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Abstract

In this paper, we investigate the influence of entanglement and decoherence on
the quantum Stackelberg duopoly (QSD) game. It is shown that the first-mover
advantage can be weakened or enhanced due to the existence of entanglement
for the QSD game without decoherence. The influence of decoherence induced
by the amplitude damping and the phase damping are explicitly studied in the
formalism of Kraus operator representations. We show that the amplitude
damping drastically changes the Nash equilibrium of the QSD game and the
profits of the two players while the phase damping does not affect the Nash
equilibrium and the profits of the two players. It is found that under certain
conditions there exists a ‘critical point’ of the damping parameter for the
amplitude damping environment. At the ‘critical point’ the two players have
the same moves and payoffs. The QSD game can change from the first-mover
advantage game into the follower-mover advantage game when the damping
parameter varies from the left-hand-side regime of the ‘critical point’ to the
right-hand-side regime.

PACS numbers: 03.67.Lx, 03.67.—a, 02.50.Le, 87.23.Ge

1. Introduction

In the past few years, there has been a great deal of effort made to extend the classical game
theory into the quantum domain since it is believed that the quantum game theory may be
applicable to the study of effective quantum communication as well as for the production of new
algorithms for quantum computers. Furthermore, various proposals of applying quantum-like
models in social sciences and economics have been put forward [1-7]. In economics, duopoly
is a market dominated by two firms large enough to influence the market price. Stackelberg
presented a dynamic form of duopoly which is also called the ‘leader-follower’ model. The
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Stackelberg duopoly game [8—12] is a dynamic extension of the static Cournot duopoly game.
Unlike the Cournot duopoly in which both firms make their strategic moves at the same time
and thus have to guess what the action of their opponents would be, the Stackelberg duopoly
allows one of the firms, say firm A, to move first. Since the other firm, say firm B, can
now observe its opponent’s move before making its own decision, the game can no longer be
modelled as static. In such a dynamic game there exists an interesting result: there is a clear
advantage to moving first. This first-mover advantage in the Stackelberg duopoly is due to
the fact that being able to make its strategic decision known, firm A does not need to guess
what firm B will do because firm B is assumed to behave optimally. Accordingly, firm A
can precisely predict firm B’s strategic decision and choose its own move in such a way that
maximizes its own profits given firm B’s choice. This informational advantage is the main
driving force behind the first-mover advantage. Recently, the Stackelberg duopoly game has
been extended to quantum versions in terms of ‘minimal’ quantization rules proposed in [13]
and the classical-probability action formalism on the initial strategy state [14] for both discrete
and continuous variables [15—17]. It has been shown that quantum entanglement affects the
first-mover advantage in the classical form. Under certain conditions, the classical situation
of the first mover becoming better off and the follower becoming worse off is then avoided in
the quantum Stackelberg duopoly (QSD).

As is well known, no system can be completely isolated from its environment. This
unwanted system—environment interaction induces entanglement between the quantum system
and the environment such that quantum coherence of the system is destroyed and quantum
decoherence [18-21] occurs, which results in an inevitable noise in the quantum computation
and information processing. Quantum systems are generally very fragile to decoherence which
can suppress various nonclassical effects of quantum systems [22-27]. For both players in
the QSD game, neither firm A nor firm B can avoid the influence of decoherence induced by
their environment. Thus, it is important to analyse effects of quantum decoherence in real
practical situations to find out if firm A can continue to maintain its the first-mover advantage
in the classical form in a noisy environment. The motivation of this paper is to investigate
quantum decoherence how to affect the QSD game in a damping environment and to explore
new phenomenon induced by quantum decoherence in the QSD game.

