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Abstract

We present a finite-dimensional version of the quantum model for the stock
market proposed in [C. Zhang and L. Huang, A quantum model for the stock
market, Physica A 389 (2010) 5769]. Our approach is an attempt to make
this model consistent with the discrete nature of the stock price and is based
on the mathematical formalism used in the case of the quantum systems
with finite-dimensional Hilbert space. The rate of return is a discrete vari-
able corresponding to the coordinate in the case of quantum systems, and the
operator of the conjugate variable describing the trend of the stock return is
defined in terms of the finite Fourier transform. The stock return in equilib-
rium is described by a finite Gaussian function, and the time evolution of the
stock price, directly related to the rate of return, is obtained by numerically
solving a Schrodinger type equation.
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1. Introduction

The methods of quantum mechanics are among the tools used in order
to get a deeper insight in the complexity of the financial markets [1-9]. The
time evolution of the price and the trend of the stock in the financial mar-
kets depends on many factors including the political environment, market
information, economic policies of the government, psychology of traders, etc.
Prices at which traders are willing to buy or sell a financial asset are not
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more determined by the development of industry, trade, services, situation
at the market of natural resources and so on [7]. The information exchange
and market psychology play important role in price dynamics.

The mathematical modeling of price dynamics of the financial market is
a very complex problem. We could never take into account all economic and
non-economic conditions that have influences to the market. Therefore, we
usually consider some very simplified and idealized models, a kind of toy
models which mimic certain features of a real stock market. For a better
understanding of the complexity of the financial markets one can use several
complementary models. Certain features are better described by the quan-
tum models. The trade of a stock can be regarded as the basic process that
measures its momentary price. The stock price can only be determined at
the time of sale when it is between traders. We can never simultaneously
know both the ownership of a stock and its price [, 9].

The stock price p is a discrete variable, not a continuous one. It is an
integer multiple of a certain minimal quantity, a sort of quantum of cash |3].
We shall take into consideration only the case of stock markets with a price
limit rule: the rate of return
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For example [§], in most Chinese stock markets ¢ = 10.

In their activity, the traders do not take into consideration an arbitrary
small rate of return. They approximate the rate of return by integer multiples
of a minimal one. We shall consider R as a discrete variable with the only
possible values
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and describe the rate of return at a fixed moment of time by a wave function
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chosen such that |¢)(n)|? is the probability to have a return rate equal to 2.
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2. Finite-dimensional quantum systems

Let d=2¢+1€{1,3,5,7,...}, H be a d-dimensional complex Hilbert space,

and let Z, be the ring of integers modulo d which can be written as

ZdEE {_1L'_q_%17-~7q__17Q}

by choosing the d integers —q, —q+1,...,¢—1, g as a set of representatives.
We choose an orthonormal basis {|n) },ez, and define the ‘position’ operator

~ N q
Q:H—H, Q=% n|ny(n|.
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The finite Fourier transform
1 : 2 ! /
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allows us to consider a second orthonormal basis {|k)}xez,, where

ey = Fk) = % 3 M)

and to define the ‘momentum’ operator [10]
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Each state [1)) € H can be expanded as
)= wn)n)= d(k)[k)
n=—q k=—q

where the functions
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are the corresponding ‘wave-functions’ in the position and momentum rep-
resentations [10]. The operators () and P satisfy the relations

FQF~'=p FPF'=—Q. (7)

The other physical observables are also described by Hermitian operators .
The operator H : H — H corresponding to the energy, called the Hamil-
tonian, plays an important role in the description of the time evolution of
the wave function. The wave function describing the time evolution of the
system

ZgxR — C: (n,t)— ¥(n,t)

satisfies the Schrodinger equation

.0 A
15\11(71, t) = HWU(n,t).

Generally, H is the sum of two terms
= P24 v(0,1)
=% ,

representing the kinetic and potential energy, respectively.
In case of the free-evolution, that is,

R 1 -~
H=_—_P?
24

the time dependent state corresponding to the initial state |¢) is
U:Zyx R—C,  U(n,t) = (nle" % |1).

From the relation

Ty =TSN p(n)|n) = S0 w(n)e = |n)
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whence
U(n,t+2ud) = VU(n,t).

This means that the time evolution of the state of the system is periodic with
period 2ud, independently of the considered initial state.
In the limit d — oo, the relations (), @), (), (@) correspond to

Q= [daxl|z)(x], Y= [dz(x)|z)= [ dpib(p) |p)
) == J dw e |z), mp = A= [ dweTmy(a).

3. A quantum model for the stock market

We consider a stock market with a price limit rule [§], for which the rate
of return R in a trading day can not be more than +¢%. The space H of all
the functions

’QD : {_Q> _Q+17 aq_laq} — C

considered with the scalar product

(Pn]ee) = Z e

n=—q

is a Hilbert space of dimension d=2¢+1, isomorphic to C?. The function 1)

has the norm ||| = 1/(¥|¢), and the corresponding normalized function is
1
The set {|n)}}—_,, where |n) represents the function

1 if n=m

in Dirac’s notation, is an orthonormal basis in H.
By following the analogy with the quantum mechanics, we describe the

rate of return at a fixed moment of time by a normalized function ¥ and
n

interpret |¥(n)|* as the probability to have a return rate equal to 5. The
operator

A

R:H—M,  R=30_ nn)nl



similar to Q, is the operator corresponding to the rate of return R. The
function 6, for which we use the alternative notation |n) is an eigenfunction

_n_

of R corresponding to the eigenvalue 155

Rb, = 6,

The mean value of R in the case of a normalized function VU is

(R) = (U[RIW) = & 30 n|w(n)p.

n=—q
The operator R of the rate of return is directly related to the price operator

6= o+ poR

where the constant g, is the previous day’s closing price.

