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Abstract

It is well known that the magnetic quantum number m of monopole harmonics
describes quantization corresponding to the z-component of the angular
momentum operator in the framework of su(2) symmetry algebra. Here, it is
shown that the azimuthal quantum number / allocates itself a ladder symmetry
by the operators which are described in terms of /. Furthermore, quantization
of both quantum numbers / and m leads to extracting positive and negative
irreducible discrete representations of the deformed su (1, 1) algebra for ! —m
and / + m, respectively. It will also be shown in detail how they in turn lead to
the spectrum-generating algebra for all monopole harmonics.

PACS numbers: 02.30.Gp, 12.39.St, 03.65.Fd, 02.20.Sv, 03.65.—w

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The azimuthal and magnetic quantum numbers / and m via the monopole (generalized)
harmonics describe the surface (angular) part of wavefunctions corresponding to the motion
of a charged particle in the presence of a magnetic monopole which was first studied by
Dirac [1], and then by Wu and Yang [2, 3]. These generalized harmonics are characterized
by the magnetic charge g and should be considered as a complete set of orthonormal bases
for the square integrable sections of complex line bundles over the sphere. Furthermore, it
has been shown that three independent generalizations of the spherical harmonics on sphere,
i.e. Wigner D functions, spin-weighted spherical harmonics and monopole harmonics are
equivalent to each other [4-8]. Many studies have been performed on the magnetic monopole
by other authors, see [9] and references therein. Some of these studies have recently drawn
attention to the infinite dimensional representations of the rotation group by solutions of Dirac’s
magnetic monopole [10, 11]. The authors have shown that the nonunitary representations of
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the rotation group and the generalization of the Dirac quantization condition can be obtained
from the magnetic monopole solutions. Also, realization of finite and unitary irreducible
representations of su(2) Lie algebra via the m index of monopole harmonics is a problem
that arises alternately in the works on mathematical physics (see, for example, [3, 7, 8]).
Both of these are strong motivations which lead us to enquire into their other internal
symmetries.

Simultaneous ladder symmetry with respect to two parameters of special functions has
lead to a deep and extended understanding of solvability, supersymmetry, representation theory
and coherent states for the one-, two- and three-dimensional models. Realization of this idea,
whose formulation has also been performed for the associated Jacobi functions [12], provides
a rich algebraic structure for them and their corresponding differential equation. The ladder
symmetry with respect to the azimuthal quantum number / of monopole harmonics has been
considered in [13] with the limitation 0 < m < [ on the magnetic quantum number. In this
paper, in addition to extending the formulation to —/ < m < [, the infinite ladder symmetry
with respect to [ together with su(2) algebra symmetry for m are applied to show that the
deformed su(1, 1) algebra can also irreducibly be represented by using monopole harmonics.
Here, we will show that the appropriate Hilbert subspaces of all monopole harmonics represent
the deformed su(1, 1) algebra by simultaneous shift operators of both quantum labels / and m
for given values of / —m and [/ +m, respectively. Therefore, a new spectrum-generating algebra
as an internal symmetry for the Hilbert space corresponding to the monopole harmonics is
constructed.

2. Monopole harmonics Y;z(s);q(O, ?)

The second-order differential equation corresponding to the Jacobi polynomials of degree n in
the interval —1 < x < +1 and its solutions in terms of the Rodriguez formula are well known
as [12]

(1=x)P"“P(x) —[a— B+ (a+B+2)x]P. P (x)
+n(@+B+n+DP*P(x) =0,

a(a, B)
(1 —x)*(1 +x)P

(D

PP (x) = (%) (1 = x)™(1 +x)™P) with o, B > —1,

in which a, (o, 8)’s are the normalization coefficients. If we define the functions P,(’qnz (x) as

arm(q) 20 +
a—m(m —q,m+q) 2

m—q

1 R,
(1—x) 2 (L +x)3 P (), )

P (x) =

for —1 < m < +/, and apply the Jacobi differential equation, then we shall get the following
differential equation:

Z / 2 + 2 - 2

(1 = 2P (x) — 20P[ D (x) + <l(l +1) — q’?—zqu) PO (x) = 0. 3)
: : — :

The differential equation (3) is invariant under the exchange of positions of m and g parameters.

