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Using the topological part of restricted quantum chromodynamics, dyonic supermultiplets in
N= 1 supersymmetry are obtained quantum mechanically as well as in the supersymmetric version
of the Georgi-Glashow model for vanishing linear momentum and in the Clifford vacuum. Con-
structing the Lagrangian density in such a model of restricted quantum chromodynamics, super-
symmetric dyonic solutions and the classical mass of the dyon are obtained. Deriving the eigenval-

ue equations of bosonic and fermionic fluctuations, the corresponding one-loop corrections to the
dyonic mass are calculated and it is shown that the classical mass of the dyon is not changed by
one-loop quantum corrections.

I. INTRODUCTION

Supersymmetric field theories have the remarkable
property that some of the perturbative effects are can-
celed between bosons and fermions and provide' a natu-
ral resolution of the gauge hierarchy problem of grand
unified theories (GUT's). In most such theories, the
spontaneous breaking of symmetry at mass scale M
(M —10' GeV) leads to the presence of monopoles and
dyons. If supersymmetry breaks at a scale much less
than M, the monopoles and dyons must form supermul-
tiplets of approximately degenerate boson and fermion
states. The monopoles and dyons in N =1 supersym-
metric theories must be consistently represented by su-
permultiplets containing spin-0 (S monopoles) and spin- —,

(monopolino) states. D'Hoker and Vinet have presented
the N =1 superspace formulation for the dynamical su-
persymmetry of the Pauli system in the presence of
monopoles.

In the supersymmetric GUT's, the monopole ground
state, in general, carries fractional electric charge as well
as color hypercharge. This is a manifestation of fermion
fractionization with the axial anomaly effect properly
taken into account. Supersymmetry provides the first
realistic testing ground for the idea of fermion fractioni-
zation and induced fermionic charge on a monopole. The
fractional charge of dyons arises for the Higgs-boson-
mass case (and not for the Dirac-mass case) and the non-
trivial topology of the background Higgs fields leads to
Jackiw-Rebbi zero modes even in the supersymmetric
theories. It has been shown that the monopole states
which are connected by Jackiw-Rebbi zero-mode opera-
tors must be embedded into the fundamental multiplet of
the X =1 supersymmetric Georgi-Glashow model, and
these modes exactly coincide with the supersymmetric
zero modes. In general, it is very difFicult to obtain the
explicit form of the Jackiw-Rebbi zero modes in super-
symmetric theories, and the dual nature of the fermionic
zero modes in X =2 super Yang-Mills theories leads to
several difficulties in dealing with the problem of mono-

poles, dyons, and dyonic supermultiplets.
Analyzing the supersymmetric generalization of mono-

poles in the limit of Prasad and Sommerfield and Bo-
gomolny and using the supersymmetric version of the
Georgi-Glashow model with vanishing potential, it has
been shown' that the quantum corrections to the mass of
a monopole are vanishing. However, some controversies
have been raised" ' about the exact cancellation of per-
turbative effects between bosons and fermions,
Bogomolny-bound saturation, and quantum corrections
to the physical monopole mass in X =2 supersymmetric
Yang-Mills theory. Moreover, if the Jackiw-Rebbi zero
modes exist independently of supersymmetric zero
modes, the dyonic states are enriched by further degen-
eracy with different charge and spin states, and conse-
quently the supersymmetry becomes very much involved
and cumbersome. Unfortunately, an explicit demonstra-
tion of Jackiw-Rebbi zero modes is extremely dificult. In
the light of these difIiculties associated with the existing
supersymmetric GUT's, it becomes necessary to have an
alternative approach to understand super symmetric
dyons.

