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Abstract

The purpose of this study was to examine the connection between
theory and practice in the vast mathematics world and to investigate
the corresponding process in between. Another aim was to find out
the connection between mathematical models and financial solutions.
Because of this goal, in this thesis a financial problem was considered,
the components of the problem were analysed and in order to solve
such kind of problems, a method with the name ”Lie group analysis”
based on the symmetry analysis was chosen. Also different situation
of this problem were examined in the study to obtain the reductions
arising from Lie symmetry of a partial differential equation (PDE) to
an ordinary differential equation (ODE), which was easier to solve in
comparison with solving the PDE.
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1 Introduction

The world of finance, which is one of the fastest growing areas in the
modern banking and corporate world, consists of mathematical methods,
formulas, models and systems. Therefore the financial mathematics is al-
most new and a developing area in science. In 1973, among the first scientists
who obtained very important analytical results in this area were F. Black,
M. Scholes and D. Merton. They described a model, known as Black-Scholes
model. From the model, the Black-Scholes formula was generalized which
leads to the value of an option.

In this thesis we will study a non-linear partial differential equation
(PDE) arising from pricing asset related to one type of illiquid markets.
In order to solve this type of equation, we will introduce a method ”Lie
group analysis”, named after Sophus Lie, the Norwegian mathematician,
who founded the theory of continuous transformation groups.

The idea behind applying Lie group theory on differential equations (DE)
is as old as the theory itself, but this subject has been used quite recently,
because of some misconceptions such as

I) To find the symmetry group of an equation is as difficult as to solve
the equation itself.

IT) Lie group analysis provides randomly particular solution.
IIT) Lie group analysis is only for solving linear equations.

Roughly speaking, the symmetry group of a system of differential equa-
tion is a group of transformation of all dependent and independent variables
which maps each solution of equations to another solution of the same equa-
tion, i.e., leaves the set of solutions invariant. When a symmetry group of a
system of an equation is obtained, then by using this, new solutions can be
generated from the old one. There are some important application of the
Lie group analysis, for example the symmetry reduction of a higher order
ordinary differential equation (ODE) to a lower order ODE, the reduction
of a partial differential equation to an ODE, which is the main subject of
this thesis.

This thesis consists of six Sections. The First Section is introduction. In
the Second Section, before describing any subject, we will study some fun-
damental definitions in mathematics and finance.

In Third Section we will analyse backgrounds in financial problems in math-
ematics, introduce some concepts and formulas which have an important role
in pricing an asset, and we will show that how an asset price relates to a
PDE. Then we will investigate three different illiquid market models and
state non-linear PDEs arise from their pricing.



The aim of writing the Section Four is to understand the concept of sym-
metry and study definitions and examples informally which makes easier to
understand the whole idea about applying Lie group analysis on a differen-
tial equation.

The contexts in Section Five, will give a broad view on the Lie group the-
ory to the reader. We will study exact definitions and theorems about Lie
symmetry analysis. They are important concepts to study the main PDE
introduced in Section Three.

Section Six, under the title ” Lie analysis on the obtained PDE from a Finan-
cial Market”, is the main section of this research and consists of two parts.
In the first part we will construct Lie algebra admitted by main equation.
Then in the next part, we will study how we can find invariant and ordinary
differential equations which are easier to solve in comparison with PDE.

In Section Seven which is the last one, we will discuss and represent the
results. References are included.



2 Some Fundamental Definitions

Definitions have a fundamental role in understanding different subjects
from the scientific aspect. Therefore here we state some important defi-
nitions in mathematics and finance, that we shall use them later in our
discussions.

Definition 2.0.1. A Partial Differential Equation is a kind of differen-
tial equation. An unknown function which depends on several independent
variables and their partial derivatives with respect to them.

Definition 2.0.2. ¢ — algebra. Let X be a set, and let F' be a non-empty
subset of X. Then F is o — algebra if the following hold

I) The set X € F.
II) If a set A € F, then the complement of A € F too.
III) If A, is a sequence of elements of F, then | J A, € F.

Definition 2.0.3. A Measurable space is a set E together with a collec-
tion C of subsets of E which is a 0 — algebra. The elements of C' are called
measurable sets.

Definition 2.0.4. A Probability space is a triple space (0, F, P) on the
domain 2, where (2, F) is a measurable space, F' are the measurable subsets
of Q, and P is a measure on F with P(2) = 1. Briefly, a probability space
18 a measure space such that the measure of the whole space is equal to one.

Definition 2.0.5. A Stochastic Variable is called random variable too.
It is a measurable function X from a probability space (2, F, P) into a mea-
surable space.

Definition 2.0.6. Stochastic Process. Let (2, F,P) be a probability
space. Let X be a collection of X —wvalued random variables on §, indexed
by a set T (time). A stochastic process or random process F' is a family F;
for all t belong T i.e.,

{Ft 1t e T},
where Fy is a X —valued stochastic (random) variable on .

Definition 2.0.7. Expected value (Countable case)

Let X be a discrete random variable, which takes values x1,x2, ... with respec-
tive probabilities p1,pa, ... . Then the expected value of this random variable
X, is the infinite sum

E[X] = 3252 2ipj,



provided that this series converges absolutely (i.e., the sum must remain
finite if we substitute x;’s with their absolute values.

In general, if X is a random variable defined on a probability space (2, F, P),
then the expected value of this random variable, denoted by E[X], (X) or X,
1s defined as follows

E[X] = [, XdP = [, X (w)P(dw).

Definition 2.0.8. A Variance is a measure how far a set of numbers is
distributed (spread out). If X be a discrete random variable with discrete
probability distributions r1 v« pi,...,Tn — Pn, then the variance is defined
as

Var(z] = 327 pj(x; — 1)?,
where = 71_; pjzj. (u also is called mean,).

Definition 2.0.9. A Random walk is a series of sequential movement in
which the size and the direction of each move is randomly determined.

Definition 2.0.10. Geometric Brownian motion. Let X; be a stochas-
tic process. It is a Brownian motion if satisfies the following properties

I) Continuously of sample paths: The map t — X¢(w) is continuous for
every w.

II) Independent increments: (Xy, — Xi0)( Xty — Xty), ovey (X, — Xy, ) are
independent for any collection times.

III) Stationary of increments: The distribution of X; — Xg depends only
on (t—s).

Definition 2.0.11. A Quadratic variation is a kind of variation of a
process. Consider a real valued stochastic process X; defined on a probabil-
ity space (Q, F, P) for a real and non negative time value t. Its quadratic
variation is the process, written as [X|; and defined as follows

[X]t = hm”PH—)O Zz:l(th - th71)23
where P is the range over partition on interval [0, t].

Definition 2.0.12. A Filtration is a sequence of sets Ay, As, ..., A, with
the property

Al CAyC...CA,.

Definition 2.0.13. Adapted process. Let t be time and X; be a stochastic
process defined on a probability space (2, F, P), we say that the process X,
s adapted to the filtration Fy, where Fy C F if for all t > ty, X is known
at time t.



Definition 2.0.14. A Martingale is a sequence of random variables say
Xi. We expect for this sequence, at a particular time t, the next value in the
sequence is equal to the given knowledge of all prior observed value at the
current time, i.e., Xy is martingale if the following hold for all t

(1) E(|X¢]) < oo,
(ZZ) E(Xt“rl’Xl’XQ, "'7Xt) = Xt-

Definition 2.0.15. Cadlag. A stochastic process X is said to be cadlag if
it 18 almost surely a sample paths which are continuous to the right and has
the left limits (In other words they are right continuous with the left limits).

Definition 2.0.16. Semi-martingale. For a real valued process X; de-
fined on the filtered probability space (2, F, P), we say that is semi-martingale
if it can be decomposed as follows

Xy =M, +At,

where M is a local martingale and A is a Cadlag adapted process of locally
bounded variation (a real value function whose total variation is bounded

(finite).

Definition 2.0.17. Markov property is a property that a set of stochastic
process X (t) may have. It describes that the past state is irrelevant because
it does mot matter how the present state was obtained, it is said that the
process is memoryless. The stochastic process X = (X (t) : t € I) on some
probability space (Q, F, P) is Markovian if for any n and t; < to < ... < t,
we have

P(X(ty) < Xn | X(tn1)s s X(t1)) = P(X(tn) < X | X (tn_1)).

Definition 2.0.18. An Ito process is a stochastic process with normally
distributed jumps and they are closed under functional transformations.

Definition 2.0.19. An Ito Lemma (Ito-formula) is used to find the
differential of function where this function has a particular type of stochastic
process. Consider the Ito precess

dSt = udt + Uth,

and for any twice differential function g(t,x) of two real variables t and «,
will define a new Ito process

0 0
dg(t,5r) = 5, (t. S)dt + & (t,5)dS, +

where (dS;)? is computed by using

1 0%

S ot 5)(dS1)2,



dt.dt = dt.dW; = 0, and (dS;)* = dt,
where Wy is Brownian motion (See Definition 2.0.10).

Definition 2.0.20. FEuler method is a first order numerical formula, and
1s used to solve ordinary differential equations with a given initial value.

Definition 2.0.21. A Heaviside step function is a discontinuous func-
tion with these properties such as the function value is equal to zero for
negative arguments and equal to one for positive arguments.

Definition 2.0.22. A Lipschitz condition is a restriction on the increas-
ing of a function. It describes a property for a function which is a strong
form of uniform continuity for a function, and if the function f satisfies the
following condition at the point b in the neighbourhood of x

[f(z) = f(b)] < Clz —b]*,

where C is a constant, 0 < a < 1.

Definition 2.0.23. A Stock is a type of security. It signifies ownership
position in a corporation and represents a Tight on the corporation’s assets,
earnings and profits.

Definition 2.0.24. An Option is a contract between two groups or parties.
It is the right to buy or sell an asset at a given price.

Definition 2.0.25. A Call option gives the right to buy an asset.
Definition 2.0.26. A Put option gives the right to sell an asset.

Definition 2.0.27. A Maturity date is a date at which the asset is con-
verted to payment or a specific amount of money.

Definition 2.0.28. An FEuropean option is a kind of contract that can be
exercised only at the maturity date.

Definition 2.0.29. An American option is a kind of contract that can
be exercised at any date up to and including the maturity date.

