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ABSTRACT: In this paper, the invariant subspace method is used to solve the time- and pricing-fractional Black-Scholes
equations, in which the fractional derivatives are described in the Caputo and Weyl sense, respectively. We introduce
invariant subspaces for time and pricing differential operators. Applying an appropriate invariant subspace will reduce
the fractional Black-Scholes equation to a system of ordinary fractional differential equations. Finally, using point
symmetries of the obtained system, we construct the explicit solutions of the fractional Black-Scholes equations.
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INTRODUCTION

The Black-Scholes model is one of the most well-
known option pricing model for determining the
value of European vanilla call and put options. Un-
der the assumption that the asset price satisfies the
log-normal diffusion process without transaction
costs, the classical Black-Scholes equation provides
the price V(x,t) of the put or call options at asset
price x € R and at time t € [0, T] of a stock or
derivative,

2
)
Vt+?x Ve T 17XV, —rV =0,

where r is the risk-free interest rate and o is the
volatility of the underlying asset which are positive
constants over the life of the option.

The Black-Scholes equation is an evolution
equation; hence it can be solved analytically'™ or
numerically*®. However, it appears in the literature
that the Black-Scholes model fails to capture the
behaviour of option prices under some rare and
extreme circumstances. In the past few decades,
many authors require the construction of variants
of the Black-Scholes models in various financial
markets, in which the fractional derivatives are
defined. In particular, two types of fractional Black-
Scholes equations are mainly studied, i.e., time-
fractional Black-Scholes equation with the Caputo
derivatives”-® and pricing-fractional Black-Scholes
equation with the Weyl fractional derivative® 1°,
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Furthermore, we will consider a nonlinear time-
fractional Black-Scholes equation with the noncon-
stant volatility.

In this paper, we employ the invariant subspace
method!! to obtain exact solutions of fractional
Black-Scholes equations. By assuming the solu-
tion to be in the appropriate invariant subspaces,
the fractional Black-Scholes equation can easily be
reduced to a system of single variable fractional
differential equations. After that the Laplace trans-
form method is applied to solve the reduced system
of fractional differential equations. The obtained
solutions are represented in terms of the Mittag-
Leffler functions, and they approach the solutions
of classical Black-Scholes equations with an integer
order.

PRELIMINARIES

We start with some definitions of fractional integrals
and derivatives, and then present auxiliary proper-
ties.

Definition 1 The left- and right-sided Riemann-
Liouville fractional integral of order a, where a €
(n—1,n) and n €N, of a function f are given by

adef(x)= ﬁ J(x ) f(y)dy, x>a,
1 b
L f(x)= @ f(y—X)"“lf(y)dy, x <b.
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In particular, the left- and right-sided Riemann-
Liouville fractional integrals with a = —oo and
b = oo are often called left- and right-sided Weyl
fractional integrals, denoted by _ W and ,WZ,
respectively. Analogously, the left- and right-sided
Weyl fractional derivatives are defined, respectively,

—oo Dy f(x) = D"[_oa W™ f(x)],
D f(x) = (=1)"D [ W f(x)],

where D" = d"/dx". The left- and right-sided
Caputo fractional derivatives are given by,

C _ —

Dif(x)=,I7"D"f(x), x>a,

)ng‘f(x) =,I,7*D"f(x), x<b,
respectively.

Lemma 1 The Weyl fractional derivative of exponen-
tial functions 2 is given by

ngo e—lx =% e—)tx,
—ooD;: eAx =% elx,
where Re(A) > 0.

Lemma 2 Laplace transform of the left-sided Caputo
derivative of order a wheren—1<a <nis

n—1
L{SDef (x)} =52 {f}(s5)— D s* 1 FB(0),
k=0

where Re(s) > 0.

Definition 2 A two parameter function defined by
the series expansion

el k

z
Eqp(z) = Z T(ak )’

k=0

a,pB,z€C, Re(8)>0

is called the Mittag-Leffler function.