Keeping these motivations in view, in this paper, dyon-
ic supermultiplets in X =1 supersymmetry are obtained
quantum mechanically in the topological part of restrict-
ed quantum chromodynamics. ' ' Starting with the rep-
resentation of supersymmetric algebra described by dyon-
ic states, in the supersymmetric version of the Georgi-
Glashow model, + —,

' and —
—,
' spin states are constructed

from the spin-0 state, and the dyonic supermultiplets are
obtained for vanishing linear momentum as well as in the
Clifford vacuum. Constructing the Lagrangian density in
the N = 1 supersymmetric version of restricted quantum
chromodynamics (RCD) (topological part) in terms of the
isotriplet gauge field and its fermionic superpartner, su-
persymmetric dyonic solutions are written and the classi-
cal mass of the dyon is obtained by minimizing the back-
ground potential of the theory. Separating the bosonic
part of this Lagrangian in the dyonic background gauge
and adding the gauge-fixing and Faddeev-Popov ghost
terms to it, the eigenvalue equations of bosonic Auctua-
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tions are derived and the corresponding one-loop correc-
tion to the dyonic mass is calculated.

eralized by introducing the Clifford vacuum IO, q ) with
charge q = 1, which is annihilated by supercharge Q, , i.e. ,

II. DYON SUPERMULTIPLKTS Q, In, q&=0. (2.6)

Q. Qi )
= ~Q. Q, l =o

~

[ Q, Q . J
=2o" P„..

(2.1)

Only isovector fermions are relevant in the simple super-
symmetric version of the Georgi-Glashow model. Let us
consider the four-component Majorana spinor g defined
as

(2.2)

In supersymmetric theories, dyons must exist in the
form of supermultiplets together with their fermionic
partners. Let us demonstrate, quantum mechanically,
the existence of dyonic supermultiplets in the minimal su-
persymmetric theory, where the monopoles and dyons
form the representations of supersymmetric algebra:

The other members of the multiplets are generated by the
application of Q, .

The embedding of spin- —dyons in this manner is much
more nontrivial. In order to judge whether this embed-
ding is done by taking the spin- —, dyons as the Clifford
vacuum and constructing the supermultiplets or by incor-
porating them into the spin- —,

' part of the fundamental
multiplet in the % =1 supersymmetric theory, the only
available way is to add a soft-supersymmetry-breaking in-
teraction for observing the response to the main spectrum
of the theory. The purpose of softly broken supersym-
metry is to protect scalar mesons from quartic mass re-
normalization below the unification mass scale. Let us
introduce the gauge-invariant perturbation V which soft-
ly breaks the supersymmetry. In the presence of this per-
turbation, the fermion states P, q ) and

I

—
—,', q ) remain

degenerate with mass M' '. In the basis I 0, q ) and
I 0, q ),

the mass matrix for spin-0 states may be written as '
Under parity P, the component of the left-handed spinor

and its right-handed complex conjugate 1', transform
as

Pg (x)=if ( x)P—
where

m'"+a dq

m,'F' —a, +2S, (2.7)

and (2.3)

Pg (x)= ig (
—x)P . —

M,' '=
& —,', qlHI-,', q &

=
&
—

—,', ql~l —,', q &, (2.8)

The supersymmetric generators Q and Q, also trans-
forms under parity in an exactly similar way. The other
discrete symmetry of Georgi-Glashow model is G parity.
Though P parity and G parity are spontaneously broken
in the Higgs vacuum, the product PG is unbroken and we
have

with H as the rotationally invariant total Hamiltonian of
the dyon-isovector fermion system. The mass-splitting
parameters 5, d, and 6 may be obtained in the follow-
ing form by retaining linear order in V:

and

(PG)Q (PG) '=iQ

(2.4)

(r')-&o, qI[Q, , I Q. , vj) Io, q),

&o, ql (Q, EQ. , l"']) Io, q &,

(2.9)

(2.10)

Q, Io, q)=o. (2.5)

Applying the supersymmetric operators on these states
we get the spin-0 states Io, q ) and spin- —,

' states I+ —,', q )
and

I

—
—,', q ) . States with nonzero momentum can be

constructed by applying Lorentz transformations. All
these states correspond to the same classical solutions. In
other words, these states constitute dyonic supermulti-
plets. The four states Io, q), I —,', q &, I

