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Abstract

This study delves into the dynamic systems paradigm applied to Black- Scholes partial differential equations
(PDEs) and examines its efficacy in pricing credit risk derivatives. The Black-Scholes PDE is a cornerstone
in financial research for pricing various instruments. However, the intricacies inherent in many financial
scenarios often preclude the derivation of closed-form solutions, necessitating recourse to numerical
methods for solutions. In response to this challenge, our paper proposes a novel approach leveraging
dynamic systems derived from a semi-discretization technique applied to the price variable within the
Black-Scholes PDE framework. Our focus extends to credit risk transfer bonds, a derivative instrument
designed to reallocate credit risk from a financial institution to a risk buyer or investor. By delineating the
structural characteristics of these bonds, we construct a PDE analogous to the Black- Scholes equation to
capture the pricing dynamics inherent in such instruments. Subsequently, we employ the dynamic systems
technique to solve the credit risk transfer bond PDE, thereby facilitating a comprehensive examination
of the pricing dynamics involved. The application of this methodology is demonstrated through the
utilization of PYTHON software, which enables the visualization and analysis of the obtained results. By
bridging the gap between dynamic systems theory and financial derivatives pricing, this research advances
computational finance methodologies and offers insights into the pricing mechanisms of credit risk transfer
bonds within a dynamic systems framework.
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1|Introduction

In this paper, we intend to solve the Black Scholes PDE using a new approach to Azizi et al. [1] dynamical
system method. We want to provide a solution model for PDE by dynamic systems and utilize it in pricing a
specific type of financial instrument. In other words, after introducing the dynamical system approach, this
method will be used to price a bond that covers the credit risk in a contract. Hence, the introduction section is
divided into two general subsections: the first part for dynamical systems and the second part for credit risk
bonds.

1.1|Dynamic system and PDE

Dynamic systems are very practical topics in various sciences and can help solve many engineering, differential
equations, statistics, and other problems. Also, there are a lot of applications in financial concepts [2, 3, 4].

In this study, we intend to find a very simple solution for Black Scholes heat PDE by using dynamic systems,
and since such studying is very low in Black Scholes PDE, our method is practical and new. There have been
many studies on the integration of dynamic systems and PDE, but in this article, we want to describe some of
the studies that have been influential in our research. One of the most important was the paper of Vazquez and
Vitillaro, which gave us a view. Vazquez and Vitillaro obtained a system of equations from a heat equation, and
some other conditions and then proved that the answer is well-posed in the domain [5]. Schmitt et al. have
studied Systems of Partial Differential Equations and provided a solution to the problem of writing software
that attains maximum performance and scalability while remaining portable and easily composable [6]. Cheng
also estimates the flow of ocean currents by combining dynamic systems with PDE [7]. Additionally, [8] and [9]
illustrate the utilization of dynamical systems in financial applications.

In this study, Black Scholes PDE, as written below, converts to a dynamic system by discretizing the spatial
variable, and the solution is obtained with the dynamic system method. This method is very simple but highly
efficient, so it can be very practical in different research.

oV 1, 0%V oV
— —rV = 1
n + 20 S 3 +rS g r 0, (1)

where r and o are constant and interest rate and volatility, respectively. S is the price of the underlying asset
and a random variable where its dynamic is as follows:

dS = rSdt + o Sdw,. (2)

wy is a standard Wiener process. Also V(S,t) is the value of a financial instrument depending on the price of
the underlying asset and time.

1.2|Credit Risk Transfer

Every financial institution seeks to increase its sources of income for greater profitability. For example, the bank
tries to obtain profit from someone by lending and borrowing money and increasing these activities to make more
profit. To increase profits, a second party, a contract or borrower, may time-consuming its obligation to perform
a series of monetary flows for various reasons, causing the financial institution to suffer a loss. Although there
may be guarantees, getting the process in place can be time-consuming and costly. In general, the economic
system and especially banks face various forms of risk, among which four types of credit risk, operational risk,
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market risk, and liquidity risk, cause the most damage to the body of banks. Therefore, it is very important to
adopt and design a preventive situation, reduce some or all of these risks, and prevent much damage in part or
whole. Let’s study one of these risks and offer a solution for it.

