© 2020 Chinese Physical Society and IOP Publishing Ltd Printed in China and the UK

Communications in Theoretical Physics

Commun. Theor. Phys. 72 (2020) 045101 (8pp)

https://doi.org/10.1088/1572-9494 /ab6905

Fringe visibility for two qubits interacting
with a macroscopic medium”

Yu-Heng Li (EEI8)', Yan-Jun Liu IEZE)"?, Jing Lu (5%)' and

Lan Zhou (B %)

! Department of Physics and Key Laboratory for Matter Microstructure and Function of Hunan Province,

Hunan Normal University, Changsha 410081, China

2 College of Physics, Mechanical and Electronical College, Shijiazhuang University, Shijiazhuang, 050035,

Hebei, China

E-mail: zhoulan @hunnu.edu.cn

Received 9 October 2019, revised 4 December 2019
Accepted for publication 13 December 2019
Published 3 March 2020

Abstract

®
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We study both the two-particle and single-particle fringe visibility in the generalized version of
the Nakazato—Pascazio model where two qubits interact with a finite length one-dimensional
array. Both the two-particle and single-particle fringe visibilities are investigated with different
initial states of the particles spin. For different initial states of the particles spin, the two-particle
fringe visibility either decreases or increases over time, and may even decrease first and increase
later. Due to the interaction between the particles and the one-dimensional array, the single-
particle fringe visibility increases over time when the initial state of the two particles spin is
independent. The single-particle fringe visibility is equal to 0 as the two-particle spin is initially

in the completely entangled state or in the singlet state.
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1. Introduction

The superposition principle of quantum states is a basic fea-
ture of quantum mechanics. Quantum coherence is originally
derived from the superposition principle of quantum states.
Therefore, quantum coherence is considered to be one of the
most basic properties of quantum mechanics. Quantum
coherence is not only deeply investigated in quantum
mechanics, but also plays an important role in quantum optics
[1, 2] and quantum information [3]. At the same time,
quantum coherence has been widely used in many emerging
fields such as quantum metrology [4-6], quantum thermo-
dynamics [7-13] and quantum biology [14-18]. After
Baumgratz et al quantitatively studied the quantum coherence
from the perspective of resource theory [19], the coherence
theory developed explosively [20-26].

* Supported by the National Natural Science Foundation of China under
Grant Nos 11434011, 11935006, 11975095 and 11575058.
3 Author to whom any correspondence should be addressed.

0253-6102/20,/045101+-08$33.00 1

Quantum decoherence and quantum measurement are
closely related. A quantum measurement process consists of a
quantum system and a measuring apparatus. The correlation
between the quantum system and the measuring apparatus is
established by the interaction between the quantum system
and the measuring apparatus. The correlation between the
quantum system and the measuring apparatus open up a new
approach to understand the decoherence. For the sake of
simplicity, Hepp and Coleman further considered the essential
difference between the measuring apparatus and the quantum
system, and proposed a dynamic model of quantum mea-
surement, known as the Coleman—Hepp (CH) model [27].
The CH model is an exactly solvable model. In this model,
the measuring apparatus is often regarded as a macroscopic
object, and the evolution of each microscopic particle con-
stituting the macroscopic object satisfies the Schiddinger
equation. In this way, the quantum measurement process is
actually the dynamic evolution process of the quantum system
interacting with the macroscopic object. In the process of
interaction, the off-diagonal element of the density matrix
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Figure 1. The schematic sketch of the generalized version of the
NP model, where two particles Q4 and Qp interact with the one-
dimensional array. A pulse acts on the spin of the particle.

