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Abstract. By using a generalized Bopp’s shift formulation, instead of the star product method, we inves-
tigate the Aharonov—Casher (AC) effect for a spin-1 neutral particle in non-commutative (NC) quantum
mechanics. After solving the Kemmer equations both on a non-commutative space and a non-commutative
phase space, we obtain the corrections to the topological phase of the AC effect for a spin-1 neutral particle

both on a NC space and a NC phase space.
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1 Introduction

Recently, there has been an increasing interest in the study
of physics on a non-commutative space. Apart from non-
commutative field theories, there are many papers de-
voted to the study of various aspects of quantum mechan-
ics on a NC space with the usual (commutative) time
coordinate [1-11]. For example, the Aharonov-Bohm phase
on a NC space and a NC phase space has been studied
in [1-6]. The Aharonov—Casher phase for a spin-1/2 par-
ticle on a NC space and a NC phase space has been studied
in [7, 8]. Some features of the AC effect for a spin-1 neutral
particle on a non-commutative space have been investigated
in [9] by using the star product formulation. It is interesting
to obtain the corrections to the topological phase of the AC
effect for a spin-1 neutral particle both on a NC space and
a NC phase space by using the new method in [6].

This article is organized as follows: in Sect. 2, by using
the Lagrangian formulation, we discuss the AC effect on
a commutative space. In Sect. 3, we study the AC effect
on a NC space and give a generalized formula of the AC
phase. In Sect. 4, a generalized formula of AC phase on
a NC phase space is given. The conclusions are presented in
the last section.

2 AC effect for spin-1 particles on
a commutative space-time

In this section, following [12], we review briefly the
Aharonov—Casher effect of a spin-1 particle on a commu-
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tative space time. The Lagrangian for a free spin-1 particle
of mass m is

L=¢(i8"9, —m) ¢, (1)
where the 10 x 10 matrices §¥ are a generalization of the

4 x 4 Dirac gamma matrices, and they can be chosen as
follows [12-15]:
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with j =1, 2, 3. The elements of the 10 x 10 matrices 3" are
given by the matrices
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0o=(000),
K?*=(010),

K'=(100),

K*=(001).

The above 3 matrices satisfy the following relation:
/BU/BA/B;) + ﬁpﬁkﬂu = ﬁvgkp + /Bpgw\ . (2)

Other algebraic properties of the Kemmer § matrices were
given in [13]; the metric tensor is g», = diag(1, —1, —1, —1).
The Kemmer equation of motion is

(i8"0y —m) ¢ =0. (3)

The Lagrangian for a spin-1 neutral particle with a mag-
netic dipole moment p,, interacting with the electromag-
netic field has the form

L=¢ (iﬂ”&, + %umSApF”’ - m) ¢, (4)

where F** is the field strength of the electromagnetic field;
S, is the Dirac o) ,-like spin operator, which can be de-
fined as

S0 = 5 (5785~ Bub) )

It follows that in the presence of an electromagnetic field,
the Kemmer equation of motion of a spin-1 neutral particle
with a magnetic moment p,, is

(igua,,juéumskppxp_m) $»=0. (6)

The aim is to find a solution of the above equation, which
can be written in the following form:

p=e it [ Aldrg, (7)

where ¢y is a solution of (3); the spin-1 pseudo-vector oper-
ator &, in (7) is defined as

£U = %ievkpoﬂ)\ﬁpﬁg ) (8)

where €, is the Levi-Civita symbol in four dimensions.
Now we need to find the explicit form of the vector A’ in
(7). To do this, first we write (3) for ¢ in terms of ¢:

(88, —m)elés S Adrg — g, 9)

Then the equivalence of (6) and (9) can be obtained by im-
posing the following two conditions:

e—i§3 fTA/drﬁl/eif;é fTA/-dr:IBu (10)
and
v I 1 Ap 0l
B ALY = SumSNF G = pmSuFT ¢ (11)
By comparing (10) with the Baker—Hausdorff formula,
e N8 576N = 5 4 o(—iN) s, ]
1 . y
+§@(_1/\)2 [537[&37/8 ]] ) (12)
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one obtains [¢3,3”] = 0; 9B in (12) stands for the path or-
dering of the integral in the phase. If v # 3 this commuta-
tion relation is automatically satisfied. For v = 3, by using
(2) and (8), one finds that the commutator does not vanish.
Therefore in order to fulfill the first condition, the particle
is restricted to move in the z—y plane, that is, p, = 0. In
particular, 93¢ = 0 and A} = 0. From the second condition
(11), by using (2), (5) and (8), one obtains

All = —2/J,mE2 y A/Q = 2/1,mE1 . (13)
Thus the AC phase for a neutral spin-1 particle moving
in a 2+ 1 space-time under the influence of a pure electric
field produced by a uniformly charged infinitely long fila-
ment perpendicular to the plane is

pac =¢&3 ]{ Aldr = 24,83 %(E1 dxe — Exdzy)

= 2im&se’® fEl dxy . (14)
The above equation can also be written as in [12]:
Pac 253]{A/dr:§3/5(v x A')dS
=2 [ (VE)AS =2unide. (19

where ). is the charge density of the filament. This spin-1
AC phase is a purely quantum mechanical effect and has no
classical interpretation. One may note that the AC phase
for spin-1 particles is exactly the same as in the case of
spin-1/2; except that the spin and spinor have changed.
The factor of two shows that the phase is twice that ac-
cumulated by a spin-1/2 particle with the same magnetic
dipole moment coupling constant, in the same electric field.

