't Hooft-Polyakov monopole of higher generalized
angular momenta

Siu Fai, Hsu
Department of Mathematics

The University of Hong Kong

June 2013

Abstract

We recall the quaternionic fomulation, which can simplify the computation of the linearized
Yang-Mills-Higgs equation in the background of a 't Hooft-Polyakov monopole. We then study the
solutions in the cases j = 0, 7 = 1 and j > 2 separately. In particular, we investigate the spectral
properties of the monopoles. We focus on some of the bound states and show that as the generalized
momentum increases, the k—th eigenvalue tends to 1. We show the existence of Feshbach resonance
for w < 1 in the coupled system and calculated the partial cross section when w > 1.

1 Introduction

Solitons, which are spatially localized solutions with finite energy of non-linear differential equa-
tions, play an important role in various particle physics theories. In the quantum field theories,
perturbations around solitons are interpreted as particles. So studying perturbations amounts to
studying particles under the influence of background soliton.

One of the interesting theories is the SU(2) Yang Mills theory. The theory allows the existence
of the monopole which explains the quantization of electric charge. Perturbation of the theory in
the BPS-limit has been carried out intensively and many interesting phenomenon is found. For
example, these particles has infinitely many bound states.

Recently, a new phenomenon of the monopoles is observed. In [5], they showed that considering
the non-linear perturbation, these excitation of the monopoles decays very slowly. It motivates the
work [6], in which they considered the perturbations of BPS monopoles, perserving the hedgehog
form of the monopole. They obtained a system of two coupled, differential equations. The two
channels are interpreted as one massive channel and one massless channel. Upon evolution, the
energy from the massive channel leaks slowly to the massless channel, which explains the slow decay
of monopoles.

Motivated by this work, [10] provides a formalism to compute perturbations which does not nec-
essarily preserve the hedgehog form. It is expected that the formalism can encode more information
from the theory and allows us to discover new phenomenon. However, they have only computed
the systems of equations when generalized angular momentum is 0. In this paper, the systems of



equations corresponding to higher generalized angular momentum will be computed and the con-
straint due to the background gauge condition will be worked out as well, which is not worked out
explicitly in [10].

The rest of the paper is organized as follows. In section 2, we review some of the basis of the
Yang-Mills theory. In section 3, we recall the quaternionic formulation in [10] and relate it to the
perturbation of the Yang-Mills equation. In section 4, the linearized Yang-Mills equation will be
decomposed into systems of equations. The j = 0 sector will be recalculated and we will also
calculate the j = 1 and 5 > 2 sector. In section 5, we investigate some of the bound states and
some coupled systems. We showed that higher generalized momentum sector still contains infinite
bound states. Also, the k—eigenvalue tends to 1 as the generalized momentum increases. We also
calculated the cross section of a system and showed that Feshbach resonance occurs for w < 1. We
also computed the cross section of this system for w > 1. Finally, in section 6, we end with some
observations and some future direction of research.

2 Yang-Mills’ theory

2.1 Yang-Mills’ equation
The SU(2) Yang-Mills theory is determined by the Lagrangian density

£= L 0(Du)(D"6) — b P By — A ~ 1) @

Here ¢ = ¢°t, is an su(2)—valued function on the (14-3)—dimensional spacetime and A is an SU(2)—
connection, where {t,} is a basis of su(2) satisfying [ta,ts] = €abcte. The covariant derivative
is given by D,¢ = 0u¢ + [A,, ¢] and the field strength tensor of the connection A, = Afjt, is
F., =0,A, — 0 A+ [Au, ALl
The equations of motion is
DuD"é = A(1 = |¢]*)¢; (2.2a)
D, F"" = [D"¢, ¢]. (2.2b)

The following three conserved quantities can be defined. The energy is
E= [ Do + LEun? + 282 - 1)?
= [ S1Duol + JIEwl + A9 — 1),

The electric charge is
Q= /trDi¢Eid3x,
and the magnetic charge is
b = /tr D;¢pB;d’z,
where E; = F* and B; = €ije k.
Finiteness of the energy imposes a boundary condition on the solutions that |¢p(Z)] — 1 as
|#] — co. So ¢ determines a map from SZ, to S2. In fact, the degree of this map is proportional to

the magnetic charge ®.
To minimize the energy, one can rearrange the terms in the integrand of the energy

E= / |Dog| + |Ei|> + |Di¢p + Bi|> F tr Di¢Bid’x. (2.3)



This shows that E > |®| and the equality holds only when
Di¢p+ B; =0 (2.4)

Equation (2.4) is called the Bogomol'nyi equation. The Bogomol’'nyi equation implies the equation
of motion (2.2). From now on, we will concentrate on solutions of

Dip+ Bi =0 (2.5)

If a solution of equation (2.2) is in the hedgehog form

k a

110 - 07 11? = €aik ::2 (1 W (t, 7"))7 ¢a - ig H (tv T)7 (26)
then W and H satisfy
8? ?
9 w2 2 174 .
(T ((’%2 B ﬁ) + - 1) =0 (2-72)
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Solutions in this form satisfies the Bogomol’'nyi equation. If we let A = 0, which is called the
BPS-limit, and assume that W and H does not depend on ¢, then equation 2.7 becomes

2
(—7"2% + WP+ H> - 1)W =0; (2.8a)
( 2 82 2 _
—r’ o3 T 2WH =0. (2.8b)

In this case, there is indeed an analytic solution (see for example [12])

r

H(r)=1- h = .
(r) rcothr, W(r) -

One can show that the corresponding magnetic charge is 2.

