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Abstract

Abstract

> We present finite energy SU(2) Yang-Mills-Higgs particles of one-half
topological charge.

> The 't Hooft Abelian magnetic fields of these solutions at spatial infinity
correspond to the magnetic field of a positive one-half magnetic monopole
located at r = 0 and a semi-infinite Dirac string singularity located on one
half of the z-axis which carries a magnetic flux of %" going into the center
of the sphere at infinity. Hence the net magnetic charge is zero.

» The non-Abelian solutions possess gauge potentials that are singular at
only one point at large distances, elsewhere they are regular.




The SU(2) YMH Theory

The SU(2) YMH Theory

» The SU(2) YMH Lagrangian is given by
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4
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Here p is the Higgs field mass, X is the strength of the Higgs potential.
The vacuum expectation value of the Higgs field is £ = u/\/X

» The covariant derivative of the Higgs field and the gauge field strength
tensor are given respectively by
D,®° = 0,07 + g A0,
Fi, = O0uA) —0,A, + g™ ALAS, (2)
where g is the gauge field coupling constant. The metric used is

8guw = (— + ++). The SU(2) internal group indices a,b,c = 1,2,3 and
the space-time indices are u, v, = 0,1,2, and 3 in Minkowski space.
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The SU(2) YMH Theory (cont.)

» The equations of motion that follow from the Lagrangian (1) are
D"Fl, = 0'Fl, +ge A" F;, = g o"D, o,
D'D,d* = AP(PPDP —¢?), 3)
and the Bogomol'nyi equation holds in the limit of vanishing p and A,
B + D;d® = 0. (4)
» The electromagnetic field tensor proposed by 't Hooft [1] is

éeabcc’f)a D,&°D,é°,

Fu, = &F, —
1 ~ ~ o
= 0.A, —0,A, — Eea‘%aaﬂcbbaycbﬂ (5)

where A, = ®?A?  the Higgs unit vector, $? = &?/|®
field magnitude |®| = Vo2,

, and the Higgs
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The SU(2) YMH Theory (cont.)

» Eq. (5) can be decompose into the gauge part and the Higgs part
respectively,

G;u/ = auAy - auAu, H;uj = —éeabc&)aauébayaf. (6)

» Hence the decomposed magnetic field is

1
B = _Eeiijjk = B,—G + B,-H. (7)

The net magnetic charge of the system is

1l (o e L d o B
M_4ﬂ/aB,dx_47T7§da,B,. (8)
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The SU(2) YMH Theory (cont.)

» The topological magnetic current [12]

1 LA A b oA
ku = o= €uvpo €ape 0 I’P” 979, (9)
is also the topological current density of the system. Hence the

corresponding conserved topological magnetic charge is

My = 1/d& ko = i/e,jke <0, (& 0,60,8° ) d’x
g 8rg
= 7{ d’o; 1eukea"°¢aa RN
8r g
_ ! 7{ o, BY. (10)
I '

The magnetic charge My is the total magnetic charge of the system if and

only if the gauge field is non singular [13]. If the gauge field is singular and
carries Dirac string monopoles Mg, then the total magnetic charge is

M = Mg + M. 8w
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The SU(2) YMH Theory (cont.)

> In the electrically neutral BPS limit when the Higgs potential vanishes, the
energy is a minimum, [14]

Epin = q:/a,-(Bfma) d3x+/%(BfiD,-d>a)2 d*x
4r€

zp/a,-(chba) d*x = = My. (11)

Hence the dimensionless minimum total energy is My.

» For non-BPS solution, its energy must be greater than that of Eq. (11).
The dimensionless value is given by

A

E= i /{B,-"Bf + D7 D07 + (6707 — Y x> My, (12)
T
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The SU(2) YMH Theory (cont.)