—
—,', q &, and Io, q &

are embedded in the complete supermultiplet in N = 1 su-
persymmetric theory. This supermultiplet can be gen-

(PG)Q, (PG) ' = iQ—
Let us now introduce the states Ip, q ) characterized by
the momentum and charge of the dyon. The simplest an-
satz for realizing the dyons at rest in a supersymmetric
theory consists of a set of supermultiplets constituted by
the spin-0 states Io, q) for different charge labels such
that

, &o, q [0. IQ, &0,EQ. , V»i)IO q&
32M

(2. 1 1)

where averages have been taken over the states
I —,', q ) and

I

—
—,', q). For deriving selection rules which restrict the

form of mass splitting, we write the following transforma-
tions by using relations (2.4):

(PG)
I o, q &

=
I o, —

q &

(2.12)

(PG)Io, q&=IO, —q&,

showing that the electric charge is odd under the PG
transformation.

If V is PG invariant, we have the following relations by
applying the PG transf'ormation to the spin- —,

' states
I-,', q & and

I

—
—,', q &:
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q
—

q 9

q

(2.138)

(2.13b)

and

(2.13c)

where the last relation plays a crucial role in determining
the right supermultiplet structure.

Another unbroken symmetry of the Georgi-Glashow
model is defined as follows in terms of R-symmetry
charge

V = —iV'm — mXB rnP 1J
/q/

P (3.1)

describes the dyonic Aux of color isocharges and the re-
stricted one describes the Aux of topological charges. In
this theory the restricted potential, containing color elec-
tric and magnetic potentials in a dual symmetric manner,
has been constructed by using magnetic symmetry on glo-
bal sections where color direction has been chosen by
selecting color electric potential of Cartan's subgroup.
The generalized field strength of gauge fields in this re-
stricted chromodynamics describing non-Abelian dyons
has been obtained as

(2.14)
G„=G„,+iq (V„XV„) . (3.2)

IR Q. j=Q. .

Using the relations given by Eq. (2.4), we have

(PG)R (PG) '= —R . (2.15)
m =const=u /2 . (3.3)

In Eqs. (3.1) and (3.2), the V„vector is the isotriplet of
the generalized four-vector and m is isotriplet with con-
stant length

If the soft perturbation V is chosen such that

AR =0,
then d =0 and states ~O, q ) and ~O, q ) are not mixed by
perturbation. For the perturbations which make
~AR~ =2, we have

d =5 =0 (2.16)

and then the mass-squared sum rule (2.13c) is satisfied.
In this case we obtain the following values of boson
masses as the eigenvalues of mass matrix (2.7):

M'"=M1"+~d
~

. (2.17)

For all other perturbations with any other values of AR,
all the corrections to the masses vanish.

Taking various choices of perturbation, the mass split-
tings have been evaluated '' leading to various draw-
backs such as model dependence of fermion fractioniza-
tion, the question of independent origin of dyon degen-
eracy due to fermion fractionization and supersymmetry,
the origin of Jackiw-Rebbi zero modes as a consequence
of hidden supersymmetry' ' and their explicit forms in
supersymmetric theories (which involve a large number
of fields), and the existence of induced color charges on
GUT dyon, etc. Because of these reasons, some skepti-
cism has been expressed about these phenomena and it
is therefore worthwhile to explore an alternative way to
understand supersymmetric dyons. In the following sec-
tion we shall make an attempt to construct the alterna-
tive supersymmetric theory of these dyons.

m X(l„m
q

(3.4)

(3.5)

where

( 2+ 2)1/2 (3.6)

is the dimensionless coupling constant made up of elec-
tric and magnetic coupling strengths e and g, respective-
ly. Here the massless isovector field V„has been con-
structed out of the isotriplet scalar rn and hence the in-
dependent bosonic degree of freedom is only 1. As such,
the supersymmetric generalization of RCD may be ob-
tained by modifying the Lagrangian density into the form

In the external four-dimensional space, the multiplet m
behaves as a massless scalar field, components I' of
which in internal SU(2) space constitute the isotriplet m,
where a = 1,2, 3.

