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Abstract When a dyon encircles an infinitely-long solenoid enclosing uniform electric and magnetic fields, its wave function
accumulates a duality-invariant quantum phase, which is topological because it depends on a winding number and is nonlocal
because the enclosed fields act on the dyon in regions where these fields vanish. Here, we derive this dyon phase and show how its
duality symmetry unifies the Aharonov-Bohm phase with its dual phase. We obtain the energy levels, the two-slit interference shift,
and the scattering amplitude associated with the duality-invariant quantum phase. Assuming that the dyon has spin 1/2, we show
that this spin does not affect the introduced phase. We argue that a spin 1/2 dyon has electric and magnetic moments, the former
being greater than the latter because of the Schwinger-Zwanziger quantisation condition.

1 Introduction

In quantum mechanics it is well-known that the wave function of a particle having the electric charge g and encircling an infinitely-
long solenoid enclosing a uniform magnetic flux @, accumulates the Aharonov-Bohm (AB) phase [1]: o = nq®,, /(hc), which is
topological because it depends on the winding number n and is nonlocal because the magnetic field of the solenoid acts on the electric
charge in regions where this field is excluded. Less known is the fact that quantum mechanics also predicts that the wave function of
a particle having a magnetic charge g (a magnetic monopole) and encircling an infinitely-long solenoid enclosing a uniform electric
flux @, accumulates the dual of the Aharonov-Bohm (DAB)! phase [2, 3]: dpap = —ng®./(hc), which is also topological because
it depends on the winding number 7 and is nonlocal because the electric field of the solenoid acts on the magnetic charge in regions
where this field vanishes. If we make the dual changes: ¢ — g and ®@,, — —®, into the AB phase then we obtain the DAB phase.

Given the phases 64 and dpap, we could envision a more general phase ép by simply adding both phases: dp = daB + dpaB, or
in more explicit terms,

8 = (g ®n — gPo). ()
The picture of the electromagnetic configuration associated with the envisioned phase §p would consist of a dyon [6—8] with electric
charge ¢ and magnetic charge g encircling an infinitely-long solenoid enclosing a uniform magnetic flux &,, and a uniform electric
flux @, (see Fig. 1).

Put in other words, one could conjecture that quantum mechanics also predicts the existence of the phase §p, which has the
theoretical appeal of being duality invariant, i.e., the phase dp is invariant under the dual changes: ¢ — g, g —> —¢q, P = — P,
and @, — &,,, or more generally, under the U(1) duality transformations: ¢ +ig = e % (¢’ +ig’) and @, +i®,, = e 0 (@, +i D)),
where 6 is an arbitrary angle.

On the other hand, the existence of the phase dp is supported by semi-classical considerations based on the recently discussed
correspondence between topological electromagnetic quantum phases and topological electromagnetic angular momenta [9, 10]. It
has been shown [9] that the configuration formed by an electric charge ¢ encircling an infinitely-long solenoid enclosing a uniform
magnetic flux @,, accumulates an electromagnetic angular momentum L, = nq®,,/(2m c), which can be considered as the classical
counterpart of the AB phase: 8aog = ng®,,/(ic), being both quantities connected by? a5 = 27 L, /h. Similarly, it has been shown
[10] that the configuration formed by a magnetic charge g encircling an infinitely-long solenoid enclosing a uniform electric flux &,
accumulates an electromagnetic angular momentum L, = —ng®, /(27 c) and this can be considered as the classical counterpart of
the DAB phase dpap = —ng®./(hc), being both quantities connected by épap = 27 L /hi. Moreover, it was also demonstrated [10]

1 Several physicists often refer to the Aharonov-Casher phase [4]: §poc = 47 ke /(hic), in which a magnetic moment of magnitude © moves around, and
parallel to, an infinitely long rod possessing the linear electric charge density A, as the dual of the AB phase (see, for example, Ref. [5]). However, this
affirmation is formally incorrect because there is no consistent electromagnetic duality between electric charges and magnetic dipoles.

2 To our knowledge, the relation §pAg = 2 Ly /h was first pointed out by Maeda and Shizuya [11] and subsequently by [12].
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Fig. 1 A dyon encircling a dual solenoid enclosing electric and magnetic fluxes accumulates a duality-invariant quantum phase which is topological and
nonlocal

that a dyon encircling an infinitely-long solenoid enclosing uniform electric and magnetic fields accumulates the electromagnetic
angular momentum L, = n(q®,, —g®P.)/(2mc). Considering the relations o = 27 L, /h and dpap = 2 L¢/h we can conjecture
the validity of the relation p = 27 L, /h, which would imply the existence of the phase dp given in Eq. (1).

However, the formal quantum mechanical derivation of the duality-invariant phase dp is not as simple as it might seem at first
sight for the following reason: while the Hamiltonians associated to the Schrédinger equations that predict the phases §aop and épap
are easy to construct, the Hamiltonian corresponding to the Schrédinger equation that would predict the duality-invariant phase ép
is not easy to elucidate because there is no canonical (local) Lagrangian formulation of a dyon interacting with given electric and
magnetic fields [13, 14]. But this well-known problem does not preclude us to consider the idea of a nonlocal Lagrangian formulation
with the purpose to derive the phase dp.

In this paper we suggest a nonlocal Lagrangian for a dyon interacting with the electric and magnetic fields of an infinitely-long
“dual” solenoid enclosing a uniform magnetic flux @,, and a uniform electric flux @,. We make use of the associated Hamiltonian
to construct the corresponding Schrodinger equation associated with a dyon in the region outside the dual solenoid. We then solve
this equation and show how the wave function of a dyon encircling the dual solenoid accumulates the duality-invariant quantum
phase dp. We point out that this phase is topological because it depends on the winding number 7 and is nonlocal because the fields
of the dual solenoid act on the dyon in a region where these fields are zero. We explicitly demonstrate how the duality symmetry of
the phase §p provides a unified model of the phases §ap and épap and suggest different physical interpretations of the AB phase.
We then obtain the energy levels, the two-slit interference shift, and the scattering amplitude associated with the phase dp. Next, we
discuss the role of the spin of the dyon and suggest that if the dyon is a fermion of spin 1/2, then the phase dp is insensitive to the
presence of the dyon spin. Finally, we argue that a spin 1/2 dyon has electric and magnetic moments and that former is greater than
the latter when considering the Schwinger-Zwanziger quantisation condition.