As we have said, credit risk is one of the risks that a financial institution may suffer. Credit risk, in general,
is a risk that affects the achievement of a financial institution or its shareholders by weakening the debtor’s
creditworthiness, which more precisely refers to the debtor’s inability to meet its obligation. Eliminating such
risks or avoiding items that involve such risks is inevitable; this will keep the financial institution away from
a large financial source, and it is not a reason not to use it, but instead, solutions can be used to solve such
problems. Financial markets typically use instruments called credit risk transfer (CRT) to solve these problems.
In general, there are several types of CRT tools called credit derivatives, which are as follows:

e Credit default swaps
e Collateralized debt obligations

e Total return swaps

Credit default swap options
e Credit spread forwards

In this study, we intend to model a bond to cover credit risk. This bond can be part of the Collateralized debt
obligations, and we consider it a credit risk transfer bond (CRTB). Not considering credit risk in modeling can
lead us to make strategic mistakes in many cases, so considering this element will bring our calculations closer to
the real value. Among the cases where the use of credit risk is option pricing, the first research in this area
is Johnson and Stulz’s study [10], and we consider this approach in our modeling in this research. There are
many models for credit risk, but in this study, we will use the Klein credit risk approach [11]. Many studies have
used the Klein approach. For example, Kim and Koo used this kind of modeling in exchange option pricing
and provided a closed-form using Mellin transform [12]. They also implicitly used this concept in put option
pricing with default risk [13]. Also, Ma and Xiao, when the underlying asset price follows the GARCH diffusion
model with a random interest rate, addressed the issue of pricing European vulnerable options using the Fourier
transform [14].

In this paper, we present a method for solving Black Scholes PDE using dynamic systems and utilize it in CRTB
pricing. For a better explanation of this process, we have dedicated the next section () to Dynamic Systems and
Black Scholes PDE, and in section , the CRTB mechanism and its pricing model are introduced. Eventually, in
section , we use the section solution method for the CRTB pricing model and show the results by PYTHON
software.

2|Dynamic system approach in Black Scholes PDE

There are many methods for solving Black Scholes PDE, for example, finite element, finite difference, meshfree
method, or even obtaining close-form. When this PDE shows the call and put option prices, its close form can
be as follows:

C(Si,t) = N(d1)S, — N(dp)Ke™" (T
P(S1.6) = N(~do) Ke~"T) — N(~dy)S, 3
= ln(%) ( ‘L) (T—t)} ) (3)

where T, K, r, and o are maturity time, strike price, interest rate, and volatility, respectively, and they are
constant. Also, S is the price of the underlying asset, ¢ is the time, and P(S,t) and C(S,t), which sit instead of
V' in equation 1, are call and put option prices, respectively.

Black Scholes PDE is seen in many financial models. Sometimes, the condition of the problem is such that
no close form can be found for it, so other methods, especially numerical methods, causes are used. In this
section, we want to provide a solution for this PDE, and we need to introduce the solution of homogeneous and
inhomogeneous linear dynamic systems.
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2.1|Homogeneous and inhomogeneous linear dynamic systems

Dynamic systems, like other mathematical disciplines, try to analyze various phenomena. What sets the dynamic
system apart from other disciplines is its approach to analysis. Sometimes the studied phenomena are linear
homogeneous, which can be written as below:

X = ApunX, (4)
where A is a square matrix, X = (21,...,2,) € R is a vector and X = (%xl, cee %azn) is a derivative of X
respect to the time. By having the initial conditions X, the solution of the system is as

X =X, (5)

et can be considered using a simple Taylor series at ¢ = 0 as follows:

A2 A3 AR
+ + +

At
et =T+ At + o 3l 1

The problem situation may also lead to an inhomogeneous linear dynamic system as

X:Anan+B7L><1(t)a (7)

that for solving, we have the following famous theorem.