The unrestricted part of the gauge potential V„, intro-
duced by Eq (3.1), has the Abelian origin, and it has been
ignored as being unnecessary in our recent work, ' where
only the restricted part of this potential has been shown
responsible for quark confinement through the mecha-
nism of dyonic condensation. The dyons appear in the
restricted chromodynamic theory only through this part
of the potential. As such, ignoring the unrestricted part
here also, Eqs. (3.1) and (3.2) reduce to the form

III. SUPERSYMMETRIC DYONS
IN RESTRICTED GAUGE THEORY

L= ——'6' 6" +—'A, 'y"D A, +—'D I'D"m
4 p& a 2 p a 2 p a

+ —,
'

~q~e, „,m'X "y,k —V(mm *), (3.7)
Dyonic color charge and the color spin induced by fer-

mion fractionization in Georgi-Glashow model in the
presence of an isovector fermionic field can be incor-
porated in the restricted quantum chromodynamics
(RCD), ' ' where the unrestricted part of the gauge po-
tential D&=B&+qV~X (3.&)

where A.
' constitutes the isotriplet of fermionic field, y"

are Dirac matrices, y~=y, y2y3y4, and the covariant
derivative D„ is defined as
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v(mm*)= lql [(m'm, *) —(m'm, *)(m mb*)] . (3.9)

with the symbol X for cross product in internal SU(2)
space. The background potential V(mm*) in Eq. (3.7)
has been constructed in the form

scalar field m:

D„A,' =B„A,'+ ( m 'B„m kb —m B„m 'A,
b ),

D„m' =B„m'+ ( m 'B„m "mb —m B„m 'mb ) .
(3.10)

Using Eq. (3.4) for the topological gauge potential in Eq.
(3.8), we have the following expressions for the covariant
derivatives of isotriplet fermionic field A, and isotriplet

Substituting these equations along with Eq. (3.5) into Eq.
(3.7), we get the Lagrangian of the topological part of the
restricted gauge theory in the form

(3.11)

[r (r" ' —I "")+ 'e —e ' m'm I" I " j"+—'e'"'E. m m I I " "'+—' jr rpvkl]~ b~
g

b pvcd 2 jkl a pvbc jkl b m )Mvcd

+ —,
' X 'y" [B„A,, + ( m, B„mb A, —m b B„m,A, ) ]+ —,

'
[B„m '+ ( m'B„mmb —m B„m 'mb ) ]

+ ,' Iqle, b, —m'X"yp.' —V(mm*),

where I „b, has been written for B„mby m„p, v are the
indices in the four-dimensional space and a, b, c, etc. , are
those in internal isospace. In this Lagrangian, A,

' are su-

perpartners of the isotriplet gauge field V„' [or in turn the
superpartners of isotriplet scalar multiplet m' through
Eq. (3.4)]. Since the theories which transform as linear
representations of supersymmetry must have the same
number of bosonic and fermionic degrees of freedom, the
Lagrangian (3.11) should be supersynimetric. In order to
check the supersymmetric invariance of this Lagrangian,
let us apply the following supersymmetric transforma-
tions:

5m —Ay5A,

abi
V"= — xb [1—K (r)],

A, a

Vo = J(r),
Iqlr

w a
+2 Rem'= H(r), Im m '=0,

Iqlr

(3.14)

For both these cases the value of potential is zero, as re-
quired by supersymmetric theories. For the second value
of m ', the symmetry SU(2) breaks down to U(1) and the
dyonic solutions occur with the following Julia-Zee
time-dependent solutions:

5v„
I I

'"' (y, A,„B„,+ y B„A,, ),
q

(2 '"r„.„+ ' „""r„.„)
q

—io;yzy„m mby~m

Under these transformations,

=0

(3.12)