2 The potentials of a dual solenoid

Consider an infinitely-long dual solenoid of radius R that confines its electric and magnetic fields. We choose the z-axis to be the
axis of the dual solenoid and adopt Gaussian units as well as cylindrical coordinates (p, ¢, z). The classical electromagnetism of
this configuration is discussed in detail in Ref. [10]. We will present here only the main results. The magnetic and electric fields are
given by

_ d)m@(R - P)

_ PO(R - p),
7 R? o z

B
7 R?

2, E , (2)

where @, = mR?B and ®, = wR?E are the magnetic and electric fluxes through the dual solenoid, with B and E being the
magnitudes of the fields inside the dual solenoid, and @ is the Heaviside step function. Inside the dual solenoid (o < R) we have
©® = 1 and the fields take the constant values By, = ®&,z/( R?) and Ej, = Dez/(m R?) while outside the dual solenoid (0o > R)
we have ® = 0 and the fields vanish By, = 0 and Eqy¢ = 0. At the surface of the dual solenoid (o = R) the fields are not defined
due to the step function discontinuity. However, an appropriate regularisation yields B(R) = 0 and E(R) = 0, indicating that these
fields are continuous at p = R [10]. The fields of the dual solenoid are connected with their corresponding potentials by the relations
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B=VxAandE = —V x C, where A is the magnetic vector potential and C is the electric vector potential. If we adopt the
Coulomb gauge conditions V - A = 0 and V - C = 0 these potentials can be written as [10]
O[O —R O(R — A P.[O(—R O(R — A
_ %[O =R) pOR=p) $ c=_2e (b= R) POR=p) é 3)
2 o R? 2 0 R?

Inside the dual solenoid (p < R) we have ®(p — R) = 0 and ®(R — p) = 1 and the potentials in Eq. (3) reduce to Aj, =
p@m/(ZnR2)4; and Cij, = —pP./(2r Rz)ti. These potentials satisfy the relations V x Aj, = ®nz/(wR?) and —V x Cj, =
®.7/(7 R?) in agreement with the expressions for the constant magnetic and electric fields inside the dual solenoid. Outside the dual
solenoid (p > R) we have ®(p — R) = 1 and & (R — p) = 0 and the potentials in Eq. (3) reduce to

P ¢ X
Ao = ==, Cou=—5--, )
2w p 2w p
which satisfy V x Agy = 0 and —V x Cgy = 0 in agreement with the value of the fields outside the dual solenoid. At the surface
of this solenoid (p = R), the potentials are not defined due to the discontinuity of the step function. However, after an appropriate
regularisation it can be shown that A(R) = @¢/(27 R) and C(R) = —®.¢/(2 R), indicating that the potentials are continuous

at p = R [10]. Since the potentials Ay, and Coy are irrotational, then they can be expressed as
Ao = Vyx, Cou = VE, 5)

where § = —®.¢/(2m) and x = Pp¢/(27) are multi-valued functions, i.e., the functions & and x violate the Schwarz integrability
condition according to which the crossed second partial derivatives applied to & and x do not commute: (3797 — 97/9%)¢ # 0 and
(8797 — 879" x # 0, where index notation has been adopted and summation of repeated indices is understood (see, for example,
Refs. [15] and [16] for a discussion of this criteria of multi-valued functions in the context of the AB effect and the Dirac monopole,
respectively).

3 Hamiltonian formulation

The classical interaction of the fields of the dual solenoid with a non-relativistic dyon of mass m and having the charges ¢ and g is

described by the generalised Lorentz force
X X
F:q(E+7xB>+g<B—7xE>, (6)
c c

where X = dx/dt is the velocity of the dyon and F = m% with X = d?x/d? being the dyon’s acceleration. When one tries to
construct a Hamiltonian associated with the generalised Lorentz force, we have to face the fact that there is no canonical (local)
Hamiltonian that yields the generalised Lorentz force in Eq. (6) [13, 14]. This seems to be an impossibility of the standard Lagrangian
and Hamiltonian treatments, which shows the limitation of these methods for certain types of forces. In other words, not all forces of
the form F = mX can be obtained from a local Lagrangian or Hamiltonian.

However, this inconvenience does not prevent us from looking for a specific nonlocal Hamiltonian that could lead to the force in
Eq. (6). With this purpose, consider the nonlocal Lagrangian

. mx* X X ,
L(x;Xg, X) = - + o [qA(x) + gC(x)] +/ [gB(x) + ¢E(X)] - dx, @
X0

where the fields E and B are the fields of the dual solenoid given by Eq. (2) and the corresponding potentials A and C are given by
Eq. (3). The line integral in the Lagrangian is taken along a fixed reference point Xg to the variable point x representing the position
of the dyon. This line integral accounts for a nonlocal term in the Lagrangian in that this term depends on the values at x and xg. In
Appendix A, we show that the corresponding Euler-Lagrange equations yield the force

F:q<E+§xB>+g<B—§xE>+FS, ®)
c c
where Fj is a singular nonlocal term defined only on the surface of the dual solenoid and given by

Fs = k(z0 — 2)8(p — R)p, ®

where k = (q®e +gPm)/(w R?). This singular surface term is shown to vanish after an appropriate regularisation. First, we observe
that if the dyon is not on the surface of the dual solenoid (o # R) then Fy = 0. If the dyon approaches infinitely close to the dual
solenoid (o0 — R) then Fy = 0 because lim §(R — p) = 0 as p — R. On the other hand, if the dyon is on the surface of the dual
solenoid (p = R) then F becomes singular. However, we may treat this singularity with a regularisation of Eq. (9). This is done by
letting p — p + ¢ where ¢ > 0 is an infinitesimal quantity, obtaining

Fs =« (20 —2) 31_1365[(P+8)—R]ﬁ- (10)
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When p = R we obtain
Fs =k (z0 — 2) lim 8(e)p = 0, (11)
e—0

because lim §(¢) = 0 as ¢ — 0. We conclude that singular term Fg vanishes in all space and therefore the nonlocal Lagrangian
in Eq. (7) yields the correct expression for the generalised Lorentz force. Using Eq. (7) we obtain the canonical momentum
oL/0x = p = mx + (gA + gC)/c which gives x = [p — (qA + gC)/c]/m. This result and H = p - X — L gives the corresponding
nonlocal Hamiltonian

1 1 2 X
H(x;xg,p) = . (p - ;[qA(X) + gC(X)]) - / [gB(x) + gE(X)] - dX. (12)
X0

In the region outside the dual solenoid (p > R), we have Boy = 0 and Eqy; = 0 while Agy # 0 and Coy # 0, and therefore the
nonlocal Hamiltonian in Eq. (12) reduces to the local form

1 1 2

H = 7<p_ 7(quut+gC0ut)> . (13)
2m c

Interestingly, the Hamiltonian in Eq. (12) is globally nonlocal but can be local if it is considered in the region outside the dual

solenoid. The local Hamiltonian in Eq. (13) is suitable to describe the quantum mechanics of a dyon outside the dual solenoid as

we will see in the next section.