describing the state of the quantum system will disappear with
time. This phenomenon is generally called the decoherence
phenomenon caused by the quantum measurement. Later on,
Nakazat and Pascazio proposed the Nakazato—Pascazio (NP)
model, which is a modified version of the CH model [28, 29].
The model considers the energy exchange between the
quantum system and the measuring apparatus. Both the CH
model and NP model are exactly solvable models of quantum
measurements. These two models not only provide insight
into the physical essence of quantum measurement, but also
better understand the quantum decoherence in the measure-
ment process. In this paper, the fringe visibility is used to
represent the coherence of quantum state. Both the two-
particle and single-particle fringe visibility are investigated in
the generalized version of the NP model where the two qubits
interact with a finite length one-dimensional array. Here, we
choose the different initial state of the particles spin. Under
the different initial state of the particles spin, we studied the
change of both the two-particle and single-particle fringe
visibility with time, respectively.

This paper is organized as follows. In section 2, we
introduce the generalized version of the NP model where the
two particles with spin-1/2 interact with a finite length one-
dimensional array. In section 3, we derive the dynamic
evolution of the total system. In section 4, we study both the
two-particle and single-particle fringe visibility. In section 5,
we make our conclusion.

2. The model

The NP model describes the interaction between an ultra-
relativistic particle and a one-dimensional array of N har-
monic oscillators. The particles interact with the spins of their
local array through a local potential of the spin flip. In this
paper, we consider the interaction between two particles Q4
and Qg and the same one-dimensional array, which is shown
in figure 1. Each particle Q; (j = A, B) has a spin 7} of
magnitude 1/2. The spatial degrees of freedom of the particle

is characterized by the position operators % and the

momentum operator 13] Here, the one-dimensional array has a
finite length L = x,, — x, where x; and x, represent the
position of the first spin and the final spin of the array,
respectively. The particle interacts with the one-dimensional
array if and only if the spin direction of the particle is up.
The Hamiltonian of the total system can be expressed as

H = Hy + Hp + Hy. (1)

The free Hamiltonian of two particles can be expressed as

R n 1 i
Ho = vapy + veby + Eﬁwj(] + 77, )
=AB

where the positive constant v; (j = A, B) is the velocity of the
particle Q;, and p; represents the momentum operator of the
particle Q;. The Hamiltonian of the one-dimensional array is

1, & .
Hp = —/wy (1 + o}), 3)
2 n=1
where o7 is the Pauli spin operator of the nth spin of the one-
dimensional spin array. When the two particles interact with
the same one-dimensional array, the interaction Hamiltonian
can be expressed as
N1+ 78 o s
H= > > LV (& — x)(ge 55 + o,e i), (4)
j=ABn=1 2

where V (£; — x,) characterizes the strength of the interaction
between the particle and each spin of the spin array. x; and x,
represent the position of the jth of the particle and the nth spin
of the one-dimensional array, respectively. o and o, are the
creation and annihilation operators of the nth spin of the one-
dimensional array.

For the convenience of the latter, the Hamiltonian of the
total system reads

H = Hy + H, &)

where Hy = Hyp + Hp.

3. The dynamics of the total system

The initial state of the total system can be expressed as
[W(0) = 1¥) @ |) @ |¥p) = |9, s, ¥p). (6)

The expansion of |¢) in terms of the coordinate eigenstates is
[Y) = f:; dxs f::; dxpap(xa, XB)|Xa, XB), (7

where |x4, x5) = |x1) ® |xg) and Xj|x;) = x|x;). The initial
state of the particles spin can be expressed as

1) = po [ TaTs) + oy, T ls)
+P1ATB|lATB> +PLA1,,|lAlB>, (®)

where [T475) = fla) @ | 15 )» and [T)(I1)) represents the
spin-up (spin-down). We assume that the initial state of the

one-dimensional array is in the ground state |0) (i.e., all spins
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down), which is given by
N
lvp) = 10) = [T 1 1n ). 9)
n=1

Before the interaction between two particles and the one-
dimensional array, a pulse performs a phase rotation