(3.12a)

7

r K"=K (K —1)+K [H J], —
2Jrr 2J+2

(3.15)

where x'=x'/r is unit vector in the internal space.
These solutions satisfy the coupled difFerential equations

provided we assume the supersymmetry conditions

A, ,(Xx 8 m+mx 8 X)= i lqly„X, —

[m»a]=0 [mb y, ]=0
(3.13)

which give a generalization of the Majorana condition
and the Weyl condition. ' Condition (3.12a) shows that
the Lagrangian density given by Eq. (3.7) is supersym-
metric for the topological part of restricted gauge theory
constructed in terms of magnetic symmetry.

The background potential given by Eq. (3.9) has two
types of minima:

A solution of these equations is given by

J(r) =a[cr coth(cr) —1],
H(r)=P[cr coth(cr) —1],
K(r)=cr/si h( nr)c,

with the condition

a —/3= —1.

(3.16)

(3.17)

Um'=0 and m'= —x' .v'2
From the Lagrangian density (3.7) we get the following
form of energy-momentum density tensor
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=Dl"m D~m + ' 6ll" 6'-
a a

—g" [
——'6".G'J+ —'A, 'y'D, A,, + ,'D;m—'D'm,

+ —,'lqle, bcm'A, ysA,
'—V(mm*)] . (3.18)

U

Iql ™classicalv2
(3.19)

Setting p =v=0 in this relation, integrating T over
three-space, and using relations (3.14) and (3.16), the clas-
sical mass of the dyon comes out to be

and

MF ~ gcoF (3.21)

Let us choose the dyonic background gauge field defined
by Eq. (3.14), where the fluctuation equation is given as
the normal eigenvalue equation. This choice of gauge is
necessary because the fluctuation equation takes a partic-
ular form in this gauge. Moreover, one may calculate
one-loop diagrams with exact propagations of all parti-
cles in the background of a dyon.

In the dyonic background fields
showing that the dyons appear in the theory only
through the restricted part of the potential (3.1), which
carries the topological charges. A one-loop correction to
this mass may be obtained by calculating the energies of
Bose and Fermi fluctuations:

V'D = V„' —6V„',

mD =m' —5m', (3.22)

Me =
—,'gene (3.20)

which satisfy Eq. (3.14), the bosonic part of the Lagrang-
ian density (3.11) may be written as

&e=&D —
—,'l(D.5VPI'+ —,'(D„5V, )(D 5V")*—

—,'Iql' l(5V„b5V., )l' ——,'«[Iqle. b 6 V""'5V*"]
—

—,'(D&5m ')(D"5m, )*—
—,
' lqle, &, (D„m ') V*" m '+

—,
' lqle, b, (D„5m')5V*" 5m '

+ ,' I q I

e' '( D "m, )—*5V„~m, + —,
'

I q I [(5 V„b m ') —
( 5 V„z ) ( m, ) ] (3.23)

where LD is the dyonic background Lagrangian given by 5 '
1

5o' Iql
[D"(m'8 mb+mbc) m')

+
I q I ( m 'mb —m 5'„)] . (3.28)

(3 24) Thus the gauge-fixing term is given by

and D~ is the covariant derivative given by Eq. (3.8) with
V„replaced by VD. To this Lagrangian let us add the
following gauge-fixing term and Faddeev-Popov ghost
term.