4 The quantum phase of a dyon

Consider a non-relativistic and spinless dyon encircling the dual solenoid (see Fig. 1). The canonical substitution p — —iAV in
Eq. (13) gives the corresponding time-dependent Schrodinger equation
w1 1 :
ih— = —(—ihV— f(quut+gCom)> v+ VY, (14)
ot 2m c
where V is a potential associated with a mechanical force that keeps the dyon encircling the dual solenoid. The nature of this force
is not relevant for our analysis as long as it keeps the dyon encircling the dual solenoid.® Since the vector potentials in Eq. (14)
can be written as the gradients of scalar functions as seen in Eq. (5), then a solution of Eq. (14) can be obtained by multiplying the
solution ¥y which satisfies Eq. (14) when Agy = 0 and Cyye = 0, by a suitable phase factor

lI/(X, t) — ei/(hc)fr(quul“’gCout)'dxllI/O(x’ t), (15)

where the line integral in the phase is taken along the dyon path I" from a fixed reference point O to the variable point x. Equation (15)
assumes that the points O and X never lie on the dual solenoid while the path I" never crosses it. As the dyon continuously encircles
the dual solenoid, it follows that any dyon path I" can be decomposed as I" = C + y where C is any closed path that accounts for
the number of times the dyon encircles the dual solenoid and y is any non-closed path that accounts for the open trajectory that the
dyon takes before completing another turn around the dual solenoid. It is pertinent to say that a similar decomposition was discussed
in the context of the AB phase [15]. It then follows that the line integral in the phase in Eq. (15) can be written as

f (qAout + gCout) - dx' = % (qAout + gCout) - dx' + / (qAout + gCout) - dx'. (16)
r c Y
To evaluate the circulation let us consider the following result demonstrated in Ref. [10]:
;| n(@m — D) if C encloses the dual solenoid
 ou+ Can) - = {0 e encle (a7
where 7 is the winding number of the path C. Using Eqgs. (16) and (17) we can write
(X, 1) = I:ein(qQﬁm—g(be)/(hc)]ei/(ﬁc) fy(l{Amul"’gCOul)'dx/ Wo(x. 1), (18)

which states that after the dyon takes » turns around the dual solenoid, its wave function picks up the phase factor e’ n(qPm—gPe)/(he)
and it accumulates the phase

n
o = —(gPm — gPe). (19)
hc

3 We should note that many treatments on the AB phase do not include a potential V' associated with a force that keeps the particle with electric charge ¢
moving around the magnetic solenoid. This is because the inclusion of such a potential is not necessary for the derivation of the AB phase. Similarly, the
derivation of the phase dp does not require the inclusion of a potential V. However, we have included this potential in Eq. (14) for completeness in the
description of the system.
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The phase dp is topological because it depends on a winding number n, which identifies with the number of times the dyon encircles
the dual solenoid. The phase ép also reflects a nonlocal interaction in that the fields of the dual solenoid act on the dyon in a region
for which these fields are zero. A further feature of the phase ép is its electromagnetic duality. This symmetry and some of its
consequences will be discussed in the next section.

5 Duality symmetry of the quantum phase §p

It is easy to see that the phase §p in Eq. (19) is invariant under the simultaneous application of the set of duality transformation of
charges {g — g, § — —q} and the set of duality transformations of fluxes {®, - —®., P — Pp}. We note that both sets of
transformations are independent because the charges ¢ and g of the dyon are specified independently from the fluxes @ and @,
of the dual solenoid. Accordingly, the duality symmetry of the phase dp corresponds to a dyon/dual-solenoid composite. We can
generalise the discrete duality symmetry of the phase dp through the set of U(1) electromagnetic duality transformations given by

g+ig=e"0(G +ig), Pe+iPy=e"0 (@, +id)), (20)
where 6 is an arbitrary real angle. The transformations in Eq. (20) can explicitly be written as
q =g cos +g'sind, g = —q'sinf + g cosh, 21
D =D, cosl + D, sinh, Py =—P.sinf+ P, cosb, (22)
and their corresponding inverse transformations read
g =qcosh — gsinb, g =qsinf +gcosb, (23)
D, =P cos — Py sinfh, D = P sinf + Pp, cosb. 24)
Using Egs. (21) and (22) we obtain the duality invariant relation
qPm — 8P = q' Py, — g'PL. (25)
Considering this relation we can directly see that the phase p is duality invariant:
80 = = (qPm — §Pe) = 3-(q'P}, — 8'P)) = 8. (26)

which shows that the phase ép is invariant under the continuous duality symmetry specified by the transformations in Eq. (20).
By exploiting the arbitrariness of the angle 6, we can show that the phase §p = n(¢g®m — gP.)/(hc) unifies the AB phase
3AB = nqPm/(hc) and the DAB phase dpap = —ng®e/(hc).
We have two procedures to obtain o from dp. In the first procedure, we assume that all dyons have the same ratio of magnetic
to electric charge: g’/q’= constant. Since 6 is arbitrary, we can fix this angle to satisfy
!
& —tano, 7
q
which implies & = tan"!(g’/¢’). The condition in Eq. (27) and the second transformation in Eq. (21) imply the vanishing of the
magnetic charge g of the dyon

/ /
g = —q'sinf + g cosh = —¢q’sin |:tan_1 <§)i| + g cos |:tan_1 <§>i|

/ !