In practice, it is a complicated problem to understand the environment effect on the
quantum system. In general, there are three ideal models of noise to describe the environment
effect [28], called the amplitude damping, phase damping and the depolarizing channel,
respectively. In the present paper, our attention focuses on the amplitude and phase damping
since they can capture many of the most important features of the environment noise occurring
in quantum-mechanical systems. In order to understand the physical origin of the amplitude
and phase damping, let us briefly recall a few basic facts about the interaction between a
quantum system and its environment. On one hand, one of the most important reasons for
the quantum state change is the energy dissipation of the system induced by the environment.
This energy dissipation can be characterized by the amplitude damping model. On the
other hand, a state can be a superposition of different states, which is one of the main
characteristics of the quantum mechanics. The relative phase and amplitude of the superposed
state determines the properties of the whole state. If the relative phases of the superposed
states randomly change with the time evolution, then the coherence of the quantum state
will be destroyed. This kind of quantum noise process is called the phase damping. In this
case, the energy eigenstates of a quantum system do not change as a function of time, but
do accumulate a phase which is proportional to the eigenvalue. When the system evolves for
an amount of time, partial information about the relative phases between energy eigenstates
is lost.
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The amplitude and phase damping can be mathematically described by decaying of the
diagonal and off-diagonal elements of the reduced density operator of the system. The
two effects can be understood in terms of Hamiltonian formalism. If we assume the total
Hamiltonian of the system plus environment to be Hy = Hg + Hr + H;, where Hg and
Hp are Hamiltonians of the system and environment, respectively, and H; is the interaction
Hamiltonian between them. When the Hamiltonian of the system commutes with that of
the interaction between the system and environment, i.e., [Hg, H;] = 0, which means that
there is no energy transfer between the system and the environment, energy of the system is
conservative, so that what interaction between the system and environment describes is the
phase damping effect. When [Hg, H;] # 0, there is energy transfer between the system and
environment, so that what interaction between the system and environment describes is the
amplitude damping effect.

The amplitude and phase damping models have been widely applied to study the influence
of the noisy environment on the two-person zero-sum game [29, 30] and the quantum prisoner
dilemma [31-35] in terms of the Kraus operator formalism [28, 36, 37]. The purpose of this
paper is to study the influence of decoherence induced by the amplitude damping and the phase
damping on the QSD game using Kraus operator representation of decoherence [38]. This
paper is organized as follows. In section 2, we briefly review the QSD game and investigate
the influence of quantum entanglement. In section 3, we analyse the effects of the QSD game
under decoherence. We shall conclude our paper with discussions and remarks in the last
section.

2. QSD game with entanglement

We consider the QSD game in the classical-probability action formalism with discrete variables
[15]. In this formalism, the two players can manipulate the initial strategy state through
probabilistically applying two unitary operations. The QSD game can be modelled by two
qubits, one for each player of firms A and B who have two possible strategies: identity operator
(I) and the inversion operator (C'). Both [ and € are unitary operators. Assume that each qubit
has the basis |0) and |1); then the identity operation I preserves consistency in the bases while
action of the inversion strategic operation flips the bases, i.e., C10) = |1) and C|1) = |0).

Suppose that the QSD game starts with the initial state denoted by a density matrix p;.
When two players apply the unitary operators I and C with probabilities x and 1 — x for the
first player, y and 1 — y for the second player on the two-qubit state, respectively, the initial
state p; changes to

pr=xyly ® IBpin\ ® I; +x(1 =y ® CB,O,'IJ\ ® C;
+y(1 = x)Ca @ IgpiCh @ I} + (1 —x)(1 — y)Ca ® CypiChL @ CL. (1)
Assume that in Stackelberg duopoly players’ moves are given by probabilities lying in the
range (0, 1]. The moves by firms A and B in a classical duopoly game are given by quantities
q1 and g, with g; and ¢, respectively, being in the range [0, 00). We assume that firms A and
B agree on a function that can uniquely define a real positive number in the range (0, 1] for

every quantity ¢; and g,. A simple such function is 1/(1 + g;), so that firms A and B find the
probabilities x and y to be given by

x=(+q)", y=~0+g)". 2)

The payoffs of the two players in the QSD game are obtained through mean values of
their corresponding payoff operators with respect to the final state of the game. The payoff
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operators of firms A and B can be defined in terms of the projective operators in the two-qubit
Hilbert space as

IACIRDE %[HOO)(OOI — [10)(10] — |01)(O1{],

Py(q1, o) = %[k|00)(00| — [10)(10] — [01)(O1]], o
where we have introduced the following parameter:

g2 =[(L+q)(1+g2)]7". “4)
Then, the payoffs of firms A and B are given by the following trace operations:

Pa(q1, q2) = Trlps Palqi, )], Py(q1, q2) = Trlps Pp(qi, ¢)].  (5)

In the QSD game, firm A is a leader and firm B is a follower. Firm A moves first and
firm B moves second. The sequence of events is following. (1) Firm A chooses a quantity
q1 > 0. (2) Firm B observes ¢, and then chooses a quantity g, > 0. (3) Firms A and B apply
the operators / and € such that firms A and B apply / with probabilities x and y, respectively.
(4) The payoffs to firms A and B are given by equation (5).