Theorem 1. If ¢(t) be a solution of the dynamic system X = ApxnX, then the system solution of X =
ApxnX + Brx1(t) with the initial value X (to) = Xo is

X(t) = o(t)o~ ' (0)Xo + /d)(t)cb*l(Z)B(Z)dZ- (8)
0

t .
Proof: Suppose X (t) = ¢(t)¢~1(0)Xo + [ ¢(t)¢~'(2)B(z)dz is correct, so it must be true in X = A, , X +
0

Bx1(t). Applying the derivative on X (t), the X (t) is
(1) = d06(0)Xo + 600~ (OBO) + [ 6067 (BN (9)
0

According to the theorem assumption, we have (Z)(t) = A¢(t), so

X(t) = Algp(t)$(0) X0 + £¢(t)¢1(2)B(Z)dZ] + B(t)
= AX(t) + B(1),

which shows the correctness of the theorem and the proof is complete. O

2.2|Black Scholes PDE solution

As mentioned, Black Scholes PDE is a kind of heat equation that is used in many financial pricing issues,
sometimes, we can not reach a close-form for it according to the condition of the problem and designing a
method for obtaining the solution easier and faster in very useful and suitable so in this section, we explain a
new advantageous method. For better modelling, the pricing model 1 is considered with a variable change of
7 =T —t as follows:

OV 1 5,V OV
[ Z - 11
57 205 552 +TSaS rV (11)
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Now to apply the dynamic system, we discretize it respect to S. In fact, depending on the type of financial
issue, we can consider the range of changes of S as a finite interval, divide it equally into n + 2 parts as
So =0,51,52, ..., 50, Sn+1 = Smax and using this discretization and finite differences, the derivatives respect to
S is as follows assuming V' (S;,7) = Vi(7):

oV (Si,T) _ oV, (1) Vigi(m)=Vioi(7)

~

oS S S
P V(S0ur) _ V() . Vier (P Va(r) Vi (1) (12)
252 T T o982 — ds?
where
ds = Si+1 — Sz s 1€ {0, 1, ceey TL} (13)

Now by placing the derivatives 12 in the PDE 11, we have

V(r) = AV (7) + B(7) (14)
V is the price vector, V is the derivative of V with respect to 7, A is a tridiagonal derivatives matrix and B(T)
is boundary conditions as follows:

by al%(T)
az by c3 0
A= , B(1) = ,
An—1 bn—l Cn—1 0
an, b cn Vit (1)
L 15
Vi(r) V() (15)
Va(7) EV2(T)
v=| v=|
Vn—l(T) jtvnfl(T)
where
a, = 95°SE L s
( d§;2 2dS
b; = *zgzi - (16)
2

2.3|Stability

In this section, we examine the stability of the solution. Since V (S, 7) is a two-varying function, the stability of
this function can be examined from both ¢ and S perspectives. Since the function’s behavior when S is infinitely
infinite is not important in these cases, we will only examine the stability of ¢. For this purpose, we will first
define stability; then we will examine stability using the problem properties.

Definition 1. (Lyapunov stability)[15]: The solution X (t) is a Lyapunov stable if for each €, there exists a &
that for other solution Y (t), satisfying |X (to) — Y (to)| < d, we can draw conclusions | X (t) =Y (t)|;~,, < é-
According to the definition, we assume that V' is the solution to a linear system with the initial condition Vj.
Also, suppose F; was obtained from perturbation of Vj, and the solution is F'.

Assuming that the boundary conditions are equal for two problems, we do not consider the boundary conditions
without losing the generality of the problem, so:

V—F=e2"V, — e27F,

eAT(Vo — Fo). (17)

Using Norm, we can reach tol|V — F|| < L|(Vo — Fp)| where ||e™|| = L. Now, considering ||V — F|| <
L||(Vo — Fy)|| <eand ||(Vo — Fo)|| <, we can be analyzed that for every ¢, there exists a § as 6 = ¢/L that
the above relation can be established in it. In other words, it indicates the Lyapunov’s stability.
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Ficure 1. Call and put option prices.