(i) Gauge fixing term: U-nder an infinitesimal transfor-
mation 0, which keeps the background configuration V„'D
and mD fixed, we may write the following variations of
6 V„' and 6m ' up to the lowest order in 8:

= —
—,'(D„5V") + Iqle'"'(D„5V"), mb5m,

+Iql (m'mb —m 5b)5m, 5m (3.29)

XFP= —c,*(5f'/5l9")c b, (3.30)

(ii) Faddeev Popov ghost term-: This term is given by

Oa abc

= 6V' — m'0'8 m, — mba ma0b1, , 1

Iql
" '

Iql

1 a b

I ql
(3.25)

where Faddeev-Popov fields denoted by c and c * are vec-
tors in isospace. Using Eq. (3.28), we may write this term
as

~FP ——c," [Dl"(m'B„m +mbBpm')]

+Iql2(m'm —m 5' ) c b . (3.31)

6m'=6m'+e'"m e (3.26)

where the background gauge has been defined by the con-
dition +X f+LFP (3.32)

Using Eqs. (3.23), (3.29), and (3.31), the total Lagrangian
for the bosonic part may be written as

f'= (D"5V„)'—I q I

e' 'mb5m,

such that

(3.27)
In these equations for Lz, Lgf; and XFP, we may use the
following matrix notation for the covariant derivative



43 SUPERSYMMETRIC DYONS 3555

D„=a„+ilql v„.T' (3.33)

6DikTbj 2 ijk b (3.34)

and identify the spatial part 5V and temporal part 6V
of 6V" as vectors in isospace. Then we may straight
away get the following equations of motion from the La-
grangian density given by Eq. (3.23):

in the dyonic background where T' are usual generators
of the internal gauge group SU(2).

Let us construct a three-vector B in the dyonic back-
ground as

where the covariant derivative has been defined by Eq.
(3.33). Using Majorana representation and taking the
Fourier transform of k' with respect to time t as

X' = u 'exp( —i coF t ), (3.44)

Eq. (3.34) reduces to

(D —Iql'm')u = —~'Fu, (3.45)

where u is a vector in isospace with its components given
by u'. The contribution of this fluctuation to the dyon
mass 1s

[D D" Iql'm— ' 2Iql—~i, & "]@=0,'

[D„D" lql m —]5VO=0,

[D D" Iql m —]c=0,
where we have chosen

5P =5m '+ i cT'5 V

(3.35)

(3.36)

(3.37)

(3.38a)

~MF MFermi p g~F (3.46)

Combining Eqs. (3.42) and (3.46), we get the following
one-loop quantum correction to the dyonic mass:

6M=is.MB+6,MF =
—,
' gcoB —ga)F (3.47)

In other words, the dyonic mass up to one-loop quantum
correction is given by

and

m =(T'm ) (3.38b)
M ™ciassicai+ p X~B X~F (3.48)

For getting the eigenvalue equations for the Bose Auctua-
tions, let us take the following Fourier transform with
respect to time t,

5P=+5/ 'exp(i coB t ),

where the classical mass of dyon (M,i„„„i)is given by
Eq. (3.19).

Because of the similar nature of second-order
differential equations (3.40a), (3.40b), and (3.45), the bo-
sonic and fermionic fluctuations have the same spectrum
of nonzero eigenvalues,

5VO= +5V oexp(icoB t), (3.29) COF —
COg (3.48a)

COg
0

5c'=+5c 'exp(i coGt) .

(D —Iql'm'+2lql Ti, v '»4= —~B54

(D; lql m )5VO=——coB 5Vo,

(D,' Iql'm')c = —c—oGc,

(3.40a)

(3.40b)

(3.40c)

where co~, co~ are bosonic fluctuation frequencies and coG
0

is the ghost term frequency. From these Auctuations, the
one-loop contributions to dyonic mass can be written as

Bose ™Bg~B +
2 Q~Bo g~G (3.41)

where the negative sign for the ghost contribution
denotes the anticommuting nature of ghost fields. Since
gcoB =gcoG =gcoB, we may write Eq. (3.41) as

0

MBose TX~B (3.42)

Fermi fluctuations may be obtained from the following
fermion equation of motion which follows from the fer-
mionic part of the Lagrangian (3.7):

y"D„A.'+ Iqle"m, y, X, =0, (3.43)

Then Eqs. (3.35), (3.36), and (3.37) may be written in the
following manner:

The equality between ~~ and coF leads to the result that
the mass of the dyon is not changed by quantum correc-
tions. In other words, in the supersymmetric limit, the
non-Abelian theory of dyons in RCD falls apart, in the
correct way, into degenerate supermultiplets.