We now find the backward-induction outcome in the QSD game. We do it in exactly the
same way as is done in the classical game. We consider the situation in which the initial state
of the QSD game is a pure state given by

|¥) = cos@|00) +sin6|11), (6)
which leads to the following initial density matrix
pi = cos>6]00)(00] + cos 8 sin@]00) (11| + cos O sin&|11) (00| + sin® 6|11)(11]. 7

Substituting equations (6) and (2) into equation (1), one can obtain the final state of the
QSD game given by the following density matrix

o = p11100)(00[ + 014]00) (11] + p22[01) (O1] + p3]01) (10

+ p32[10){(01] + p33|10) (10] + p41[11)(00] + paa| 11)(11], (®)
where the matrix elements of the density operator are given by
p11 = q12(cos” 0 + 1> sin® 0), 022 = q12(g cos® 0 + ¢, sin® 0),
033 = q12(q1 cos” 0 + g2 sin” ), pas = q12(q192 cos” O + sin 0), )
P14 = pa1 = q12(1 + q1g2) cos 0 sin 0, P23 = p32 = q12(q1 + g2) cos O sin 6.

The payoffs to firms A and B can be calculated by using equations (3), (5) and (8) with
the following expressions:

Pa(q1, 2) = 31 k(1 + q192) — 2(q1 + q2) + k(1 — q1¢2) cos 26], 10)
Ps(q1, ¢2) = 3q2[k(1 + q1g2) — 2(q1 + q2) + k(1 — q1¢2) cos 26],
which are exactly in the same as the payoffs to firms A and B in the classical Stackelberg
model of duopoly [15] when entanglement vanishes i.e., 6 = 0.
The backward-induction outcome of the QSD game is found by first finding firm B’s
reaction to an arbitrary quantity by firm A. Denoting this quantity as R»(q;) we find

Ro(q1) = maxPa(q1, q2)
k —2q + kcos 26

= 4 2kq, + 2kq, c0s 20

(11)



The influence of entanglement and decoherence on the quantum Stackelberg duopoly game 7733

0.5 < >,
\ q* ’
N - - - = 7/
\ 1 ’
\ * ’
0471 \ 9, /
\ /
\ /
\ /
03+ \ /

0.25
02r

0.1r

Figure 1. The moves of firms A and B at the subgame perfect Nash equilibrium point for the
QSD game without decoherence, g (the dash line ) and ¢; (the solid line ), as functions of the
entanglement angle 6 when the QSD game is initially in the state given by equation (6) and k = 1.

After firm B chooses this quantity R,(q;), firm A then finds its optimization problem as
max Pa(q1, Ra(q1)) = jmaxlqi(k — 2q; +kcos 2], (12)

which leads to the backward-induction outcome of the QSD game with the initial state given
by equation (6)
1 4k cos? 6
¥ — _kcos’0, » = , 13

d=5ne = 16 Zk2(1 — cos 40) (13)
which is the subgame perfect Nash equilibrium point [12] for the QSD game. Equation (13)
indicates that there exists an equilibrium point when k*>(1 — cos40) < 16 which implies
gy > 0and g5 > 0. At this equilibrium point, using equation (10) we can find payoffs to
firms A and B to be given by

* * 1 k2 4 * * k ’ COS4 0 4

Patay, 4;) = gk*cos™0, Pp(ay. q;) = 16— k2(1 — cosd8)" (14)