This implies that Pl(,';’)(x) is another solution to equation (3). Furthermore, since equation (3)

is unaltered when m and g are replaced by —m and —q, respectively, the function sz(,_—% (x)is

also another solution to it. We now note the following useful relation that follows immediately
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from the Leibnitz rule:

l+m
(=17 (%) (1 —x)* (1 +x)7)

rd+m+1)

— —m —q—m d o [— I+
_m(l—x)q (1+x)™1 (a) (1 =x)"7 +x)™). “)

Thus, for the differential equation (3), the solutions Pz — 1 (X) can also be considered as

( q) a[’_m(—q) F(l+m+ 1) (q)
Pon® =@ Comara—mry ®

It allows us not only to recover all bound states of the monopole problem but also to obtain
positive and negative discrete representations of the deformed su (1, 1) algebra via monopole
harmonics as an internal symmetry. Clearly, if we demand that the following differential
operators [13]

d I’I’l—l lx_
Ar(m; q; x) = £ 1_x2_+( 3 F3)x—4q

- — (6a)
d
Ai(l,m;q;x>=i<1—x2)a—lx+q? (6b)

simultaneously satisfy the following raising and lowering relations with respect to both indices
[ and m,

Au(m; g3 )P (1) = VA= m+ DT +m)P) (x), (Ta)
A_(m; q; x)P (q)(x)z\/(l—m+1)(l+m) lm 1 (x), (7b)
(q) _ (12 - mz)(l2 - 612)(21 -1 (q)
A+(l m; q; )C) 1— lm(x)_\/ 12(21_'_1) ( )ﬂ (861)
2 —m?)(?—q¢>2l+1
Al P = \/( (P
so that the following orthonormality relation is also realized:
/ PO )P (x) dx = 8y, 9)

then the normalization coefficients a; ,,(g) are calculated as

1 rd+m+1)
arm(q) = (—1)m21\/ : (10)

Td—m+DI((+g+ D0 —qg+1)

Note that in contrast to 0 < m < nin[13], —/ < m < +/ is a symmetric interval. Substituting
equation (10) into equation (2), we obtain the following two symmetric properties for all
positive and negative values of m:

(q)(x) — ( 1)m+q73( l])(x) (11&)
P = (=D P (). (115)
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If we use equation (11a), it becomes obvious that equations (7a) and (7b) are transformed
to lowering and raising relations corresponding to the index —m of Pl(:ﬁ (x) functions, but
equations (8a) and (8b) remain the same as raising and lowering relations of index / of those
functions respectively.

The surface of a sphere is usually covered by two coordinate patches as the open
neighborhoods of north and south poles as Ry = {0 <0 <x} and Rg = {0 <6 < 7},
named north and south hemispheres, respectively. The second coordinate for both patches is
the auxiliary variable 0 < ¢ < 2. The monopole harmonics ;! (6, ¢) as the sections of the

fiber bundle are defined by two local components Yl[,vn;" 0, ¢) and Yli;" (0, ¢) on the coordinate
patches Ry and Ry separately, so that the second component is equal to the product of the
phase factor as e 2% and the first one:

elm£q)¢

V2

Now, it is necessary to emphasize that the monopole harmonics with 0 < m < [ have two
different forms:

Ya® (g, ¢) = P (—cos ). (12)

YNy gy — eilm+a)e QL+ DT +m+1)
Yim (—D)m2\ 42T —m+ DI +qg+ DTA —g+1)
l—m
o (L+cosd) ( ! i) [(1+cos6)" (1 — cos 0)*], (13a)
(1 —cosf)’3" \sin6 df
YN, g) = elmEDd (— 1) QI+ DI l+m+1)
21 4aT( —m+ DI +q+ DI — g+ 1)
(1—cos9) T d\T eg g
(1 +cos@) = <sin9 d@) [(1+cosB)™ (1 —cosB) 1]. (13b)
From (11a), we get
Y6, ) = (—1)m 1y, ), (14)

which is immediately verified by (13a) and (13b). One can show that monopole harmonics
ﬂivn(s);(’(é, ¢) for positive and negative values of m, i.e. — < m < [, satisfy the following
differential equation:

92 0 1 92 . cosdF1 0
302 30 sin20 dp? sin26  dg
7 )
1242% +10 + 1)] Y S0, ¢) = 0. (15)
n

With the help of the orthonormality relation of the P, (q) m () functions given in (9), it is
straightforward to conclude that the monopole harmomcs for a fixed magnetic charge g form
a complete set of sections in the angular space

/ / YN0, gy Y N6, ¢) sind dO dep = 8 Sy (16)
$=0 Jo=0

Therefore, we can introduce an infinite-dimensional Hilbert space of monopole harmonics:
HY® = span{Y,) 10, ¢),1 > 0, -1 <m <1}
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3. Simultaneous realization of two different types of laddering equations by the
: N(S)sq
monopole harmonics Y, , 0, o)

In [13], the ladder symmetry with respect to the azimuthal quantum number / has only been
formulated for the positive quantum numbers m as 0 < m < n. In order to realize the
positive and negative integer discrete representations of the deformed su(1, 1) algebra we
have extended the ladder symmetry to —/ < m < [ here. It is well known that the monopole
harmonics represent the su(2) Lie algebra as

LY®yN 0, ¢) = ST+ m)T —m+ DYV 0, ), (17a)
LYy g, ¢y = T+ m) T —m+ DY 0, ), (17b)
LgV(S);q YIIrVn(S);q(e’ ¢) = mylf}:;(s)iq(g, ?), (17¢)

with the following explicit differential forms for the operators:

. (0

LY = i +1cot9—:chot9— 1), (18a)

30 d¢ sin 0

. 0 ad

LY — e[ - — yicotd— £ g coth — L (18b)

a6 ¢ sin 6
. ad
N(S);
L3 L — 1@ Fq. (186‘)
Relations (17a) and (17b) immediately follow from (7a) and (7b) for both intervals 0 < m </

and —I < m < 0, respectively. The operators L} ** LY and LY satisfy the su(2)
commutation relations as

[LQI(S):(J, Lﬁ/(S):q] — ZLQJ(SM, [LN(S);q, LZ(S);q] — :i:Li(S);q. (19)

The highest and lowest states YZ;V(S) 96, ¢) and YIN(S) (6, ¢) are annihilated by the operators

LY ang NS4 respectively as

LYy, ¢) = . (20)
The solutions of these first-order differential equations are
g+l
1 rQel+2) ; (1 —-cosf) >
Y0, ¢) = — ellzae 270 (2la)
(=2)'V4xTl+q+1DI'd—g+1) (1+cosB)™
g+l
N(S) 99, ) = (—1)4 @2l +2) e’i(li‘”‘f’w_ 21p)
20 \VarT(+qg+ DI —qg+1) (1 —cosf)s

The monopole harmonics are produced by the repetitive application of both raising and
lowering relations of the index m given in (17a) and (17b), as follows:

yNG)q Fd+m+1) N(S)iq Y=y N(S)g
Yian (6. 9) = \/r(l —m+ D2+ 1)[L3F e ™e. . e

where —/ < m < [. It should be emphasized that in each of the relations of (22), the
magnetic charge ¢ can be replaced by —¢g. Therefore, the commutation relations (19) not
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only quantize the index m, but also such a realization of su(2) algebra is responsible for the
generation of monopole harmonics. Remarking relation (115), the commutation relations
(19) are also responsible for quantization of the magnetic monopole charge g. The Casimir
operator corresponding to this algebra, i.e.

_ . . . . 0F1 .
(LN®ay2 — [N NSy (Lévw),qf LY = _A 42y cos 249: LY, (23)
sin
where the Laplace operator A is defined as
1 9 0 1 9?
A = —_— sinf — > (24)
sin@ 96 00 TS 0 9¢>
satisfies the following eigenvalue equations on the space of monopole harmonics
LNy NS4 g ¢y = 11+ Y0, ¢) —I<m<Il. (25

Consequently, the finite-dimensional Hilbert subspaces HN ' := span{¥,}**? (@, ¢>)}
constitute irreducible representations for s« (2) via the magnetic quantum number m.