2.2 Perturbation of the equations

Now we turn to the perturbation of the theory. This means the linearization of the equations
of motion or the Bogomol'nyi equation. We will perturb around the time-independent monopole
solutions.

By a monopole solution, it shall mean a time-independent solution (¢, A,) of equation (2.5)
with Ag = 0. Suppose (¢, A;) is a monopole solution. We consider the pertubation around (¢, A;),
b=+ etp, A; = A; + e™'a; so that ¢ satisfies equation (2.2). Putting it into equation, we get

DiDip + [Ai, Dig) + Dilai, ¢] = —w’e; (2.10a)
DiDia; — DiDja; + [ai, Fij] — [¢, D¢ — [, Di¢] — (6, [a5, 9] = —w’a;. (2.10b)

The rest of the paper will mainly focus on equation (2.10a).
We can also linearize the Bogomol'nyi equation in the same way, and get

eijijak = DigO + [ai, d)] (2.11)

Note that since there is no time derivative in the Bogomol’nyi equation, the ¢! factor on the
o disappears. Solutions which are gauge equivalent are deemed to be physically equivalent. In



terms of perturbation, we want to consider only perturbations that are orthogonal to infinitestimal
transformation due to the gauge transformation ¢ = ¢ + [0, @], A; = A; — D;¢p. That is

/tr(aiDlﬂ) + tr(g[d, ¢))d*z = 0, (2.12)
for all # with compact support. After integration by parts, the we see the requirement is that
D;a; + [(b7 (p} =0. (2.13)

It is called the background gauge condition.

3 Quaternionic Formulation and Perturbation of the equa-
tions

3.1 Quaternionic Formulation

In this section, we will recall the quaternionic formulation introduced in [10]. o
_ Since every solution (¢, A,) of equation (2.2) is gauge equivalent to a solution (¢, A,), where
Ap = 0, we can concentrate on the solutions in the moduli space

M = {solutions of equation (2.2) in the form (A;,¢)}/ ~,

where two solutions are equivalent if they are guage equivalent. For all [(4;, ¢)] € M, we can
naturally identify it with a (su(2)®H)—valued function by writing it as @ = ¢+ A;e;: R* — su(2)@H.
We will show that it is a convenient choice.

Let H be the set of quaternions, and {1, e1, ez, es} is a real basis of H, where 1 is the multiplicative
identity and {e;} satisfies

€i€; = —(Sij + ei]—kek. (31)
The conjungation of Q = a + b;e; is given by
Q =a— blel

We now define the Dirac-type operators on these functions. Let [(¢, A;)] € M such that both ¢ and
A; are independent of time. Define [10]

D=Diei+[¢,], D' =Diei—[s,]. (3-2)
Note that
B'P = -D ~ (6,16, ] + eilDig = Bir |, BP' = =D = 6,6, ] - eilDid + Bir ] (33)
If we further assume (¢, 4;) is a monopole solution, then [10]
B'D = -Di ~[6,[6. )| +2e:(Dig, |, PP' = ~D7 ~ (6,16, ]). (3.4)
The linearized equations can be expressed compactly by this formulation. Let ¢ = ¢ + a;e;. Then
DG = Dia; + [p, 0] + (Dip — €ijpDjar — [¢,a:])ei. (3.5)

So the linearized background gauge condition (2.13) means that the real part of [)§ is zero. Assuming
this condition, then [10]



P'Pg=— (DiDip + [Ai, Did] + Dilai, ¢])
+ej(DiDsa; — DiDja; + [ai, Fiz] — [¢, D] — [, D;jd] — [, [a;, B]])- (3.6)

That is, given the background gauge condition, lDT]ﬁcj is the left hand side of the linearized Yang-
Mills equation (2.10). Therefore, equation (2.10) is just

P'pg =g (3.7)

We can also consider the equation
pPp'p=u’p. (3.8)
Non-zero solutions of equation (3.7) are of one to one correspondance with these of equation (3.8),
given by the map
Dg=wp, P'p=wq. (3.9)
Equation (3.8) is often easier to investigate than equation (3.7). We will see that equation (3.8)

in the following investigation is of simpler form. Furthermore, to require the background gauge
condition, we can consider only those solutions p whose real part is zero.

3.2 Structure of the wave equation

If we further assume that the monopole solution (¢, A;) is in the hedgehog form (2.6), then

1—- - H -

D= (eiai)+(7w)(€x fc)~t+7§:~t7 (3.10)
where t; as an operator acts by adjoint representation of su(2) and & = %— The term e;0; can be
written in the form .

€ = & + ~ & (& L), (3.11)
where the orbital angular momentum operator is L; = —¢;;,2;0,. We can also compute
. G-W)r o (=W, (I-WP—H
pp=-a- 2 Wp gy =R U2 =)
2rH —2(14+W)H ,, R 2WH ,
¢ 220 O G e g1 20 @), (312)
where Laplace operator can be expressed as
1 1=
A=Z0r+ L% (3.13)
r T

Noting that rH’ — H = W2 — 1, the above can be simplied to

20-W) = - (1-W)?2 1-W)2—-H? .
pp=-a- L e B2 =6 iy
2W?2 —WH-1),. . 2WH
+¥(x~t—)(m-€)+ 3 (€-1). (3.14)
On the other hand,
20 —W) = - (1—W)? 1-W)2—-H? |
Pyl =-—A-— (T2 Vi = )FZ+( T)2 (- 1)°. (3.15)



Now we define the generalized angular momentum operator J to be
J=L+5+1, (3.16)

where s; is the operator which acts by communtator of e; on the quaternionic part of the function.
Since [J;, J;] = €ijkJi, and J communtes with both 1§ and §", we see that the solution of equations
(3.7) and (3.8) can be decomposed into eigenfunctions of eigenvalues —j(j + 1) of J2. We will call
those eigenfunctions of eigenvalues —j(j + 1) as the j sector.