Example 1. The call-and-put option price model with strike price 20, maturity times 1, interest rate 0.05, and
volatility 0.25 for both options will be as figure 1.

As shown in figure 1, the first row shows option prices; the blue line is the true value obtained from Eq. 3, and
the red line is the result of our method. As you can see, you can hardly recognize the difference between the red
line and blue line, and our method results show the very high efficiency of our method. For a better view, we
plotted the error chart of each price figure below it. In a documented way, we can compare the method of this
article and the true amount, which, according to the amount of options prices, the amount of errors is very
desirable in each step of asset prices.

The call option graph is not complete, and its full chart is shown in figure 2.

As can be seen, the solution is unstable with respect to S. For this problem, without losing the generality of the
problem, we increase the price range or Sy,,, enough to meet the needs of the problem and avoid the need for
unstable points. We will study it in detail in the next research and the next series of this article.

At the end of this paper, to better understand this method’s algorithm, put option Python code puts in the
appendix as an example.

3|Credit risk transfer bond (CRTB)
Credit risk transfer bond (CRTB)

As mentioned, there are many ways to cover credit risk. In this section, we intend to provide a credit risk-covering
mechanism. In the following section, the behavior of CRTB will be studied, and its pricing models will be
extracted according to its mechanism.
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FIGURE 2. instability of call option model

3.1|CRTB mechanism

CRTB is a type of insurance bond that can protect financial institutions (for example, banks) from credit risk.
The mechanism of these bonds is similar to catastrophic insurance bonds. The financial institution enters into
the transaction as a risk seller and the investor as a risk buyer, and the risk is transferred from the financial
institution to the investor. The chart of the mechanism of these securities is generally as follows:

Investment return

Borrower Financial institute

Loan installment

+ credit risk Investing financial capital

Financial capital
and credit risk covering

CRTB

Credit risk + payment of obligations

Financial capital
+ credit risk payment commitment

After entering into a contract with the second party (Borrower) to the contract, the financial institution examines
his/her credit risk and estimates the amount of the probability losses, and informs the Special Purpose Vehicle
(SPV) about it. Given the amount of damage that the financial institution may face, the SPV starts issuing
CRTBs and sells them to risk buyers or investors. The investor undertakes that in case of bankruptcy of the
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second party to the contract of the financial institution, the loss will be reduced from the principal or return of
this bond. The financial institution is also obliged to pay returns according to the type of bond.

Advantages of CRBT.

e The maximum amount of the investor’s loss is equal to the principal and the return of the bond, but in
the swap, the risk buyer is obligated to pay all the damages caused by the bankruptcy.

e By using bonds, potential losses can be divided among a large number of people, and this is done by
issuing more bonds and this work is much easier than swaps.

e Since the loss of each bond can be reduced by issuing it more, more customers can be attracted.

e The bond can attract the potential financial flow and it has a lot of advantages for the financial institutes.

3.2|CRTB modeling

In this section, we intend to use mathematical instruments to reach a price model for bonds. Hence we assume,
this bond is a zero-coupon and fix-rate and only its price at any time depends on the credit risk of a borrower.
We use the Klein modeling to better understand credit risk. To account for credit risk, Klein calculates the
value of the borrower’s corporate assets that we show with K (¢), which follows a random process as follows:

dK

where r is interest rate, o is assets value volatility and wy is a standard Wiener process. Now suppose D is the
sum of the liability of this company that includes loan, and according to these hypotheses, if at maturity K < D
this company is in bankruptcy. In this case, the borrower will not be able to repay the loan and the value of the
bond must be deducted by D — K.