We use equations (6b), (8a) and (8b) to obtain the ladder operators which shift the
azimuthal quantum number / of monopole harmonics, i.e.

m=—I

JN(S);KI(I) Sl’l@i —l—i +icoso T L q2 (26a)
* a0 [ 3¢ 1’
9 2
TNy = —sing— —i2 % lcos® F —, (26b)
00 [ d¢ [

and the corresponding laddering relations for — < m < [:

N(S):q v N(S):q @ =mH (2 —gH (2l 1) N(S) q
A DY, 1,70, 9) —\/ 2RIT D) ©,9), 27a)

NS 3 v N (S)iq @ =mH) (> - g*) (2L +1) YN
JZ2UR DY, T, 9) —\/ 2= 1) Y, 100, 8). (27b)

It is easy to see that the monopole harmonics Y, NS q(9 ¢) with m > 0 as the lowest states
are annihilated by the lowering operators JNO q(m).

NSy yNSra (g ¢) = 0, (28a)

mm

JYO )y, G . ¢) = (28b)

The solution of the first-order differential equation (28a) is (21a), and the solution of (28b) is
(21b) if l is replaced by m. For a given m, by repeated application of the raising relation (27a),
one may get the arbitrary monopole harmonics from Y574 (0, ¢):

YO g r{+1) QI+DICCm+DI(m+q+ DI(m —q +1)
Vi ¢ Fm+ D\ Cm+ DIl +m+ DI —m+ DI +qg+ DI —g+1)
x SV DN = 1) IV DY, 0, ). (29)

In this section, the ladder symmetry was extended to the monopole harmonics with negative
magnetic quantum number, just similar to the realization of the su(2) Lie algebra symmetry

6
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which has been known before for —/ < m < [. Therefore, the infinite-dimensional
Hilbert subspaces HV " := span{¥,» ¥ (6, ¢)} -, represent the ladder symmetry with
respect to the azimuthal quantum number [, irreducibly. From an algebraic point of view,
equation (29) is related to the ladder symmetry which serves as the formal spectrum-generating
algebra. The approach of shifting the azimuthal quantum number /, i.e. (29), is different from
su(2) irreducible representation approach for shifting the magnetic quantum number m, given
in (22).

4. Monopole harmonics and irreducible discrete representations of the deformed
su(1,1) algebra

Let us first define

. ‘ 9
KY00) = 2LV Y] = ei“"[;(@ - cose)— - i((z - cose) cotd

I 20 /
9 | — cosé
- sin0)£ +(g—1D)sinf+q (‘7’ — cos 9) —Sis(;s } (30a)
A . 9
K3 = j:[L:S,[’q, I ()] = et |::F<cll - cos@)a—e - 1((%] - cos@) cotd
in6) - — (g +Dsind+q( 2 gLt cost (300)
—sinf | — — sin Z _cosh )| ——=
ap 1 1\ 7 sinf

. . 0 0
q(l) = +[Lz N f‘q(l)]=e*‘¢|:q:<cll+cose)£+i((%+cos@>cot9+sin9)£

1 —cosf
+(q +[)sinf — g l+cos€ _—

sin® (30¢)
S:q S ySa Fig q 3 .((4 . KA
() = £[L7 I D] =e [:F<l +cos0> 0 1((1 +cos@> cot9+s1n0> 5

1 0
+U—q)sind — gL +coso ) 57| (30d)
l sin 6
Using equations (17a), (17b), (27a) and (27b), it is easily shown that
Q=D +m)+m —1(I?—g?)
KXY, 6. ¢) = / T CyNa6,¢),  Gla)

(2[+1)(l+m)(l+m—l)(lz—q ) N(S)q

N<s>q(l)YN<s>q(9 ¢) = Iy Y2000, 9), (31b)

b 2 +1)

Q@+ DU —m)( —m— D> —q? yNG)a

N(S) N(S);
q(l)Y q(e ¢) 12(21 _ 1) l Im+1

KV N o ) \/(21—1)(l—m>(1—m—1)<12—q) PG g Gl
\/ ©.¢).  (ld)
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A N(S);0
m +

N(S);1

Figure 1. The monopole harmonics lattice corresponding to the bases of the integer positive
irreducible representation subspaces Hiv 854 for given values of [ — m.