3 AC effect for spin-1 particles on
a non-commutative space

On a NC space the coordinate and momentum opera-
tors satisfy the following commutation relations (we take
h=c=1 unit):

[, 2] =104, [P, ] =0, [&i, 5] =105, (16)
where ©;; is an element of an antisymmetric matrix; it
is related to the energy scale and it represents the non-
commutativity of the NC space; &; and p; are the coordi-
nate and momentum operators on a NC space.

By replacing the usual product in (6) with a star prod-
uct (Moyal-Weyl product), the Kemmer equation for
a spin-1 neutral particle with a magnetic dipole moment
m, on the NC space, can be written as

<i,8”3,,+%um5>\pF)"’—m> xp=0. (17)
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The star product between two functions is defined by

(f %9)(x) = e2%9%:% f(z,)g(;)

= f@)g@)+ 300009 +O(E).

(18)

Here f(z) and g(x) are two arbitrary functions.

On a NC space the star product can be changed into an
ordinary product by a Bopp shift, that is, by shifting the
coordinates z, by

1
Ty = By =Ty — 5@,,)47/\ : (19)
Now, let us consider the non-commutative Kemmer equa-
tion (17). To replace the star product in (17) with an ordi-
nary product, the F, 5 must, up to the first order of the NC
parameter ©, be shifted [6] as
A 1
Fl/)\ — Fl/)\ = Fl/)\ + §@po—ppaaFVA ) (20)
which is equivalent to a Bopp shift (19). Then the Kemmer
equation on a NC space has the form

1 .
(iﬁ”@u—l— §umepF’\”—m) ¢=0. (21)
In a similar way as in the commuting space, the solution of
the above equation can also be written as

p=e it fTAldrcf?o- (22)

To determine A’ we write the free Kemmer equation as

(i870, —m)eiés [ Adrgy — (23)
The equivalence of (21) and (23) gives the following two
conditions:

e—i§3 I A/drﬂuei§3 JTi'dr :IBU (24)

and

By using the Baker—Hausdorff formula, (12), the first con-
dition (24) implies that [¢3, 6”] = 0. If v # 3, then this com-
mutation relation is automatically satisfied. For v = 3, by
using (2) and (8), one finds that the commutator does not
vanish. Therefore in order to fulfill the first condition we re-
strict ourselves to 2+ 1 space-time. In particular, 93¢ = 0
and A% = 0. From the second condition (25), by using (2),
(5) and (8), one obtains

N . 1 ..

AL = =20 P = =241y P = 2413, 50V p 0,
= —2p By — im0 ;0 By ,

A A 1 ..

Al = 24 FO' = 244, FO! + 2#m§@”piajF01

= 2//"m-El - Mm95”pzagEl ) (26)
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with O =¥, @ = OH0 =0; €7 = —¢/? and €2 = +1.
Thus the AC phase for a neutral spin-1 particle moving
in a 241 non-commutative space under the influence of
a pure electric field produced by a uniformly charged in-
finitely long filament perpendicular to the plane is

bac = &,%A’dr = 2#m£35lk%Eldxk

+,um§39£ij€lk fpi(“)jEl dzy, . (27)

In a similar way as in the spin-1 case [6,8], the momen-
tum on a NC space for a spin-1 neutral particle can also be
written as

pi =mu;+ (E x p); +O(0), (28)
where = 2u,,S, and S is the spin operator of spin-1. By
inserting (28) into (27), we have

oac = dac+ddncs, (29)

where ¢ac is the AC phase in (14) on a commuting
space; the additional phase d¢ncgs, related to the non-
commutativity of space, is given by

SpNes = pmésfe ™ %[kl —(uxE)|0, Eiday,
(30)

where k; = muv; is the wave number; £3 represents the spin
degrees of freedom. If the spin of the neutral particle is
along the z direction, namely, u = 2u,s3k, where k is
a unit vector in the z direction, then our results here are the
same as the result of [9], where the star product calculation
has been used.