4 Solving the wave equation

4.1 j =0 sector

Since the operators E, 3 and ¥ commutes, we can decomposes eigenspaces of J into tensor product
of eigenspaces of E, g and . The isospin part is viewed as spin 1 representation and the quaternion
part can be viewed as a direct sum of a spin 0 and a spin 1 representations. By the Clebsch-
Gordan decomposition, the basis of j =0, j = 1 and j > 2 sector consist of 4, 10 and 12 elements,
respectively. The basis can be found easily following the decomposition rules.

We will start to investigate solutions of the differential equations which have eigenvalue 0 of the
operator J2. Its basis conists of [10]

v1:é~ﬁ
1)2:33-&
vy =@ (& x 1);

Il
IS

)

X
V4 -@)(& - 1), (4.1)
where for example v; = € - t = t1 ®e1 + 12 ®es + t3 ® ez is a constant function. Note that the
operator 2 always have value —2 on these basis.

Let ¢ = Zizl Ler(r)vk. Using equation (3.14) and Table 1, we get the following systems of

equations.

;1
—c + ﬁ((HQ +3W? —2W + 2WH — 1)e1 + (—2W + 2W H)eq) = w’er, (4.2a)

—cf + ;2((21/[/2 +2W 42 —2WH)eca + (—W? — H> —2W 4+ 2WH + 3)c1) = w’es (4.2b)

and
—cy + %2(2W2c2 +4WHes) = w’es, (4.3a)
1
i + 5 ((H? +3W + Dea +2W Hea) = wen. (4.3b)

Letting c3 = h, c2 = V2w, we get

2 2
d w+2W w+2\/§WHh:w2w

Cdr? g2 r2 (44)
2 2 2
_dh+H +3W 1h+2\/§WHw:w2h’ (4.4D)
dr? 72 r2



Table 1: The action of the operators in (3.10) and (3.14) on the basis of j = 0 sector

L2 Lt it i-é (Ex&)-t
v=¢-t 0 0 —v3 —vg +v3 | —2vU3 + U3
Vg = et —2v9 2v9 0 Vg —v1 + vg
vy =¢€- (T % f) —2u3 V3 V] — Vs —v1 + s 204
vy = (2-e)(z- f) 201 — 6vyg | —v1 + 3uy 0 —Ug V3
et -9 | @-e@-b]| e (@xD)
Ulzé"{ 2u1 —v1 + V4 V1 — Vg 0
Vo = - F V3 0 0 V1 — V4
vy =¢€- (]A,‘ X 7?) 2v9 + v3 —U3 V4 —V1 — V4
1}42(53(?)(@5 V1 — Vg 0 0 —2’02—1}3

which are the perturbation of the Hedgehog fields H(r) and W (r) being done in [?]. We now define
the solutions which satisfies the background gauge condition. The real part of I§7 is

(=t} — b+ %(72174 —2(1 — W)b1))we. (4.5)

So the only requirement of the coefficients is that
—c1—cy+ %((QW —1)e1—c) =0 (4.6)
and there is no further constraint on cz and c3. In particular, no two different Hedgehog perturba-

tions are gauge equivalent.
We turn to equation (3.15). Letting p = Zizl %ck (r)vk, it again decomposes into a system of

differential equations.

/! 1

—ef + 5 (WP = 2W 4+ 14 H)er + 2Wes) = ey, (4.72)
VW e+ (W =20 + 1= H)er) = wies, (4.7b)

2W?
—d e =we, (48)

and 2 2

H® +1

—c + ‘M%Cg = w’cs. (4.9)

We see the form of the equations are simplier. Moreover, background gauge condition in this case
is simply c2 = 0.



4.2 j =1 sector

The basis of the j = 1 sector are components of the vectors

.l

v =1;
vy =& X T
vg =€ Xt
va = (& - O)F;
vs = (& - 1)
ve = (€- )3
vy = (& - )23
vs = (&- &)@ x B
vg = (& - 1)(& x &);
vio = (2 - &)(z - ). (4.10)
Using the equality
F-@xDi=—(@ )@ xt)+ @ D) (ExE) +ExT, (4.11)

we can compute the value of the operators on the basis in Table 2.
Note that although those operators acts on the components of v;s, they determine operators
acting on the vectors. For example, L?> maps a component of v7 to the corresponding component of

2v; — 6vr. So the coefficient of the three components of v; satisfies the same equation and we will

not make a distinction between them. Let ¢ = 3_,° , Lek(r)ve, substituting into equation (3.14),

we get the following system of equations.