Uy = e~ialladLal=igylle) (sl 19 17, (10)

on the spin of the particles. The parameters ¢, and ¢g
represent the phase rotation angle of the spin of the particle
Q4 and Qp, respectively. For a given initial state of the total
system p(0) = [¥(0)) (¥(0)|. After the time 7, the state of the
total system evolves into

p() = U Usp(OUU™ (1), (11

where U () = e "/ To exactly solve the current model, the
unitary operator can be expressed as U (t) = e~ #0!// (1) by
introducing the interaction picture. The unitary operator U p(f)
on the right side of the formula satisfies the Schrodinger
equation with the interaction Hamiltonian H;. Since particles
interact with the one-dimensional array only when the spin
direction of the particle is up, the operator Usp(f) can be
decomposed into

Ua(t) = Us() Us () |1a18) (1Tl + 11 als) (Lalsl
+ Us(O)|Tals) (Talsl + Us®]1aTs) (lalsl,
(12)

where states | T; ) and | |; ) are the eigenstates of the operator 73.
The operator U; conform to the Schrodinger equation

iﬁ@,ljj(t) — eiHot/szlefiHot/iz Uj(t)

N ~
=2 japrn—1 V& + vt — xp)

X L7 (ofe™ 5% + o, U(r).  (13)
By solving the equation (13), we can obtain
U(xj, 1) = exp[—éZflf: dr'v(x; + vit' — x,)
x (gie 55 + a,;ef%ff)], (14)

in the coordinator representation. Here, we assume that the
initial time 7y = 0 and define the tipping angles of the nth
spin as

. t
ol (1) = f dr'v (xj + vit' — x,) /. (15)
0

The exponential of the equation (14) can be disentangled in
the form
l]j(xj’ t)

— H e—in,ftan alf! (fj,t)e—iaf,lncosn&/] (1) g—io tan ol &1 , (16)
n

by making use of the SU(2) algebra [30] . After the inter-
action between the particle and the one-dimensional array,

we can obtain the final state of the particles spin
,5;”” = foc dxy foo dxgTrp (xa, xp| e*(%)ﬁU(,&
X [W(0)) (T(O)] U el |y, x5)
= fj; dxs fj:o dxpPap(xa, Xp)

X 1py1, F11aT8) (a8l + Ipy, 1, PlLals) (Lalsl
+ 1Py, PlTals) (Talsl + Iy, PlLaTe) (Lalsl
T PPl TaTe) (Lals | A () + (he)
+plATBijlBHATB> (Tals | fi() + (h.c)
+ PPl Vate) (Talsl &) + (he)
+ pTATBpE:TngATB> (lalsl &) + (h.c.)
+ PP, ale) (Lalsl &) + (he)
+ PP ate) (Lalsl &) + (e,
(7)

where Pip(x4xp) = |Yug(uxp)[* is the probability that two
particles are located at position x4 and position xp, respec-
tively. The time-dependent factors

fi@) = el T cos [k (1) — ol (1)],
£ (1) = einten T cos [ (1) + ol (1)),
g(1) = e ' T] cos ol (1),

g (1) = e '] cos ad? (1),

It can be seen that the one-dimensional array has no effect on
the diagonal elements of the spin-state of the particles, and
the influence of the off-diagonal elements on the spin-state
of the particles is related to the time factor.

For the sake of simplicity, we consider that the interac-
tion local potential as the ¢ potential satisfying the relation-
ship V(x) = VQ26(x). The tipping angles in equation (15) are
rewritten as

(18)

ol (g, 1) = ‘;O—Q@(xj +t’ = x), (19

Vi

where the O(y) is the Heaviside unit step function, i.e.,
O@) =1 for y > 0, and ©(y) = 0 for y < 0. In equation (19),
we have assumed that the initial positions x4 and xz of the two
particles satisfy the relationship x4, xp < x;. Here, we introduce
the parameter

2 %9

q; = sin® —,

20
! ﬁvj (20)

to represent the ‘spin-flip’ probability. Under the condition of the
weak-coupling macroscopic limit, the ‘spin-flip’ probability can

be expressed as
2
g ~ [ 2
o\ )