Theorem 1 The solution of the linear initial value
problem™ forn—1<a<n

eDty(t)—Ay(t)=0,
y®(©0)=b,, bi€R, k=0,1,...,n—1

t>0,

is given by

n—1
Y(O) =D bt Ey pr (AL7).

k=0
Lemma 3 The Laplace transform of the Mittag-
Leffler functions is given by

kls@P

15k
L{z0k+P IE((L/)j(:I:aza)} = TETE

where Re(s) > |a|'/* and Eik/)} (z)= DkEa,ﬁ (2).
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INVARIANT SUBSPACE METHOD

The method of invariant subspace was initially in-
troduced by Galaktionov!! in order to construct
particular solutions of evolutionary partial differen-
tial equations, and has been extended to classes of
fractional partial differential equations'*1°,
Consider a time-fractional evolution equation,

c 4
Diu=F[u],

where aCDf‘ is the left-sided Caputo derivative of
order a where n—1 < a < n, n € N. Denote by
Flu]l = F(u,u,,uy,,...,u,) the differential opera-
tor of order k, where u;, = D¥u. Given a linearly
independent functions {f;(x)}, i = 1,...,n, the n-
dimensional linear space

W, = (fi(x), ..., fu(x))

is invariant under the operator F if F{w] € W, for
alwew,.

The idea of the invariant subspace method!!
searches for the solution in the invariant subspace
in the form

n

u(x, ) = Y (0fi(x),

i=1

where the coefficients 1, (t),...,,(t) satisfy the
following system of fractional ODEs:

D%y () = Fy (Y1, -+, ),

D) =Fy (1, ).

THE TIME-FRACTIONAL BLACK-SCHOLES
EQUATIONS

In this section, we study the time-fractional Black-
Scholes equation of order a € (0, 1) in the form

2
(2
DAV + 7x2Vxx +(r—d)xV,—rV =0, (1)

where V(x, t) is the put or call option price at asset
price x € Rt attime t € [0,T], T > 0, r > 0 is the
risk-free interest rate, 0 > 0 is the volatility of the
underlying asset, and d is the dividend yield. Taking
linearly independent functions 1, x*!, x* with s €
R, to form a linear space

Wy = (1, x5 x%).

For linear independent functions 1 and Inx, we
define a linear space

W, =(1,lnx).
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Lemma 4 The partial differential operator

2
N o
F[V]= 7xzvxx +(r—d)xV,—rV

admits the invariant subspaces W; and W;,.
Proof: For any c¢;,¢y,c3 €ER,
Fle; + x4 caxs] = —rey + Beox™ L+ yexs,

where 8 = $02(s—1)(s—2)+(r—d)(s—1)—r and
y=302%(s—1)+(r—d)s—r, is in W;. Thus W,
is invariant under the operator F. Similarly, for any
c1,C9 ER,

Fley+cyInx]=p—rcyInx,

where p = (—302 + (r —d))c, — rcy, which implies
that W, is invariant under this operator. a
In the following example, by choosing an appro-
priate invariant subspace, we derive the exact so-
lution of the time-fractional Black-Scholes equation
(1) subject to certain terminal conditions, which
is the same as that for the classical Black-Scholes
equation with an integer derivative order 3.

Example 1 Consider the time-fractional Black-
Scholes equation (1) subject to the terminal
conditions V(x, T) = g(x). We propose the solution
of (1) in the form

V(x, £) = o() + 41 (DX +h,(0)x°,  (2)

where 1, v;, and 1, are undetermined coeffi-
cients. By substitution of (2) into (1), we obtain the
time-fractional differential system for the unknown
functions 1y, 11, and 1.

ED?T/’O(f) =ro(t),
D, (t) = —Pp, (1),
ED,(t) = —yyho(t).

The solutions of the above system can be obtained
by Theorem 1,

Yo(t) = Po(0)E,, (rt?),

Y1(t) =1(0)E, 1 (—Bt%),

Yo (t) =1P5(0)E, 1 (—rt?).
In particular, the terminal condition is given by
V(x,T) = x°, which implies that vy ,(T) = 0,
Y,(T) =0, and ¢,(T) = 1. Since for 0 < a < 1,
E,1(2) has no real zero, we obtain the exact solution

Ea,l(_yta) s

1% t) = —x°.
(x.8) Ea,l(_YT“)x
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For a = 1, the exact solution of the classical Black-
Scholes equation is

Vix,t)=x° ep(S)(T*t)’

where p(s) = (302s+r)(s—1)—ds, which coincides
with the solution in Ref. 3.