» The magnetic ansatz is [8]
. _ P j Pl 1 a 3,
gAI = . {’l/)l(r, 6)0, R]_(r, 0)’7} + rsind {Pl(f,a)”e Pg(r,G)n,}ng,,
gAS = 0, g(ba = ¢1(r,9) f‘l? + ¢2(I’, 0)ﬁ;, (13)

where Pi(r,0) =sin8 v¢»(r,0) and Ps(r,0) =sin@ Ry(r,0). The spatial
and isospin unit vectors are respectively,

;= sinf@ cos¢ dj1 +sinf sing di2 + cosb §js,

0; = cos@ cose 51 + cosf sin ¢ 0ip —sinf djs,

di = —sing 8+ cos¢ b, (14)
Al = sinf cosng 85 +sinf sinng 65 + cosd 53,

g = cosf cosng 67 + cosf sinng §5 —sinf 53,

Ay = —sinng 67 + cosng 65; where n=1. (15)
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The SU(2) YMH Theory (cont.)

» The magnetic ansatz (13) is form invariant under the gauge transformation
w = exp (20 n¢f(r,0)> , o0® = Pauli matrices (16)

and the transformed gauge potential and Higgs field take the form,

2 1 aap o 1 na s
gA? = —?{zpl—89f}n¢9,-+?{R1+r8,f}n¢r;
+ r5| 0 {P1 cos f + Pysin f + n[sin @ — sin(f + 0)]} 73
- e 0{chosffPlslnf+n[cosefcos(erG)]}ﬁfq&,,
in
gAs = 0,
g®? = (®rcosf + Pysinf) Al + (P2 cosf — Dy sinf)hg. (17)
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The SU(2) YMH Theory (cont.)

» The general Higgs fields in the spherical and the rectangular coordinate
systems are respectively

g»” =
¢ =
d =
¢ =

®1(x) 07 + 2(x)hg + P3(x)N5

®1(x) 67 + Bo(x) 67 + P3(x) 6%, (18)
sin 6 cos ng ®1 + cos b cos ng ®, — sin ng d3 = |P|sin acos
sin @ sin ng ®1 + cosOsin ng 2 + cos np d3 = |P|sinasin 3
cosf) @1 —sinf d, = |P|cosa. (19)

The axially symmetric Higgs unit vector in rectangular coordinate system is

d‘)a

cos «

= sinacosf 6 +sinasin 8 6 + cosa 6%, B = ng, (20)

= —h =—, h=—=. 21
gcosf sind, g R ] (21)
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The SU(2) YMH Theory (cont.)

» Hence the Higgs part and the gauge part of the 't Hooft magnetic field (7)

become
gB' = —nepd cosad ¢ (22)
gBf = —nejyd;cosk kg, cosk = % (hPy — gP2), (23)
and the 't Hooft's magpnetic field is
gBi = —neji0;(cos a + cos k) Ok = —€0j Ax, (24)

where A; is the 't Hooft's gauge potential.

» The orientation of the magnetic field can be plotted by using the vector
plot of the magnetic field unit vector,

s —0Og(cosa + cos k)P 4 rd,(cos o 4 cos x)0;
’ V/[rdr(cos a + cos k)]2 + [Bp(cos o + cos k)]

(25)
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The SU(2) YMH Theory (cont.)

> We also note that the Higgs field (13) and the gauge transformed Higgs
field (17) can be simplified to

¢? |®|(cos(av — 0) A + sin(a — 0)73),
¢? = |b|(cos(a’ —0) Al +sin(a/ —0)AF), ' =a—F. (26)

> At spatial infinity, all non-Abelian components of the gauge potential
vanish and the electromagnetic field tends to

a 1 cde K¢ A NE1 ™3 Na
Fiol . ={0,A, — O,A, — o€ %°$9, 879,107 = F,,°,  (27)

where F,, is the 't Hooft electromagnetic field.

» However there is no unique way of representing the Abelian
electromagnetic field in the region at finite values of r [15]. One proposal
was given by 't Hooft as in Eq. (5).

> Another proposal which is less singular was given by Bogomol'nyi [3] and

Faddeev [16],
a @ . — F2 7¢a
Bi = Bi ( € ) ) gl - EI ( 6 ) . (28);%&“:“&1
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The One-Half Monopole Solutions

The Exact Asymptotic One-Half Monopole Solutions

> We start by analysing four seemingly different types of one-half monopole
charge solutions that we label as Type Al, A2, B1, and B2.