Now, we assume that B(K,t) is the bond value at time ¢ and the value of the borrower’s assets are K. The
value changes of this bond using the Ito lemma are shown as follows [16, 17]:

dB = (B; + 1K Bk + 0.50° K>By k) dt + (0 K B) dw. (19)
N——
¥B Ap

According to the above symbols, we have

dB = ppdt + Apdw, (20)
Consider another bond similar to B called D, whose changes, such as B, are considered as follows:
dD = ppdt + Apdw, (21)
Now consider a portfolio containing the previous two bonds as II.
Il = 2B + 22D (22)
where x; is the volume of B and x5 is the volume of D in the portfolio. Suppose this portfolio is risk-free, so
E[dII] = rIldt (23)
where E is Expected value in a hypothetical probabilistic space. Considering 1 = Ap and x2 = —Ap we will

easily reach the following equation:
vp—rB _wp—rD
A Ap
This ratio is called the market price of risk and is denoted by g.

(24)

By placing the expressions instead of the symbols, we will reach the following PDE:
By + (rK — qoK)Bg 4+ 0.50°K*Bg —rB =0 (25)

For the final condition, we assume that the borrower’s condition is such that he/she may not be able to repay
B* of the total loan in maturity, and SPV issues this amount of bonds. Hence, the pay off function is as follows:
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B(K,T):maX(B*—(D—K),O)IK<D+B*IKZD. (26)
We also have the boundary conditions as follows:
B(0,t) =0
lim B(K,t) = B*e (T~ (27)
K—oo

In fact, the above functions mean that if the value of the assets associated with the loan of the borrower company
is zero, no one buys these bonds, so the bond price is zero. On the other hand, if the value of the company’s
assets is infinite, the borrower able to repay the loan and this bond act like a normal zero-coupon and fixed-rate
bond.

4|Solving method

In this section, we will solve PDE 25 using the method described in section . Consider the changes interval of
K as [0, Knaz], and also the value of K4, to be large enough that the instability conditions are far from the
value under study. Divide the interval [0, K;qz] into n + 2 and consider as follows:

Ky =0,K;y,..., Kan’rLJrl = Kmax

dKZKH_l —Ki, 1€ {O,l,...,n} (28)
By changing the variable 7 = T — t, we will get the following inhomogeneous linear system:

B = AB+C(1), (29)
where B := [By( taw), ..., By ( tau)]Tm*"sPos¢] B is the derivative respect to time, A is a tridiagonal matrix of
derivatives and C' is the boundary condition as follows:

b1 C1
a9 b2 C3 0
A= , C(r) = : (30)
0
Gp—1 bnfl Cp—1 CnB*e_T(T)
an b
where Y
a; = ()‘Z}fi — I‘ZId(i;’( — qUKi)
o° K2
b; = W; r (31)
B5olK?2 )
co = VI (e K — g0k
Now using the theorem 1, we have
B(1) = e B(K,0) + / eATe A% C(2)dz (32)
0

For obtaining the result we use the Taylor series and composite Simpson integral as below:
2.2 3.3
B(r)~IT+ At + AQ;— + Asgr + %(f(zl) +4f(z2) +2f(23) + ... (33)
+2f(2m—2) +4f(zm-1) + f(zm)) + O,

where O is the error of this approximation and f(z;) is as follows:

[(z) = eATe= A% (z)

21=0,29,000,2m =T (34)

h = Zi4+1 T 2, 1€ {17 ceey M — 1}

Numerical results. In this section, we will run numerical results with Python software. To run a numerical
example, we use the data of the Kim and Koo article [12]. For this purpose, we assume ¢ = 0.125, r = 0.05,
B* = 30, Knee = 400, D = 80, n = 25, and m = 21 so its graph will be as follows:
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As can be seen from the diagram, the blue line indicates the bond price at the time of the contract, and with
the increase of K, the bond value increases and behaves like a normal bond from about K = 90 onwards. In
addition, the figure 4 is provided for further details.