From equations (13) and (14), we can see that the existence of quantum entanglement for

the initial state of the QSD game affects the equilibrium points of the game and the payoffs
to the two players. When the QSD game is initially in an unentangled state |00), i.e., & = 0,
we find the equilibrium point given by ¢ = 2¢; = k/2, and payoffs to firms A and B to
be Pa(qf,q3) = 2Pp(q}, q5) = k*/8. These results are exactly the same as those in the
classical SD game [8, 15]. When the initial state of the game is |11), i.e., 8 = /2, we have
q7 = g5 = 0 which implies that there does not exist the subgame perfect Nash equilibrium.
In order to see the influence of entanglement on the subgame perfect Nash equilibrium and
payoffs, we plot the equilibrium point and corresponding profits to the two players with
respect to the entanglement angle 6 in figures 1 and 2, respectively. From figures 1 and 2,
we can see that in the regime of 0 < 6 < /2 the first-mover advantage is weakened with
the increase of the entanglement angle 6, so that entanglement suppresses the first-mover
advantage. The follower firm becomes better off and the leader firm becomes worse off. In
this regime, entanglement can potentially be a particularly useful element for the ‘follower in
the leader—follower model. However, the QSD game will show completely different properties
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Figure 2. Payoffs to firms A and B at the subgame perfect Nash equilibrium point for the QSD
game without decoherence, P (¢}, ¢3) (the dashline ) and Pz (g7, ¢5) (the solid line ), as functions
of the entanglement angle 6 when the QSD game is initially in the state given by equation (6) and
k=1.

in the entanglement regime of 7/2 < 6 < m. In fact, from figures 1 and 2 we can see that in
the regime of /2 < 6 < m quantum entanglement enhances the first-mover advantage with
increase of 6, the leader firm becomes better off and the follower firm becomes worse off, so
that entanglement can potentially be a particularly useful element for the ‘leader’.

3. QSD game in the noisy environment

In this section, we study the influence of the decoherence on the QSD game. We shall
calculate explicitly the subgame perfect Nash equilibrium points of the QSD game in the
noisy environment and payoffs to firms A and B at these equilibrium points for the situations
of the amplitude damping channel and the phase damping channel, respectively. As is well
known, the evolution of quantum states in the noisy environment can be well described in
terms of Kraus operators [28, 36, 37]. The quantum system of the initial state p; evolves to
the final state p; under the action of the noisy environment. One can relate the initial state
and the final state through using a superoperator p = S(p;) in which the quantum operation
S on the state p;, can be described by the Kraus operator sum formalism [1, 2] as

pou =Y _ My (p)piM],(p), (15)
"

where p is a parameter to describe the damping produced by the noise environment and it takes
its values in the regime of (0, 1). We have p = 0 in the absence of the damping while we
have p = 1 the evolution time approaches the infinity. The two-bit Kraus operators M, (p)
and M/L (p) act on the Hilbert space of the quantum system under consideration, they can be
expressed in terms of single-qubit Kraus operators defined below and satisfy the completeness
relation Zu ML(p)M,L(p) =1.

In general, the explicit expressions for the Kraus operators depend on the type of the noisy
environment. In what follows we shall consider two kinds of the typical noisy environment,
i.e., the amplitude damping and the phase damping. For the single-qubit case, one can use
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two Kraus operators to describe the amplitude damping. The two Kraus operators are given
by

1 0 0
mn = (o ) mor=(o ) (16)

However, in order to describe the phase damping, we have to need three Kraus operators given
by

1 0 1 0 0 0
mo(p)=\/1—p<0 1), ml(p)=ﬁ(o 0), mz(p)=ﬁ<0 1)-
(17)

The QSD game between two players proceeds as described in the previous section.
However, the two players can now delay their decision to apply the unitary operations [ and €
and allow the game to evolve nonunitarily under the noise environment from the initial state
of the game p; to the state p; which acts as the new initial state of the QSD GAME given by

pi =" Mu(p1)piM(py). (18)
where we have introduced the following two-qubit Kraus operator
M, (p1) = m,(p1) @ ms(p1), 19)

where m,(p;) are single qubit Kraus operators given by equations (16) and (17) for the
amplitude damping and the phase damping, respectively.