In this paper, we assume that two particles propagate at the same
velocity, i.e., v = vy = vg and ¢ = g4 = gp. The length of the

21
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one-dimensional array is

L=x,—x=0NON— DA, (22)

where N is the number of spins of the one-dimensional array,
and A represents the distance between two adjacent spins in the
one-dimensional array. The time-dependent factors of
equation (18) are approximately calculated as

T oxAvi—
fl ) = ei(wA,W,B)tef%[w(—)(xnfofvl)(—)(XA+vt—xl)+(—)(x,4+vtfx/,)j|

%[w(—)(xn *)CB*VI)(")(XB‘FV[*)C])+(")(XB+VI*)C,,):|
X e L

fz ) = e iwatwp)t

[ xatvi—
% e—%[w@(xn —Xa —vt)@(XA+vt—X|)+®(x4+vt—x”)]

s

7| xpt+vi—x
« 6737”[%(-)(@,71(3—vt)(—)(xg+vt7)q)+(—)(xg+vt7x,,):|

s

| xat+vi—x; B
gt ——[7(-)@ —x4—v)O(xg+vi—x))+O(xg+vi—x )]
g] (t) - en A e : L " "

s

_ f—x
2 (l‘) _ e_iwktef%[w@(xn7XB7vt)@(xg+vt7)c])+@(XB+W*X,1):|

s

(23)

where 7 = gN represents the average number of excitation and
is required to be finite.

4. Fringe visibility of the two-particle and single-
particle

To study the coherence of the particles, a pulse that detects
the spin direction of the particles acts on the spin state of the
particles. The joint probabilities of detecting the spin direction

of PartiCleS as (Tm Tb)7 (Ta, lb)s (lm Tb)7 (laa lb) are

P(las T) = (TaTol 27 1aTo),

P(Ta, lb) = <Talb| ﬁ:utlTalb>,

P(las T) = {Lalsl 27 aTs)>
(

P(las o) = (lalsl 2/l Lals), 24)
where [T ) =(T)+1LD/N2  ad | L)=

(11;) =11 »/V2, and the subscript k =a (k= b) when
j=A (j=B). The P(1,, 1) indicates the probability that both
the particle a and the particle b are detected in the direction of
spin-up. The two-particle fringe visibility, which documents the
coherence of the two-particle, is defined as [31]

max P (1, 1) — min P (1, 1)

Vup = — — s 25
T max P (1a, 1) + minP (T, ) 2

with

P (las B) = P(las To) — P(TIP(Tp) + i, (26)

where the marginal probabilities P( T, ) and P( T, ) are denoted
by

P(Ta)=Pas To) + P(as 1b),

P(T)=Pa ) + P(la: T)- 27)

The fringe visibility V; of the single-particle can be expressed
as

- maxP(f) — minP(T)
7 maxP( )+ minP( ;)

(28)

4.1. Two particles located initially at different positions

In this section, we assume that the particles a and b are
initially well located around the positions of x4 = 0 and
xp < 0. Two particles located initially at different positions
can be divided into two situations: the distance between two
particles is less than the length of the one-dimensional array
and the distance between two particles is greater than the
length of the one-dimensional array.

First, we consider that the initial state of the two particles
spin is completely entangled

~ Tals) + [lals)