Definition 2.0.30. A Transaction is an agreement between a buyer and
a seller to exchange an asset for a certain amount of money (payment).

Definition 2.0.31. A Bid is the price for an asset that a buyer is willing
to pay at a gien time t.



Definition 2.0.32. An Ask is the price for an asset that a seller wants to
get at a given time t.

Definition 2.0.33. A Spread is the price that is the difference between bid
and ask.

Definition 2.0.34. A Liquidation value is the amount of money that the
large trader receives if he liquidates his stock position.

Definition 2.0.35. Illiquid is a property which says that an asset cannot
easily and quickly be converted into cash.

Definition 2.0.36. Self-financing Strategy (Markovian Strategy).
Consider strategy which is a collection of pairs of stocks (ay,b;) and time
t, 1 <t <T, where T is maturity date. We say that the strategy is self-
financing if the following equality is satisfied

(a1 St) + (b¢By) = (ar+1St41) + (be+1Bey1)-
In another words this quantity is the same in the time t and t + 1.

Definition 2.0.37. Rate is paid or charged for the use of money.
Interest rate is often expressed as a yearly percentage of the amount of bor-
rowed or unpaid money.

Definition 2.0.38. An Expiry date is a date which a debt has to be paid.

Definition 2.0.39. A Portfolio is a collection of investment which all of
them are owned by the same individual organization.

Definition 2.0.40. Return is change in asset price divided by original
price, which often express in percentage.

Definition 2.0.41. A Volatility measures the standard deviation of the
return of an asset. In other word it is the rate at which the price of a
security moves up and down.

Definition 2.0.42. A Risk-less asset is an asset whose future return is
certainly known.

Definition 2.0.43. An Arbitrage is a try to profit by exploiting form price
difference of an identical or similar financial instrument on different mar-
kets.

Definition 2.0.44. Drift measures the average rate of an asset price.



3 Backgrounds in Financial Mathematics

In the world of finance which is one of the fastest growing areas in the
modern banking and corporate world, there are many mathematical meth-
ods, formulas, models and system, we shall discuss some of them here below
and in the end we study three different illiquid market models and find their
corresponding price as a mathematical expression.

Notation

For simplicity here we make a list of the common notations coming in the
next discussions.

* S asset price.
* t  time.

= T time to expiry date. (See Definition 2.0.38).

*

V(S,t) price of an option. It is a function of stock price and time.
(Definition 2.0.24 and Definition 2.0.23).

* o volatility of S.
It measures the standard deviation of the return of an asset. (See also
Definition 2.0.41).

>*

uo drift.
It measures the average rate (see Definition 2.0.37) of an asset price.

* W Geometric Brownian motion. (See Definition 2.0.10).

* r interest rate.

3.1 Mathematical Representation of an Asset Price
In this part we want to construct a mathematical representation about

generating asset price.

We should know that there is always an observation about the asset
price movement. Because of the efficiency of market hypothesis, it is usually
stated that this movement is randomly.

There are two basic assumptions about this hypothesis

e The present price is totally reflected by the past history.

e Market reacts instantly to any new information about asset.



In fact making a model for the asset price is about making a model of new
arrival information which effect on the stock price.

By considering of two above assumptions, unanticipated changes in the asset
price are Markov process (is a time-varying random phenomenon for which
Markov property (Definition 2.0.17) holds).

We note that instead of absolute change of asset price which is not a useful
quantity, we associated return, defined as quotient of the change in the price
divided by the principal price.

dsS
Now we aim to model the corresponding return on the asset 5 where

S is the asset price at time ¢.
Consider dt as a small subsequence of time interval, in which the asset price
changes from S to S + dS.

This model consists of the following two parts
e The first one is predictable and deterministic return. It is also related to
the return on money invested in a risk-free bank

pdt,

where p is the measure of the average rate of the asset price (also called
drift).

d
e The second part related to return —-, presents random changes in as-

set price such as unexpected news. This part is
odW,

where ¢ is volatility which measures the standard deviation of the returns,
and the term dW is known as Brownian motion (also called Wiener process),
is a random variable and has normal distribution, where its mean value is
equal to zero and its variance is equal to dt, i.e.,

AW = N(0, (v/dt)?).

Finally by combination of these parts, we obtain the stochastic differential
equation (SDE)
dS = pSdt + o SdWw, (1)

which is mathematical representation for generating assets price. (All com-
ponents in this formula have been introduced in Notation, in the previous

page.)

Let us study some properties of equation (1). One of these properties is
that this equation does not refer to past history of the corresponding asset

10



price, i.e., the next price shown with (S+dS) depends only on today’s price.
This independent property is called Markov property, ”memoryless”, (See
also Definition 2.0.17).

The second property is that we consider the mean of dS as follows
E[dS] = E[cSdW + puSdt] = pSdt,
therefore E[dIV] = 0.

The third property is the variance of dS' is the following expression

Var[dS] = E[dS?] — E[dS]? = E[02S52dW?] = 02S2dt.

3.2 Ito’s Lemma

As a matter of fact, asset prices are considered at discrete time inter-
val. Thus there is a practical lower bound for the basic time-step ”dt” of
the random walk (1). If we had used these time-steps in practice, then we
would have obtained an unmanageable large number of data. Instead we
established a mathematical continuous model by taking dt — 0. Ito lemma
is the most important concept of using random variables and it is a version
of Taylor’s expansion.

Taylor Series: Let f(z) be C3, (three times differentiable) function of
(real or complex) number z in a neighbourhood of a. Then

f'(a) f"(a)
1! 2!

f(z) = f(a)+ (x —a)+ (x —a)®+ o(x — a)?.

Now we investigate that what happens to equation (1) when ¢ — 0.
We state that

(dW)? — dt as dt — 0, with probability 1;

for the proof of this statement see [15].

Let S be the asset price. Suppose f(.5) is a smooth function of S. If we
change S by a small amount dS, then it is clear that f will also changes.
Then from Taylor series we have

df 1d*f
df = ——=dS + =—=(dS)? + ...
= g8t 3 g S+ e
where the dots denote a remainder, which is smaller than the other retained
term. Now by squaring (1), we obtain

(dS)? = (p?(dt)? + 2uodtdW + o?(dW)?)S2.

11



Since
(dW)? — dt as dt — 0,

02(dW)2S? dominate the above expansion, as dt become smaller.
Thus in order to approximate (dS)? as dt — 0, we only use the term

o252dt.
Then we have

_d 1df 5
_da Ldf 50

daf df 1d&f 5
= oS—dW S— + ——50°5%)dt. 2
75 gg M+ S5+ 5 g ) @)
This is Ito’s lemma relating a little change in a function of one stochastic
variable, to a little change in the variable itself.
A version of Ito’s lemma is for a function of several variables, for example
in our case if f is a function of two variables S and ¢, then we have
af of 10%f , af

_ _Y v v 2 <
df_aS@SdW+(MSdOS+28SQUS —i—at)dt. (3)

3.3 Black-Scholes Mathematical Analysis

The Black-Scholes formula is used for calculating the price of European
and American put and call options. We obtain option price by solving the
Black-Scholes partial differential equation.

Before starting the analysis, we list the following assumptions

e The asset price satisfies the geometric Brownian motion (1).

e The asset volatility o and interest rate r are known functions of time over
the life of corresponding options.

e There are no transaction costs.
e The corresponding underlying asset pays no dividends.

e There is absence of arbitrage possibilities.
It means that when there is no arbitrage opportunities, mean that all
risk-free portfolios must pay off the same.

e The underlying asset can be traded continuously.

e Short selling is permitted and the assets are divisible.
It says that there is an assumption that we can buy or sell any number of
assets, and also we may sell assets that we do not own them.

12



The analysis of the Black-Scholes leads to the value of an option. Let V (S, )
be a differentiable function value of an (call or put) option, where S is stock
price and t is time. In order to find option value at an earlier time than the
expire time 7T, it is necessary to study about how V' arise as a function of S
and t. Therefore by applying Ito lemma (3) on V(S,t) we obtain

V=0S——dW + (uS— +5 —)dt. 4
d oS Sd (S 5 u-S 52 )dt (4)

where p is drift (see Definition 2.0.44) and o is volatility (see Definition
2.0.41).

Now we construct a portfolio, which consist one option and a number —A
of the underlying assets. Note that the value of this number is not specified
yet. The value of this portfolio is

=V —-AS. (5)
The jump of this value in one-time step is
dll =dV — AdS.

By putting (1), (4), (5), we obtain the following random walk of value of
portfolio II

ov ov 1 0*V LoV ov

dll = 08( =5 — A)d —— +-0%5? AS)dt.
US(@S )W—l—(SaS+ S@SQ 5 — pAS)dt (6)
To eliminate the random component, we put
oV
A=—
e 7

for more information about this equality, see [15] section 2.4.
Therefore we obtain random walk of II as

av 1 23282V

= (¢ 815 05?

)dt. (8)

If the value of portfolio II was invested in risk-less assets, then this value
would be seen as a growth of rIldt in a interval of length dt.
Thus we should have the following expression for a fair price

OV 1 ,,0%

rdlldt = (5 + = 552 )dt, (9)
or equivalently
2% oV 1 52 282
"V =559 = g 7275 g5

13



Here we substituted (5) and (7) into equation (9) and then divide the whole
expression by dt to obtain the following Black-Scholes partial differen-
tial equation
oV 1 4 ,0%V oV

— 4+ 0SS = +rS—= -1V =0 10

ot 1277 a5z Tas TV T (10)
and for the American option the Black-Scholes partial differential equation
(second order) is

ov. 1 , 0%V ov

+ o

Al . — _rv<o.
2 T3 5852—1—7“585 rV <0

See [15] for the proof.
By solving these equations we are able to calculate the price of European
and American put and call options.

3.4 Illiquid Market and Non-linear Black-Scholes Equations

Here we investigate three different illiquid market models and state non-
linear PDEs arise from pricing them. The aim is applying Lie group analysis
to the PDE. First we show that the solution of a non-linear standard Black-
Scholes equation (which we use to evaluate the price of options) is the value
of a self-financing strategy (usually called Markovian Strategy, see Defini-
tion 2.0.36). Then we introduce invariant variables and finally reduce the
corresponding PDE to an ODE. These models contain two assets, a risk
free money-market account B, and a risky asset S, called the stock (See
Definition 2.0.23). Also we consider that they are modelled in a filtered
probability space (2, F,{F;}, P). Another assumption is that the money-
market account is equal to one and the interest rate equal to zero.