After the two players apply the unitary operators I and € with probabilities x and y on
the state p;, respectively, the state p; evolves into the following state:

pr=xyla ® Igp{I} @ I} +x(1 — )14, ® Cyp/I} ® C}
+y(1 —x)Ca @ Ipp/Ch & I} + (1 — x)(1 — y)CACpp|Cl @ Cl,. (20)

If the two players can choose to delay measurements of their payoffs, the game has to
experiences the second evolution in the noise environment. The damping induced by the
environment can result in the loss of quantum coherence of the state given by equation (20).
Under the Kraus operators the state o s becomes

Py = Mu(p2)ps M (p2), @1

where M, (p>) = m,(p>2) ® my(p>). Equation (21) can finally lead to the payoffs to the two
players through the trace operations given by equation (5). In what follows we shall investigate
the influence of the amplitude-damping and phase-damping environment on the QSD game,
respectively.

3.1. The amplitude damping channel

We consider the situation in which the two decohering processes described in equations (18)
and (21) are the amplitude damping with damping parameters being p; and p,, respectively.
By substituting the Kruas operators to describe the amplitude damping into equations (18) and
(21), we arrive at the final backward-induction outcome

Pl = Py ITL) (L] + 0}y [11)(22] + phy|12)(12] + ps ] 12) (21
+ P l21)(12] + P 210211 + 04y [22) (1] + p}4122) (221, (22)
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where the matrix elements of the density operator are given by

P11 = qi2]cos? 8 +q1gasin 6 + (g1 + ) p2 + (1 — ) (1 — g2) p2(1 — p2)?sin6
+(sin> 6 + q1g2 cos” 0) p3 + pr(1 — p2)
X [ +q1(1 = 2g2) + (2 — g1 — q2) p2] sin” 6},
Pla = P4y = 3q12(1 — p)(1 — p2)(1 + q192) sin(26),
0 = qi2(1 — p)I(1 + q1p2)ga cos® 8 + [1 — (1 — q2) pi]
x [q1 + p2+ (1 — q)(1 — p2)p1]sin 6},
Phs = Py = 2q12(1 — p(L = p2) (g1 + ) sin(20),
Py = qi2(1 — p){(1 +qap2)gacos” 0 + [1 — (1 — q1) pi]
x [q1 + p2 + (1 — @2)(1 — p2) py]sin® 6},
P = (1 = p2)*[q1g2cos” 0 + (1 — (1 — 1) p)(1 — (1 — g2) py) sin” 6, (23)

which indicate that the amplitude damping not only affects the non-diagonal elements of the
density operator of the two-qubit system under our consideration but also changes the diagonal
elements of the density operator of the system. In what follows, we will show that it is the
change of the diagonal elements that leads to the amplitude damping drastically changing the
Nash equilibria of the game.

Substituting equation (22) into equation (5), we can obtain payoffs of firms A and B

qi
Pa(q1, g2) = — (kp}y — pry — P33),
© 29
Pp(q1, q2) = Z(kpil — Py — P33)-
1

Following the method in the previous section, we can obtain the subgame perfect Nash
equilibrium point for the QSD game with the amplitude damping

. kcos’0+Ai(p1, p2)
=T B (o, )
kcos?6 + Ax(p1, p2)
[16 — k2(1 — cos460)]/4 + B(p1, p2)’

(25)

*

4 =

where we have introduced the damping functions

A1(p1. p2) = {=2(p1+ p2 — p1p2) + @+ k) palpa + (1 = p1)2p1 + pa — p1p2)]}sin’ 6,
Bi(p1. p2) = =2[(1+ k) pa+ 2+ k) pi1(1 — p)(1 — p2)°sin® 0],
Ay(p1, p2) = A+ %(kcoszé +A)B,
Ba(p1, p2) = 2Q2+ k) pi(=2+ p)(1 = p2)*sin* 6 +2p1 (1 — p2)* sin” {8 — 2k + &
+2(2+ 5k + 2k*) py + k(k + 4 py + 2kpa) x cos 260 + 2(4 + 4k + k*) p? cos* 6
— pi[—10 — 4k + (8 + 12k + 4k pal + R + 2k + k2 — 22 + k) p»
+(2+2k+k* —2Q2+k)pr + (4 + 4k + k%) p3) cos 20}
+pa{—8 —5k+ (3+5k+3K*)pa+ 2+ k) p; — (1 +k+1k%) p3
+[k+ (1 —k =3k py — @+Kk)ps + (1 +k + 1k%) p3] cos 46}, (26)
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At above equilibrium point, payoffs of firms A and B are given by

[kcos? 6 + Ci(p1, p2)]?
8+ Di(p1, p2)

[1+ Ca(p1, p2)llk cos® 0 + C3(p1, p2)]°
16 — k2(1 — cos 40) + D1 (p1, p2)

where the damping functions are given by

Pa(qy,q5) =
27

Ps(q}.q5) =

Ci(p1, p2) = C3(p1, p2) = A1(p1, p2),
Di(p1, p2) = 8Ca(p1, p2) = 4B1(p1, pa), (28)
Dy (p1, p2) = 4B1(p1, p2).