8 8
= — + = 0
V@ /a?+1 g laP+1
where we have used the trigonometric relation sin[tan~!(a /b)] = a/(by/(a/b)?>+1) together with cos[tan™!(a /b)] =
1/4/(a/b)* + 1. Using Eq. (28) the transformations in Eq. (23) become

(28)

q =gqgcosh, g =gsinb. (29)
Using Egs. (29) and (22) it follows
q' P, — g P, =q(—P.sin6 + P], cos ) = qPn,. (30)
Using Eq. (30) the phase §p reduces to the phase ap for the angle specified by Eq. (27)
5p — [w] _ 1P _ g 31
he o=an-lg'/q) D€
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In the second procedure, we assume that the ratio of the electric to magnetic fluxes is a constant quantity. Since 0 is arbitrary, we
can fix this angle to satisfy

/

)]
¢ — —tand, (32)
D,

which implies 6 = tan™! (—®./®;). The condition in Eq. (32) and the first transformation in Eq. (22) imply the vanishing of the
electric flux @, of the dual solenoid

oy oy
@, =P, cosf + @), sinh = P, cos [cot’1 (— i)] + @, cos [cot’l (— l)]
P/ P!
e e
?; P,

_ — 33
V@2 +1 (@, /P ) +1 33)

where we have used the trigonometric relation Cos[cot_](—a/b)] = 1/4/(b/a)? +1 together with sin[cot_l(—a/b)] =
—b/(a+/(b/a)* + 1), and thus the transformations in Eq. (24) become

@, = — Pysinh, D) = Ppycosh, 34)
which combine with the transformations in Eq. (21) to yield the result
G D, — gD, =(q cosO + g sin0)Py, = qPp,. (35)
Equation (35) implies that the phase §p originates the phase §ap for the angle specified by Eq. (32)
ng®dmy

/®/ _ /¢/
5p — [n(q m—& e)i| _ . (36)
he O=tan~! (=P, /P},) he

Following similar procedures to those used to obtain Egs. (31) and (36), we can show the results

_ _ng<15e

‘D! — o/ D!

SD:[—”(q m 8 e)] = = 3paB. (37
hC Gzcot’l(—g’/q’) he
/(p/ _ /(p/ (p

P =[—”(" n=8 e)] SR L (38)
he O=cot=1(®/®},) he

for the fixed angles @ = cot™!(—g’/q’) and 6 = cot (&, /®] ), which are two angles that allow us to derive the phase §pap from
the phase ép.

We can now draw the lessons we have learned about the electromagnetic duality of the phase ép. From Egs. (31) and (36), and
Eqgs. (37) and (38) we can see how the U(1) duality symmetry of the phase 6p shows its unifying property: for the angle defined by
6 = tan~'(g’/¢’) the magnetic charge of the dyon vanishes g = 0 and therefore the phase 8p reduces to the AB phase §op, whereas
for the angle defined by 6 = tan™! (—P./®],) the electric flux of the dual solenoid vanishes @, = 0 and the phase p also reduces
to the AB phase 8ap. Similarly, for the angle & = cot™!(—g’/q’) the electric charge of the dyon vanishes ¢ = 0 and the phase &p
reduces to the DAB phase 8pap, Whereas for the angle = cot™!(®//®/) the magnetic flux of the dual solenoid vanishes and the
phase dp also reduces to the DAB phase dpap. Accordingly, we may write in a slightly different notation

/
5p(61) = aB. 61 = tan™! (g—>

q /
8p(62) = 8aB, 6> = tan™! (— %)
55(0) = i (39)
5p(03) = Spas, 63 = cot™! (— g—,)
o
8p(04) = SpaB, 04 = cot™! <(p;>

Equation (39) shows that the phase §p depends on the angle 6, i.e., dp = §p(#), but when we fix this angle for the values specified
by 61 and 6, then this phase reduces to the AB phase 5p, whereas if we fix the angle for the values specified by 8, and 65, the
phase 6p becomes the DAB phase dpag. This unifying property is represented in Fig. 2.
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op(0)

05 0, 01 0o

ODAB OAB

Fig. 2 The duality symmetry of the phase dp(6) provides a unified model of the AB and DAB phases. For the angle defined either by 0] = tan ! (&'/q") or
6, = tan~! (=, /@/,), the phase 5p(6) becomes the AB phase 54, and for the angle 6 defined either by 63 = cot~!(—g’/q") or 64 = cot= (@, /®),), the
phase 5p(0) becomes the DAB phase dpap

Table 1 Interpretations of the AB phase supported by electromagnetic duality. In the standard nonlocal interpretation the magnetic flux @, of the solenoid
has a nonlocal action on the electric charge g. In a first dual interpretation the magnetic flux @, has a nonlocal action on the electric charge ¢’ = ¢ cos 6 and
magnetic charge g’ = g sin6 of a dyon. In a second dual interpretation the fluxes @;, = @, cos @ and @, = — ®,, sin 6 of a dual solenoid have a nonlocal
action on the electric charge ¢

Interpretation AB phase
Standard (nonlocal) SAB =1 q}q;m
c

Dual 1 (nonlocal) Sap 1 D% + g7
he

Dual 2 (nonlocal) 5 q+/ dﬁéz + d)/,%

AB =N—"7F—"—

he

6 Interpretations of the Aharonov-Bohm phase in the light of duality

Electromagnetic duality allows different interpretations of the AB phase. To see this, consider Eq. (29) which holds when g = 0

and implies the beautiful relation
g =+/q?+g"”. (40)

Multiplying this equation by n®,, /(hic), we obtain an alternative expression for the AB phase

qPm g%+ g% P

SAB =1 e = n e . 41
According to this expression, the AB phase can be originated either by the nonlocal action of the magnetic flux @y, on the charge ¢
(first equality) or by the nonlocal action of the magnetic flux @y, on a dyon having the electric charge ¢’ = ¢ cos 6 and the magnetic
charge g’ = ¢ sin0 (second equality). The first equality in Eq. (41) gives the usual nonlocal interpretation of the AB phase (see,
for example, Ref. [10] for a discussion of this interpretation), whereas the second equality gives a nonlocal interpretation based on
electromagnetic duality.

Analogously, from Eq. (34), which holds when @, = 0, it follows the duality-invariant relation

Py = /P2 + D2 (42)

q®nm q,/q)éz + (Drﬁ 43)

Multiplying this equation by ng /(hc) it follows

6 = =
AB =1 he " he
This expression tells us that the AB phase can be originated either by the nonlocal action of the magnetic flux @y, on the charge
q (first equality) or by the nonlocal action of the fluxes @, = — &, sind and @) = Py, cosd of a dual solenoid on the electric

charge g. The first equality in Eq. (43) gives the usual nonlocal interpretation of the AB phase, whereas the second equality gives a
second nonlocal interpretation supported by electromagnetic duality. The standard nonlocal interpretation of the AB phase and the
interpretations supported by the second equalities in Eqs. (41) and (43) are shown in Table 1. We note that similar interpretations
hold for the phase épaB-

What do we make of Eqgs. (41) and (43)? The lesson we can draw here is that electromagnetic duality shows that it is a matter of
convention to speak of electric charges and magnetic fluxes, and not of dyons and dual fluxes. Conventionally, we say that a charged
particle has the electric charge ¢ # 0 and the magnetic charge g = 0, but with equal right, we can say that a charged particle has the
electric charge ¢’ = ¢ cos 6 and the magnetic charge g’ = ¢ sin 6 with 0 specified by Eq. (27). Analogously, we say conventionally
that a flux tube is specified by the magnetic flux @,, # 0 and the electric flux @, = 0, but with equal right, we can say that a flux
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tube has the magnetic flux @;, = @,, cos 6 and the electric flux @, = —&,, sin @ with 6 specified by Eq. (32). In this regard, duality
allows equivalent descriptions of the same theory.