|4s) = — 5 (29)
At this point, equation (17) can be written as
P = 2 aTa) (aTal + S1LaLs) (LaLal
+ L jirop-onrwnn
|l (Lalsl e ¥he 3 4 (hed),  (30)
where
fi= %@(XN —v)OWt — x)) + Ot — xy),
Js= WG(XN — Xp — Vi)
X O(xg + vt — x) + O(xg + vt — xp). 31
Via equation (24), the joint probabilities read
P(lus 1) = Pl 1) = 11+ TG, + 9y
P(las 1) =Pas T) = %[1 — D¢y + dp)l, (32)
where
T(¢y + ¢p) = cos (¢4 + ¢ — (wa + wp)t)e Fae 27,
(33)
The marginal probabilities are obtained as
PO =P(L) =P =P(L) = 3. G4
One can easily obtain the two-particle fringe visibility
Vag, = e e 2T, (35)
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Figure 2. The two-particle fringe visibility as a function of 7 for a
given xg = 0 (solid line), x5 = —1200 (dash line), xz = —200
(dotted line). Moreover, we have set ¢ = 0.005, x; = 100, A = 1,
L =1000,v = 1.

by adjusting the ¢; of equation (32). In figure 2, we plot the
two-particle fringe visibility Vyp as a function of time. Viy
and V/Q’Bl represent the two-particle fringe visibility when the
distance between two particles is less than the length of the
one-dimensional array and when the distance between two
particles is greater than the length of the one-dimensional
array, respectively. It can be observed that the two-particle
fringe visibility Vp remains the initial value before the two
particles interact with the one-dimensional array. Since the
particles exchange energy with the one-dimensional array,
the two-particle fringe visibility Vi begins to decrease when
the particle A enters the one-dimensional array. After the
particle B enters the one-dimensional array, both the two
particles interact with the one-dimensional array. We find that
the two-particle fringe visibility Vjp decreases faster than
before and decay to zero asymptotically. From figure 2, we
can obtain that the two-particle fringe visibility VfBl remains
the initial value when particle A does not enter the one-
dimensional array. When the particle A propagates in the one-
dimensional array, the two-particle fringe visibility V4 p, Starts
to decrease. Then, particle A leaves the one-dimensional
array, and particle B does not enter the one-dimensional array.
At this point, the value of the V% 5, does not change with time
because the two particles do not interact with the one-
dimensional array. The two-particle fringe visibility V2 5, Will
decrease faster than before and decay to zero asymptotically
after particle B enters the one-dimensional array.

Then the fringe visibility of the single-particle is calcu-
lated as

Va = Vg =0. (36)
Equation (36) shows that when the initial state of the two
particles spin is completely entangled, the coherent term of
the final state of the single-particle spin is 0.

Figure 3. The two-particle fringe visibility as a function of 7 for a
given xg = —1200 (dash line), x5 = —200 (dotted line). The other
parameters are the same as those in figure 2.

Next, we consider that the two-particle spin is initially in
the singlet state

~1Tals) = 1lals)

) = — 5 (37)
The final state of the particle spin reads
1 1
= ElTAlBHTAlBl + 5|lATB><lATB|
TP R Y
2 - -
X 1Lats) (Talsl e ¥aelhs — (h.c). (38)
The joint probabilities
PClas 1) = Pllas 1) = 711 = 7(@, — 6]
1
P(las 1) =Plas T) = Z[l + 7 (da — o)1 (39)

are derived from equation (24), where

Y(By — ¢p) = cos(dy — ¢p — (wa — wp)t)e Faedls. (40)

Using equation (27), we can obtain the marginal probabilities

1
P(Ta):P(la):P(Tb):P(lb):E~ (41)
The two-particle fringe visibility is calculated to be
Vip, = e #hedhs, (42)

The two-particle fringe visibility VZ\BI as a function of time is
shown in figure 3. V44 and Vi3 represent the two-particle
fringe visibility when the distance between two particles is less
than the length of the one-dimensional array and when the
distance between two particles is greater than the length of the
one-dimensional array, respectively. The change of the two-
particle fringe visibility V4% and V3 may be divided into five
periods. The interaction between the particle A and the 1st spin
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of the one-dimensional array indicates the end of the first period.
In this period, neither V% nor Vi3 has changed because the
particles do not interact with the one-dimensional array. When
particle A enters the one-dimensional array, the second period
begins. At this point, both V4% and V5 begin to decrease. In
the third period: (1) the two-particle fringe visibility V/Q‘él is a
constant. At this point, both particle A and particle B interact
with the one-dimensional array. (2) The two-particle fringe
visibility VA%Z remains unchanged. At this point, particle A
leaves the one-dimensional array, and particle B does not enter
the one-dimensional array. When the one-dimensional array
only interacts with the particle B, the fourth period begins. In the
process, both VXI’;I and Vj{;l increases as T increases. In the fifth