Example 2 Consider the nonhomogeneous time-
fractional Black-Scholes equation with 0 < a <1

o?x?

2
subject to the terminal condition V(x,T) =Inx—1.

In this case, we search for the exact solution of the
form

DV + Ve +(r—=d)xV, —rV =Inv/x

V(x,t) =1o(t)+1(0)Inx,
where the coefficient functions ,(t) and y,(t)
satisfy the system of fractional equations

2
Dio(t) = (%—(r—d))wl(t)ﬂ%(t), 3
D, (t) =1 (8) + 3. @)

By applying Theorem 1 to (4), we have the solution
Y1(t) =1(0)E, 1 (rt*) + %Ea,aﬂ(’”fa)-

It follows from the terminal condition V(x,T) =

Inx —1 that ¢Y4(T) =—1 and ¢;(T) = 1. Hence
P1(t) = p(@)Eq1 (rt*) + 3Eq a1 (rt®),

where p(a) =(2—Eq q41(rT%))/2E,,(rT*). Apply-
ing the Laplace transformation to (3) and rearrang-
ing the result, we obtain

a—1 2
LU0} = o(0) +("7—(r—d))

—-r

Safl 1
x (¢1(0)(sa_r)2 * 25(sa—1)2)'

Taking the inverse Laplace transform yields

2
Yo(t) = YPo(0)E,, (rt?) + (% —(r— d))

tZa
x (wl(o)t“E;’l(rt“) + 7E;’a+1(rt“)) :

Thus the exact solution of the nonhomogeneous
time-fractional Black-Scholes equation is given by

V(x,t) =1o(0)E, (rt*) + (O; —(r— d))
X (wl(O)t“E;,l(rt“) + t%aE;’aH(rt“)) Inx.
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Example 3 The time-fractional Black-Scholes equa-
tion with variable coefficients

“D*u+0.08(2+sin x)*x%u,, +0.06xu, —0.06u =0,
subjected to the initial condition
u(x,0) = max{x —25e7%%, 0},

was studied by using the reconstruction of variation
iteration method” and the modified fractional dif-
ferential transform method®. We apply the invariant
subspace method using the differential operator

Flu] = 0.08(2 + sin x)%x?u,, +0.06xu, —0.06u,

which admits the invariant subspace W = (1, x),
and search for the solution of the form

u(x, £) = o) + ¢, (t)x,
where ,(t) and v, (t) satisfy

D%y (1) = —0.06, (1),
SD?%[H('?) =0.

It follows from the initial condition u(x,0) =
max{x — 25e7%% 0} that when u(x,0) = 0 we
obtain the zero solution u(x,t) = 0, and when
u(x,0) = x —25e7%%_ the solution is u(x,t) =
—25e*%E, ,(—0.06t*) + x. We thus obtain the
exact solution,

u(x, t) = max{x —25e *%E, ,(—0.06t%), 0},

which is the same as that in Refs. 7,8, but our
method is simpler and easier to apply.

THE PRICING-FRACTIONAL BLACK-SCHOLES
EQUATION

Consider the pricing-fractional Black-Scholes equa-
tion derived from the finite moment log stable
model® with the option price V(s, t) satisfying the
modified Black-Scholes equation with the left-sided
Weyl-fractional derivative in space,

o? an
Vi+|r+—sec— |V,
2 2

o an
—7sec7(,ooD;‘V)—rV=O, 5)
where x € RT, t € [0,T], 1 < a < 2, and the

terminal condition V(x, T) = I1(x) defined as

II(x) = {max{ex —K, 0}, (European call),

max{K —e*, 0}, (European put).
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By changing the variable T = —%U“ sec %an(T —t),

the backward problem is changed into
Vi Z_(n_l)vx_(—ong V)+nV @)

with  condition V(x,0) = TI(x), where

n=—-2r/c%sec %arc.
Lemma 5 The fractional partial differential operator
FlV]1=(1—n)Vy—_ooD*V+nV

admits the invariant subspace W = (e, eb*)

Proof: For any cq, ¢, € R, Lemma 1 gives

Fle; e +cyeP* 1= (1—n)(ciae®™ 4+ cybed™)
—(ca%e™ +cyb%eb™)
+n(cy % 4 ¢y e?)