Thus, the laddering equations (17a), (17b), (27a) and (27b), which shift m and [ with the
restrictions —/ < m </ and/ > 0 respectively, lead to the derivation of two different types of
laddering relations for the monopole harmonics Y/;;(S);q (0, ¢). They are realized by two pairs
of ladder operators whose corresponding laddering equations shift both of the indices / and
m simultaneously and agreeably, and simultaneously and inversely, respectively. Now we are
in a position that for appropriate configurations of the monopole harmonics, we can realize
the positive and negative integer discrete representations of a deformed su(1, 1) algebra. It
describes an internal additional symmetry for the magnetic monopole problem via surface
bound states.

4.1. Positive integer irreducible discrete representations of the deformed su(1, 1)
algebra forl —m

Let us relabel the monopole harmonics by a new parameterd = —m withd =0, 1,2, ...,

instead of I: Y9(9, ¢). Consequently, the Hilbert space 1" can be split into infinite

d+mm
direct sums of infinite-dimensional Hilbert subspaces as HV®) = @3, ARSULS 1Y figure 1,

we have schematically shown all bases of the Hilbert space H"® as the points (I, m) with
the —I < m < [ limitation in the flat plane with / and m as the horizontal and vertical axes,
respectively. It is clear that the Hilbert subspaces HY )34 are seen as inclined lines along

the bisector of the first quadrant of the plane. They are classified into two different classes:
N(S);d=2k N(S%; N(S);d=2k+1 N(S); .
y = span{Yy 000 0. 9) ] and BV = span{ vy UEe 0.9 with

k=0,1,2,....Itis not difficult to see from (31a) and (31b) that the following relations on

8
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NG should be satisfied:

ICN(S):q;dYN(S);q (9 ¢) _\/(2d+2m— 1)(d+2m)(d+2m— 1)(d+m+q)(d+m_q)
o dbm=tm =1 2d +2m + 1

x Y\ g p), (32a)

d +mm

- d+mm

KNSy N o \/(2d+2m + D +2m)d+2m — D(d+m+q)d+m—q)

2d +2m — 1
X Vg6, ), (325)
KNSy NSa g gy = my NS g, ). (32¢)

The explicit differential forms of the above operators are

0 4 11 3 3? 1 9?
Kt = o9 —(d—g+=%=)cosh) — 6 + [ — +sinf ) —
== SO TIF\ gty Ey Jeost ) g Ficostoms ¥ e 7510 ) 52

11 2 —d—LF1\ 9
vil2(d—g+-+-)sino-2—C"2F2) %
2 2 sin 0 Lo}

—d—q+3 L+ D coso
+qd (@ -4 ) (1= cosd)
sm@

(d g+ ) <d 2q + % + %) sin9j|, (33a)

o . 1 0 92 1 92
Siq;d ___+ip - - .
Kili™ =e [:F (q (d +q + :I: 2) cos 9) 30 Ficosh 2095 + <_sin9 + sin 9) _8¢2

2q+d+%i%) d

1
2 d+q+ + — )sinf + - —
2 sin 0 Lo}
d+q+3 L+ Dcoso
P (d+q 2) (1 + cos 6)
s1n9
11 1
- —+ - 2 + — £ = ) si
<d+q+2 2><d+ q+2 2>s1n9:|, (33b)
. .0
Ky = —igg ¥4 (33¢)

Note that before substituting d +m instead of / in equations (31a) and (315), we have multiplied
both sides by I. Also, equation (32c) is directly followed by (33c).