We group these three illiquid market models as follows

I) Quadratic Transaction-Cost Model,

IT) Reduced-Form Stochastic Differential Equation (SDE) Model,
ITI) Equilibrium or Reaction-Function Model.

Now we study each case briefly, for more detailed information see [13].

I) In this model we have a stock that its price S¥ satisfies the following
geometric Brownian motion (As we demonstrated in Section 3.1)

dSY = uSPdt + o SPdW;, (11)

where W is a standard Brownian motion, p € R and is drift and o > 0, is
volatility, are constants.
We introduce the transaction price (See Definition 2.0.30) as

Si(a) = S}, (12)

14



where o € R is the number of shares, p > 0 is the liquidity parameter (See
Definition 2.0.34) and t is time, that the price will be paid at this time
for . Considering a self-financing trading strategy (®¢,7;), for the number
of stocks and the position in the money market for predictable stochastic
process, introduce paper value V; which express the value of this strategy
by V; = ®;SY + n;. Then we can deduce that

dV, = ®,dS} — pSPd[®];, (13)

where [®]; is quadratic variation of semi-martingale and is defined as follows

t

@], = /0 (95(5, S0)oS0)2 ds,
see [4] and [1] for the details.
According to [13] after combination this expression by equation (13), and
by considering the uniqueness property of semi-martingale, we apply Ito
Lemma on the value of a self-financing strategy u(t,Sy), and then we see
¢ = ug, that implies ¢g = ugg, hence we obtain the following non-linear
PDE for u

1
up + 5025’21155(1 +2pSuss) = 0. (14)

with the final condition u(7T, S) = h(S), where h : [0,00) — R.
See [13] for detailed computations.

IT) In this model we have large traders instead of considering transaction
cost in the previous model and their trading activity affects the equilibrium
stock price. Here it is assumed that the stock price S; satisfies the the
following stochastic differential equation

dSt = pStd(I)t + O'Stth, (15)

where p is the liquidity parameter, ® is the semi-martingale (See Definition
2.0.16) and W; is Brownian motion.

In this model there is a A® number of stock which is bought or sold by

the investor and a stock price which goes upward or downward by pS; —Ad,.
The strength of this price depends on the liquidity parameter p. Consider
a portfolio (See Definition 2.0.39) of stock trading strategy ® and value V;
we say that it is self-financing, if dV; = ®,dS;.
Now suppose V; = u(t, S) and ®; = ¢(t,S;) for smooth functions u and ¢.
By applying Ito formula to the process (u(t,S¢)), it follows that ¢ = ug,
therefore ¢g = ugg, and since semi-martingale is unique, it follows that
must satisfy

U + %(U)Z(t, S)S*ugs = 0.

15



where v(t, S) is called adjusted volatility. See [13] for a definition of adjusted
volatility.
After some algebraic calculating, we get the following non-linear PDE

1 o2

- S%ugg =0 16
ut + 2 (1 — pSugs)? uss =Y, (16)
which should be considered with a suitable final condition.

For details, see [5], [6], [8],[9], [11].

ITI) In this model there is a smooth reaction function . This function
gives the equilibrium stock price S; at time ¢ as a function of fundamental
value F; and the stock position of a large trader, i.e.,

d) — St(Ftap(I)t)a

where p is a parameter that shows the size of trading.
More general, a reaction function can be seen as a representation of a
reduced-form of an economic equilibrium point

D(Ft, St) + /)(I)t = 1, (17)

where D(F}, S;) denotes the stock demand corresponding to the ordinary
investors.

Because equation (17) for suitable D, has a unique solution hence S; can
be written as a function 1 which depends on F; and p®;, in another word
Si = V(Ey, py).

According to the [10], by assuming ¥(f, «) = fg(«), for some increasing
g, we obtain

Sy = Fug(p®y) and dS; = g(pPi)dF;.

Now we assume that the Markovian strategy as the trading strategy of the
large trader has the form ®; = ¢(t, S), for a smooth function ¢. By applying
Ito formula on S; = Fi1g(p®;), we get the following dynamics

dSy = g(pp(t, St))dFy + pFiga(pd(t, st))ds(t, St)dS; + b(t, St)dt,

where b(t, S;) is negligible because it is irrelevant to our aim.

According to [13], by assuming that the fundamental value process F; follows
a geometric Brownian motion i.e., dFy = pFidt + o FdW4, and by introduc-
ing variables S; = S? and dW; = ugg, we get the following PDE for the
value function u(t, S) for a self-financing strategy

1 (1—pus)®

U+ 5
" 2(1 - pus — pSuss)

QpQSzuSs = 0. (18)
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For more detailed information we refer to [12], [1], [7],[10].

The non-linear PDEs (14), (16) and (18) in the above cases are of the
form

1
up + 5025211(%37 pSugs)uss = 0, (19)

where v could be any function with property that v(0,0) = 1.

We often consider the liquidity parameter p as a very small value. Now
by first order Taylor approximation for v(pug, pugs) around p = 0, equa-
tions (16) and (18) lead us to (14). Therefore we aim to solve (14), by
applying Lie group analysis, later in this thesis.
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4 Symmetry Methods for Differential Equations

In this section we will study informally some basic concepts and ideas
related to symmetry methods for solving differential equations (DEs). We
will solve some elementary examples which help to clarify the concepts later
on in this thesis (solving a PDE by applying Lie group methods). For study
more about basic concepts and simple examples, see [16] and [18].

4.1 Symmetry Concept

In order to understand the meaning of symmetry related to a DE, it is
useful to look at symmetry concept in other context. The symmetry con-
cept exists almost everywhere, in nature such as in some sort of planets,
crystals, art etc. We have a well developed sense for symmetry in daily
circumstances. The word symmetry comes from a Greek word ”symmertos”
that means ”well-proportioned” or ”harmonic”.

4.1.1 What does symmetry mean?

Generally it is easy to see if a geometric object has symmetry or not,
but to explain about how we distinguish this symmetry, is not easy. Thus
we should systematize the symmetry concept. In Mathematics we have the
following definition:

An object is symmetric if there exist a transformation which leaves the object
unchanged (or invariant). A transformation which leaves an object invari-
ant is called symmetry for the object.

A symmetry is a transformation or a mapping, which maps an object on
itself. Consider for example the following figures

The equilateral triangle can be mapped onto itself in many ways, for
example by rotation angel 27 /3, counter-clockwise, reflection or by a mirror
image on one of the three sides. Totally a equilateral triangle has six sym-
metries, which these symmetries make a group.

Similarly a square has eight symmetries (more than a triangle). The sym-
metry of these two figures are discrete. On the other hand a circle has a
continuous and infinite symmetry, for every rotation around the center of
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the circle maps circle on itself. For more information see [16].

4.1.2 Symmetry and physical laws

In many physical theories, symmetry is a fundamental concept. A symme-

try in this context is a transformation which leaves physical laws unchanged
(invariant). The relation between physical law and symmetry was observed
by Galileo and Newton. Specially Newton realized that these symmetries
arising from movement of particles in nature are even more important than
their movements. Generally many physical theories and connections are
consequences of some sort of symmetries.
From a mathematical point of view we can put some questions that how
symmetry for a physical system can be determined in differential equations.
In order to answer these questions we should first explain exactly what we
mean by a symmetry in differential equation.

4.1.3 Mathematics formulation of the symmetry

A symmetry of an object is a transformation with the following properties
i) It is a mapping of an object to itself.
ii) It preserves the structure.

Furthermore it is required that the number of all symmetries of an object
make a group (See also Definition 5.1.4 ) which should satisfies the following
properties

I) There exist a neutral element i.e., the identical transformation.

IT) Every symmetry has an inverse.

)
IIT) Combination of two symmetries should be a symmetry.
)

IV) Combination of symmetries should be associative.

Group theory is a mathematical tool for studying the symmetry. We can say
that the group theory constitutes the abstract version of symmetry concept.
Here we mention that group theory was invented in 1832 by 21-years-old
French mathematician E. Galois, in order to describe symmetries of some
expressions of roots to an algebraic equation. Later, Sophus Lie substituted
algebraic equations with differential equations and roots with solutions to
differential equation.
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4.2 Introduction to Symmetries and Differential Equations

A common method to solve differential equations is to introduce new
variables to obtain an easier equation. For example a DE of the following
type (called homogeneous ODE )

v+ f)y=gx)y®, (a#0,a#1),
transforms to a linear DE by substituting

2z =yl

Then by some easy calculations we obtain
2 = (1 - a)yiay/a
which implies

%
dx

This is a linear equation which is satisfied by new variable z. Solving this

+ (I —a)f(z)z=(1-a)g(2).

1
equation gives y = zT-o, a > 1.

The question is, how we can find a successful variable substitution for
general differential equations. To answer to this question Lie introduced the
method of symmetry groups. The transformation that Lie introduced and
used to study ODE and PDE were a group of continuous transformation,
which are known as Lie group.

Lie started from the following problems:

1. Is there a general method to determine a solution to a DE?

2. How can we classify DEs?

The theory that Lie developed to answer the above question, consist of two
main parts:

1. Lie symmetry concept for DE.

2. Lie invariant theory for DE.

4.2.1 Symmetry and differential equation

A symmetry for a differential equation is a transformation of dependent
and independent variables of the equation, which maps each solution of the
equation to a solution (generally another solution) of the same equation.

If a transformation is symmetry for an equation, thus the equation keeps its
structure invariant. Conversely if a DE is invariant under a transformation,
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thus the transformation is symmetry to this DE. An important application
of the discussion above is, if we know a solution to an equation and symmetry
to this equation then we can generate several solutions.

If we find a symmetry for a PDE, then we can find solutions which are
functions of some combination of the main variables. For example a PDE
with two independent variables reduces to an ordinary differential equation.
Some of these symmetries such as translation, scaling and rotation, can
be obtained by an easy calculation. In this thesis we focus on continuous
symmetry.