> The profile functions of the non-Abelian gauge potentials (13) of the four
types of one-half monopole solution at r infinity are given respectively by,

(Type A1) 41

R

(Type A2) 1

(Type B1) 41

1 . 1.1
> Py =sinf — 5sin 50(1 + cosb),
0, P>=cosf— % cos %6(1 + cos 0),
1 .1
£ cos 59, d; = —Esin 59. (29)
1

—5 Py =sinf — %sin %9(1 + cosb),

0, P>=cosf — %cos 20(1 + cos b)),

& cos %9, ®y = —Esin 29. (30)

1 . 1 1 i

1 _ T cos =6(1 — UM
5 P; =sinf 5 €08 2(9(1 cos @),



The One-Half Monopole Solutions

R = 0, Pr=cosf+ %sin %0(17c059),
®; = Esin %0, &, = £ cos %9. (31)
1 . 1 3
(Type B2) 41 = —5 Pi =sinf + 5 cos 59(1 — cos ),
R = 0, Pr=cosf— %sin %0(1 — cosf),
.3 3
®; = —Esin 50, ¢y = —€cos 50. (32)

» The Type A (Type B) solutions possess 't Hooft's gauge potential, which
is singular along the positive (negative) z-axis,

cosf+1) ~
A= {ﬁ}¢ (33)
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The Exact Asymptotic One-Half Monopole Solutions (cont.)

» The Higgs magnetic fields are given by

% sin(%ﬁ) 7

gBl = g 2 Type A solutions, (34)
1 19\ »
1 cos(10) #
gBl' = %(92)%, Type B solutions, (35)
[

and the net 't Hooft's magnetic fields are given by

P
2r2

gBi = % +276(x1)0(x2)0(—x3)d;,  Type B solutions. (37)

gBi —2m5(x1)0(x2)0(x3)57,  Type A solutions, (36)

> The solutions therefore carry a positive one-half monopole at the origin
and the semi-infinite Dirac string singularity carries the other opposite half
of the magnetic monopole charge. Hence the net magnetic charge of the
configuration is zero.
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The One-Half Monopole Solutions

The Numerical Calculations

» The numerical one-half monopole solutions are constructed by using the
exact asymptotic solutions at large distances (29) - (32) for the Type Al,
A2, B1, and B2 solutions respectively and by fixing the boundary
conditions for all the profile functions (13) along the z-axis and near r = 0.

> In order to avoid the singularity of Rx(r,8), we choose to perform our
numerical analysis with the functions,

Pi(r,0) = 4o(r,0)sin8, Pa(r,0) = Rx(r,0)sinb. (38)

> Near r = 0, we have the common trivial vacuum solution for all the four
solutions. The asymptotic solutions and boundary conditions at small
distances that will give rise to finite energy solutions are

Ph1=Pi=Ri=P,=0, & =&cosh, d;=—Esinb, (39)
sin 0$1(0, 0) + cos 6P,(0,60) = 0,
Or(cos b1 (r,0) — sin Od,(r,0))|,=0 = 0. (40)
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The One-Half Monopole Solutions

The Numerical Calculations (cont.)

» The boundary conditions imposed along the positive z-axis for the profile
functions (13) of the Type A solutions are

0p®1(r,0)[o=0 =0, ®2(r,0) =0, Ogth1(r,0)|o=0 =0,
Ri(r,0) =0, Pi(r,0)=0, P»(r,0)=0. (41)
Along the negative z-axis, the boundary conditions imposed are
®i(r,m) =0, OoP2(r,0)|o=x =0, Opth1(r,0)]o—= =0,
Ri(r,m) =0, Pi(r,m)=0, 0sP:(r,0)|o=- =0. (42)

» The boundary conditions imposed along the positive z-axis for the profile
functions (13) of the Type B solutions are

¢1(r7 0) = 07 89¢2(I’, 0)|9:0 = 07 891/]1([’7 9)'9:0 = 07
Ri(r,0) =0, Pi(r,0) =0, 89Ps(r,0)|p—0 =0, (43)
and along the negative z-axis, the boundary conditions imposed are
Qo®1(r,0)|o—x =0, Do(r,m) =0, Op91(r,0)|o—r =0, )
Ri(r,m) =0, Pi(r,m)=0, Pa(r,m)=0. (44) BUME
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The Numerical Calculations (cont.)