In 4.(a), three graphs is seen for different values of D. As it can be, with the increase of D, the bond price
decreases, but eventually, everyone will converge to the same price. The figure 4.(b) shows different graphs for
different B*. As can be seen, the general structure of all three graphs is similar to each other and only the
heights of the graphs are different. Also in the chart 4.(c), we see changes in the chart to different amounts
of market price risk. According to the chart, with the increase of ¢, the price of this bond decreases and has
an inverse relationship. Another point that can be seen from this chart is that the market price of risk effect
becomes more tangible for cases where the prices change fast in a neighborhood of a point, or in other words, in
parts of the chart where the derivative value is close to zero, the change of ¢ has no effects. The chart 4.(c)
shows changes in bond prices relative to volatility and, unlike other cases, does not follow a strictly decreasing
or increasing trend. When the value of K is approximately less than 55, increasing Volatility increases the bond
price, but when K > 55, the bond price decreases with increasing Volatility.

5|Conclusion

The Black Scholes PDE is one of the PDEs found in many financial studies. Sometimes, the situation is such that
a close form can not be found, and other methods, such as numerical methods, are used to solve it. This paper
presents a new method for solving this kind of PDE. An efficient solution technique has been provided using
dynamic systems. In detail, the price variable is discretized using semi-discretization, and an inhomogeneous
linear dynamic system is obtained. This inhomogeneous linear dynamics system is solved using a theorem, to
evaluate the efficiency, this method has tested on the call and put option, and we found that this method is very
efficient and suitable. In examining the stability of this method, we find that the solution is unstable according
to the price variable, to solve it, we expand the interval of asset price changes to meet the needs of the problem
and eliminate the unstable points. A special type of credit risk derivative called credit risk transfer bond is
introduced, which is used to transfer credit risk from a financial institution to a risk buyer or investor. After
presenting the mechanism of this bond, its price model, which is a PDE similar to Black Scholes PDE, was
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FIGURE 4. CRTB prices with different parameters values

obtained using mathematical models, and it was solved by the mentioned dynamics system method. This bond
price depends on the credit risk of the second party of a contract, and the credit risk works like asset price at
the option pricing in the dynamic system technique. Eventually, the results are shown by PYTHON software.
This study can be very extensive and effective in solving other PDEs. Also, the behavior and stability of this
method can be further studied, which we will examine in detail in a future study.
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Appendix

# Put option with with strike price 20, maturity times 1,
# interest rate 0.05, volatility .25 and the number of discretization 17

import numpy as np
import matplotlib.pyplot as plt

#Matrix exponential func.
def expA(A,t):
n=A.shape
n=n[0]
S=0
PA=np.eye(n)
T=1
for i in range(3):
T=T*t
PA=np.matmul(PA,A)
S=S+PA*T/np.prod(range(1,i+1+1))
Z=np.eye(n)+S
return Z

#Integral part
def Integral(a,r,k,t,A):
S,n=0,10
m=A.shape
m=m[0]
BC=np.zeros((m,1)) #Boundary condition
T=np.linspace(@,t,n)
h=T[1]-T[@]
for i in range(n):
BC[@]=a*k*np.exp(-r*T[i])
if i==0 or i==n-1:
S=S+np.matmul (expA(A,t-T[i]),BC)
else:
S=S+2*np.matmul (expA(A,t-T[i]),BC)
return h/2*S

def putOption(a,IC,r,k,t,A):
return np.matmul(expA(A,t),IC)+Integral(a,r,k,t,A)

#Discretization
s=np.linspace(0,100,17)
ds=s[1]-s[@]

#Derivative matrix

a=0.5%0.25%0.25%s*s/(ds*ds)-0.05*%s/(2*ds)
b=-0.25%0.25%s*s/(ds*ds)-0.05
Cc=0.5%0.25%0.25%s*s/(ds*ds)+0.05%s/(2*ds)
A=np.diag(b[1:16])+np.diag(a[2:16],k=-1)+np.diag(c[1:15],k=1)

#Initial condition

IC=20-s
IC=np.max(np.hstack((IC.reshape((17,1)),np.zeros((17,1)))),1)
IC=IC.reshape((17,1))

#Pricing func.
PU=putOption(a[1],IC[1:16],0.05,20,1,A)

#Plotting
plt.plot(s[1:-1],PU, 'r")
plt.ylabel('Put option price")
plt.xlabel('S")

plt.show()
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