4.2.2 One-parameter transformation

As mentioned before, a symmetry for a DE is a transformation which
leaves the solutions to the equation invariant. According to Lie’s investi-
gation these transformations make a group which always depends on one
or several variables. Omne type of these transformations is called ”point-
transformation”, which acts on the space of independent and dependent
variables. Here we consider only this type which is called one-parameter Lie
group of transformation.

Example 4.2.1. Let
dy y4ay—y—uz

dr a2+ 23 +y—a’

and consider the rotation for (z,y) as
(Z,7) = (xcose —ysine, xsine + ycose).

The collection of solution curves (sketched in figure 1), shows that this ro-
tation form a one-parameter of Lie symmetries around the origin.

Al //;%
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k(L ///M\\ \

= ‘H\& \\,

) ',/,;___;}‘;:;-f%/ A\
_ ///////,' |/'| ‘*-.I \\i
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Figure 1: Symmetry around origin
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Example 4.2.2. Let
U — Ugye = 0.
This equation is invariant under family of transformations, denoted by {I':},

T =z + 2¢t,
t=t,
@ = uexp(—(ex + £°t)), (20)

since Uy — Uzz =

Note that every transformation Tz in family (20) is determined by a spe-
cific parameter e.

Generally every family {T.} of invertible transformations I'z(x, t,u) = (%, £, @),
where € € R, and

X(z,t,u,e),
T(a;‘? t? u7 5)7
Uz, t,u,e),

N
I

is said to be a one-parameter Lie group of transformation if it satisfies the
following conditions:

I) There exists an identity element ¢ = 0, such that I'g = I, where I is
the identity mapping.

I1) Every transformation I'. has an inverse I'-! = I'_., so it follows that
I (%,t,0) = (x,t,u).

IIT) Composition of two transformation in the family also belongs to the
family, ie., I'e I, = T'c) 4ey-

Example 4.2.3. Consider the ODE

dy 2y

-2 _ 27 21

T (21)
which has the general solution

y = cx?, (22)
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where ¢ is an arbitrary constant.

Let us consider the region x > 0, y > 0, in which the family of solution curve
is determined by a specific value of the constant ¢ > 0.

One of the symmetries to the ODE (21) is one-parameter Lie group of scaling

(%,9) = (¢°x, cre"2?). (23)

By solving for variable x, we obtain x = e %, thus the transformed solution
becomes

j=cre %52 (24)
Hence the action of the symmetry (23) maps the solution y = cx?, to the
solution § = c1e~3 32, (sketched in the figure 2).

Figure 2: The action of symmetry (23) on ODE (21).

Remark. Sometimes it happens that the composition of the transforma-
tions is just defined for the parameters which lies near to identity element
€0- In this case the family of transformation I'; is called local one-parameter
Lie group.

The Lie’s first theorem states that we can parametrize a group such that
I) e =0 gives identical mapping.
IT) The inverse is obtained by changing the sign of the parameter.

III) The group composition for the parameters are common addition.
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It follows that we can re-parametrize a one-parameter Lie group of trans-
formation such that these three conditions are satisfied.

4.2.3 Infinitesimal generator

Some type of symmetries, for example rotation to a DE can be obtained
by an easy calculation, i.e., in Example 4.2.1, where by ¢ = 0, we obtain
(Z,9) = (z,y). But to determine other types of symmetries, their definitions
lead to a complicated non-linear function of transformations.

Lie realized that there are some invariant conditions, based on a infinites-
imal (linearised) version of the problem. Instead of determining the global
(finite) form of the group, can use the linearised version by determining Tay-
lor expansion of the function which defines transformation around & = 0.
Lie called this infinitesimal form.

Then the global form of the group can be obtained by either solving a cer-
tain kind of equation called Lie equation, or by using the group generators,
which is called infinitesimal generator.

Consider a Lie group of the type one-parameter group of transformations

u="U(z,t, u,¢), (25)

where by & = 0, identity transformation is obtained.
The Taylor expansion around € = 0 is

B=x+et(n,t,u)+o), (= X(z,t,u,¢),

t=t+ er(z,t,u) + 0(62), (=T(x,t,u,e)),
u=u+ep(x,t,u)+ 0(52), (=U(z,t,u,¢e)), (26)
where 5 of 5
T t U
52 % ‘8207 T = & ’520’ QZ) = g |a:0 . (27)

The functions &, 7, ¢ are called the group’s infinitesimals. The differential
operator

0 0 0
V—f%+75+¢%, (28)

is called infinitesimal generator. This is one of the fundamental concepts in
symmetry analysis of differential equations.

We use Lie group of type (25) later in a PDE case;

A(l‘atvuauxautauxxauxtautt) =0. (29)
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It means that equation (29) transforms to itself, i.e., the new variables sat-
isfies the same equation;

A(jataﬂadma Ut, U;z, UNxta u~tt> = 07

and every solution u = ®(x,t) maps on a solution to the same equation.

Other related concept in Lie theory is orbit. By orbit for a one-parameter
Lie group of transformation through a point (x,%,u), we mean the amount
of all points generated by (25).

The orbit for a point that does not map to itself, determines a curve and
the vector ¥ = (§, 7, ¢) is tangent vector to the curve in the point (x,t,u).
It means that the generator to a one-parameter Lie group of transformation
can be considered as a vector field.

The vector ¥ = (£, T, ¢), characterizes the group entirely (not only locally),
since the global form i.e., (25), can be reconstruct from vector ¢. This is the
meaning of Lie equations.

Theorem 4.2.4. Lie equations: The global form of (26) is obtained by
determining the solution to the system

dz

dic2 :f(i‘,f,a),
dt -

élz = T(.’i’,t,ﬂ),
o =@,

which satisfies initial conditions & |.—o= x, t |c—o=t, U |-—0= u.

For the proof of this theorem we refer to [17].

Example 4.2.5. Consider the ODE y = y(x), and a Lie group of the type

= X($7 y? 6)7
=Y(x,y,¢),

<) X

and the rotation group

T =xcose —ysine,
Yy =xsine + ycose.

The infinitesimals are

éz_ya ¢:$

It follows that the infinitesimal generator becomes
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0 0

The global form is obtained by solving the system
dx _dy

dig =Y, d€ = -,

with the initial conditions T |c—o= x, § |e=0=y.

4.2.4 Prolongation

In order to explain the concept of prolongation, we first study symmetry
conditions in higher order ODE such as

y" = f(z,y,yY, .., y"Y), (30)
where
k) _ @Y
Yy = e k=0,1,..,n.

The symmetries of (30) are diffeomorphism (See Definition 5.1.3) that map
the family solution of this ODE to itself. Each diffeomorphism

I (2,y) — (7,9),

preserves the structure of the object and maps smooth plane curve to smooth
plane curve.

A transformation of (z,y), which in fact is the action of I', induces a trans-
formation of the derivatives, which is the following map

U (2,y, W, y™) — (20,50, ., 5M).

This mapping is called n-th prolongation of I'. We determine the function

dky
(k) —
YT gk

by using the chain rule and calculating recursively, i.e.,

) _ dgkfl _ Dmgkfl
dx D,z ’

(31)

where 70 = g.

Here D, signifies the total derivative operator, with respect to x defined by
or  ofdy  of dy®»
dr  dydx oy dx

= 0o+ 0y + 0,0y + ... (32)

Dy
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(See also Definition 5.1.25).
The following expression is the symmetry condition for ODE (30)

g™ = f(@,9,9Y,...,g"V), (33)

where %) is determined by (31).

For the most of DEs, symmetry condition given by (33) is non-linear.
In order to obtain Lie symmetry, we linearise symmetry condition (33) by
Taylor expansion around € = 0, and obtain the following prolonged Lie
symmetry

i = xz+et+o(e?),
j = y+ep+o(?),
gk y®) 4 eplfl 4 o(c?), (34)

where k > 1.

Note the the superscript ¢/*/, is only an index and it does not denote a
derivative.

By substituting (34) into the symmetry condition (33), we obtain the lin-
earised symmetry condition

o = &fo+ 0y + 0 fy + o+ 6" . (35)

We calculate functions ¢!l recursively from (31) as follows. Consider k = 1,
then

g(l) — D:ch o y(l) + 5D:v¢+ 0(52)

= =4 D.é — MWD 2y
D,& 1+ eDy€ + o(e?) Y+ e(Dad =y D) + o)

By substituting (34) into this equation we obtain

o = Dot~y Dyt (36)
Similarly
g = Dadl _ v +eDapt 1+ ofe?)
D,x 14+eDy& + o(e?)
and therefore
oM@,y y,..y™) = Dyl —y WD, g, (37)

Now consider (35), the right hand side of this expression is V f, where V is
infinitesimal generator

V =£0, + ¢0,.
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As we mentioned before, infinitesimal generator is the vector field with the
tangent vectors &, ¢, through the point (z,y). We need to deal with the
action of Lie symmetries of the n — th order differential equations, therefore
we introduce

pT(n)V =80, + 90y + ¢[1]8y<1> +.+ ¢[n]ay(">’ (38)

which is called prolonged infinitesimal generator.
Similarly we can determine prolonged infinitesimal generator for a PDE,
that we will define exactly and study this subject in the next section.
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5 Some Basics of Lie Groups

Lie groups were studied by the Norwegian mathematician Marius Sophus
Lie (17 December 1842 - 18 February 1899), at the end of the 19th century.
His interest was solving the equations. At that time mathematicians used
to solve the equations by using a lot of tricks. A typical method to solve an
equation was changing the variables on a way that one of the variable drops
off the equation.

Lie groups lie between two fundamental fields of mathematics: algebra
and geometry. We should know that first of all the Lie group is a group; sec-
ondly is a smooth manifold where this manifold is a special sort of geometric
object. It can be said that Lie group is a group of continuous symmetries.
Lie groups are present in mathematics and all area of science. Lie groups
are associated to any system which has a continuous group of symmetries.

5.1 Lie Groups in PDE

In this section we introduce applying the Lie group analysis on non-linear
PDEs such as (14), (16), (18), and study all invariant solutions. Then by
using the symmetry group and its invariants, we can reduce a PDE to an
ODE. In [2] and [12] they have studied symmetry group to equations (14)
and (18). Here we will study the symmetry group and its invariant solution
to the (16).