IV. DISCUSSION

The dyonic states with spin +—,
' constructed from the

spin-0 states have been shown to constitute the dyonic su-

p ermultiplet for vanishing linear momentum. When
there are no spin degeneracies beyond those required by
supersymmetry, it is not necessary to include larger angu-
lar momenta in the dyonic multiplets. Actually, the su-
permultiplets containing higher spins arise as bound or
scattering states of dyons and other particles. Introduc-
ing a soft supersymmetry-breaking gauge invariant per-
turbation in X =1 supersymmetry, the mass matrix for
spin-0 states has been obtained in Eq. (2.7) in terms of
mass splitting parameters given by Eqs. (2.9), (2.10), and
(2.11). Equation (2.17) gives the relation between the
masses of bosons and fermions in dyonic supermultiplets.
This relation shows that the embedding of spin- —, dyons is
done by incorporating them in the spin- —,

' part of funda-
mental multiplet in X =1 supersymmetry, and hence the
dyons in this theory can be consistently represented in su-
permultiplets containing spin-0 and spin- —, states. The
supermultiplets of dyons in N =2 theory are similar to
those in %=1 theory except that the fermionic dyons



3556 J. M. S. RANA, H. C. CHANDOLA, AND B. S. RAJPUT 43

lose their electric charge and became neutral monopoles.
The Lagrangian density given by Eq. (3.7) is supersym-

metric under the transformations (3.12), subject to the
condition (3.13), which are a generalization of Majorana
and %'eyl conditions. ' It leads to supersymmetric dyonic
solutions with classical mass given by Eq. (3.19) when the
symmetry SU(2) breaks down to U(1) by minimizing the
potential (3.9). This value of dyonic mass agrees with
that predicted by Julia and Zee. This result shows that
the dyons appear in the theory (RCD) only through the
restricted part of the potential given by Eq. (3.1). Only
this part, carrying the topological charges, is relevant in
dyonic theory, while the unrestricted part of this poten-
tial, which is Abelian in nature, does not contribute any-
thing to dyonic solutions. We have also demonstrated in
our recent work' that it is only the restricted part of this
potential which is responsible for quark confinement in
RCD through the mechanism of dyonic condensation.
On the other hand, the unrestricted part of the potential
becomes confined as a result of condensation of topologi-
cal charges. Due to these reasons the unrestricted part of
the potential has been ignored in Eq. (3.4) while writing
the supersymmetric Lagrangian (3.7) which carries only
one bosonic degree of freedom and one fermionic degree
of freedom. In case this unrestricted part of the potential
is not ignored, one will have to introduce two fermionic
degrees of freedom in this Lagrangian. It will not lead to
any new physics and the mathematical calculations will
become unnecessarily cumbersome, leading to difhculty
in constructing the background potential of Eq. (3.9).

Choosing the dyonic background field defined by Eq.
(3.22), the bosonic part of the Lagrangian of supersym-
metric theory in the gauge restricted by magnetic symme-
try has been obtained in the form given by Eq. (3.23).
Equation (3.40) gives the bosonic fluctuations with the
same frequency for the spatial bosonic field, temporal bo-