In our discrete version, we can not define the operator 7' corresponding
to the trend of return rate by using the method from [8] as a differential
operator. We define it directly by using the finite Fourier transform as

T:-H—H, T=FRF

The eigenfunctions of T
7 1 : 2ripn
k) =F[k) = —= > e *"|n)
that is, the functions
,lvbk : {_Q> —CI+1> aq_laQ} — Ca wk(n) = <n|k> = —ed""

form an orthonormal basis in H and

Tor =500 T =05 0= kIR

We consider that the time evolution of the rate of return can be described
by using a Schrédinger type equation
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Figure 1: The functions g2 (left), 71 (center) and 72 (right) in the case ¢ = 10.

where H is a suitable Hamiltonian of the form
H=35T"+V(R1)

with p a positive parameter. In the particular case

N1
H_2MT

we have

e |Y) =y Do ) Do e e H ).

Therefore, the time evolution is periodic with a period of 400007 x seconds.

4. Market information and the price evolution

The rate of return of the stock market in equilibrium is usually described
by a Gaussian function [, [L1]. In the case of our model we use a function

1
|19l

ga(n)

Yo ! {_Q> _Q+1> 7q_1aQ} — Ra 705(”) =

(see Figure [[) depending on a parameter a € (0, c0), where

— A7 (md+n)?
Galn) = D7 7T and lg]| =

m=—0Q




It is well-known [12] that the function ¢; is an eigenfunction of the finite
Fourier transform: Fg; = gq, that is,

% S g, (n) = g1(k).

n=—q
In the case of a Hamiltonian

H=5T"+V(R,t)
the kinetic part %fﬂ represents the efforts of the traders to change prices [7].
The intensive exchange of information in the world of finances is one of the
main sources determining dynamics of prices. The potential part V(f%, t) of
H describes the interactions between traders as well as external economic
conditions and even meteorological conditions [7].

The total effect of market information affecting the stock price at a certain
time determines either the stock price’s rise or the stock price’s decline. In
order to illustrate our model, by following [8], we consider an idealized model
in which we assume two type of information appear periodically. We choose
a cosine function coswt to simulate the fluctuation of the information and
use the Hamiltonian

H = iTz + B R coswt.
where [ is a constant. The solution of the Schrodinger equation
iaa—\f = ifz + B Rcoswt| ¥
can be obtained by using a program in Mathematica (see the Appendix).
We assume that at the opening time (¢ = 0) of the stock market, the wave
function describing the rate of return is the function =, (corresponding to a
certain «), that is,
U(n,0) = va4(n).

The role played by the kinetic part of the Hamiltonian and the role played by
the market information depend on the values of the parameters u, § and w.
The distribution of the probabilities |¥(n,t)|? corresponding to the possible
values - of the rate of return at certain moments of time are presented in

100
the figure 2.
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Figure 2: The probability |¥(n,t)|? to have a rate of return equal to n% for t=0, 1800,
3600, 7200, 14400 and 28800 in the particular case «=0.2, u=1, §=1/10, w=1/10000.

5. Conclusion

Our finite-dimensional version, based on the mathematical formalism used
in the case of finite quantum systems, keeps the essential characteristics of
the model proposed by Zhang and Huang in [8]. In additions, it takes into
consideration the discrete nature of the quantities used in the field of finance,
and is much more accessible as concerns the numerical computations.

Appendix

The time evolution of the probabilities |¥(n,t)|? corresponding to the pos-

sible values 155 of the rate of return can be obtained by using the following

program in Mathematica:

time = 3600; alpha = 0.2; mu = 1; beta = 1/10; omega = 1/10000; d = 21; q := (d - 1)/2
gln_] N[ Sum[Exp[-Pi alpha (m d + n)"2/d], {m, -Infinity, Infinity}]]
gamma Normalize[Table[ glnl, {n, -q, q}]]
Tln_, m_] := N[(1/(100 d) ) Sum[k Exp[2 Pi I (n - m) k/d], {k, -q, q}]]
Hln_, m_, t_] := (1/(2 mu)) Sum[ T[n, k] T[k, ml, {k, -q, q}]
+ beta (n/100) Cos[omega t] DiscreteDeltal[n - m]
eqns = {Table[ psiln]’[t] == Sum[- I H[n, m, t] psilm][t], {m, 1, d}], {n, 1, d}],
Table[psil[n] [0] == gamma[[n]], {n, 1, d}1}
ndsolve = NDSolve[eqns, Table[psil[n], {n, d}], {t, 30000}]
Psi = Normalize[ Tablel[Evaluate[Abs[psil[n][time]] /. ndsolvel[[1]], {n, 1, d}]]
ListPlot[Table[{n, Psi[[n + q + 11172}, {n, -q, q}] , Filling -> Axis]



The reader can easily change the values of parameters time, alpha , mu,
beta and the function Cos[omega t] in order to investigate other cases.
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