4 AC effect for spin-1 particles on
a non-commutative phase space

In Sect. 3 we have investigated the AC effect for a neutral
spin-1 particle on a NC space, where space—-momentum,
and space—space are non-commuting, but momentum-mo-
mentum are commuting. Bose—Einstein statistics in non-
commutative quantum mechanics requires both space—
space and momentum-momentum to be non-commuting.
The NC space with non-commuting momentum-momen-
tum is called NC phase space. In this section we study the
AC phase on a NC phase space. On a NC phase space, the
commutation relation in (16) should be replaced by

i, Bj] =165 ,

where © is the antisymmetric matrix, and its elements
represent the non-commutative property of the momenta.
Then the Kemmer equation for the AC problem on a NC
phase space has the form

(31)

1
<_6Vpu+§,ums)\pFAp_m> *¢:0 (32)
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The star product in (32) on a NC phase space can be re-
placed by the usual product in two steps; first we need to
replace z; and p; by a generalized Bopp shift as

1
—0,,p,
o AP

R 1 -
Py — Py =ap, + — O\ ,
2¢

T, — T, =T, —
(33)

where « is the scaling parameter, and it is related to the
non-commutativity of the phase space via @0 = 4a2(a? —
1)-I, where I is a unit matrix. Then we also need to rewrite

the shift in (20) as
- 1
Foa —>.7—',,A:aF,,A+%9P"pP80F,,,\. (34)

Thus the Kemmer equation for the AC problem on a NC
phase space has the form

1 .
<_BV Au+ §Nmskpfkp_m> ¢:0 (35)
Since a # 0, the above equation can be written as
1 ~ 1
<_/8Upl/ - ﬁﬁyel»\:p)\ + i,ums)\p
1
x | FA 4+ —0p,0,F* ) —m/ | ¢=0, (36)
202

where m’ = m/a. We write the above equation in the fol-
lowing form:

ST 6, aa N da¥ +igs [T A’dr¢: 0
(37)

(—8”py —m') 307

To have equivalence of (36) and (37), we impose the follow-
ing two conditions:

e~ 183 Jr A'drﬂuei§3 JTA'dr =g (38)

and

. 1 . " .
~B'6s 40 = S-S, EN = ELSuFYg. (39)
a a

In an analogous way as in NC space, from (38) and (39) one
may obtain

~ 2 m 1 .
All — p’ F02 2/JJ F02 Qﬂm—QlinajF02
oY 202
mb
= _2/1"mE2 - M—E pza E2 )
. 2,um 1
Al = T pOL — 9y FOL 4 2550 Ip;0; FO

m0
- 2,UmE1 + —05”1718 El )
i, =0. (40)

Thus the AC phase for a neutral spin-1 particle moving in
a 2+ 1 non-commutative phase space under the influence
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of a pure electric field produced by a uniformly charged in-
finitely long filament perpendicular to the plane is given by

1 - .
PAC = 20 % Chva dw”—!—f:s%fl/dr

=552 s”xjdxl+2,um§35 %Eldxk

+ﬂm£3¥6”6 ]{pz'ajEz day . (41)
By pi =k + (Ex p); +0O(0), ki =mlv;, with u=2u,,S,
one obtains

c = ¢ac +Ipncs +IPneps (42)
where ¢ac is the AC phase in (14) on a commuting space;
dpNnes is the space—space non-commuting contribution to
the AC phase in (14), and its explicit form is given in (30);
the last term dédncps is the momentum—momentum non-
commuting contribution to the AC phase in (14), and it has
the form

ij 1 ij 1k
dgncps = a2 Pe Jajda; + (ﬁ — 1) Um0 e

% f [k, — (4 x E);] 0, By day., (43)
which represents the non-commutativity of the momenta.
The first term in (43) comes from the momentum-momen-
tum non-commutativity; the second term is a velocity de-
pendent correction, which does not have the topological
properties of the commutative AC effect and could modify
the phase shift; the third term is a correction to the vortex; it
does not contribute to the line spectrum. In the two dimen-
sional non-commutative plane, @” = 96”, and the two NC
parameters 6 and  are related by 0 = 4a?(1 —a?)/6 [11].
When a = 1, which leads to 9” =0, the AC phase onaNC
phase space case reduces to the AC phase on a NC space
case, i.e. d¢pncps = 0 and (42) changes into (29).

5 Conclusions

In this paper in order to study the AC effect both on
anon-commutative space and on a non-commutative phase
space, we use the shift method, instead of the star prod-
uct formulation. Our shift method is equivalent to the star
product method, i.e., the Kemmer equation with star prod-
uct can be replaced by a Bopp shift together with the shift
that we defined in (20) for a NC space and in (34) for
a NC phase space. The additional AC phase in (29) on
a NC space is the same as the result of [9], where the star
product method has been used. Furthermore, by consid-
ering the momentum—momentum non-commutativity we
obtained the NC phase space corrections to the topological
phase of the AC effect for a spin-1 neutral particle. We note
that the corrections (30) and (43) to the topological phase
(14) or (15) of the AC effect for a spin-1 neutral particle
both on a NC space and a NC phase space can be ob-
tained from spin-1/2 corrections through the replacement
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%70012 — £3. One may conclude that, apart from the spin

operators, the AC phase for a higher spin neutral particle
is the same as in the cases of spin-1/2 and spin-1 in non-
commutative quantum mechanics.
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