The operators ICN(S) i , similar to the angular momentum operators Ly """, are linear

NGXad and ICN(S);q;d is

N(S):q

in terms of -2 3. However, the commutator of the two operators K
calculated as a quadratic expression in terms of % Since it is known that these operators

should just act on monopole harmonics belonging to the Hilbert subspace HY B \ye take
into account the following operator equality:

92 d 92 2 0F1 d 1 %

D cotol —core i (HCSIFED oy o) L pgp T

002 00 d¢? sin? 0 RI0) sin? 0
—dFpPdFqg+1). (34)

9
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We can easily use the operator equality (34) to check that the functionality in terms of 6 is
omitted in the commutation relation [ICN(S);q;d, KN ;q;d]:

[N JeNSrad] — _16(kch ) —18(2d + 1)(KY D) — 2(13d(d + 1)

—4g> + 5K — (3d2(2d +3) +d(T — 497) +2(1 — ¢?)),

N(S):q N(S);q;d N(S);q:d
|IC3() ,’C (5) —+’C &

)

[KéV(S);q’ Kf(_S);q;d] — _,CN(S);q;d_

The second and third relations of (35) are directly followed without using (34). The Casimir
operator corresponding to this nonlinear algebra can be calculated to give (see, for example,
[14, 15])

NG _ NS NSaid _ (N SRy o) _ g (1)’
+(4q% — 13d% +5d) (KY D)’ + (—6d° + 4d(d + ¢*) — 24HKY . (36)
It satisfies the following eigenvalue equations:

CNOGAY 0. 9) = d(d = D(d +9)(d = @)Y " 0. ) (37)

d+mm d+mm

on the Hilbert subspace HY " Therefore, the nonlinear commutation relations (35) present

a deformed algebra of su(1, 1) with the (I — m)-integer positive irreducible representation
given in relations (32).

The nonlinear commutation relations (35) constitute a spectrum-generating algebra since
they in turn lead to an algebraic method for deriving monopole harmonics belonging to

HN(S) . From equation (32b) it becomes obvious that the monopole harmonics Y’ (S) 40, ¢)

and Y,ﬁis)kq (6, ¢) are the lowest states of the Hilbert subspaces H+( 2k and Hiv ): 2k+1,

respectively:
’Cll/(_s);q;zkyl\i(s);‘I(e’ ¢) =0, (38a)
Kﬁ/ﬁS);q;Zk+l kl\i(lS)kq(e b) = (38b)

Equations (38a) and (38b) are first-order differential equations and have the following
solutions:

— 1)k ik 'k +2 ~ +
YN (g gy = D€ (2k+2) (1 = cos0)'F (1 +cos0)' %,
2641 F'k+g+1HI'k—qg+1)
(39a)
—1)7 gik+a)$ 2k +3)I' 2k +2 — g
,(’K(,S)kq(e o) = =D ? ( AN ) (1— cos@)kT(l +cos6’)kT
ks /7 Fk+qg+2)I'(k—qg+2)
X ((k+1)cosb — q). (39b)
The remaining monopole harmonics belonging to the representation spaces HY S * and
NS 241 can be calculated by successive use of the raising relation (32a), that is
N(S)"(e ) = Cm+4k+1DI'k+g+DIk—qg+ 1)
Yozt Qk+DIT(m+2k+qg+D0(m+2k —qg+ DI QCm +2k + 1)
< [,CiVJr(S);q;Zk]"Hk N(S) 9, b), (40a)

10
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Figure 2. The monopole harmonics lattice corresponding to the bases of the integer negative

'
irreducible representation subspaces HVE for given values of [ + m.

y NG ©. ) = Cm+4k+3)'k+qg+2)I'(k —q +2)
m+2letlm 5 Qk+3)T(m +2k+q +2)C(m +2k — q +2)T (2k +2m +2)
x [yl 6. 9), (40D)
where m = —k,—k + 1, —k +2,.... While calculating explicit forms of the monopole

harmonics, the expression % appears on the right hand side of relations (40a) and (40b) the
same as every other one. Therefore, one can alternatively use the operator equality (34).

4.2. Negative integer irreducible discrete representation of the deformed su(1, 1) algebra for
l+m

If relations (31¢) and (31d) are used as successive shifts, then they can be considered as
laddering relations with respect to one parameter. In other words by the definition d’ = [+ m
with d’ = 0, 1,2, ..., the Hilbert space H¥® may be taken into account as the direct sum
of the disjoint infinite-dimensional Hilbert subspaces: HN® = @3107'& %d Figure 2
shows decompositions of the Hilbert space HM® into distinct classes of the Hilbert
subspaces made in two different ways, which are also different from those in figure 1:
HYS=2 = spanfy,y ¥4 (o, ¢} = and HN O =D span{Yzfisrzlflm(G,qs)};: with
s = 0,1,2,.... The inclined lines along the bisector of the second quadrant of the plane

indicate these two types of decomposition of the Hilbert space schematically. Before we again