1
—d] + ﬁ((u — W)+ H?er + (—2W? —2WH + 2)es — 2Wer + (—2W2 4+ 2)cg + 2WHeg) = wen,

(4.12a)

—dy + %2((314/2 —2W — 14 H?)es — 2WH (c1 + ¢7) — 2c8 4+ 2Weg) = w’es, (4.12b)
e+ 5 (W £ W er + (1= WP — H)ex + 22 — WH — Ve +2(W? — 1)es — 2 He)
= w’er, (4.12¢)
- TiQ((W2 54 H)es + 2(—W2 + 2WH + 2)(c1 + c3) + 2WH(cr — c0)) = wies,  (4.12d)

v %2(2(14/2 FW A Do+ (W2 4 2W — 3 — 2WH + H)es — 2W Her + (2W — 2WH — 2)cs)

=w?eo (4.12¢)



Table 2: The action of the operators in (3.10) and (3.14) on the basis of j = 1 sector

L? L-t &t i-é
v =t 0 0 ) V4
Vg = T X t —2vy Vg v — U7 Vg
vg=ext 0 0 V4 — Vg —vy — V5 + Vg
vy = (& - é')L? —204 Vs — Vg —vg —vy
vs = (& - t—)é’ — 25 2u5 0 —V7 — Vg
U6:<€-E)A —2vg —v4 + U5 V3 — Vg + Vg —V3 — U7 + Vg — Vg
Uy = (i‘ . Lr)i‘ 2v1 — 6uy —v1 + 3ur 0 V10
Vg = (i‘ . g)(i‘ X E) 2v3 — bBug Vg + Vg V4 — V10 —V2
Vg = (A ﬂ(i‘ X é‘) —2v3 — 6y v3 + 3vg 0 Vs — V10
V10 = (.fi . é')(i‘ . ai‘ 2u4 + 205 + 206 — 12019 | —v4 — v + 410 0 —v7
¢ (2 x L) et (i - )2 (&-t)(z - €)
U1 =t 0 —U3 —v1 + U7 —g
vzzixf V3 — Ug V4 — Vs —Ug V4 — V10
vg=eExXt 0 —2v1 + v3 —v3 — Vg —01 + v3 + V7 — vg + Vg
Vg4 = (33‘ . é')F —2v9 Vo — Vs + Vg —v4 + V10 Vo
’U5:(.7AJE>€ —v1 +v3 + v7 — Vg —V9 — Vg4 + Vg 0 0
Vg = (5 E)A —vU1 + vy — vg + Vg 206 —Vg + V10 Vg — V10
U7:(i‘-f)i‘ VU5 + vg — 2010 —v3 4+ Vg — Vg 0 0
vy = (2 - €)(& x 1) —209 + V5 — Vg —v1 + V7 — Vg —vg —v1 + v
’L}g:(A'ﬂ(ixa —vg — V4 + U5 + 2019 V] — V7 — Ug 0 0
Ul():(.f'é')(i?'ﬁi‘ v3 — 2v7 — vy + 209 Vg — V10 0 0
(€x i) -t
v :F V5 — Vg
Vo =% X T Vg
vg=€XT —Vg — Uy — Uy
vy = (:%é')l? —v3 + vg
v5:(:%~f)€ V] — V3 — U7 — Vg
U@Z(gﬂﬁﬁ —v3 — 207 + vg — Vg
vy = (,@ . E)f? —vg + V10
Ug—(j?-éj(i‘XE) —v5 + V19
vy = (& 1) (3 x € V2 + V4 — V10
Ul():(.f?'é‘)(i‘-t‘)i‘ —v3 + Vg — Vg




1
—dy + T—Q((H2 + W2+ 1) +2(W? — 1)y — 2WHes) = we, (4.13a)
1
—cf + 772((H2 +W? —2W +3)ca 4+ 2(W? = 1)co — 2WHes + 2(1 — W) — 2Weo) = wea,
(4.13b)
1
—ct + ﬁ(2W205 —2WHea +2(—1+W — WH)es — 2(1 — W)es — 2¢10) = wies, (4.13c¢)

—cf + i((sWQ —2W 4+ 14 H® +2WH)cs 4+ 2WH(ca + ¢5) — 2W (1 4+ H)eio) = w’cs, (4.13d)
7.2

—ciy + 1}2(2(14/2 +2W +3—WH)cio+2(-W?> + WH + 1)ea + (1 = W)? — H*)eu (4.13e)
+ (=W? 4 2W +3 — H> + 2WH)cs) = wcio.

We now consider the background gauge condition. The real part of Ipq is

H w 1 H 1-W 2 w
(7})2 — bil — 705 — ;CG)Ul + (_7b1 — b:; — (T)b?’ — bé — ;bg — 7()9)1}2
H W 2W -1 2
+(—7b2—b/5+ 7b5—bé+ Ce —bllg - ;blo)v7, (4.14)

where b (r) = Lcx(r) for all k. So the constraints on the coefficients is that

1
—cy + ;(HCQ +cs—Wes —cg) =0, (4.15a)
1
—ch —cg + ;(*HC1 —Wez —cs —Weg) =0, (4.15b)
1
—Cy — ¢ — Cho + ;(—ch + (14 W)es +2Weg — c10) = 0. (4.15¢)

Now p = Ziil %ck(r)vk, putting it into equation (3.15), we get
1

—c§ + (W = 1)° + H?)es — 205 + 2Weo) = wPes, (4.16a)
- W“‘ = Wi, (4.16b)
—+ %(Q(WQ +W 4 1)y + (H?> — (1 = W)?)es +2(W — 1)es) = wieo (4.16¢)
and
—cf + %((HQ W2 —2W + 3)ca +2(1 = W)es — 2Weio) = wea, (4.17a)
—c§ + %(zwch, —2(1 = W)(ea + c6) — 2e10) = wes, (4.17b)
—ct + 7712((H2 +W? = 2W + B)es + 2(1 = W)es — 2Wero) = w’es, (4.17¢)
s+ 7%(2(1/1/2 +2W + 3)cio + (1 — W)? = H?)(ca + ¢6)) = w’cro. (4.17d)

The equations satisfied by c¢1,c2 and c¢7 are not included here since the background gauge con-
dition in this case reads that ¢; = c2 = ¢ = 0 and these equations decoupled with the system of
equations above.