5.1.1 Lie Group Analysis of Differential Equations

The PDEs that will be studied here consist of two independent variables
and one dependent variable.

In order to apply Lie symmetry group to the PDE, we start by intro-
ducing and defining some important concepts, where most of definitions are
taken from [14].

X : a space of independent variables (S,t), i.e., (S,t) € X and X is isomor-
phic to space R?.

U : a space of one dependent variable u € U and U is isomorphic to R.
U1y : a space that its coordinates are the first derivatives of u with respect

to (w.r.t.) S and ¢, i.e.,
ou Ou
Uny = <55’ at) :

Ug) : a space that its coordinates are the second derivatives of u w.r.t. S
and t, i.e.,
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(We can continue and introduce a space of type Un), for n > 2, but because
we study the second order equation, it is enough with n = 2.)

Definition 5.1.1. Cartesian product is a direct product of two sets A
and B with these properties

e not necessarily commutative A x B # B x A.

e not necessarily associative(A x B) x C # A x (B x C).

o nice with intersection (AN B) x (CUD)=(ANC) x (BUD).

e for union and intersection hold A x (BNC) = (Ax B)N(AxC).
e AX(BUC)=(AxB)U(AxC).

Definition 5.1.2. A n-dimension Manifold M is a set that contains a
number of countable subset U, and some one-to-one functions Fy, which
map the U, to connected open subset of Fuclidean space V,, called local
coordinate maps, which satisfy the following properties:

I) The coordinates charts cover M, i.e.,
Ug Ua = M.
II) For all Uy Ug
Fgo Fyl: Fo(UaNUs) = Fs(Ua N Us)

s a smooth function i.e., infinitely differentiable function.

III) If v € Uy and & € Ug, then there exist two open subsets W and W,
such that W C Vg, and W C Vg, with Fo(x) € W, Fs(&) € W which
satisfy

Fy W)NF; (W) =0,
Definition 5.1.3. Diffeomorphism. Let M and N be two manifolds. Let

f be a bijective function from M to N. Then f is called a diffeomorphism
function if both

f:M—N
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and 1t’s inverse
fFLeN—-M

are smooth. If these functions are k—times continuously differentiable, the
function f if called a C*—diffeomorphism.

Definition 5.1.4. A Group is a set G which has a binary operation (called
multiplication) between the elements of the group. Furthermore the following
axiom for arbitrary elements g, h and k, of the group must be satisfied by the
group operation:

1) Closure: If g,h in G then the result of operation g - h is also in G.
II) Associativity: h-(g-k) = (h-g) - k.

III) Identity element: there is an identity element, e, in a group which has
the following behaviour under group operation e-g=g-e = g.

IV) Inverse: For each element h in the group G there is an inverse h™*
which under the group multiplication returns the identity element e,

ie, h-h !=h"t.h=e.

Definition 5.1.5. A Lie group is a group G which carries the structure of
a smooth manifold that both the following group operations

m:GxG— G, m(h,g)=hog, h,g€Qaq,
and the inversion
i:G—G i(g)=9g"' geaq.

are smooth maps between manifolds.

Lie groups are not often defined on the whole manifold, but they are defined
only on some part of the manifold. Therefore we consider a so-called local
Lie group.

Definition 5.1.6. A Local Lie group consists of connected open subsets
Vo CV CR" that contains origin and smooth map as the group operation

m:VxV —R".
and a smooth map
i: Vg —V,

as the group inversion, with the following properties
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I) If v,y,z € V and m(x,y),m(y,z) € V then

m(x, m(y, z)) = m(m(z,y), 2),
II) For allz € V. m(0,z) =z = m(z,0),
III) For allx € Vo m(z,i(x)) =0 =m(i(x),x).

Usually Lie groups arise as group of transformations on some manifold L.
Lie groups will be represented here as a group of transformation of some
manifold. It is not necessary for these transformation groups to be defined
for all of the elements of the group or for all of the points of the manifold,
i.e., it is enough to act locally.

Definition 5.1.7. Local group of transformation. Let M be a smooth
manifold. A local group of transformations acting on M is a (local) Lie
group G, an open subset U, with the domain of the definition of the group
action {e} x M C U C G x M, and a smooth functionI' : U — M with the
properties

I) If (h,z) € U,(g9,I'(h,x)) € U, and besides (g.h,x) € U,
then (g, T(h,)) = T(g.h, z),

II) For all x € L,I'(e,x) =z,
II) If (g,z) € U, then (g7, T(g,2)) €U and T'(g~',T'(g,2)) = .

Briefly, we can denote I'(g,z) by (g,x), where g,h € G and x € M, so
the conditions above of the definition take a simpler form

(i) g-(h-z)=(g-h)-z,
(ii) (e.x) ==z,

(iii) 9" (g 2) = .

In order to present the main tool of Lie group analysis of differential equa-
tions, called infinitesimal generator, we need at first to explain the concept
of a vector field.

Definition 5.1.8. Tangent vector. Let M be a manifold, and let I be a
subinterval of R. Suppose C' is a smooth curve in M, which is parametrized
by ¢ : I — M. The curve C, for a real value €, is given by smooth functions
o(e) = (¢ (e), ..., 0™ (€)), in local coordinates x = (x*,...,z™). At each point
x = ¢(€) of C the curve has a tangent vector, that is to say the derivative

b(e) = Z—(b = (o' (), ..., " (€)). So for the tangent vector to curve C at
€

x = ¢(€), we denote
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Vo= d(6) = 916 o + By + o+ (0 o
Definition 5.1.9. Vector field. Let U be an open subset on manifold M,
and let x be a point on M. A vector field on U C M is a family of tangent
vectors X, at each point x such that for every for every differentiable func-

tion f on an open subset V' C U, the function x — X, (f) is differentiable.

Definition 5.1.10. A Tangent space is the collection of all tangent vectors
which pass through the given point x on a manifold M, is called tangent space
to M at x. It is denoted by TM |, .

Definition 5.1.11. Infinitesimal generator. Let V be a vector field on
M. Then this vector field assigns a tangent vector V |, € TM |, to every
point © € M. The tangent vector V |, in local coordinate has the following
form
0 0 0
_ ¢l 2 3
Vi=¢ (CU)@ +& (l’)@ +& (w)w,

where it is called Infinitesimal generator.

Here we denote an infinitesimal generator by

0 0 0
V= g(S,t,U)% +T(S7t7u)a + (ﬁ(S,t,U)%,

where &, 7, ¢ are smooth functions.

Definition 5.1.12. Integral curve. LetV a vector field. An integral curve
of V' is a smooth parametrized curve x = ¢(€) whose tangent vector at any
point coincide with the value of vector field V' at the same point. In other
words for all €

d(e) =V |4 -

Definition 5.1.13. Flows. Let V be a vector field and M be a manifold.
Let T'(e,x) be a notation of the parametrized mazximal integral curve (by
mazimal means manifold does not contain any longer integral curve), passing
through © € M. We call I’ the flow generated by V. Thus for each x € M,
and € in some interval I, € R which contains 0, T'(e,z) will be a point on
the integral curve passing through x € M. The flow of a vector field, for all
x inM, and 6,¢ € R, has the following basic properties

o I'(6,T(e,z)) =T(d + ¢, ),
o I'0,z) ==,

d
. aF(e,x) =V (e x).
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Definition 5.1.14. Lie algebra is a vector space V over a field F together
with a binary operation

[.,.] : V xV — V, which is called Lie bracket or Lie product,
and with the operation
[X,Y] = XY - VX,

on the vector space V' that satisfies the following axiom

a)Bi-linearity

[aX +bY,Z] =a[X, Z]+b]Y, Z], [Z,aX +bY]=a|Z, X]+b]Z,Y],
where a,b € F, and X,Y,Z € V.

b)Alternating on V
(X, X] = 0.

c)Alternating and Bi-linearity imply Skew-symmetry

(X, Y] =-[Y, X].
d) Jacobian identity holds
(X Y], Z]+ [V, Z], X] + [[Z2, X], Y] =0 .

Definition 5.1.15. Sub-algebra. Let g be a Lie algebra, and let h be a
vector space. Then h C g is a sub-algebra if h is closed under Lie bracket
operation, or h itself is a Lie algebra under the same bracket operation as
Lie algebra g.

Definition 5.1.16. An Ideal Lie algebra g is a subspace h for which
whenever x € h ory € h then [x,y] € h.

Definition 5.1.17. Solvable Lie algebra. Let L;,j < 0o, be a Lie algebra.
It is said to be solvable if there is a sequence

LiCLyC..C Lj_l C Lj,

of sub-algebras of the dimension j,j — 1,...,1 such that Ly is an ideal in
Ly wherel <k <j—1.

Definition 5.1.18. A Jet bundle is a space M™ = M x U x Uy x ... X
U(n), which its coordinates represent independent and dependent variables
and derivatives of dependent variables up to order n, are called the n — th
order jet bundle of the base space M.
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Now consider a system of differential equation which has p independent
variables © = (z!,...,2P), and ¢ dependent variables u = (u',...,u?). The
solution to the differential equation is denoted as u® = f(x!, ..., 2P) where

a=1,...,q. We take the multi-index notation, defined below; by

0" f(x)
Uf@) = g o
Definition 5.1.19. Multi-index. Let J = (j1,...,jk) be an unordered
k—tuple of integers, with entries 1 < ji = p. We denote the order of such a
multi index by #J =| J | . It indicates how many derivative are being taken.

Definition 5.1.20. Invariant function. Let G be a local group of trans-
formations acting on a manifold M, and N be another manifold. A function
F: M — N is called a G—invariant function if for all x € M and for all
g € G such that g - x is defined,

F(g-z)=F(x).

A real-valued G—invariant function ® : M — R is called an invariant of G.

Another important concept that we define it below is symmetry group. It is
a local group of transformation. It has a property that transforms a solution
of a equation to another solution. By knowing the symmetry group we will
be able to reduce the differential equation to a simpler model.

Definition 5.1.21. Symmetry group. Let S be a system of differential
equations, and let M be an open subset of the space of independent and
dependent variables for the system. A symmelry group of the system S
is a local group of transformations G acting on M withe the property that
whenever u = f(x) is a solution of the system S, and whenever for g € G, g-f
is defined, then u = g.f(x) is a solution of the system S.