11
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substitute d’ — m for [ in equations (31c¢) and (31d), we multiply them by /. Then, one can

conclude that the monopole harmonics belonging to HN S satisfy the following relations:

’CiV_(S);q;d YN(S) q ©, ¢)

—m—1m+1

2d' —2m - 1)d —2m)(d —2m — 1)(d —m+q)(d —m —q)
2d' —2m +1

x Y, D49, p), (41a)

IC&(rS):qd N(S) q(e )

Qd' —2m+ 1)(d' —2m)(d' —2m — 1)(d' —m +q)(d —m — q)
2d' —2m — 1

x YO (6, ¢), (41b)

—m—1m+1

/CN(S)qYN(S)q(Q ®) = mYN(S)q(Q,(P), (41c)

mm

where the differential explicit forms of the operators are calculated as
v : 11 3 92 1 3*
KN = gFie +|ld +g+=-+ = 0| — Ficosb — | ——=+sinf | —
S R 17555 )%%) 56 T1% %606 ~ \sine **"7 ) 942

11 2q+d +1+1\ &
vif2(d+gezto)singsLTET2TE) 9
2 2 sin Lo}

g+ (d +q+35+1)cosd

_ | — cosf
1 Sin@ (1 = cos)

1 1 1 1
+<d’+q+§i§) <d’+2q+§i§>sin9i| (42a)
. 1 1 0 92 1 02
Sidq _ Fig ’ . .
Kz =eF |::F (q+ <d —q+§ + 5) cos9) %:Flcos@aeaq5 — (m+sm9)8752

11 d—2g+L1+1\ 5
+il2(d —g+=-+= sin9+# —
2 2 sin 0 dp

q+<d’—q+%i%)cos@

—q . (1+cosh)
sin @
1 1 1 1
NSy:q _ ;9
I = —ig s . (420)

N(S);d’

According to equation (15), the bases of given Hilbert subspaces H_ satisfy the following

operator equality:

92 ad 32 2 60F1 d 1 6
D cotol —core i (HCSIED o oge1) L pplECs
002 00 32 sinZ 0 R10) sinZ 0

—(d E£q)d £q+1). 43)

12
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i i i i i N(S)iq:d' 4-~N(S):q:d’
Thus, applying this equality to the differential form of the commutator [ | Y],

the nonlinear commutation relation associated with these operators is obtained as follows:
[INS N Sad — _16(cy 99) 4 182d" + 1) (K3 ©4)? —2(13d'(d’ + 1)

—4g% + 5Ky 1347 (2d' +3) +d' (T — 49 +2(1 — ¢),

: ad gd (44)
[y S50 N SRE] = e S

’

[KéV(S);q’ ,CiV_(S);q;d’] — _ICQJ_(S);q;d’_

The second and third relations of equations (44) are directly obtained by using equations (42).
The Casimir operator of the deformed su (1, 1) algebra,

V@i = NSNSt g (V) 42 (74 6d') (k) ) — (13”7 +31d
—4g2 +18) (K 4 (64" + 224 +2d'(13 — 2¢°) — 6¢% + 10)KCy ¥4,

(45)
satisfies the following eigenvalue equations on the monopole harmonics belonging to the
Hilbert subspace HNE
Ny VO 0, gy = (d +2)(d + 1)(d + 1+q)(d +1— )Yy 0, p). (46)

Thus, relations (41) show that the Hilbert subspaces HN S ¢ are (I + m)-integer negative

irreducible representations for the deformed algebra of su(1, 1) as relations (44). From the
comparison of (37) with (46), we conclude that by changing the parameter d to —(d’ + 1) the
positive representations are transformed to negative ones.