10



4.3 j > 2 sector

As we have seen above, the basis of j7 = 0 sector are scalars, and the basis of j = 1 sector are vectors.
In principle, the basis of j > 2 sector all have 25 + 1 degree of freedom. To define the basis, we will
define the following symemtric tensor product.

Given vectors 7', ..., &%, we define a product S(&',--- ,#*) which is a symmetric tensor product
given by
A (1) | =7(2) ( ) (20)
1 @ . 7 Sr(20—1) _ 7(2
SE T )i Z Zc] ) (@ 7)1y i) G 21—y i cay
o,7€S; 1=0
r@41) ()
io(20+1) ZIOK (4.18)

where the numbers cl is chosen so that Zl —iy S(:E'1 . fk)nlk = 0 and c¢op = 1. This property,
together with the fact that the product is symmetric, implies that the degree of freedom of this
tensor is 2j + 1. To compute the ¢}, we compute

> S@E e d ),

i1=is
& 12 20-1 21 21
' S o1 L v
*Z ]721) )(2J*l)cf(($ R )(:E "z )51'314"’5121711'211'12:_1"'mgj+”’)
[J/2] 1
ool =2 2041 2042 2 j
+ Z l' J_Ql) Jel (&%) (& g )61'31'4"'5i21+1i2z+2mi2;33"'xgj +0).
(4.19)
Comparing the terms, for [j/2] > > 0, we get the recurrence relation
202" ()G — 20! + T+ DY — 20— 2))(2) — 1 — 1), , =0, (4.20)
that is, _ .
(G—20(—20—1)c] +2(1+1)*(2j — 1 — 1), = 0. (4.21)

For example, (&' ® &%)i; = 2(zja] + xjai) — 3(&" - £%)8;;. The basis of the j > 2 sector is the

components of the product of j vectors

i-@)S@E% 2 x 1),
i-é)(z-1)S(&®). (4.22)

11



Using the equalities

S(&,&x 1)+ S(& x &1t) — S(& x t,&) =0, (4.23a)
(@-1)S(%,8) + (&-&)S(2,1) = S(& x é,& x ) + S(&,1) + (€-1)S(&, %) (4.23b)
and equation (4.11), we can compute the value of the operators appeared in equation 3.10 and 3.14
on the basis in Table 3. As in the 7 = 1 sector, it shall mean that the operators acting on a
component of the tensor product will give the corresponding component of the resultant tensor
product. Letting = ",2, Lck(r)vk, substituting into equation (3.14), we get
1 ) ) . ,
—ci + 74—2((7W2 2 —1DW 452 —j+ 14+ H)er —2(j — 1) (Wer + ¢8)) = wier, (4.24a)
1
—ct + 772((W2 + 24— 14+ H)es +2(W? —=WH — 1)c1 — 2WHer + 2(W? = 1)es) = w’es,
(4.24b)
1
—cg + 772((3W2 —2W 4+ — 1+ 2WH + H*)cs + 2(—W? + WH + 1)v1 + 2WHer
+2(1 =W 4+ WH)es 4+ 2W (H — 1)ci2) = w’cs, (4.24c¢)
;1 : . .
—c+ 772((2W2 +20(G — D)W + 5% — jler + B3W? —2W — 1 — 2WH)ey — 2W Hes
—2j(1 = W)ee + 2(W — WH — 1)cs — 2jc12) = w’er, (4.24d)
1 . . .
—cg + 7ﬂ—2((W2 —2W + 5% +3j — 1+ H*)es + 2WH (c1 — ¢7) + 2(W? — 1)es
+2j(1 — W)es — 2jWeia) = wies, (4.24¢)
/ 1 : . .
—cly + 7ﬂ—2((2W2 +2( 4+ D)W 42 +3j+2—2WH)ciz + (—2W? + 2WH + 2)cs
+ (W2 —2W +34+2WH — H*)cs + (H> — (1 — W)*)es = w’erz (4.24f)
and
1 . . .
—ch + ﬁ((W2 —2W + 54+ =1+ H?)ca 4 (—2W? — 2WH + 2)cs + 2W H(ca + c10)
—2jWeg + (2 — 2W2)en1) = w’es, (4.25a)

—ci + %2((314/2 —2W + 5% —j — 14+ H?)es — 2WH (c2 + co) + (—2W? + 2W + AW H)eq + 2Weio
+ (2 —2W%en) = wies, (4.25b)
—cyf + T%((fwz —2(j VW 432+ -1+ H>+2WH)ea — 2(5 — 1)(1 — W)es
—2(j — 1)(Wewo + e11)) = w’es, (4.25¢)
—cy + %2((214/2 +2iW 4+ 5% 4+ e + (1 = W) — H)ea + QW2 — 2WH — 2)c3
— W Heio + (2W? — 2)e1n = w’eo, (4.25d)
—cfo + T%((QWQ + 2iW + 52 4 j)ero + (W2 +2W — 3+ H> —2WH)es + (1 — W)? — H?)ea
—2WHeg + (2W — 2 — 2WH)en = w’eio, (4.25€)
ey g (W 4 7% 434 1k B )ews + (~2W? 4 0WH +2)(ea + 5 — ex) + 2W Hi{eo — cro)
=w’err. (4.25f)
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Table 3: The action of the operators in (3.10) and (3.14) on the basis of j = 2 sector