7 Energy levels, two-slit interference shift, and scattering amplitude

The similarity between the Hamiltonian in Eq. (13) and the AB Hamiltonian due to a particle with charge ¢ and mass M propagating

outside an infinitely-long solenoid can be exploited to obtain some relevant quantities associated with the phase §p. To see this,
consider the AB Hamiltonian operator

-~ 1 . q 2

1QBZEM<—mV—;Aw>+V. (44)
This operator can be written as

_ 1 :

Hap = M ( —ihV — LqV¢> +V, (45)

where L; = g®m/(27c) is the electromagnetic angular momentum of the configuration formed by a charge encircling an infinitely-
long solenoid [9]. Consider now the Hamiltonian operator

1 1 :
Hp = 7( —ihV — —(qAou + gcout)) +V, (46)
2m c
which corresponds to the Schrédinger equation in Eq. (14). We can write this operator as
1 :

where Lge = (¢Pm — gPe)/(27c) is the electromagnetic angular momentum of the configuration formed by a dyon encircling an
infinitely-long dual solenoid [10]. We observe that H 'aB in Eq. (44) and HD in Eq. (47) have the same form modulo that the former
1nv01ves L, and M and the latter L,, and m. It then follows that we can obtain the quantum effects corresponding to the operator
Hp from the quantum effects associated with the operator Hag by making the replacements

Ly — Lgg, M — m. (48)

These replacements provide a simple approach through which we can obtain quantities associated to the dyon phase §p from
quantities associated to the AB phase 5ap. Here we will use this method in three specific examples: (i) the energy levels of a dyon
encircling the dual solenoid, (ii) the two-slit interference shift due to dyons propagating outside the dual solenoid, and (iii) the
scattering amplitude due to dyons propagating outside the dual solenoid. We will then see how the results (i)-(iii) hold in the limit
of a vanishing radius of a dual solenoid, i.e., a dual flux line.

7.1 Energy Levels

The energy levels of the configuration formed by an electric charge encircling an infinitely-long solenoid of radius R and whose
motion is constrained in a circle of fixed radius b are well-known and can be expressed in terms of its associated electromagnetic

angular momentum as
h? L,
E,=——( u-=2), 49
nT oMp? (“ n ) “9)

where p is an integer. If we make the substitutions in Eq. (48) into Eq. (49) and insert explicitly Ly; = (¢ P — gP.)/(27c), then
we obtain the energy levels

h? @GP — 8P)
E, = — s 50
B 2mb? (M 27 he ) 50)

which correspond to the configuration formed by a dyon encircling a dual solenoid (see Fig. 3).

7.2 Two-slit interference shift

Consider a two-slit interference effect in which identical particles having the electric charge ¢ propagate from a source, pass through
two slits on a first screen and are detected on a second screen. If an infinitely-long solenoid that confines its magnetic field is placed

@ Springer



Eur. Phys. J. Plus (2023) 138:329 Page 9 of 16 329

A um
\\\\\\\\\\\\\\\\\\\\\\ iy, .

W,

7 b d9
iy i

///////I//////NJHWMMMIIIIII

Fig. 3 The energy levels of the configuration formed by a dyon encircling an infinitely-long solenoid whose motion is constrained in a circle of fixed radius
b depends on the confined electric and magnetic fluxes even though the dyon lies in a region inaccessible to these fluxes
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Fig. 4 Quantum interference effect of dyons. Dashed lines indicate dyon paths without the dual solenoid and continuous lines indicate dyon paths in the
presence of the dual solenoid. The interference pattern is shifted by the amount Ap

between the two screens then there is an extra shift detected on the second screen. This shift has been calculated in detailed by Kobe
[17] and in terms of the electromagnetic angular momentum can be written as

Lx

= 1
dn- v oD

AaB =

where d is the distance between the two slits on the first screen, L is the distance between the two screens, and A = h/(mv) is the de
Broglie wavelength of the electrically charged particle having the velocity v. If we make the substitutions in Eq. (48) into Eq. (50)
and insert explicitly L,y = (@ — gP.)/ (27 c) then we obtain the shift

Lr (qPm — gP.)

A:
D= o he

(52)

which correspond to the two-slit interference shift due to identical dyons propagating outside a dual solenoid (see Fig. 4), where
now A = h/(mv) is the de Broglie wavelength of the dyon.

7.3 Scattering amplitude

Consider a particle with charge g whose wave function is being scattered in the x —y plane outside an infinitely-long and impenetrable
cylindrical shell of radius R and centred along the z-axis. Inside the impenetrable cylindrical shell lies an infinitely-long solenoid of
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radius R that confines its magnetic field. Afanasiev [18] has calculated the corresponding scattering amplitude owed by the confined
magnetic flux, which can be written in terms of the electromagnetic angular momentum as

eine [ HOUR) H? . (kR)
in(ul—~lp—Lq/hl) __IH—Le/PI" " 53
faB(@) = Z m[ (1)(/('R) —-¢ ! H(l) ', /hl(kR)j| (>3)

where H |( |) is the Hankel functions of the first kind, Hl(m) is the Hankel function of the second kind, (4 is an integer, and k = /2M E / h?
is the magnitude of the wave vector with E being the energy associated to the corresponding time-independent Schrodinger equation.
Using Eq. (48) in Eq. (53) and inserting Lo = (¢®; — gP.)/(2mc), we obtain the scattering amplitude

<2> @)
o) = Z o { u R) el‘ﬂ(\m—m—w%—g¢e>/(2nm->|)Hlﬂ <'1¢mé’¢e>/(2”h")(km} (54)
= ik | gD ©) ’
p=—00 H),|(kR) Hy” (o, —g00)/@nho)kR)

which correspond to a dyon scattered in x — y plane outside a dual solenoid (see Fig. 5), where k = /2m E /h? is the magnitude
of the wave vector of the dyon with E denoting the energy associated to the corresponding time-independent Schrédinger equation.
The corresponding differential scattering cross section do/d §2 is related to scattering amplitude by do/d 2 = | fp|?, where o is the
total cross section and §2 the associated solid angle by which the dyon’s wave function scatters into. Using Eq. (54) this differential
scattering cross section is given by

R @ 2
do 1 Z H,|(kR) ein(m|—|u—(q<l>m—g<1>e)/(271hc)|)H|l/- (@ —500)/rhe) KT 55
- (l) 6
a2 2mk], T Hy,((kR) Hy,\” (4, —g0)/nho)kR)

Equation (55) is admittedly cumbersome. However, we will see in the next subsection that when we assume a dual solenoid of
vanishing radius R — 0 the result in Eq. (55) considerably simplifies.