From equations (25) and (27) we can see that the without-damping solutions given by
equations (13) and (14) are recovered easily since we have C; (0, 0) = D; (0, 0) = 0 when the
damping vanishes, i.e., p; = p, = 0.

In order to observe the influence of the amplitude damping, we consider the situation in
which the game experiences only the second decohering process while the first decohering
process vanishes, i.e., p;y = 0 and p, # 0. In this case, the related damping functions in
equation (26) are given by
A1(0, p2) = —4ps,
A2(0, p3) = —pal2 — pa(5 — 3py) sin” 0], (29)
By(0, pp) = —pa[(52 — 42p, —3p3) — (4 — 2p, — 63 +9p3) cos(46)] /4,
where we have taken k = 1.

In particular, when 6 = 0, namely, the initial entanglement vanishes, we obtain

N 1 B 1—-2p>
q, = ) 9 = 20
2—4p, 4 —12p, +10p;3
* * 1
Palgy,q5) = my (30)
1—2[)2

PB(ql s 112) = 8(2 “6py+ SP%) ,
which implies that there exists the subgame perfect Nash equilibrium point for the QSD game
with the amplitude damping in the damping regime of p, < 1/2 since in this damping regime
gy > 0,95 > 0, and P, p(qf,q5) > 0. In figures 3 and 4, we have plotted the subgame
perfect Nash equilibrium point and corresponding payoffs to the two players with respect to
the damping parameter p,, respectively. From figures 3 and 4, we can see that when the QSD
game is initially in the unentangled state, the amplitude damping can enhance the first-mover
advantage with increasing the damping parameter p,.

However, the situation will be different when the QSD game is initially in an entangled
state. For instance, when the QSD game is initially in the maximally entangled state, i.e.,
0 = m /4, we have

. 1=p22-=3py)
99 = —F ..

)

4 — 8p2
7= 1 —[4— p2(7T—6p2)Ip2
27 7= paf28 — pal22+3pa(4 — 3p)1)
1—2py)[1 — 2-3 ]2
Py(qh, q}) = ( D2) Pa( D2)

8{[7 — p2[28 — p2(22+3pr(4 = 31}’
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Figure 3. The moves of firms A and B at the subgame perfect Nash equilibrium point for the
QSD game with only the second amplitude damping process described by the parameter pa, g}
(the dash line) and g5 (the solid line), as functions of the damping parameter p, when the QSD
game is initially in the state given by equation (6) with & = 0 and k = 1.
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Figure 4. Payoffs to firms A and B at the subgame perfect Nash equilibrium point for the QSD
game with only the second amplitude damping process described by the parameter p>, P4 (g7, ¢5)
(the dash line) and Pp (g7, ¢3) (the solid line), as functions of the damping parameter p, when the
QSD game is initially in the state given by equation (6) with & =0 and k = 1.

[1—p22—3p)]?
Pi(q’, q3y) = . 31
A(q15q) 32 — 64, 3D

In figures 5 and 6, we have plotted the subgame perfect Nash equilibrium point
and corresponding payoffs to the two players with respect to the damping parameter p,,
respectively. From figures 5 and 6, we can see that there is a ‘critical point’ labelled by C
for g{ and g5, or Ps(q}, ¢5) and Pg(q;, ¢5). At the ‘critical point’, the two players have the
same payoffs, i.e., gf = ¢5 and Ps(q}, q5) = Pg(q{, g3;). This implies that the first-mover
advantage completely disappears due to the influence of the amplitude damping of the noise
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Figure 5. The moves of firms A and B at the subgame perfect Nash equilibrium point for the QSD
game with only the second amplitude damping process described by the parameter p>, g} (the
dash line) and g5 (the solid line), as functions of the damping parameter p, when the QSD game
is initially in the state given by equation (6) with @ = /4 and k = 1.
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Figure 6. Payoffs to firms A and B at the subgame perfect Nash equilibrium point for the QSD
game with only the second amplitude damping process described by the parameter p2, P (q;, ¢5)
(the dash line) and Pp (g7, ¢3) (the solid line), as functions of the damping parameter p, when the
QSD game is initially in the state given by equation (6) with @ = 7/4 and k = 1.

environment. From equations (25)—(27) we find the ‘critical point’ to be

m=% ai=4=1 )
Pa(a}. 43) = P(a},a3) = 5.