= Py e + ¥y ebx,

where f = (1—n)a—a®+n and § = (1—1)b—b%+n,

which is in W. a
We search for the solution of the pricing-

fractional Black-Scholes equation (7) of the form

V(x,7) = 1 (1)e™ +1py(r)e™,
where 1, and v, are described by the ODEs

ay g,
dr dr vz

/‘; ’l’b 1>
The above equations are solved for v, (t) and Y, (t)
to obtain a particular exact solution of (7) as

V(x, ) = 1(0) P 74 4 4py(0) €7 7O
— ‘/)1(0) e(a(l—n)—a“+n)r+ax

+ ¢2(0) e(b(l—n)—b"‘+n) T+bx .

Remark 1 Let V,(x,7) and V.(x,7) denote the
value of the European put and call options, respec-
tively. The initial condition for the put and call
options (6) gives a =0, b =1, ¢;(0) = K, and
1,(0) = —1 for the put option, and a =0, b =1,
Y,1(0) = —K, and 1,(0) = —1 for the call option,
which produces the same result as in Ref. 10, and
the finite moment log stable model demonstrated in
(5) satisfies the put-call parity,

Vo(x,7)—V,(x,7)=e"—Ke .
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THE NONLINEAR FRACTIONAL
BLACK-SCHOLES EQUATION

In this section, the nonlinear fractional Black-
Scholes equation with a nonconstant volatility is
considered. It was proposed in Ref. 4 for inte-
ger order @ = 1 and was referred to as the risk
adjusted pricing method model®. In this study
o(x,t,V,V,,V,,) is chosen in the form

/3
c2M !
02=&2(1—3( o xVxx) ) (8)

where M and C are nonnegative constants repre-
senting cost measure and the risk premium measure,
respectively.

By replacing the constant volatility o in (1) with
the nonconstant volatility in (8), we obtain the non-
linear time-fractional Black-Scholes equation with
O<ax<l,

O~.2
D}V + 7x2Vxx —&2ux(xV, )3 +rxv, —rv =0,

)

where u = g(CzM/Zrt)l/3.
Lemma 6 The nonlinear partial differential operator

5'2

Flv]= 7x2vxx —62ux(xVe, )3 +rxV, —rv

admits the invariant subspace W = (1, x, x In x).
Proof: For any ¢, ¢y, c3 € R, we have

=2
. G c

Flc; +cox +cgxInx] = 7x2 (—3) —&2uxci?
x

+rx[(1+1Inx)cy +cy]
—r[c; +cox +c3xInx]

6 2, .4/3
=—rc; + ?+r c3—G7ucy'” | x,

which is in W to complete the proof. a

Example 4 Consider the nonlinear time-fractional
Black-Scholes equation (9) with a solution in the
form

V(x, t) = 1po(t) +3p1(t)x +4p,(t)x Inx,

where ¢, (t), 1;(t), and 1,(t) are described by the
system of fractional differential equations

Diapo(t) = rpo(t),

=2
DENOES ("7 + r) o(0) =62 (0),

(11)
(12)

(10

Dl,(t) =0.
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Solving equations (10) and (12) gives ¥y(t) =
YPo(0)E,(rt*) and Y,(t) =c, c € R. Substituting
Y,(t) =cin (11) yields

~2

o= oo

which has the solution

1 6.2 ~2 . 4/3 a
¢1(f)=¢1(0)—m - trjet+otuc t*.

Thus the solution of (9) is

u(x, t) =Yo(0)E,(rt*)+cxInx

t* c
+ 0——( +(—+ 4/3)”)] :
[1/’1() T(a+1) rc 5 uc (o X
CONCLUSIONS

In this study, exact solutions of linear and nonlinear
fractional Black-Scholes equations are in invariant
subspace as described in Ref. 11. We have shown
that fractional Black-Scholes equations admit cer-
tain invariant subspaces, which are used to derive
exact solutions to various terminal conditions for
fractional Black-Scholes equations. Several exam-
ples are demonstrated to illustrate the efficiency
of the invariant subspace method for constructing
solutions comparing to former studies in literature.
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