>» Weset { =1, g=1and 0 < A= p <12. The numerical solutions
connecting the asymptotic solutions (29)-(32) at large r to the trivial
vacuum solution (39) at small r and subjected to the boundary conditions
(40)-(42) for the Type A solutions and the boundary conditions (40),
(43)-(44) for the Type B solutions together with the gauge fixing
condition [8]
r8,R1 — ag’lﬁl = 0, (45)

are solved using the Maple 12 and MatLab R2009a softwares [19].

> The second order equations of motion (3) which are reduced to six partial
differential equations with the ansatz (13) are then transformed into a
system of nonlinear equations using the finite difference approximation.

» The system of nonlinear equations are discretized on a non-equidistant
grid of size 90 x 80 covering the integration regions 0 < X < 1 and
0<6<m7. Here x = H—Ll is the finite interval compactified coordinate.
The partial derivative with respect to the radial coordinate is then replaced
accordingly by 9 — (1 — %)%z and 25 — (1 —x)*Z5 —2(1 - %)*2 .
The numerical overall error estimate is 107*.
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The Magnetic Dipole Moment and Magnetic Charge

» The profile functions, 91, P1, R1, P2, ®1, and ®, of the one-half monopole
solutions are regular functions of r and 6. However the function R; = Si’:ﬁg
possesses only one singular point at infinity (negative z-axis - Type A,
positive z-axis - Type B).

» The 't Hooft's gauge potential at large r, tends to

éi

rsin@

A;i = (cosa + cos £)0id|r—00 =

<%(cos€ +1)+ F%“”) . (46)
Fo(6) = r(h(P1 — sin6) — g(P: — cos6) — 3(cos 0+ 1))|, e, (47)

for the Type A and Type B solutions respectively.

» From the graphs of Fg(6) versus angle 0, we find that Fg(6) = pmsin? 6,
where pm is the dimensionless magnetic dipole moment of the one-half
monopole and is non vanishing for all values of A.

> In the limit when A =0, pm = £1.32 for the Type 1 solutions and
tm = £1.04 for the Type 2 solutions. Figure 1 (a). 8 U =



B

ot/

oK e @ wae )

Figure 1: (a) Plot of yum versus /2. (b) Plot of M versus X. (UH = upper
hemisphere, LH = lower hemisphere). Plots of E versus (c) A1/2 and (d) In(1 + A).

Here g =¢=1.
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The Magnetic Dipole Moment and Magnetic Charge

» The net magnetic charge M (8) of the one-half monopole configurations
are plotted numerically versus the compactified axis, X, when A = ¢ = 1.
Figure 1 (b). We notice that M = % when r > 4 and its value vanishes as
r tends to zero.

» Also plotted in Figure 1 (b) are the magnetic charges covered by the upper
hemisphere and lower hemisphere versus x. The plots show that the
magnetic charge at the origin is ‘heavier’ on the side of the z-axis away
from the Dirac string.

> Using the definition (28) by Bogomol'nyi [3] and Faddeev [16], we can
write

M = %/0"6,- d*x = /M do dr, M= %’2 sin0{0'Bi},  (48)
T

where M is the magnetic charge density. Figure 2.




Figure 2: 3D surface and contour plots of the magnetic charge density M of the (a)
Type Bl and (b) Type B2 one-half monopole solutions along the x-z plane at y =0
when A =¢ =1.



The Magnetic Dipole Moment and Magnetic Charge

Type 1 Type 2 | Typel | Type 2

A m Lom E E

0 +1.3203 | £1.0383 | 0.5090 | 0.5245
0.04 | £1.2173 | £0.9592 | 0.5360 | 0.5518
0.20 | +1.1480 | +0.9073 | 0.5589 | 0.5747
0.40 | £1.1124 | +0.8801 | 0.5723 | 0.5883
0.60 | +1.0904 | +0.8631 | 0.5813 | 0.5973
0.80 | £1.0743 | +0.8507 | 0.5881 | 0.6041
1.00 | +£1.0616 | +0.8409 | 0.5936 | 0.6098
2.00 | £1.0211 | £0.8095 | 0.6124 | 0.6286
4.00 | £0.9793 | £0.7772 | 0.6332 | 0.6497
8.00 | £0.9367 | +0.7443 | 0.6561 | 0.6728
12.00 | £0.9242 | £0.7297 | 0.6702 | 0.6862