o

L? L-t &t

vy (-1 —2)n - —2)un —v3 — Uy
V2 =3 = Dvo —(J —2)ve —vs
v3 —J(i — Dvs (= Dvy —Ug + Us
Vs =30 — Dua vz — (J —2)vy U1 4 vg — U7 — Ug
Us —J( + Dvs U5 Vg — Vg
Vg —Jj(F + Dvs Jur — jus v3 + V10 — V11
vy 2(5—Dv1 — 3 + Doy —(G—=Dvi+ (G + vy 0
Us 2(j — Dvy —j(J + 1)vg —v6 +v7 — (j — 1)vg —V11
V9 2jva — (J +1)(J + 2)vg —Jjv2 + (4 + 2)vg 0
vig | =203 +2(j — Dvg — (j + 1)(J +2)vio | v3 — (j — Dva + (j +2)vio 0
v11 | 2jvs +2(5 — Doy — (5 +1)(j +2)vis V10 + V11 vg — V12
vig | 2v6 + 2jv7 + 2jvs — (J +2)(J + 3)viz —v6 — jus + (J + 3)vi2 0

GG D G2 77
U1 —v1 + v5 — vg + U7 + Ug —Vg — V4 —U1
V2 —V11 (% —v3
U3 —vU2 + V3 + V9 + V10 — V11 —U5 + Vg — U7 —2v2 + v3
22 —v3 — U4+ V11 VU1 — Ug Vg + U3
Vs Vg — V12 V11 —v7 + Ug
Vg Vg — V12 —v3 — Vg — V19 + V11 2vg
v7 0 —v9 — V10 —v5 + U — Ug
vg Vs —U2 Us + Vg — U7
Vg 0 V12 —v3 — V10 + V11
V10 0 V7 — V12 Vg — Vg — V11
v11 —vU2 + Vg —Us —V2 + Vg — V10
V12 0 —V9 Ve — V12

g (&xL) (Ex i)t (2 -1)?
U1 (J—2)v2+(J —2)us vg + U3 —v1 + vy
U2 (j—Dvr — (j — Dusg —vUg + V7 —vg + vy
v3 (J — D(=v1 +v5 —vs + v7) —Us — U7 —Ug —¥3 — V10
(7 v+ (j — 1)vs U5 + U —v4 + V10
Us J(vs —wvir) + (7 — Doy V10 —Us
U6 J(=v2 4+ vg +v10 — v11) —v3 — 209 — V10 + V11 —g + V12
v7 —v2 + vz + j(v9 + v10) V2 — U3 — Vg — V1 0
vg —2vg + (j — L)y —v3 + U171 —vg + V12
Vg ve + jur — (J + Dvia —v6 + V12 0
V10 (7 + Dvig +vr —v5 — v V5 + vg — V12 0
v11 (7 — 1) (v1 +wg) + j(vr — v6) — 205 —v7 + V12 —v11
V12 —2v9 + jv10 —v3 — V10 + V11 0
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We turn to the background gauge condition. By letting b = %ck, subtituting into equation
(3.10), we see that the real part of /g is

/ / 1 - .
(—bl — bg =+ ;((] —1- W)bl + Hbs — ]ba — Wby — 2b8))’l}2

1 .
+ (=t — b1y + ;(—Hbz + (1 = W) (b3 +ba) + (j — 1)bs — Whio — 2b11))vs

+ (=bg — by — by + = ( Hbs + (5 — 24 2W)bs + (5 — 1+ W)br — 2b12))vo. (4.26)
So the constraint on the coefficient is
¢y —cs+ %((J —W)er + Hes — jes — Wer — es) = 0, (4.27a)
—c3 —ciy + %(7HCQ +Wes+(1—=W)ea+ (j — 1)es — Weio — 1) =0, (4.27b)
—Cg — €7 — Cho + %(7H05 +(—14+2W)es + (j + W)er —ca2) = 0. (4.27¢)

Let p = Zk 1 7qck( r)ug, putting p into equation (3.15), we obtain

1 5 .
—cy + T—Q((HQ + W2 —2W + 5% —j+ 1)es + (2W — 2)ea — 2Wero — 2jenn) = wes, (4.28a)
v 1 . 2, .
—ci S ((H+ W2+ (2= 2)W + 57+ = B)ea + (2] = 2)(W — Des
- (2j —2)Wero — 2(j — 1)enn) = wies, (4.28b)

—cto + ((2W +25W + 52+ j)ero + (H> — (1 = W)?)(e3 — ca) — 2(1 — W)enn = w’eio, (4.28¢)

e + (H +W? 452435+ Den = w’en (4.28d)
and
e+ G WP 4 @ 2)W 47—~ Der + (2= 2))Wer + (2~ 2j)es) = wPer,  (4.29)
—cy + i((HQ +W?—2W 452 + 5+ s+ (2 — 2W)eg — 2Wern) = wes, (4.29b)
—c + —2((2W +(27 = 2)W + 5% — Der + (W = 1)° — H?)er — 25(1 — Wes
—2(1 = W)es —2jci2) = wer, (4.29¢)
—c§ + iz(( + W2 = 25W + 5%+ 35 — 1)es + (25 — 2)W)es — 2jWern = w’es, (4.294)

—ciat ((2W + (25 +2)W + 5% + 35 + 2)c1z + (W — 1) — H?)(co + cs) = w’cra.  (4.29)

The above systems of equations have not included the coefficients c2, c5 and cg since the background
gauge condition now reads c2 = ¢5 = c9 = 0.

