation.
Using the SYM Mathematica package conceived by Dimas and Tsoubelis in [19], we
obtained the following two Lie operators, which are inline in [20]:

X1 = 9, (16)
X, = Sds. (17)

in as much as Equation (1) is a linear equation, it therefore constantly admits the respective
linear and infinite symmetries given by:

Xy = Voy, (18)
Xy = b(t,S,y)aV, (19)

in constructing invariant solutions, the following three facts must be taken into consid-
eration: First, the infinite symmetry cannot be used for the reduction of the differential
equation; therefore, they are not considered here. Second, all those solutions in which V
does not depend on one of the independent variables are discarded. Third, linear com-
binations of symmetries are also symmetries. These three facts mean that a reduction of
Equation (1) can be performed using the following symmetry generators, which are linear
combinations of the two symmetries obtained:

Yl = Xl + klxur (20)
Y, = Xp+kXy, (21)
Y12 = X1 + CX2 + k3Xu. (22)

4. Invariant Solution through Lie Operators
4.1. Invariant Solution through Symmetry Y1

The symmetry Y is given by:
Y] =0+ k1 Voy. (23)

the characteristic system is therefore given by:

kidt 4V
TV 2
integrating both sides, we can obtain:
kit=InV +1Inv(S,y), (25)
which results in:
V(t,S,y) = v(S,y)et. (26)
the computation of the partial derivatives of V gives:
Vi = kw(S,y)e,
Vy - Vyeklt,
VS = Useklt, (27)
Vss = vssel,
VSy = VSyekltr

_ kit
VW = vyye 1,
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the substitution of Equation (27) into Equation (1) gives the following one-dimensional
second-order partial differential equation of function v (S, y):

0= 3f2(y)S?vss + pBSf(y)vsy + 3Bvyy + (28)
rSvs + |a(m —y) — Bolicr vy — (r = k)v. (29)

using the SYM [19], it can be found that Equation (28) admits one symmetry X, = Sds.
Applying the symmetry Sds + ko VAV, which is equivalent to the symmetry vector Y5,
to Equation (28), a second-order differential equation can be obtained. This is shown below
in detail.

4.2. Invariant Solution through Symmetry X,
The symmetry Y; is given by:

Y, = Sdg + kpvay, (30)

which gives the following characteristic system:

kzd?s = d%/ (31)
the integration of Equation (31) gives:
kyInS+Inw(y) =Inv, (32)
ie.
InS*2 +Inw(y) =Inv. (33)
hence
v(S,y) = S2w(y). (34)

substituting Equation (34) into Equation (26), we can obtain:
V(t,S,y) = etsku(y). (35)

one can use Equation (34) to reduce Equation (28) by computing partial derivatives of v
with respect to S and y as follows:

vy = Skzwy,

vg = kzskrlw,

vy = kS lw, (36)
vss = ka(ky —1)S02 2w,

vy = SPwy.

substituting these partial derivatives into Equation (28) gives:

0 = ﬁzwyy—F 20((m—y)+;‘(0y'8)(k2f2(y)_y+r) w,
+ (5 —k2) fA(y) + 2(rka — 7 + Ky . (37)

4.3. Invariant Solution through Symmetry Y1,
The symmetry Yi, is given by:

Y12 = 9¢ + ¢Sdg + k3 Vay. (38)
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the characteristic is given by:

dt ds dv
the first characteristic is solved by integrating:
dt  dS
=2 4
1= o5 (40)
to get:
tc=InS+1Inz. (41)
hence:
S =z, (42)
and so:
z = Se~ . (43)
the second characteristic is solved by integrating:
at dv
=27 44
T~ kv (44)
to get:
kst =InV +1nv(z,y), (45)
which then gives:
V(t,S,y) = eB(z,y). (46)
now, derivatives are obtained as follows:
Vi = kseto — cSefstect,
Vs = édlte o,
v, = oy, (47)
Vg = ¢y,
VSS — ekgte(_2Ct)vZZ/
Vsy = ehtey,,

substituting these derivatives into Equation (1), we can find:

1
0 = EfZ(y)SZEkgi?e—thvzz_|_p‘BSf(y)ek3te—cifvzy_i_
=T kst

) I

refsto + ety — cSe o, (48)

1
+ §ﬁ26k3tvyy +r8efste=ty, + la(m —y) — ppB vy
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k3

multiplying throughout by 2, cancelling out the term ¢3!, and imposing the equation

z = Se~ ¢ leads to:

0 = f222(y)vs + 20Bzf (y)vzy + ,Bzvyy +2(r —c)zv, +

2|a(m—y) —p‘BTy; vy —2(r — k3)v. (49)

using the SYM, it can be found that Equation (49) admits the symmetry zdz, which is a
reduced symmetry [3]. Hence, one can apply the zeroth-order invariant of the symmetry
vector zd, + wdy, to Equation (49) to get a reduced form, as follows: Taking the characteristic
of z0, + k4vd,, we get:

o 0
integrating gives:
kylnz +1Inu(y) =1Ino, (51)
and hence:
v(z,y) = Z4u(y). (52)
the substitution of Equation (52) into (46) gives
V(t,S,y) = eBdtFu(y). (53)

now, from Equation (52), we can compute the derivatives of v with respect to z and y
as follows:

v, = k42k4_1 u,

vy = ky(ky—1)z57 2y,

Uy = k42k‘fl Uy, (54)
vy = Zk Uy,

oy = ZMuyy.

substituting these into Equation (49) gives the following second-order differential equation:

0 = ,B2uyy+ 2a(m—y)+;(p£(k2f2(y)—y+r) uy

+ (G — k) fA(y) +2(rky — r + ky)Ju. (55)
the solution of differential Equation (55) can be obtained using Maple software. This results
in a very complicated solution that contains hypergeometric functions. However, this

solution can then be substituted into Equation (53) to get the complete solution V (¢, S,y)
for the original partial differential equation.