Figures 5 and 6 indicate that the influence of the damping on the subgame perfect Nash
equilibrium point and corresponding payoffs to the two players is different within different
damping regimes. It is interesting to note that the QSD game can change from the first-mover
advantage game into the follower-mover advantage game when the damping parameter p;
varies from the left-hand-side damping regime of the ‘critical point’ to the right-hand-side
damping regime. On the left-hand side of the ‘critical point’, the first-mover advantage is
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-15 : : : : : :

Figure 7. The move of firm A at the subgame perfect Nash equilibrium point for the QSD game
with two amplitude damping processes described by the parameters p1 and ps, g}, as the function
of the entanglement angle 6 when the QSD game is initially in the state given by equation (6) and
k = 1. The solid, star and dash lines correspond to the cases of p; = p, = 0.1,0.2, and 0.3,
respectively.
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Figure 8. The move of firm B at the subgame perfect Nash equilibrium point for the QSD game
with two amplitude damping processes described by the parameters p1 and p», g5, as the function
of the entanglement angle 6 when the QSD game is initially in the state given by equation (6) and
k = 1. The solid, star and dash lines correspond to the cases of p; = p» = 0.1,0.2, and 0.3,
respectively.

weakened with the increase of the damping parameter p, while on the right-hand side of the
‘critical point’ the follower-mover advantage is enhanced with the increase of the damping

parameter p,.
When two decohering processes described in equations (18) and (21) are taken account

into, the situation will become more complicated. In order to see the influence of the two
damping parameters p; and p, on the subgame perfect Nash equilibrium point for an arbitrary
value of the entangling parameter 6, using the expressions given by equation (25) we have
plotted ¢ and g} with respect to variation of 6 in figures 7 and 8, respectively. Here we have
taken p; = p; and k = 1. From figures 7 and 8 we can see that for each pair of damping
parameters (p1, p2), there are two zero-points which can be labelled by 6; and 6, with 6; < 6,,



The influence of entanglement and decoherence on the quantum Stackelberg duopoly game 7741

0.35 i i ; . . :
L —p,=p,=0.1 -
0.3f\ 12 =
W e p,=p,=0.2 K
0.25 Y ---p,=p,=0.3 / ]

Figure 9. Payoff to firm A at the subgame perfect Nash equilibrium point for the QSD game
with two amplitude damping processes described by the parameters p; and p2, Pa(q{, g5), as
the function of the entanglement angle & when the QSD game is initially in the state given by
equation (6) and k = 1. The solid, star and dash lines correspond to the cases of p; = p» = 0.1,0.2
and 0.3, respectively.
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Figure 10. Payoff to firm B at the subgame perfect Nash equilibrium point for the QSD game
with two amplitude damping processes described by the parameters p; and pz, Pg(q{, g5), as
the function of the entanglement angle & when the QSD game is initially in the state given by
equation (6) and k = 1. The solid, star and dash lines correspond to the cases of p; = p» = 0.1,0.2
and 0.3, respectively.

respectively. When 6, < 6 < 6, both ¢{ and g; are negative (corresponding curves have been
cut out in the figures ). Therefore, there does not exist the subgame perfect Nash equilibrium
point in this regime since the existence of the equilibrium point requires both ¢; and g5 to be
positive. Using the expressions given by equation (27), we have also plotted the corresponding
payoffs to the two players in figures 9 and 10 which indicate that payoffs to both of two players
can be improved with the increase of the damping parameters.