period, particle B leaves the one-dimensional array. Both Vf’él

and VX,}] reach their initial value. Such a process can be regarded
as particle A encoding the which-path information in the one-
dimensional array and particle B erasing the which-path infor-
mation encoded in the one-dimensional array. From figure 3, we
also find that the change of V3 is larger than V5 .

The fringe visibility of the single-particle given by
equation (28) becomes

Vi = Vg =0. (43)

Equation (43) indicates that when the two particles spin are
initially in the singlet state, the coherent term of the final state
of the single-particle spin is 0.

Finally, we consider that the initial state of the two-par-
ticle spin is independent

Ma) +lla)

2 l8) +|l3>.

44
7 (44)

The final state of the particles spin can be written as
pout = %lTATB><TATB| 1 i@yt bp—(atwn)n)
<l ala) (Lalsl e e ¥+ Grc)
+ llala) (algl + et Camean
X iHATBMTAlBl e 3hedls 4 (h.c)
+ O L5) Lalal €Y+ Ghe)
+ e 2 Ly Tg) LaLal e+ ()
+ 1Tala) (Tl + et
< 1l (Lasl e ¥+ (he
* %UAT}Q (Lalp] + €!@s=ws

x i|TATB><TAlB| e 3 + (h.c.). 45)

1.0 - "

--------- Vi,
08+ - — ==V,

v
I AB,

Two—paticle fringe visibility

T/10°

Figure 4. The two-particle fringe visibility as a function of T for a
given xg = 0 (solid line), x3 = —1200 (dash line), x5 = —200
(dotted line). The other parameters are the same as those in figure 2.

The joint probabilities become

Pl ) = i[l Ty + Toy) + Ty D).

P(la. 1) = %[1 + T — T(6p) — T(6y. dp)l,

Plas ) = i[l C Ty + T(dy) — Yoy S,

1

P(las lp) = Z[l = T(py) — T(dp) + T(dy, pp)]  (46)
with
Y () = cos (¢ — wat)e 2,
T(¢p) = cos (¢ — wpt)e s,
Ty, dp) = %COS (P4 + ¢p — (wa + wB)t)e*%fA /)
+ 2c08(6y — 0y — (n — e rel
47

The marginal probabilities can be obtained
1 1
P(Ta)= 5[1 + ()], P(la) = E[l — Yol
1
PCla) =511+ T@L P(La) = 511 = T@yL (48)

The two-particle fringe visibility is given by
e~ 2faerls
2 2

In figure 4, we plot the two-particle fringe visibility V} B asa

_ 3
e*%fA eanflf

Vip, = —e el + (49)

function of time. Vjg and V/’{gl represent the two-particle
fringe visibility when the distance between two particles is
less than the length of the one-dimensional array and when
the distance between two particles is greater than the length of
the one-dimensional array, respectively. From figure 4, we
find that the values of the V}5 and VJ7 increases when the
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Figure 5. The fringe visibility of particle A as a function of T (dash
line). The fringe visibility of particle B as a function of T for a given
xp = —1200 (solid line), xz = 0 (dash line), xz = —200 (dotted
line). The other parameters are the same as those in figure 2.

particle B interact with the one-dimensional array. One also
finds that the two-particle fringe visibility Vj{g] increases
faster when the one-dimensional array interacts only with
particle B. Finally, both the V{3 and V,f{f,?l will increase to 0.5
asymptotically as T increases. The asymptotic value of 0.5 is
determined by the coefficient 1/4/2 of the singlet state
(ITals) — 1ale)) /N2