7.4 When the radius of the dual solenoid tends to zero: the dual flux line

The results of this section assume that the dual solenoid has a finite radius R. The question then arises: are these results valid when
the radius tends to zero?, i.e., for the case of a dual flux line. The answer is in the affirmative. Furthermore, the assumption of a dual
flux line considerably simplifies the cumbersome expression in Eq. (55) which holds for a dual solenoid of finite radius.

As R — 0 the fields of the dual solenoid become confined along a line of singularity localised on the z—axis such that
B = &,,6(0)z/(27p) and E = ®,5(p)z/(27p), where now the fluxes should be defined as ®,, = 47\, and ®, = 47w A,, with
Am being the magnetic dipole moment density per unit length and A, the electric dipole moment density per unit length. However,
outside the dual flux line the corresponding vector potentials Aoy and Coy have the same form as those in Eq. (4), modulo the
appropriate substitution of the corresponding constant fluxes. Accordingly, for the case of a dual flux line, the Hamiltonian operator
in Eq. (46) remains unchanged and therefore the derived quantities from this operator, such as the phase §p, the energy levels in
Eq. (50), the interference shift in Eq. (52), and the scattering amplitude in Eq. (54), all remain unchanged. In particular, for the case
of the scattering amplitude, the assumption of a dual flux line considerably simplifies the cumbersome expression in Eq. (54). In
Appendix B we show that the scattering amplitude due to the wave function of a dyon scattered in the x — y plane outside the dual
flux line reads

/@) =—

2je"iN¢ |:sin[n(q<1§m — g@e)/(Znhc)]] (56)

V2rik ei? —1
where N is an integer and we have assumed ¢ # 0 and ¢ # 27 because there is a discontinuity on these points. Using the relation
| /D 2= do /dS$2, we obtain the differential scattering cross section

do_ sin*[(qPwm — gPe)/(2he)]
e 2k sin?(¢/2) '

(57)
When g =0, @, = 0 and g = e, with e being the electron’s charge, and when we make the substitution k — k., where k. is the
magnitude of the wave vector of the electron’s wave function, then Eq. (5§7) reduces to the reported scattering cross section for a
non-relativistic electron propagating outside a magnetic flux line [19-23].

8 On the spin of the dyon

The idea that the dyon has spin has been discussed very little in the literature. Some authors postulate a Dirac equation for a dyon

[24-26] and thus assume that a dyon is a spin 1/2 fermion. Other authors postulate a Pauli equation for a nonrelativistic dyon [27]
and thus also assume that the dyon is a spin 1/2 fermion. A phenomenological model [28] assumes that the spin of a dyon can
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incident wave

Fig. 5 The wave function of a dyon propagates toward an infinitely-long and impenetrable cylindrical shell of radius R. Inside the cylindrical shell and
infinitely-long dual solenoid of radius R that confines its electric and magnetic fluxes is placed

correspond to that of a fermion or a boson. If we assume that a dyon is a pin 1/2 fermion, then a consistent way to introduce the spin
into the Hamiltonian operator given in Eq. (46) is as follows

-1 , 1 2
Hp = — [a : ( —ihV — —(qAou + gCout)>:| +V, (58)
2m c
where o0 = (01, 01, 03) is the Pauli operator with o; denoting the Pauli matrices. The corresponding Pauli equation in Dirac’s bra-ket
notation reads i i(3|W¥) /dt) = Hp|¥), where now |¥) is a two-component state function corresponding to a “spin up” state ¥+ and
a “spin down” state ¥ ~. After some algebra, the Hamiltonian operator in Eq. (58) reduces to the more explicit form

. 1 1 2
Hp = | —| —ihV — —(qAout + 8Cou) | +V [+ 8 o - Eout — 4 o - Bout. (59)
2m c 2mc 2mc
which can be expressed as
. 1 , 1 2 2 .
Hp = 7 —ihV — —(qAou +gCou) | +V [+ —(d Eqy — 1 - Bou), (60)
m c 8D

where the electric moment operator d and the magnetic moment operator Ji are given by

_ - yd
u:%a, d:%a, 61)

with u = ¢/(2mc) and d = g/(2mc) being the magnetic moment and electric moments, and y the corresponding g-factor.
Interestingly, Eq. (60) indicates that a dyon has both an electric moment and magnetic moment, i.e., the dyon has a dual moment and
in this sense, we can say that a dyon is also a dual dipole. To see how Eq. (59) becomes Eq. (60), we use the relation S= (h/2)a,
where § is the spin operator, to obtain the operators given in Eq. (61). Using these operators we obtain go /(2mc) = 2&/ y and
qo /(2mc) = 2fi/y, and therefore the last terms in Egs. (59) and (60) are the same. The right-hand side of Eq. (60) manifests a
duality between the dipole moments of the dyon and a duality between the external electric and magnetic fields. This means that
the last term in Eq. (60) is invariant under the duality transformations: {{f — Zi d— —u} and {Egut — Bout, Bout — —Eout). We
note that Heras [29] has discussed the duality of dipoles.

But the more important point for our purposes regarding either Eq. (59) or Eq. (60) is that the fields outside the dual solenoid
satisfy Boyt = V X Agyy = 0 and Egyy = —V X Coy = 0, and therefore the last two terms in Eq. (59) or in Eq. (60) identically
vanish. Accordingly, if we assume the validity of Eq. (59) or (60), then the spin of the dyon does not affect the phase dp. Therefore,
the results obtained in Sect. 7, which are connected with this phase, remain unaffected by the spin of the dyon.