5 Spectral properties of monopoles

5.1 Bound states

In this section, we will use the analytic solution (2.9), although the procedure can be carried out for
other solutions to equation (2.8). It is well-known that the moduli space of monopoles is a disjoint
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Table 4: Eigenvalues of equation (5.4) of different j

W% w% W?% W% W%O W%oo
j=0 | 0.76882 | 0.89492 | 0.94012 | 0.97302 | 0.99187 | 0.99986
j= 0.88926 | 0.93771 | 0.96012 | 0.97964 | 0.99307 | 0.99986

j=2 10.93750 | 0.96000 | 0.97222 | 0.98438 | 0.99408 | 0.99987

jg=>5 10.97959 | 0.98438 | 0.98765 | 0.99174 | 0.99609 | 0.99989

7 =50 | 0.99972 | 0.99973 | 0.99974 | 0.99976 | 0.99979 | 0.99995
p-s. w,% represents the k—th eigenvalue.

union of 4k—dimensional manifolds My, [1]. There is a natural action of R®* x S* on My, where the
R? acts by translation of the origin and the S' is generated by the infinitestmal transformation

0¢p =0,04; = D;o. (5.1)

In terms of the quaternionic formulation, it is just

g0 = (D;jd)e;. (5.2)
The generator of the translation can also be written in the form
ai = ei(Djde;). (5.3)

One can check that g, = 0 for 4 = 0,1,2,3 and so they are solutions of equation (3.7) which
satisfies the background gauge condition with w = 0.

[2] in particular investigates equation (4.9) and found that there are infinite number of bound
states of w < 1. We will consider the general case for higher j. Together with equation (4.16b) and
(4.28d), we see that solution of

H> 4+ W?+5%24+3j+1

r2

-B8" + B=uwp (5.4)
is a solution to equation (3.8) for all j > 0.

Here we will use numerical program [9] for Sturn-Lioville type problems to solve for the eigen-
values. Since

W2+H2+j2+3j+1Nl_g+j2+3j+2

2 . 2 +0(e™") as r — o0, (5.5)

the potential is approximately Comlomb’s potential with [ = j + 1, so the regular wavefunctions
corresponding to the k—th eigenvalues for j has the asymptotic behaviour

u(r) — pFHITer /D D ag o o0 (5.6)
The corresponding eigenvalues can be approximated by
2 1
wp=1-—+———+—, 5.7
b (k+j+1)2 (5:7)

which tends to 1 as k or j tends to infinity. It also shows that we should expect that we have infinite
number of bound states. [2] has shown that it is indeed the case for j = 0. We computed the
eigenvalues corresponding to some of the values of k and j in table (4). It agrees with our prediction
and the values are indeed very close the approximation (5.7).
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5.2 Scattering

In this subsection, we consider the scattering problem which is in the form

(—%JJUH)H/() w)u=0, (5.8)

where V(r) — 0 as r — oo exponentially. Asymptotically,
u(r) = r(A(w)ji(wr) + Bi(w)yi(wr)), for r large, (5.9)

where j;(r) and B;(r) are spherical Bessel functions and

) . l l
Ji(wr) & sin (wr — 57?)/(wr),yl(wr) ~ —cos (wr — ;TI’)/(UJT). (5.10)
So
A? B?
u(r) =~ M sin(wr + 0 (w) — i), (5.11)
w 2
where 6;(w) = —tan™* % is the phase shift. The partial cross section is given by
4T
o(w) = o — (2l + 1) sin 2(01(w)), (5.12)
and the total cross section is
o(w) = Z = —Z Z (20 4 1) sin® (6, (w))- (5.13)
1=0 =0

Back to our equations, consider equation (4.29), by letting cs = cs = c12 = 0, we get

2 2 Y
g AW J;J i=1p, B=2W , _ .2 (5.14a)
T T
2 _ .
—a'" + 2W +2] Lo — 2]?/,8 =w’a, (5.14b)
T T

for all j > 2, where a = ¢1, f = ¢1 + ¢7. If we let the decoupling constant to be 0, we get

v HP4W? 442 —j-1
_B + 2
L VA

B=uw’s (5.15a)

a= w2oz, 5.15b
2

The first equation is just equation (5.4) after the substitution of j by j + 2 and the second equation

is the scattering problem equation (5.8), with V(r) = 2%2 and [ =7 — 1.

Back to equation (5.14). For w < 1, we can solve numerically for the regular solution for each w
by imposing the condition that 3 ~ Ar? as r — 0, B(c0) = 0 and « = r* as r — 0 [6]. In this case,
the solution satisfies

) — 1
B(r) = C(w)r/*“e " a(r) — D(w)sin (wr - % + 5((4)))7 as r — oo, (5.16)
V1— w2
at some values of r, we compute the phase shift

)
w))-

for some coefficient C(w) and D(w), where v(w) =
Comparing the solution of o with equation (5.9
§(w) = §;—1 and therefore the cross section sin®(§(
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Figure 1: For the system (5.14) with j = 2, the partial scattering cross section sin? §(w) is plotted
against w.

From the Figure 1, we see that the peak of sin(d(w)) is close to the eigenvalues of equation
(5.15a), which is shown in the first row of the table 4. It shows the existence of the Feshbach
resonance.

The Feshbach resonance [4] occurs when two channels are coupled and the energy of a discrete
bound state of one channel lies within the continumm spectrum of another channel. In this case,
when the energy of the incoming free particle is close to the energy of the bound state, the particle
may decay to the bound state as an intermediate stage before being scattered out. The scattering
length will become infinite as the energy tends to that of the bound state. It has been confirmed
experimentally [7] that we can tone the scattering length as large as possible by fine toning the
energy closer to that of the bound state.

We also plotted the graph of the wavefunction at the w correspond to the peak of sin® §(w),
where we denote by wy the energy corresponding to the k—th peak.