5. Symmetry Analysis of the Heston Model

This section is dedicated to performing Lie symmetry analysis for the Heston model.
The Black-Scholes equation for the Heston model is given by [3]:

1 1
0 = EYszvss + p8YSVsy + Eﬁyvyy +7rSVs
+ (a(m—=Y)=AY)Vy — 1V + Vi (56)
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in order to ease the process of calculating symmetries for Equation (56), the following
change of variables was employed:

Y = 2
0
= - 7
: 7)
i = (a=A)
¢ = am-— [32
which provided the new differential equation below:
1 1
0 = Sy*S?Vss+BoySVsy + 5B Vyy +75Vs
1
+ 2[c1y+ <C;)]Vy—rV+Vt. (58)
using the SYM [19], we obtained the given Lie operators:
Xl = at/
X, = Sdg,
Xy = Voy, (59)

Xy, = b(t, S,y)av,

where Xy and X, are linear symmetry and infinite symmetry, respectively. Next, the linear
combinations of these symmetries were considered to obtain:

Y1 = Xi+khXo, (60)
Y, = Xo+kXy, (61)
Yo, = Xi+cXo+k3Xy. (62)

5.1. Invariant Solution through Symmetry Y,
The symmetry Y] is given by:

Y1 =0t + k1 Voy. (63)

the characteristic system is therefore given by:

kidt  dV
_— 4
1 v (64)
integrating both sides, we can obtain:
kit =InV +In®(S,y), (65)

which results in:

V(t,S,y) = d(S,y)eM. (66)
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the computation of partial derivatives of V with respect to its parameters gives:

Vi = k1d>(S,y)ek1t,
V, = @y,
Vs = dge,
Vss = Dggetl,
Voy = gy,
Vg = By,

substituting these in Equation (58), the function ®(S, y) satisfies the following equation:
0 = lpse + BpyS® +152<1>
= Zy SS PY>Lsy 7 vy
1 Co
+ 5|c1y + v Dy —rd + ki D. (67)

using the SYM, it can be found that Equation (67) admits one symmetry X, = Sds. This
means that if the symmetry Sds + k, VAV, which is equivalent to the symmetry vector Y,
applied to Equation (46) being able to reduce the equation into a second-order ordinary
differential equation. This is shown below in detail.

5.2. Invariant Solution through Symmetry X
The symmetry Y; is given by:

Y> = Sd5 + koPdg,
which gives the following characteristic system:
dS _ 4o
S )
integrating both sides gives:
kyInS+InW(y) =In®
ie.
InS2 +InW(y) =Ind
and therefore:
®(S,y) = S2W(y). (68)
substituting Equation (68) where there is ® into Equation (66), we can find:

V(t,S,y) = etskw(y). (69)

one can use Equation (68) to reduce Equation (46) by computing partial derivatives of ®
with respect to S and y as follows:

k
@y - S ZWy,
Ds = kySklw,
CDSy = kzskzilwy,
Pss = kalko —1)SR272W,

_ k
Dy = SZWyy.
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substituting these partial derivatives into Equation (46) gives:

0 = BW,+ (2/spyk2 oy + ?)wy
+ (2 - 21— ko) + 1208 ~ k2) ). (70)

as explained in Section 4, Maple software can be used to obtain asolution of differen-
tial Equation (70). The complete solution V (¢, S, y) of the original partial differential equa-
tion can then be found by substituting the obtained solution into Equation (69).

6. Numerical Solutions

The numerical solutions were computed using Maple software, and they are depicted
in Figures 1 and 2 below. The parameters in Figure 1 are chosen as p = 0.5, § = 0.7,
ki =1,k; =05, r =0.5,c70 = —0.01, c = —0.05, for the dashed line; p = 0.5, § = 0.7,
k1 =1,k =0.5,7 =0.5,¢c; = —0.01, c; = —0.003, for solid blue line and p = 0.5, 8 = 0.7,
ki =1,k =0.5,r=0.5,¢c; = —0.01 ¢ = —0.01, for red dotted line. However, parameters
in Figure 2 were chosen as: p = 0.5, 8 = —0.7, k; =1,k = 05, r = 0.5, ¢c; = —0.01,
¢y = —0.05, for the dashed line; p = 0.5, = —0.7,k; =1,k = 0.5, 7 = 0.5, ¢c; = —0.01,
¢y = 0.003, for solid blue line; p = 0.5, =0.7,ky =1,k = 0.5, =0.5,c; = —0.01, and
¢p = —0.01, for the red dotted line.

Ewolution of W{v)

Figure 1. numerical solution of the invariant solution for the Heston model Equation (52); the
parameters were chosen as follows:
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Evolution of Wiv)

044

064

-084

Figure 2. numerical solution of the invariant solution for the Heston model Equation (52); the
parameters were chosen as follows:

7. Conclusions

This study looked at the evolution of the solution of the Black—Scholes model for
stochastic volatility using the technique known as the modified local one-parameter trans-
formation, and symmetries were obtained and then used to obtain an invariant solution.
The model was assumed to follow the Ornstein—Uhlenbeck process, and the Lie symmetry
analysis reduced the model to a second-order ordinary differential equation. This process
was then applied to the Heston model. The future work in this regard will be to incorporate
the dividend yield and observe how the solutions evolve. Another possible extension of
the model is to consider an interest rate that is not constant, as an instance interest rate can
be considered to be a function of time or a stochastic process.
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