3.2. The phase damping channel

We now turn to the situation of the phase damping channel. In this case, each decohering
period can be described in terms of three Kraus operators given by equation (17). After two
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times of phase decohering, the final state of the QSD game given by equation (21) becomes
Pl = P TI{IL] + Pl 11)(22] + p3,|12)(12] + iy 12) (21

+ Pil21) (121 + pig[21) 211 + 0y [22) (1] + p} 22221, (33)
where the matrix elements of the density operator are given by

o1 = q12(cos’ 6 + q1qa sin® 6),

P = qi2(q2 c0s> 0 + g1 sin” ),

pys = qi2(q1 cos> 6 + g2 sin 0),

/ ' (34)
Py = q12(q192 cos” O +sin §),

Pia =P = 3q12(1+q1g2)(1 — p1)*(1 = p2)*sin(20),
Pz = P = 3q12(1 = p1)*(1 = p2)’ sin(26).

Comparing equations (33) and (34) with equations (8) and (9), we can see that the phase
damping affects only the off-diagonal elements of the output state ,o} while the diagonal
elements of the output state ,o"f remain unchanged. It is this point that reveals characteristics
of the phase damping. On the other hand, from definition of the payoffs for firms A and B
given by equations (3) and (4) we can observe the fact that only the diagonal elements of the
output state of the game contribute to their payoffs. Therefore, we can conclude that the phase
damping does not affect the payoffs to the two players.

4. Conclusions

In conclusion, we have studied the influence of entanglement and decoherence on the discrete-
variable QSD game in the Kraus-operator formalism. We have observed novel features in the
QSD game of interest, which are completely due to quantum entanglement and decoherence.
It has been shown that the QDS game can exhibit rich subgame-perfect-equilibria or backward-
induction structures due to the presence of entanglement and decoherence. We have shown that
in different entangling regimes the first-mover advantage can be weakened or enhanced due
to the existence of the initial quantum entanglement for the QSD game without decoherence.
We have calculated the subgame perfect Nash equilibrium of the QSD game in the presence of
both entanglement and decoherence in terms of Kraus-operator representations. The effects of
the amplitude damping and the phase damping on the subgame perfect Nash equilibrium of the
QSD game and the payoffs to the two players at the equilibrium points are explicitly studied. It
has been shown that the amplitude damping seriously affects the backward-induction outcome
of the QSD game while the phase damping does not affect both of the subgame perfect Nash
equilibrium and the profits of the two players. Physically, this is because in the present
formalism of game quantization, the payoff operators of players are actually ‘mixed states’
denoted by ‘density operators’ involving only incoherent superpositions in a two-qubit Hilbert
space. Themselves of these payoff operators do not exhibit any quantum coherence, so their
meanvalues with respect to an arbitrary state in the two-qubit Hilbert space depends on only the
diagonal elements of the density operator of denoting the state. What the amplitude damping
describes is the decay of both diagonal and non-diagonal elements of the density operator of
the system. Hence, the amplitude damping can drastically change the Nash equilibrium and
the payoffs of the two players. However, the situation is different for the phase damping.
what the phase damping describes is just the loss of quantum coherence, i.e., the decay of the
non-diagonal elements of the density operator of the system. Therefore, the phase damping
cannot affect the Nash equilibrium and the payoffs of the two players. This reveals new insight
of quantum coherence in quantum games.
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It is worth mentioning that when the QSD game is initially in the maximally entangled
state, we have found a ‘critical point’ for the moves and payoffs to the two players in the
presence of the amplitude damping. The appearance of the ‘critical point’ is a new phenomenon
induced by the amplitude damping. At the ‘critical point’ the two players have the same
moves and payoffs. The QSD game can change from the first-mover advantage game into
the follower—-mover advantage game when the damping parameter varies from the left-hand-
side damping regime of the ‘critical point’ to the right-hand-side damping regime with the
time evolution or the increase of the damping. And on the two sides of the ‘critical point’ the
QSD game with the amplitude damping can exhibit completely different characteristics for
the backward-induction outcome. On the left-hand side of the ‘critical point’ the first-mover
advantage is weakened with the increase of the damping parameter while on the right-hand
side of the “critical point’ the follower—-mover advantage is enhanced with the increase of the
damping parameter. Finally, we hope that these new features revealed in the present paper
for the QSD game with entanglement and decoherence would be of interest not only to the
quantum information field but also to the applied economics.
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