By solution we mean any smooth solution v = f(x), which is defined on
any subset domain Q € X.

Definition 5.1.22. Prolongation of differential equation. Let u =
f(x) be a smooth function, so f : X — U, x € X. There is an induced
function v = pr(”)f(m), called n — th prolongation of the function f,
which is defined by the equations

uG =05/ (x).

Therefore pr(™ f(x) is a function from space X to space U™,

A system of n—th order differential equations is given as the following
system of equations
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Ay(z,u™) =0, v=1,..,1L

with this assumption that all A(z,u(™) = (Al(x,u(")), ...,Al(:v,u(”))) are
smooth functions in their arguments, therefore A can be viewed as the
following smooth map

A: X xUM™ 5 R

where X x U™ is a jet space and R! is a [—dimension Euclidean space.

Definition 5.1.23. Solution manifold. The equality A = 0, determines
the system of differential equations solution manifold La, (is called sub-
variety) which is defined by

La = {(z,u™) : A(z,u™) =0} c X x UM, (39)
of the jet space. It is called solution manifold.

We set U2 = U; x Uy as a vector which coordinates are all derivatives
up to order two of function f(x).

Definition 5.1.24. Maximal rank. Let
Ay(z,u™)y=0, v=1,.,1,

be a system of differential equations. Let p and q be the number of cor-
responding independent and dependent variables in the system. Then the
system is said to be of mazximal rank if the | X (p + qp(”)) Jacobian matrix

0A, 0A,
']A(xau(n)) - ( oxt’ au"‘> 7
J

of A with respect to all the variables (z,u™) is of rank | when A(z,u™) = 0.

Theorem 5.1.1. Fundamental theorem of Lie group analysis.
Let

Ay(ﬂs,u(”)) =0 , wv=1,..1
be a system of partial differential equations of maximal rank which is defined
over a space which is a subset of Cartesian product M C X x U. If G is a
local group of transformations acting on M, and
pr(Q)V[A,,(:n,u(”))] =0 , v=1,..,1 whenever A(w,u(”)) =0, (40)

for every infinitesimal generator V- of G, then G is a symmetry group admit-
ted by the the system. The equation (40) is called determining equation.
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Definition 5.1.25. Total derivative. The i-th total derivative of function
o(z,u™) is a unique smooth function Diyp(x,u™ 1), defined on M™*'. This
smooth function is obtained by the following formula

dp dp
DZSO = (%UZ + ZJ uJ,i aUJ’
where for J = (41,72, .-y Jk), it s

S % B 8(k+1)u
T 9xt T 9t Oadt ... 0wk

Theorem 5.1.2. General Prolongation formula.
Let

WD 9
V=3¢ (%U)@ + > i @a(Iau)%,

be a vector field defined on an open subset M C X x U. Then n-the prolon-
gation of the vector V is the vector field

0

prWV =V 43P 3, gpi(m,u("))a o
Uy

defined on the jet space M™ = X x U™ the second summation being over
all (unordered) multi-indices J = (j1, ..., k) with 1 < j; < p, | <k <n.
The coefficient functions o’ of prV are given by the following formula

P P
p(w,ul™) = Dylpa = Euf) + ) &ul; (41)
i=1 i=1
where
o Ou® o ous
u = D and ug,; = 83:{'

The idea behind prolongation procedure is introducing an equivalent re-
lation for all the smooth functions involve in prolongation formula. Consider
a point z that belongs to an open subset of X. If all the derivative of these
smooth functions up to order n coincide in the point x, then we call the
functions equivalent in the point. This point is called n — jet. In this way
we prolonged our space.

Theorem 5.1.3. Symmetry Group.

Let M be an open subset of X xU. Suppose A(zx, u(")) s an n-th order system
of a differential equation which is defined over space M, with its correspond-
ing manifold La € M, where M) ¢ X xU™. Suppose G is a local group
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of transformations acting on M whose prolongation leaves La invariant, in
the meaning that whenever (x,u™) € La, we have pr®™g.(z,u™) € La
for all g € G. Then G is a symmetry group of the system of differential
equations.
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6 Lie Analysis on the obtained PDE from a Fi-
nancial Market
In this section we shall discuss certain result in finance, using methods

from PDE and Lie group. We applying the methods discussed before, on
our equation (16).

6.1 Lie algebraic structure of the main equation

In other to show how we can solve equation (16), we consider a more
general equation from [3], as follows
0252 UgS

Ty (1= pA(S)Susgs)? 0 (42)

where A : (0,00) = (0,00) is a continuous function , p > 0 is liquidity pa-
rameter (see Definition 2.0.34), and u is a smooth function of stock S > 0,
(see Definition 2.0.23) and time ¢ € (0,7, where T' denotes maturity date
(see Definition 2.0.27).

For X\ = 1 equation (42) becomes equation (16).

Claim 6.1.1. The differential equation (42) for A(S) as an arbitrary func-
tion admits a three dimension Lie algebra spanned by the following infinites-
mal generators

0 0 0

=, Vo=—, Vza=5_—.

o P o 0T Tou

If we have a special form of function \(S) such as A\(S) = wSk, where
w,k € R, then equation (42) admits four dimension Lie algebra spanned by

the following generators

Vi =

0 0 0 0 0

Proof: Consider \(S) as an arbitrary function in PDE (42).

We want to study the Lie group analysis admitted by equation

252 usg

2 (1 pA(S)Suss)?

A(S7t7u7 us, ut,Uss, Uust, utt) = Ut + = 0. (43)
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Therefore we should find infinitesimal generator of the corresponding Lie
algebra. Consider the infinitesimal operator

V =¢(S,t u)aas T(S,t,u)gt + ¢(S,t u)aau
According to the Theorem 5.1.2, in order to find the coefficient &, 7, ¢, we
should calculate the prolongation of the infinitesimal generator (44), since in
our case, PDE (42) is second order, hence we determine second prolongation
pr@V, as follows

(44)

0 0 0
(2) — v “ -
pri?V £(S,t,u) 55 + 7'(S,t,u)a + ¢(S,t,u)8u
0 ’ 8
0 8
SS St tt

where the coefficients ¢°, ¢f, ¢, 5, ¢ according to the formula (41), are
given by

¢° = Dg(¢ — Eug — Tuy) + Eugs + Turs,
¢ = Di(¢— Eug — Tup) + Eusy + Tuy,
¢%° = D%4(¢ — Eug — Tuy) + Eusss + Tuss:,
¢t = DgDi(¢ — Eug — Tuz) + Eusgsy + Tugst,
P = D2(p— Eug — Tuy) + Eusi + Tuss. (46)

Because in our case the PDE dose not depend on ugy, uy, t, u, so we skip

the terms qut gbtt T—, ¢p—, so we consider the following form of
8 ust c")utt t Bu
prolongation
0
(2)V —_ t SS 47
L (47)
where the coefficient from corresponding expression in (46) are
¢t(5, tu) = ¢ + urdy — usst — usur&y — uTE — (Ut)QTm (48)

and

¢ (S,t,u) = ¢gs+ 2usdsy + ussdu
+ (us)?buu — 2ugsés — uslss — 2(us)*Esu
— Bugussbu — (us)?Euu — 2usiTss
— 2ugusTsy — (uruss 4 2ususy) Ty — (ug) wsTuy, (49)
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and partial derivative of PDE (42), in corresponding prolonged formula (47)

are

N
oS
0A

— = 1,
Out

0A 0252 (1 — p/\(S)SuSs)z —ugs(2pA(S)S(—1 + Zp)\(S)SuSs)) '

= o2§

uUss 0252 Ugs

(1= pAS)Suss)® 4 puss(N(9)S = A(S))(—1 + 2pA(5)Suss)’

duggs 2

(L~ pA(5)Suss)! (50)

In order to find functions £(S,t,u), 7(S,t,u), ¢(S,t,u), we use determining
equation (40). This equation arises from the action of the prolonged formula
pr@V on the equation A = 0.

In our case the determining equation takes the following form (see Theorem

5.1.1)

prPV(a) =

+ o+ o+

By inserting all

2 uss
o S A= oA (8) St )?
028? UsS )
4 puSs()\/(S)S — )\(S))(—l + 2p)\(S)SuS5)

¢t

53(25" (L= pA(S)Suss)? —uss(2pNS)S(1 4 3pA(8)uss)),
2 (1= pA(S)Suss)*

0. (51)

of the partial derivatives (50), the coefficients (48) and (49)

in equation (51), we obtain the following expression

prPV(A) |azo

Substituting u; = —

that we remain

_ 2 uss
= ST A Susey

o252 UuUsgs
T puss(X (58— A(®)(—1 + 2pA(5)5uss))
b1 + Wy — uséy — usueby — wre — (ur)?7y
¢ss + 2usdsu + ussPu
(us)?Puu — 2ussés — uséss — 2(us)*Esu
— 3ugusséu — (us)*Euu — 2usiTss
— 2uguTsy — (uguss + 2usugy) Ty — (us)zutTuu

+ o+ 4+ o+

(0252 (1 — pA(S)SuSS)Q - uSS(Qp/\(S)S(—l + Qp)\(S)SuSS)))
2 (1 — pA(S)Sugs)*
= 0. (52)
025? UgS

2 (1= pA(S)Sugg)? 1 cduation (52), makes sure
P uss

on solution manifold (Definition 5.1.23) of PDE (42).
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After this substitution and some transformation we should solve the system
of equations pr?V (A) |a—o= 0, by assuming that S,t, u, ug, ... all are inde-
pendent variables in M (). The next step is demanding that all coefficients
of every monomial which contains all derivatives ug, ugg, u;..., must be equal
to zero. For similar detailed calculations see [2], [12].

After some calculations and relative integrations, we get a set of equations:

(S, t,u) =a1S, 7(S,t,u) =as, (S, t,u) =asS + a4+ asu, (53)
where ay, ..., a5 are arbitrary constants and &, 7, ¢ are the same as in equa-

tion (44).

According to [3], we obtain
a15Xs(S) — (a1 — as)A(S) = 0. (54)

By satisfying this equation for all S| we obtain a; = a5 = 0 which implies
that
g(S? t7 u) = 07
(S, t,u) = az, (55)
o(S,t,u) = azS+ as.