The fringe visibility of the single-particle via the
equation (28) reads

Vi =e5h, Vj = et (50)

In figure 5, we plot the single-particle fringe visibility as a
function of time. The fringe visibility of particle A is denoted
by Vi“. V4* and V4" represent the fringe visibility of the
particle B of the distance between two particles is less than
the length of the one-dimensional array and the distance
between two particles is greater than the length of the one-
dimensional array, respectively. It is shown that the single-
particle fringe visibility decreases when the particle interacts
with the one-dimensional array in figure 5.

4.2. Two particles located initially at the same position

For the sake of simplicity, we assume that the two particles are
initially located at the origin, i.e., x4 = xz = 0, this moment
fo=fs = %@(xN — )OOt — x)+O (vt — xy).

(1) For the completely entangled state (|14 15) + |1als))/~2,
the two-particle fringe visibility of equation (35) becomes

VABZ = e—zﬁf;“’ (5 1)
when the two particles are initially located in the same position.
We plot the two-particle fringe visibility V4p, as a function of
time in figure 2. The two-particle fringe visibility V5, changes
only when the particles interact with the one-dimensional array.

After the particles enter the one-dimensional array, two-particle
fringe visibility V5, decreases monotonically as T increases and
decays to zero asymptotically. Form figure 2, we also found that
when the two particles interact with the one-dimensional array
at the same time, the decay of the two-patrticle fringe visibility is
accelerated. In this case, the fringe visibility of the single-par-
ticle is also equal to O.

(2) Now, we consider that the particles are initially in the
singlet state (|T4l5) — |laTs))/~/2. At this time, the final state
of the particle spin is only related to the time-dependent factors
fi(®), and satisfies | f; ()| = 1. Since there is no energy exchange
between the one-dimensional array and the particles, the
coherence of the two-particle does not change. In this case, the
two-particle fringe visibility is equal to its initial value of 1.
Here, the single-particle fringe visibility is equal to 0.

(3) When the particles are initially in the state

|TA>+ﬁuA> ® ”B%”BX The two-particle fringe visibility can be
expressed as
. —27fy 1
Vi = —e 4 &1 4 2 52
AB, 2 ) (52)

We plot the two-particle fringe visibility V} 5, as a function of
time in figure 4. It can be observed in figure 4 that when the
particles interact with the one-dimensional array, the two-
particle fringe visibility V/Q’Bz increases monotonically as T
increases and increases to 0.5 asymptotically. We also cal-
culate the single-particle fringe visibility

VI =V) =Vj =e (53)

We find that the single-particle fringe visibility V” satisfies the
relationship V" = Vj .

5. Conclusion

We have investigated both the two-particle and single-particle
fringe visibility of different initial states of the particle spin. It
is found that different initial state of the particle spin can lead
to the difference of both the two-particle and single-particle
fringe visibility with time. (1) For the completely entangled
state (|T4T8) + |1als))/~/2, the two-particle fringe visibility
decreases as time increases and decays to zero asymptotically.
The fringe visibility of the single-particle is equal to O.
(2) If the particles spin are initially in the singlet state
(ITads) — 11aT8) / V2. The inter-distance of the two particles
is absent or does not result in different two-particle fringe
visibility. When the internal distance of the two particles
disappears, the value of the two-particle fringe visibility is 1.
For a nonzero internal distance, the two-particle fringe visi-
bility not only undergoes a constant process, but also
experiences first decrease and then increase during the time
evolution. Here, the fringe visibility of the single-particle is

also equal to 0. (3) When the particles are initially in the state
[Ta)+ 11a) ® [Ts)+ 11s)
J2 V2
ses as time increases and increases to 0.5 asymptotically. In
this case, the single-particle fringe visibility decreases, due to

, the two-particle fringe visibility increa-
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the interaction between the particle and the one-dimensional
array.
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