Table 1: Table of the dimensionless magnetic dipole moment p, and dimensionless
total energy E of the Type 1 and Type 2 solutions for different values of A\. The
magnetic dipole moment upm, is positive for the Type A solutions and negative for the
Type B solutions.
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The Magnetic Field and Higgs Field

» From Eq. (24), the magnetic field lines contour plots of the one-half
monopole solutions along the x-z plane at y = 0 when A =¢ =1 are
shown in Figure 3.

> The direction of the magnetic field lines are shown in the vector field plot
of the magnetic field unit vector B; (25) of the one-half monopole
solutions along the x-z plane at y = 0 when A = £ = 1. The * indicates
the location of the one-half monopole. The presence of a one-half
monopole sitting at r = 0 is once again indicated by the location of the
Higgs field's node marked * on the Higgs field's vector plots along the x-z
plane at y = 0. Figure 3.

» The 3D surface and contour plots of the modulus of the Higgs field |®| of
the one-half monopole solutions along the x-z plane at y = 0 when
A =& =1, show that there is a point zero of the Higgs field modulus at
r = 0 where the one-half monopole is located. Figure 4.
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The Magnetic Field and Higgs Field (cont.)

» The modulus of the Higgs field at large r tends to
Fr(0
£19(r0)]+ee = (6 — 0y, (49)
We find that Fy(0) is a non vanishing constant ¢; only when A = 0.

¢ = —0.43 (Type 1) and ¢; = —0.63 (Type 2). For non vanishing values
of A, c1 = 0 for the one-half monopole solutions.




Type B Type B2

‘@ K ®) B

Figure 3: Contour plot of the 't Hooft magnetic field lines, unit vector field plot of the
't Hooft magnetic field and Higgs field vector plots of the (a) Type B1 and (b) Type
B2 solutions along the x-z plane at y = 0 when A = ¢ = 1. The * indicates the
location of the one-half monopole.



Figure 4: The 3D surface and contour plots of the Higgs field modulus |®| of the (a)
Type B1 and (b) Type B2 one-half monopole solutions along the x-z plane at y =0
when A =¢ = 1.
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The Energy Density and Total Energy

» The total dimensionless energy (12) of the Type 1 one-half monopole
solutions is 0.509 and that of the Type 2 solutions is 0.525 when A = 0.
Their total energies are higher than the BPS total energy of a one-half
monopole which is 3.

» The total energies of the one-half monopole solutions are plotted versus
A2 and In(1 + \) for values 0 > X\ > 12. Figure 1 (c), (d). For a
particular value of A, the Type 2 solutions possess higher total energy
compared to the Type 1 solutions.

> The total dimensionless energy (12) when £=g=1, can be written as
E= /ede dr, &= %ﬁ sin 0{B? B} + D;®°D;d° + %(dfcba — &%)}, (50)

where £ is the energy density. The 3D surface and contour line plots of £
of the one-half monopole solutions along the x-z plane at y = 0 when

A =1 are shown in Figure 5. The shape of the one-half monopole is that
of a rugby ball.



X

Figure 5: 3D surface and contour plots of the energy density £ of the (a) Type Bl
and (b) Type B2 one-half monopole solutions along the x-z plane at y = 0 when
A=¢=1



Remarks

REMENS

> From our analysis of the four one-half monopole solutions, we are able to
conclude that the Type B solutions are exact 180° rotation of the z-axis
about r = 0 of the respective Type A solutions in 3D space. Hence they
are gauge equivalent.

> We have found two different one-half monopole, the Type 1 and Type 2,
as they are not gauge equivalent along the boundary at 6 = « for the Type
A solutions and along the boundary at § = 0 for the Type B solutions.
These solutions are distinct in the region where the energy of the one-half
monopole is concentrated.
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