In the end, by considering these equations and substituting them in
expression (44), Lie algebra admits the following infinitesimal generators

0 0 0

‘/12§7 VQZS%) ‘/3:%7 (56)
and the relation [V1, Vo] = [V4, V3] = [V, V3] = 0,
. ) o 0 o0 0
(i.e., commutator relation [V, Vo] = V1 -Vo—V5- V] = a‘sa—sa'a =0).

Now consider A\(S) = wS*, w,k € R, in PDE (42).
By the same calculation as we did for the case A(S) as an arbitrary function,
here we obtain

f(S,t,U) - alsa
T(S,t,u) = ag,
o(S,t,u) = (1—k)aju+ agS + aq. (57)

Therefore the generators in this case are

0 0 0 0 0

and moreover the commutator relation, are as follow

Vi = (58)
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[VhVQ] = [VI’V?)] = [V17V4] = [V2av3] =0,
Ve, Vi] = —kVa,  [Va,Vi] = (1 — k)Vs.

6.2 The symmetry group admitted by the main equation

In this part we will show that how we can find the symmetry group and
we will use the symmetry group to create the invariant solution to the main
PDE (42).

Claim 6.2.1. The action of the symmetry group of equation (42), for A(S)
as an arbitrary function is given by

S. =8,
te=t+a1
ue = u + Sag + as, (59)

where a1, a2, as are arbitrary constants.

For the case \(S) = wS¥, where w, k € R, equation (42) becomes the follow-

ing special form

0252 ugs
21— wpSktlugg

Hence the symmetry group corresponding to this form of PDE has the fol-

lowing structure

ug + =0. (60)

S = Se"c,
te = t+ age,
Ue = u—l—@S(ealE—l)—l—me, E=1,
ax
ue = uem+agSee e+ %(e‘“6 -1) k=0,
1
P ueal(lfk)e + Esgeam(l . efalkE)
¢ alk
_ M (ke 1) kL0 k41 61
ot ) kA OREL (61)

with this assumption that a; # 0.

Proof: In order to show how we can obtain symmetry groups (59) and
(61), we consider different types for A(S), as follows

e \(S) as an arbitrary function.
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e \(S) =wSk,

where the last type divides to three cases
ck=1=\(S) =wS.

. ke R= \(S) = wsSk.
E=0=)\S) =w.

We study the mentioned types separately here below.

o If \(S) is an arbitrary function in PDE (42)

According to Claim 6.1.1 we have obtained the corresponding Lie algebra
(56) for the main PDE. According to the fundamental theorem of the Lie
group analysis, i.e., Theorem 5.1.1, in order to find the global representation
of the symmetry group admitted by the main PDE (42), we have to solve the
following system of ordinary differential equations with the corresponding
initial values

dS.

I 0 Sele=0= S5,

die b lemo=t

de az, e le=0=1,

due asS + a4, Ue le=0=u (62)
de - 3 4, € le=0— UW.

We will consider the following cases of the system (62)

a27é0’ a37é07 a47é07
az =0, a37£07 a45£07
ag#o, a3:0, (147’50,
ag#O, a37é0, aq = 0.

Now our aim is to study the results of these different cases in the system
(62), their corresponding subgroup and their invariants. Then by using the
obtained invariants variables we can reduce PDE (42) to corresponding or-
dinary differential equations.

o=

1. a2#0, a3#0, a4 #0,in ODE system (62).

Here we study the symmetry group admitted by equation (43).
By solving the first equation in system (62), we obtain

Se=0C1
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where (] is an arbitrary constant.

The corresponding initial condition will define the constant value as C; =
S. Therefore the transformation of the variable S under the action of the
symmetry group has the following form

Se=5. (63)
We solve the second equation in system (62)
te = age + Oy,

By inserting the corresponding initial condition, the value of the arbitrary
constant Cy becomes as follows

ase +Cy =g = t
C =t

Thus the transformation of the variable ¢t under the action of the correspond-
ing symmetry group has the following form

te = age +t. (64)

The third equation of the system (62) defines the transformation of w which
is a dependent variable, under the action of the symmetry group.
By solving this equation we get

Ue = a356 + aq€ + 03,

We insert the corresponding initial value in order to find the value of the
constant Cf, i.e.,

(azSe+ ase + C3) |c—o=u
03 = Uu.

It follows that the transformation of the variable u under the action of the
symmetry group has the following form

U = azSe + ase + u. (65)

Thus by calculations above, we obtained symmetry groups (63), (64), (65),
hence we can identify the invariance of these symmetry groups.

In general any function of invariant is an invariant, therefore the invari-
ant is not unique and we represent one of the possible invariants of symmetry

group.
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In order to construct the invariant solution, we define invariant variables
by excluding € from the symmetry groups (63), (64), (65) i.e., from equation

(64) we obtain
to—t

= 66
=t (66)
By substituting this in equation (65), we obtain
te —1 te —1
= a2 ,
Ue = a3 ( s )+a4( ag )+’LL
which is equivalent with
Ue — a3Ste — aste = —a3St — ayst + asu. (67)

In this case, by considering equations (63) and (67), we can obtain the
following invariants

vy = S s
S t
invy — o \@Sct )t (68)
a2
These two invariant variables are unacceptable. Because they do not lead us
to any reduced ODE of PDE (42), in the case A(S) as an arbitrary function.

For the Cases 2, 3 and 4, i.e., A\(S) as an arbitrary function in PDE (42)
and considering different cases for constants as, as, aq, in system (62); after
some calculation with the same way as we did in the case 1, we will obtain
the same result i.e., unacceptable invariant variables, therefore in the case
A(S) as an arbitrary function, we should solve PDE equation with other
methods, and we do not discuss about them in this thesis.

e Case \(S) = wS*, in PDE (42)

We have found equations £, 7, ¢ as in (57) and the corresponding Lie alge-
bra (58). In order to find the global representation of the symmetry group
according to Theorem 5.1.1, we solve the following system of ordinary dif-
ferential equations with corresponding initial value

dS.
= alsea Se |€:0: Sv
de
die _ a te le=o=1
de - 29 € le=0— 1,
du,
= = (1 — k)arue + a3Se + aq,  Ue |e=0= u. (69)
€

The result of solving the first equation in system (69) is
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Se = Cleale,

where (] is an arbitrary constant.
By inserting the corresponding initial value we obtain the constant value
C1 = 9, thus the transformation for variable .S under action of the symmetry
group becomes

Se = Se™Me. (70)

We solve the second equation in ODE system (69) and we obtain
te = age + Oy,

where (s is an arbitrary constant.
The given initial value t¢ |—o= t, determines the constant value Cy = t, thus
the transformation for the variable ¢ under action of the symmetry group
becomes

te = age+t. (71)

In order to solve the third equation of system (69) and get transformation
for the variable u, we should consider three different cases

I) k=1.

II) kE=0.
IIT) k# 0 and k # 1.

Case I) k = 1 in the third equation in ODE system (69) obtained by putting
A(S) = wS* k € R, in PDE (42):
For k =1 in the third equation of system (69) becomes

du,
de

= a3S¢ + ay, (72)
and after solving this equation we obtain
Ue = agSee + aqe + C, (73)

where C'is an arbitrary constant.
Now we use the method of variation of the parameters and represent con-
stant C' as a function of ¢, i.e., C = C(e).

By inserting C'(e) and S. = Se™€, in equation (73) and satisfying equation
(72), we obtain

C'(e) = —(arageS)e™e,

47



and by integrating this equation with respect to €, we obtain the following
expression for C(e)

C(e) = —e™(azeS) + %Se‘“6 + D,
1

where D is an arbitrary constant.
Thus the expression for u. takes the following form

a
Ue = a3Se€ + age — e (azeS) + a—i’S’e‘”6 + D.

By inserting the initial value u |c—o= u, we obtain the value of the constant
D as
a
D=u— -8,
a1
Finally we obtain the transformation of the dependent variable u under the
action of the symmetry group

U = u+%5(e“16—1)+a46, kE=1. (74)
aj

For the cases II and III, i.e., for different k—value in ODE system (69);
the transformation of variables S and ¢ are the same as (70) and (71). In
order to find the corresponding transformation of u, we use the same method
as in case I and obtain

ue = ue®7Re 4 %See“le(l — e~ atke)
+ ﬁ(ealﬂ—k)e 1), kA0k#1 (75)
and
ue = ue™ +azSee e+ z—j(e‘“6 —-1), k=0. (76)

The next step is to construct invariant variables. Since invariants are not
unique hence we can obtain the following invariants variables in the case
A(S) =wS*, k€ R. From equation (71) we can find that

te — 1

€= . (77)
a2

By substitution this expression in equation (70), we obtain
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S = ea)
=
which implies

a _a

_71756 t
See 2 = Se a2,

This expression is remaining in an original state (unaltered) under the action
of the symmetry group, that means this expression is an invariant of the
symmetry group. In another word,

invy = InS — ¢, (78)

a2

and according to [13], we get following expression for inuvy

invy = uS*Y (79)

Now we aim, with help of the invariant variables (78) and (79), to reduce
the number of the independent variables in PDE from two to one which im-
plies an ordinary differential equation which depends on one variable. The
solutions of this ODE are the group of invariant solutions of the main PDE.
We should consider different cases for A(S).

1. M(S) =wS* w,keR, k#1,k+#0, in PDE (42)

We start with studying the original PDE (42), for A\(S) = wS*,k € R,
that takes the following form

0252 Ugs

ut + 2 (1 - pwSktlugg)?

=0, (80)

where w # 0, p € (0,1), S > 0.

Let us introduce two new variables, one independent say z

z=1nvy =InS+at, a=— a3 #0, (81)
a2
and one dependent variable v(z),
v(z) = invg = uS*Y. (82)

Thus representation of the dependent variable u by using (z,v) turns to the
form

u = vS1=k),
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The presentation of partial derivatives of u are

w = S ua,
us = STF(((1 - K)o+ Svs),
uss = —kSTFH((1—k)v+ Svs) +S7F((1 — k)vs 4+ vs + Svgs),

(83)

Because v is a function of z, we obtain

vs = UzZzs,
1 1
vss = Uzzg - Uz?a

by substitution these expressions in (83), we obtain new expression which by
rewriting PDE (80) with them, it turns to have a reduced PDE to a second
order ODE with the form

— 12 Ver + (1 = 2k)v, — k(1 — k)v
S 2 (1 =b(ves + (1 —2k)v, — k(1 — k)v))?