We see that a ~ sin(wr + d(w) — %), while 3 corresponding to w, oscillates n/2—cycles before
dying down as expected in equation (5.16).

For w > 1, we can solve the system (5.14) numerically by imposing regularity conditions, the
solution should satisfies [3]

B(r) = C(w)sin (krfgfn In 2kr+6'(w)),a(r) — D(w) sin (wr7@+5(w)), as r — 00,
(5.17)
where k = vw? — 1 and n = —1/k. We solved the case 7 = 2 and computed the partial cross section
sin? §(w) and sin? §’(w) for each w > 1. The result is plotted in figure 3. From the figure, we predict
that the both cross section approaches a fixed limit when w — co. The graphs are generally smooth

except there are certain fluctuations on them. The fluctuation of one channel may cause that of
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Figure 3: sin®§ and sin? ¢’ against w > 1 for j = 2.
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another channel with certain delay.

6 Conclusion

We end with some observations. In this paper, we only considered the spherical symmetric per-
turbations. It is evident that these perturbations occur as a result of partial wave analysis of
general perturbations. For example, equation (5.4) indicates that a particle under the influence of
a background monopole is governed by the equation

H?+W? -1
VYt v =w'y,

which is influenced by attractive 1/r potential. We also see the coupling of two kinds of particles.
From equation (5.14), we expect that two particles can interact according to the equation

(o6 )+ (75 ) n @ o) ()= ()

where A(z) = %Vg The operator Q = (A(z) - L) ((1) é) should be interpreted as a generalized

angular momentum in this system. When the state is a eigenfunction of Q of eigenvalue 0, the
system decouples.

The Dirac-type operator Ip and lZ)T anti-commutes with (71)”". Therefore, both B)TE) and E)DT
IL]

commutes with (—1)'*! and so the system given by equations (3.14) and (3.15) decomposes naturally

into two subsystems, of even or odd parity corresponding to L. Moreover, since Iﬁ]ﬂ commutes
with (—1)!¥1 as well, the system of equation (3.15) is divided into the real part (s = 0) and the
imaginary part (s = 1) and we get 4 subsystems. Due to the background gauge condition, the real
part is being ignored and we only consider the imaginary part in this paper. It is precisely the
communtativy that allows one to ignore completely the effect of the real part.

In this setup, the operator (& - {)2 is interpreted as the electric charge. Our calculation showed
that the charge can only be 0 or +1. It is due to the fact that we used the adjoint representation of
SU(2) and therefore we can consider the isospin part as a spin-1 particle. In fact, there is irreducible
representations of SU(2) which correspond to a spin-1/2 particle. Applying it in our setup, we can
get states with generalized momentum equals half integar. Furthermore, to allow the possibility of
higher electric charge, one may try to extend this setup to SU(N) for N > 2. In principle, there
will be no problem carrying this procedure to the SU(N) case except the fact that we do not have
analytic solution of BPS monopoles. The analytic solution is of no importance in our analysis and
the isovector in the SU(N) does give higher electric charge. It will be interesting to see how it
changed the properties of the particles.

As noted previously, investigation of the perturbations of Yang-Mills equation does give interest-
ing results. From the calculation above, one obtains more information of the perturbations. We hope
that these information are useful to future research in studying monopoles arising in supersymmetric
Yang-Mills field theory and higher gauge field theories.

Acknowledgement The author thanks Siye Wu for helpful dicussions and comments and Tang
Sin Ting for the advice on the numerical analysis. This work is supported in part by the Uni-
versity Grants Council (UGC) of Hong Kong, Competitive Earmarked Research Grants (CERG),
No. HKU706010P.

19



References

[1]
2]

3]

[10]

[11]
[12]

M.F. Atiyah, N.J. Hitchin. The Geometry and Dynamics of Magnetic Monopoles. Princeton
University Press, Princeton, 1988.

F.A. Bais and W. Troost. Zero modes and bound states of the supersymmetric monopole. Nucl.
Phys., B178:125, 1981.

P.G. Burke. R. Matriz Theory of Atomic Collisions: Application to Atomic, Molecular and
Optical Processes, Springer Series on Atomic, Optical, and Plasma Physics, Volume 61. ISBN
978-3-642-15930-5. Springer-Verlag Berlin Heidelberg, 2011

H. Feshbach.A united theory of nuclearreactions. II. Ann. Phys. 19, 287V313,1962.

G. Fodor and 1. Rdcz. Numerical investigation of highly excited magnetic monopoles in SU(2)
Yang-Mills-Higgs theory. Phys. Rev. D, 77:025019, 2008.

P. Forgacs and M. S. Volkov. Resonant excitations of the 't Hooft-Polyakov monopole. Phys.
Rev. Lett., 92:151802, 2004.

Inouye, S. et.al. Observation of Feshbach resonances in a Bose-Finstein condensate. Nature
392, 151.

N. S. Manton and B. J. Schroers. Bundles over moduli spaces and the quantization of BPS
monopoles. Ann. Phys., 225:290-338, 1993.

M. Marletta. Certification of algorithm 700 numerical tests of the SLEIGN software for Sturm-
Liouville problems. ACM Transactions on mathematical software, vol. 17, no. 4, 1991.

Russell, K. M. and Schroers, B. J. Resonances and bound states of the ’t Hooft-Polyakov
monopole. Phys. Rev. D, 83:065004, 2011.

B. J. Schroers. Quantum scattering of BPS monopoles at low-energy. Nucl. Phys., B367, 1991.
Y. Shnir, SU(N) monopoles with and without SUSY. hep-th/0508210.

20