sonic field, and the ghost field, which lead to total one-
loop fluctuations and a correction to the dyonic mass in
the form given by Eq. (3.42). The fermionic part of the
Lagrangian (2.28) leads to the equation of motion (3.43),
which in turn yields the fermionic fluctuation (3.44) in
the one-loop approximation. Because of the similar na-
ture of second-order differential equations (3.40a), (3.40b),
and (3.44), the bosonic and fermionic fluctuations have
the same spectrum of nonzero eigenvalues. Equations
(3.46), (3.47), and (3.48) show that the classical mass of
the dyon is not changed by quantum corrections, and
hence it may be concluded that, in the supersyrnmetric
limit, the non-Abelian theory of dyons in the restricted
chromodynamics falls apart, in the correct way, into de-
generate multiplets. In other words, in the supersym-
metric generalization of RCD, the physical dyonic mass
does not receive quantum corrections. The introduction
of the supersymmetric dyonic model in this way and the
vanishing of quantum corrections may be used for prov-
ing the interesting conjecture proposed by Montonen and
Olive. All these results of the supersymmetrized ver-
sion of RCD agree with conclusions drawn by D'Adda
et al. ' by using dimensionally reduced supersym-
metrized pure Yang-Mills theory in six dimensions. Us-
ing this method of dimensional reduction, we may get a
two-dimensional theory from the four-dimensional super-
symmetric theory presented in the preceding section by
interpreting two of the spatial dimensions as internal de-
grees of freedom.

ACKNOWLEDGMENTS

One of the authors (J.M.S.R.) is thankful to the Coun-
cil of Scientific and Industrial Research (C.S.I.R.), New
Delhi, for financial assistance.

R. K. Kaul, Phys. Lett. 109B, 19 (1982); E. Witten, Nucl. Phys.
B188, 513 (1981); B202, 253 (1982); S. Dimopoulos and H.
Georgi, ibid. B193, 150 (1981); N. Sakai, Z. Phys. C 11, 153
(1981).

2E. D'Hoker and L. Vinet, Phys. Lett. 137B, 72 (1984); Nucl.
Phys. B260, 79 (1985); Lett. Math. Phys. 8, 439 (1984).

3H. Minakata, Phys. Lett. 155B, 352 (1985).
4R. Jackiw and C. Rebbi, Phys. Rev. D 13, 3398 (1976).
5C. G. Callan, Phys. Rev. D 25, 2141 (1982); 26, 2058 (1982).
H. Minakata, Phys. Rev. D 32, 2134 (1985).

7F. A. Bais and W. Troost, Nucl. Phys. B178, 125 (1981).
M. K. Prasad and C. M. Sommerfield, Phys. Rev. Lett. 35, 760

(1975).
9E. B. Bogomolny, Yad. Fiz. 24, 861 (1976) [Sov. J. Nucl. Phys.

24, 449 (1976)].
A. D'Adda, R. Horsley, and P. Di Vecchia, Phys. Lett. 768,
298 (1978}.

' C. Imbimbo and S. Mukhi, Nucl. Phys. B249, 143 (1985}.
R. K. Kaul, Phys. Lett. 143B,427 (1984).

' J. M. S. Rana, H. C. Chandola, and B. S. Rajput, Ind. J. Pure
Appl. Phys. 26, 587 (1988); Prog. Theor. Phys. 82, 153 (1989).

~4Y. M. Cho, Phys. Rev. D 21, 1080 (1980); Report No. MZ-
TH/82-05, University of Mainz, 1982 (unpublished).

~5M. Claudson and M. B.Wise, Nucl. Phys. B221, 461 (1983).
'6A. Salam and J. Strathdee, Nucl. Phys. B87, 85 (1975).

P. Fayet, Nucl. Phys. B90, 104 (1975).
' P. Rossi, Phys. Lett. 71B, 145 (1977).
' Y. Nambu, Phys. Rep. 104, 237 (1984).
2oV. A. Rubakov, in Proceedings of the 1985 International Sym

posium on Lepton and Photon Interactions at High Energies,
Kyoto, Japan, 1985, edited by M. Konuma and K. Takahashi
(Research Institute for Fundamental Physics, Kyoto Univer-
sity, Kyoto, 1986).
L. Brink, J. H. Schwarz, and J. Scherk, Nucl. Phys. 8121, 77
(1977).
B. Julia and A. Zee, Phys. Rev. D 11,2227 {1975).
C. Montonen and D. Olive, Phys. Lett. 72B, 177 (1977).