=0, (84)
where a,b # 0.

We should always consider that the dominator is not equal to zero i.e.,

(1= b(vss + (1 — 2k)v, — k(1 — k)v))% # 0.

We can obtain one of the solutions to the second order ODE (84) simply if
we assume that v = constant or v, = 0.

This equation has trivial solution v = 0 for any k and v, = 0 for k # 1,k # 0.
Another solution is v = non-zero constant and v, = non-zero constant, for
k=0,k=1.

Let us introduce another set of solutions to second order ODE (84). Since
all of the coefficient are constant, hence we can reduce the order of this ODE
from two to one by a suitable substitution. Therefore we introduce a new
dependent variable

z(v) = v.(2). (85)
Now we express v, as follows

d d d dv
Vzz = %(Uz(z)) = %(:L’(v)) = %(x(v))£ = ((L‘(U))U.’B(’U)) = Tpl.

By substitution this in equation (84) we obtain a first order ODE as a
reduction of PDE (80)

o? xxy + (1 —2k)x — k(1 — k)v
ar + — =0,
2 (1= pw(xzy, + (1 —2k)x — k(1 — k)v))?
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where its solutions are

z = 0, k=0k=1,

o? 1 k(1 —kyv  \/o%(o? — 8apwx)
o = —1+2k— - .
. + da(pw)?z? + (pw)x + x da(pw)?z?

(86)

where in the last expression z,a, p,w # 0.

These equations are easier to solve compared with the main PDE (42). The
solutions of these equations are the invariant solutions to the main PDE.
This work is excluded from this thesis.

2. M(S) =wS, (k=1), w €R, in PDE (42)

As a shortcut, we put £ = 1 in equation (84), then divide the whole expres-
sion by a # 0, then we obtain the following second order ODE

0'2 Vyz — Uy

z a == 0, 87
et 2a (1 — pw(v,, —v,))? (87)

where the dominator is not equal to zero, i.e.,

z
v(z) # —— + 1€ + ¢,

pw

where cq, co are arbitrary constant.

We can reduce the order of ODE (87) from two to one, similarly to the
previous section by a suitable variable substitution as (85).

One of the solutions to equation (87) is found by a simple method. Suppose
that v, =constant which implies v,, = 0, by inserting them in equation (87)
we obtain a second order polynomial which has the roots

1 \/?
v, = pw(—u 2a> b+ 0. (88)

Consequently we can present one of the solution u(S,t) to PDE (80) for
k =1 on the following way: by integrating equation (87) we obtain

o(z) = plw <_1 4 @) it (89)
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where ¢ is an arbitrary constant. And for k = 1 in (82) we obtain v(z) = u,
by a suitable substitution it follows that

u(S,t) = pi) (—1 + \/Z) (logS + at) + c. (90)

In order to find the set of solutions to the second order ODE (87), we
introduce a new dependent variable

y(2) = v(2), (91)

by substitution them in equation (87) we obtain the following fist order ODE

yyz —2 (y2+ plwy (QZZC)L» Y.+ <y2+p2wy+ (1 _((ZS{SGQ))) y(=9§),

where pw # 0.

The set of solutions to this ODE are the following equations

y = 0,
y = (1% (02/2a )/ pw,  pw #0,

1 o’ 2a o’ a*/2a 1
Y. = y2+— / / -,

pwy 2a(pw)3 4pw Y

1 2/2a 2/2@ 1
2
Y- iy \/2a 4pw " (93)

where in the two last equations y # 0.

Consider the two last equations of the set of solutions (93). We put the
right hand side of these equations equal to f(y), i.e., y. = f(y). If in all

0
points of domain, a—f exists and is bounded then the Lipschitz condition is
Y
satisfied. Therefore we can have the unique solution for the last two equa-
tions in the set (93). As we see the Lipschitz is satisfied everywhere except

the lines

0_2

y=0, y (

B S8apw’
Studying the behaviour of the solution in the neighbourhood of lines (94) is
achieved in the complex plane which is excluded form this thesis. For more
study in this subject we refer to [3].

All listed equations in (93) are more simple to solve compared with the main
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PDE (42). The solutions of these equations give rise to the invariant solu-
tions of the PDE (42). But this project is not included in this thesis.

3. A(S) =w, (k=0), w € R, in PDE (42)

In this case for w = 1, we will obtain the PDE (16), then according to the
explanations below, we can get the reduced form of this PDE to an ODE
and its corresponding solutions.

The methods are very similar to the case k£ = 1, thus we just mention the
results of our calculation.

PDE (84) for k = 0 becomes a second order ODE on the form

2
o Vyy + Uy

v=t 2a (1 - pw(vzz + Uz))2 =0 (95)

where pw # 0,a # 0.

In order to study set of solutions to PDE (42), we start by introducing
a new dependent variable

9(2) = v2(2). (96)

By substituting (96) in equation (95) and assuming that the dominator in
(95) is not equal to zero, we obtain the following first order ODE

(97)

where pw # 0.

The set of solution to equation (97) are

= 0,
= (—1++/(02/2a)/pw, pw # 0,
B 5 1 2/2a o? 2/2a 1
9= = -9+ —9- s
pw 2a(pw)3 4pw g

1 o2 2a o? 2a 1
9. = |-*+—g- / +1/ 52 / =, (98)
pw 4pw g

where in two last equations g # 0.

53



The two last equations in the collection of solution (98) do not satisfy Lip-
schitz condition in

g=0, g = oo. (99)

9= S8apw’

See [13], in order to study the behaviour of these equations in the neigh-
bourhood of lines (99).

In order to obtain invariant solution to PDE (42) where A(S) = w, we solve
equations listed in (98) which can be solved much easier than PDE (42), but
this work is out of the frame of this thesis.
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7 Conclusions

In this thesis our aim has been to show how we can solve a PDE, in order
to calculate the asset price related to one type of an illiquid market, called
”Reduced-Form SDE models”.

First we have introduced three formulas about pricing an asset, such as:
e Mathematical representation for generating asset price as the following
expression

dS = pSdt + o SdW,

where S, u,t, 0 and W, are stock price, drift, time, volatility and Brownian
motion, respectively.

e Ito lemma (for the function f which depends on two variables)

af of 182f 9o . Of
anW+(deaS+28520 S? 4+ 8t)dt’

to find differential of the smooth function of a stochastic variable.

df = oS

e Black-Scholes equation

ov 1 0%V )%

E -+ 50252@ + 7“5% —rV =0.
Note that the equality sign in the expression above, for America options
becomes less than or equal to zero.
In this expression V is a differentiable function of stock price S and time ¢,
volatility is denoted by o, and r is interest rate.
This formula is used for calculating the price of European and American
put and call options. We obtain option price by solving the Black-Scholes
partial differential equation.

We have discussed about three different illiquid markets with the relevant
PDEs for the value function u(S,t), and considered about one of the models
”Reduced-Form SDE Model” which rises to the following PDE
1 o?
= 5%ugg = 0,
“ry (1— pSugs)?” "%°
where u is a differentiable function of stock price S and time ¢, p > 0 is
liquidity parameter and o is volatility.
This is a non-linear PDE and is difficult to solve. Thus we have chosen a
method, called ”Lie group analysis” to solve it.
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In order to understand how to apply Lie analysis method on PDEs and
its related definitions and theorems, we have studied informally this subject
and demonstrated some elementary examples.

In order to solve the above PDE, we have considered a more general
equation from [3]
0252 Ugs

urt (1— pA(S)Suss)? 0

where we have considered two cases, A(S) as an arbitrary function and
A(S) = wSk.

By applying Theorem 5.1.2, we have obtained corresponding Lie algebra
(56) for the main PDE where A\(S) was an arbitrary function and Lie alge-
bra (58) for the main PDE with A\(S) = wS*.

Then by applying Theorem 5.1.1 we have solved the system of ordinary
differential equation (62), where we have considered different cases for con-
stant ao, as, a4, and calculated in detailed only for one of these cases and
have obtained symmetry groups (63),(64),(65). Then with the help of these
symmetry groups we have calculated invariant variables (68), where these
variables have been useless, because they did not lead us to any reduced
ODE of the main PDE.

The corresponding Lie algebra for the the case A(S) = wS*, in the main
PDE, by considering different k—values and by applying Theorem 5.1.2 have
been obtained as (58). The corresponding symmetry groups are (70), (71)
and (74),(75),(76).

We have construct invariant variables

invy = InS+at, a=—aj/a,
invy = uSE=1),

By inserting these variables in PDE (42), for the case A(S) = wS*, k € R, we
have obtained the second order differential equation (84), where by a relevant
variable substitution (85), we have reduced our PDE to the following first
order ODE

o? xxy + (1 —2k)x — k(1 — k)v

A S T plwae + (- 2R — K(1— Ryo))2

where its solutions are (86).
The solutions of this ODE give rise to the invariant solution of PDE (42).

For the case A(S) = wS, (k = 1) in PDE (42), with the help of the same

invariant variables as above, we have obtained the following second order
ODE
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O'2 Vyy — Uy

— =0.
o=t 2a (1 - pw(vzz - Uz)>2

We have reduced this equation to a first order ODE by the following variable
substitution

y(2) = v(2),
we have obtained the following first order ODE to PDE (42)

yy§—2<y2+piy—%)yz+<y2+;y+<w>>y=07

where pw # 0. The solutions of this equation are (93).
These set of equations are easier to solve than the main PDE. The solutions
of these equations lead us to invariant solution.

At the end we have considered the last case A(S) = w, (k = 0) in main
PDE (42). We have obtained the second order ODE

2
o Vs + Uy

vt 2a (1 — pw(vzs + v,))2 =0

We have made it more simple to solve by variable substitution ¢g(z) = v.(z),
then we have obtained a first order ODE as follows

which has the set of solutions (98). By solving this equation we can obtain
invariant solutions.
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