The idea that a spin 1/2 monopole should have an associated electric moment was suggested by Amaldi [30]. This idea was
extended by Schwinger [8], who pointed out that a spin 1/2 dyon should have both magnetic and electric moments, i.e., that a dyon
should be a dual dipole as well. According to Schwinger, the electric moment of the dyon should be proportional to the product of
the magnetic charge of the dyon and its spin vector, an idea supported by the second equality in Eq. (61). More recently, Kobayashi
[31] showed in the context of supersymmetric Yang-Mills theories that a spin 1/2 monopole should have an electric moment. This
idea was later extended by [32], who suggested that a spin 1/2 dyon should have electric and magnetic moments. Interestingly, these
authors found a similar relation to that noted by Schwinger in which the electric moment of the dyon should be proportional to the
product of the magnetic charge of the dyon and its spin vector.

Finally, using Eq. (60) and assuming the Schwinger-Zwanziger quantisation condition [6—8], we can argue that the electric moment
of a spin 1/2 dyon is greater than its magnetic moment. Consider a dyon having the elementary electric and magnetic charges g = e
and go = e/(2c), which follow from a solution of the Schwinger-Zwanziger quantisation condition,* where o = ¢*/(fic) is the fine

4 The Schwinger-Zwanziger quantisation condition states that a pair of dyons having the charges (¢, g1) and (g3, g2) satisfy the duality-invariant relation
q182 — q281 = Nhc/2 where N is an integer. A solution of this quantisation condition is given by g1 = (n1)ee, g2 = (n3)ee, g1 = (n1)gg0, and
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structure constant. The electric and magnetic moments of this dyon are given by u = e/(2mc) and d = e/(4mca), or equivalently,
d = n/Q2a) ~ 68.5u, indicating that the electric moment of the dyon is greater than its magnetic moment by a factor 1/(2«). Since
the charges a dyon are quantised ¢ = n.e and g = n,zgo, with n, and n, integers, it follows that the relation d = 11/(2«) holds in
general. This result and Eq. (61) connect the electric and magnetic moment operators

~ 1\
d= (@)u, (62)

which states that, under the considerations made, the electric moment of a spin 1/2 dyon is greater by a factor of (1/2«) compared
with its corresponding magnetic moment. We emphasize that the arguments that lead to Eq. (62) are heuristic and based on the
validity of Eq. (60) and the Schwinger-Zwanziger quantisation condition.

9 Discussion: looking for dyons through the duality-invariant quantum phase

The story of magnetic monopoles has a beautiful part as well as a tortuous part. The beautiful part is that magnetic monopoles
explain the observed quantisation of the electric charge through the Dirac quantisation condition [34] (for a pedagogical review of
this condition, see Heras [35]) and are a prediction of grand unified theories [36, 37]. Moreover, monopoles deal with one of the
most profound ideas in physics: duality. More in general, duality is a beautiful symmetry that unifies seemingly unrelated theories
[38—40]. The paradigmatic example of this symmetry is the electromagnetic duality that unifies the electrodynamics of electric and
magnetic charges. The tortuous part of the story is that after more than 90 years since Dirac proposed them, all experimental efforts
to detect these particles have been unsuccessful (for recent reviews, see Refs. [41, 42]). In this regard, monopoles are still a sleeping
beauty. However, if monopoles do not exist as isolated particles, then a generalisation of them, the so-called dyons could exist.
We must say that dyons are interesting for similar reasons monopoles are: dyons explain the quantisation of the electric charge
through the Schwinger-Zwanziger quantisation condition [6—8], appear as predictions of grand unified theories [43], and obey the
electromagnetic duality of electric and magnetic charges. However, while the experimental search for monopoles has been extensive,
the experimental search for dyons has just begun [28]. An exciting idea that we have developed here has consisted in connecting
dyons with topological quantum phases. The possible detection of the phase §p could provide indirect evidence of dyons.

10 Conclusion

Here, we have shown that quantum mechanics and electromagnetic duality predict the existence of the duality invariant quantum
phase ép = n(q®,, — g®.)/(hc). This phase is accumulated by the wave function of a dyon with charges ¢ and g, which encircles
an infinitely-long solenoid enclosing uniform electric and magnetic fluxes @, and @,,. We have pointed out that the phase dp is
topological because it depends on the winding number n and is nonlocal because the enclosed electric and magnetic fields act on
the dyon in a region where these fields are zero. We have shown that the duality symmetry of the phase dp unifies: (i) the AB
phase: §ap = nq®,, /(hc), which is accumulated by the wave function of an electric charge g encircling an infinitely-long magnetic
solenoid enclosing a uniform magnetic flux @,, and (ii) the DAB phase: dpap = —ng®./(hc), which is accumulated by the wave
function of a magnetic charge g encircling an infinitely-long electric solenoid enclosing a uniform electric flux @,. We have noted
that the phase §op admits two interpretations in the light of the duality symmetry of the phase p. We have obtained the energy
levels, the two-slit interference shift, and the scattering amplitude associated with the phase dp. We have showed that these results
also hold for the case of a dual flux line. We have briefly commented on the role of the spin of the dyon and showed that if the dyon
is a fermion of spin 1/2 then its spin does not contribute to the phase dp and, therefore, to any of the results associated with this
phase and discussed in Sec. 7. In our discussion of the dyon spin, we have suggested that a spin 1/2 dyon should have both electric
and magnetic moments and argued why the former should be greater than the latter.

Finally, we would like to comment on two potential applications of the quantum mechanical model proposed here in which a
dyon moves around a dual solenoid. The first deals with the demonstration that the phase §p is an example of the Berry/geometric
phase [44], which would connect duality with geometric phases. The second deals with anyons [45, 46] or composites formed by
an electric charge encircling a magnetic flux tube that obey fractional statistics. The dual model presented here could be used to
extend the concept of anyons to composites formed by a dyon encircling a dual flux tube, which could be called duality-invariant
anyons, or “d-anyons” for short. Expectably, such d-anyons would also have fractional statistics, but their duality symmetry could
bring new theoretical ideas.