The monopole harmonics Y&y > (6, ¢) and Y (¥*

41y (8, ) as the highest states of two
different types of the Hilbert subspaces H" % and H" %!

are annihilated by the operators

KNS gnd kKNS regpectively:
KNPy NSka gy = 0, (47a)
’Cll/is);q;zs‘*l SXS‘) 4(9¢) =0, (47b)

which have the following solutions:

' —1)s eisE)¢ '(2s +2 s+q s=q
yN SR — =D ° (25 +2) (1 —cos6) 2 (1 +cosf) T, (48a)
23+5ﬁ F's+g+DIl(s—g+1)

: (—1)* eiEa)® 2s +3)I'2s +2) sq -
s = 2 \TGrqgeals—gazt —cost) = (Ireost)z
x (s + 1) cos 0 +q). (48b)

The repeated application of relation (41a) for d’ = 2s and d’ = 2s + 1 yields

YN g gy = 4s —2m+ 1D (s+g+ DIl (s—g+1)
Yo5Zmm 2s+DI@2s —2m+DI'Q2s —m+qg+HI'Q2s —m —q +1)

<[ IEPTY VO 0, ), (“#9a)
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PN 6. 4) = ds —2m+3)l'(s+qg+2)['(s —qg+2)
Zs—mtlm T Qs+3)T2s —2m+2)T2s —m+qg+2)TQ2s —m —q +2)
x [0, 9), (495)
wherem = s,s—1,s5—2, ....Therefore, we have shown that the set of all monopole harmonics

can be considered by two different methods as the union of irreducible representation subspaces
of the deformed su (1, 1) algebra. We have also concluded that the deformed su(1, 1) algebra
as an internal symmetry for the surface bound states of the magnetic monopole problem
corresponds exactly to a spectrum-generating algebra based on the simultaneous quantization
of both azimuthal and magnetic numbers / and m, respectively.

Finally, it should be emphasized that we can use d and d’ as the deformation parameters
and obtain the undeformed su (1, 1) algebra as a continuous limit of the commutation rules
(35) and (44), similar to what has been done in [16]. Let us define new generators for the
nonlinear algebras as follows:

MZ(SM . llcif):q;d M?’(S);q — IC;V(S):q +d +1 (50a)
. d ) ° 2’
L1 gid ~ : 1
NY®a j’ci(ism’d’ N}N(sxq — lCéV(S)'q _d— 3 (50b)

If we compute the commutators for the cubic algebras in the new bases, and take the limits
d and d' to infinity, then we obtain commutation relations corresponding to the su(1, 1) Lie
algebra as

[MiV(S);q’ MZX(S);q] — _ZMé\/(S);q’ [Mé\f(s);q’ MQ(S);Q] — iMi(S);q’ (51a)
[N_'{V(S);q,NiV(S);q] _ _2A[3N(S);q, [MN(S);q’Ni/(S);q] — iNiV(SM_ (51b)

It is now straightforward to show that the Casimir operators for the su (1, 1) Lie algebras (51a)
and (51b), i.e.

N(S):q N(S):q N(S):q N(S);q\2 N(S):q
C/\/l( ): = M+( ) M,() —(M3() ) +M3() . (520)
:,NS; N(S);q x rN(S):q N(8);q\2 N(S):q 2

can be followed from the deformed Casimir operators (36) and (45) by the limiting processes
d — oo and d’ — oo, respectively. Note that in this case, all constant terms in the deformed
Casimir operators must be subtracted before the limits d and d’ to infinity are considered.

5. Conclusion

In this paper, positive and negative integer irreducible representations of a deformed su(1, 1)
algebra on the space of monopole harmonics are obtained for given values of / —m and [ +m,
respectively. They are realized by the ladder differential operators which change / and m
by one unit. The positive and negative irreducible nonunitary representations (32) and (41)
of the deformed su(1, 1) algebra are the output of the ladder symmetries (17a),(17b) and
(27a),(27b). For this reason, we call them ‘internal symmetries’ which are in turn considered
as new spectrum-generating symmetries. These realizations of the deformed algebra are
therefore understood as an internal symmetry for the Hilbert space corresponding to all

14
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monopole harmonics. Note that the quantization of both azimuthal and magnetic numbers
! and m of the monopole harmonics are used jointly. Therefore, the nonlinear commutation
relations (35) and (44) not only quantize the indices / and m as mentioned above, but also such
a realization of the deformed su (1, 1) algebra is responsible for the generation of monopole
harmonics.
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