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LETTER TO THE EDITOR 

Ground state of a spin4 neutral particle with an anomalous 
magnetic moment in a two-dimensional electrostatic field 
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Institute of Spectroscopy, Academy o f  Sciences. Troitsk, Moscow Region 142092, Russia 

Received 20 December 1991 

Abstract. It i s  shown that a relativistic spin-f neutral particle with an anomalous magnetic 
moment moving in an x-y  plane in a two-dimensional electrostatic field: E =  
( E , ( ~ y ) , E , ( x , y ) , O )  has ( N - l ) - f a l d  degeneracy of the ground stale. The degree of 
degeneracy of the ground stale is defined by the value of the anomalous magnetic moment 
and a linear charge density of the filament creating this electrostatic field. 

Aharonov and Casher [ 11 have shown that, in the non-relativistic limit, the wavefunction 
of a neutral particle with an anomalous magnetic moment moving in a closed path 
which encircles an infinitely long filament carrying a uniform charge density, develops 
the phaseshift. Recently this phenomenon has been observed experimentally [2]. The 
similarities and differences between Aharonov-Casher and Aharonov-Bohm [3] effects 
are studied in [4-61 within the framework of classical mechanics and in [7,8] within 
the framework of quantum mechanics. In particular, there were noted some similarities 

(0, 0, B,(x, y ) )  and the Aharonov-Casher effect in a two-dimensional electrostatic field 
E = (E, (x ,  y ) ,  Ey(x,  y ) ,  0). Earlier, it was shown by Aharonov and Casher [9] that both 
the relativistic and non-relativistic spin-f charged particle moving in an x-y  plane 
under the influence of a perpendicular magnetic field B =  (0, 0, B,(x, y ) )  has ( N -  1)- 
fold degeneracy of the ground state. The degree of degeneracy of the ground state is 
defined by the total magnetic flux in units of quantum flux. Therefore, there appears ~~ 

to be some interest in considering the ground state of a spin-f neutral particle with an 
anomalous magnetic moment moving in an x-y plane in a two-dimensional electrostatic 
field E = (E, (x ,  y ) ,  EJx,  y ) ,  0 ) .  Here, we consider the relativistic case only, but the 
results hold true also in a non-relativistic case. The magnetic moment for a neutral 
particle is the anomalous one, so the Dirac equation for this particle includes interaction 
with the electromagnetic field only in Pauli‘s form [lo] and is as follows: 

beeace:: the zAAarc::c;~-Eeh~ effect in a P8c=dizexsicna! z-agxetic fie!& E = 

where c = h = 1, p is an anomalous magnetic moment, U’” =$( y’y” - y”y”)  and the 
Dirac matrices y’ are chosen in a standard representation. Considering stationary 
solutions of equation ( I ) ,  we have 

where A’=pTiE. 
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Consequently, the large 4, and small 42 components of the Dirac spinor 4 satisfy 
the factorized equations 

that is the large @, and small 42 components of the Dirac spinor 4 are supersymmetric 
partners [ll, 121. Equations (3) have identical energy spectra except for the ground 
state. When supersymmetry is unbroken, the ground state wavefunction with the ground 
state energy eigenvalue E 2 =  m2 is defined by one of the following: 

(a. A-)+, = 0 (40) 

(a. A+)& = 0. (4b) 
Since the electrostatic field has the form: E = (EJx, y ) .  Ey(x, y), 0) and we consider 

the motion oi a neutrai particie in the x-y piane ( p ,  = Oj, (4a) and (46) assume the 
following forms: 

The field strength is given by E,(& y )  = J,p(x, y), Ey(x, y) = -Jyp(x, y) and E, = 0, 
where the electrostatic potential satisfies the Laplace equation 

where u(x ,  y )  is the charge density per unit volume. We suppose that the charge is 
localized in some region on the x-y plane and is infinity in the z direction. 

After the substitutions 

Equations (Sa) and (5b)  lead to  

(J, + iuzJy)f(x, Y )  = 0 ( 8 0 )  

(J,+io;J,)g(x,y)=O. ( 8 6 )  

Thus f and g (or more exactly, the components off and g) are the entire functions 
of x+iy  and x-iy. To take into account the asymptotic behaviour of the exponents 
in (7a)  and (76) the conditions of the square-integrability of f  and g have the form 

where Aisthelinearchargedensity: A=Ju(t,  q)dtd9=22a/P(N+&),Nisaposit ive 
integer, 0 < & < 1. Hence, f or g must be a polynomial whose degree is no larger than 
N-1. Moreover, 4, and $2 are the components of the Dirac spinor 4, which are 
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connected due to system (2). Consequently, apart from the normalizablity off (or g) 
the other function g (or f )  should vanish. Therefore, in the case pA > 0 we find that 
& is a normalizable solution and from (2) we conclude that + I  = 0 only at E = -m. 
Analogously, in the case pA < 0, @ I  is a normalizable solution and & = 0 only at E = m 

Thus we have shown that a relativistic spin-; neutral particle with an anomalous 
magnetic moment moving in the x-y plane in a two-dimensional electrostatic field: 
E = (E,(& y ) ,  EJx, y), 0) has (N - 1)-fold degeneracy of the ground state. The degree 
of degeneracy of the ground state is defined by the value of the anomalous magnetic 
moment and a linear charge density of the filament creating this electrostatic field. 
Note, that in the three-dimensional central electrostatic field there is infinite degeneracy 
of the ground state [ 131. 

References 

[ I ]  Aharonov Y and Casher A 1984 Phys Rev. Lett 53 319 
[2] Cimmino A, Opat G I, Klein A G, Kaiser H, Werner S A, k i f  M and Clothier R 1989 Phys. Rev. Lett. 

[3] Aharanov Y and Bohm D 1959 Phys. Rev. 115 485 
[4] Boyer T H 1987 Phys. Re". A 36 5083 
[SI Aharonov Y, Pearle P and Vaidman L 1988 Phys. Rev. A 37 4052 
[6] Goldhaber A S 1989 Phys. Rev. Lerr. 62 482 
[7] Hagen C R 1990 P h y ~  Reu Letr. 64 2347 
[8] He X-G and McKellar B H 1 1991 Phys. Lett. 2568 250 
[9] Aharonov Y and Casher A 1979 Phys. Re". A 19 2461 

63 380 

[IO] Wuli W 1941 Rev. Mod. Phys. 13 203 
[ I l l  Moreno M, Martinez R and Zentella A 1990 Mod Phys. Lerl. A 5 949 
[IZ] Bccker J and Debergh N 1990 Phys. Rev. D 42 1255 
[I31 Semenav V V 1990 1. Phys. A: Moth. Gen. 23 L721 