82 = (n2)ggo where (n1)e, (n2)e, (n1)g, and (n2)g are integers, and e and g are the quanta of electric and magnetic charge connected by gy = e/(2a). If
the first dyon has the elementary charges then g1 = e and g1 = g9 = ¢/(2w¢) which is the case we have considered. We note that Witten [33] found a more
general solution to the Schwinger-Zwanziger quantisation condition given by g1 = (n1)ee + (n1)ged /27, g2 = (n3)ee + (n2)get /27, g1 = (n1)g80, and
82 = (n2)g 80, where 6 is the vacuum angle, indicating that this solution assumes CP violation. Here we have not considered Witten’s solution because we
assume CP is conserved in our model.
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Appendix A: derivation of Eq. (8)

Consider the nonlocal Lagrangian in Eq. (7)

) mx* X X ,
Lx:x0.%) = ——+ - [qAX) +gC)] + | [gBX) +gEX)] - dx., (AD)
X0
The corresponding Euler-Lagrange equations are given by
d (oL oL
—|=)—-—=0. (A2)
dr \ 0x 0x
Using Eq. (A1) it follows
L 1
— =mx+ —(qA + g(0), (A3)
ox c
so that the first term in the Euler-Lagrange equations reads
d (9L 1d
—| — ) =mXx+-—(qA + gC). A4
dt(&i() mX+ g4t eo (A9

Using the result (dF/dt) = (x- V)F which holds for a time-independent vector function F = F(x) it follows (d/dt)(qAout+£Cout) =
(X - V)(gA + gC) which is used in Eq. (A4) to obtain

LY _ s L vyga + gC A5
E(5§)_mx+;<x-><q +£C). (A5)

On the other hand, from the identity X x (V xF) = V(x-F)—(F- V)X, itfollows (X-V)(gA+gC) = —xx Vx(qA+gC)+V[Xx-(¢A+gC)],
which is used in Eq. (A5) to obtain

d (dL . X I .
—| =) =mX— - xVx(gA+gC)+-V[x-(gA+gO)]. (A6)
dt \ 0x c c
The second term in the Euler-Lagrange equations read
aL 1 X
— =-V[Xx:-(qA+gO)] + V|:/ [¢B(Xx) +qEX)] - dx’] (A7)
0x c X0
Let us evaluate the second term. The line integral gives
X
/ [gB(x) +gE(X)] - dx' = [¢B +qE]1(z — 20), (A8)
X0

where B = @,,0(R — p)/(rR*) and E = &,0(R — p)/( R?). Therefore

V[/ [¢B(x) + gE(X)] - dx/} = VI(gB+qE)z —z0)]
X0

D D,
= 8Pt IP) 1R — pz - 2]
TR
Dy @, ~ A
= BP9 o apsp — RIp + OR ~ i

|:(pm@(R - p) A] |:(pe@(R - :0) A:I
=8| ———Z|+tqg| ———12

T R2 7 R2

(&Pm +9P.) .
—[—JLi—imrawm—Rm
TR
=gB+qE —F;, (A9)
where E and B are the fields defined by Eq. (2) and F; is the singular term defined in Eq. (9). Using Eq. (A9) in Eq. (A7) it follows
oL 1
= -VI[x-(gA+gC)] +gB +g¢E +F;. (A10)
X ¢
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Using Egs. (A6) and (A10) we obtain
d (oL oL X
—| = ———mx—fXVX(qA+gC) gB—qgE—F; =0. (A11)
dt \ ox 0x c

Identifying V x A =B, —V x C = E, and F = mX it follows

d<aL> s [( : ) ( : )}
— = =F-|¢(E+>xB)+g(B-=xE||-F,=0. (A12)
dt X c c
X X
F:[q<E+ExB>+g<B—ExE>]+FS, (A13)

Equation (A12) implies

which is Eq. (8).

Appendix B: Scattering amplitude with a dual flux line

Consider the scattering amplitude in Eq. (54)

@ @
o) = Z e/ [Hm(kk) ein(,u—u—(qq)m—gCPe)/(erhc)l)H|M—(q¢nl—g¢’e)/(2ﬂﬁ0)(kR)i| ED
- /o [6) @ ,
=00 (kR) Hy\” (g —g00/@nho)kR)

corresponding to a dyon scattered in the x — y plane outside a dual solenoid of finite radius R enclosed by an impenetrable cylindrical
shell of radius R. We want to find the form of Eq. (B1) as R — 0, i.e., when the dual solenoid reduces to a dual flux line. We will
now follow arguments due to Afanasiev [18] and Hagen [47].

In the limit R — 0 we have kR << 1 and the ratio of the Hankel functions of the second and first kind in Eq. (B1) can be
approximated to [18]

@ @
Hu®kR) | Hqon—goo/enno®®)

HOur)  HD (kR) (B2
ln—(qPm—gPe)/(2m hc)]
Inserting Eq. (B2) in Eq. (B1) it reduces to
fo@) = Z %[ 20— 1}, (B3)
H=—00
where J; is the scattering phase given by
i (gPm
= —|ul—-=|p - ———=|. B4
s= 5 |l ) ‘ 27 he (B4)

To compute the summation in Eq. (B3) we let [(¢®,, — g®.)/(2mhc)] = N + B where N is the largest integer less than [(¢ @, —
gP.)/(2mhe)] and the quantity § is any non-integer in the range 0 < 8 < 1. Using this result we can write the scattering phase in
Eq. (B4) as & = (n/2)|p|— (/)| — N — B|. Now, if u > N then |u|—|u — N — B|= [(gPm — gPe)/(2mhic)] and if p < —N
then |u|—|u — N — Bl= —[(qPm — gP.)/ (2w hc)]. Therefore, we can write the scattering phase in Eq. (B4) as

_E(‘]@m _g@e)’ w>N
8 = 2 2 hic (BS)
TGP —8%P)
2 2 he M
Using Eq. (BS) in Eq. (B3) and after an appropriate handling of the summation limits we obtain
1 %} . —N-1 )
folg) = |: Z emtf’(em(qq)m*gdﬁe)/@nhc) — 1+ Z elﬂfi’(e*lﬂ(q@m784’6)/(27[}&‘) . l)i|' (B6)
V2mik Py oo
The summations in Eq. (B6) are now simple to evaluate and they give
[o.¢] —i ; _ "
i1 i OB/ Cxhe) _ 1y _ _(e 1N¢)(em(q¢m 8P.)/(2mhe) _ D 87
PIRC )= ,.¢, : (B7)
y— (e?—1)
—N-—1 i o _
3 it (einla®ng@o/Cuhe) _ 1) (eI N®)(emimaPn—s®e)/@mhe) _1q) B8
= (e —1) ’
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where we have assumed ¢ # 0 and ¢ # 27. Inserting the Eq. (B7) and Eq. (B8) in Eq. (B6) it follows that the scattering amplitude
in Eq. (B6) reduces to

(B9)

fold) = 2 e—iN® |:sin[7'r(q<15m - g@)/(Znhc)]]’

V2rik el? —1
which is Eq. (56). Using Eq. (B9) and do/d$2 = | fD|2 we obtain the corresponding differential scattering cross section in Eq. (57).
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