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Extended model for monopole catalysis of nucleon decay
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A new model for monopole catalysis of nucleon decay is proposed. Unlike in the earlier one, the only light
fields in this model are the photon and Skyrme~pion! field. The model admits the ’t Hooft–Polyakov monopole
and Skyrmion as classical solutions, while baryon number nonconservation occurs through an anomaly involv-
ing an intermediate mass axial vector field resemblingW andZ bosons. By considering spherically symmetric
monopole-Skyrmion configurations, we find that the Skyrmion loses essentially all its mass when interacting
with the monopole, which is phenomenologically identical to the monopole catalysis of nucleon decay. Short-
distance monopole-Skyrmion physics in this model is interesting too, as there exist almost degenerate meta-
stable monopole-Skyrmion bound states separated by substantial energy barriers. Yet the height of the latter is
much smaller than the physical nucleon mass, so the complete disappearance of the normal undeformed
Skyrmion remains perfectly possible in Skyrmion-monopole scattering.

DOI: 10.1103/PhysRevD.67.034004 PACS number~s!: 12.39.Dc, 11.15.Kc, 14.80.Hv
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I. INTRODUCTION

Models admitting both a ’t Hooft–Polyakov monopo
@1,2# and Skyrmion@3# as static solutions to field equation
are of interest from various points of view. One aspect is
possibility to describe the monopole catalysis of nucleon
cay @4,5# at purely a classical level@6,7#. In grand unified
theories, the dynamics of the monopole catalysis invol
several widely separated length scales, the smallest of w
is the size of the monopole core, roughly of the order of 1v,
wherev is the grand unified theory~GUT! vacuum expecta-
tion value~VEV!, v;1016 GeV, while the largest one is th
hadronic scale of the order of 1/Fp , whereFp;100 MeV.
One of the sources of baryon number nonconservat
which may be relevant to the monopole catalysis, is the e
troweak anomaly@8#, with the corresponding length sca
roughly of the order of 1/z wherez;100 GeV is the stan-
dard model VEV. The existence of so different scales, as w
as the nonperturbative nature of dynamics, make any an
sis of the monopole catalysis difficult.

A simple model aimed to describe the catalyzed decay
a nucleon, represented by the Skyrmion, in interactions w
the ’t Hooft–Polyakov monopole was suggested in Ref.@7#.
That model, however, featured in its spectrum an axial ve
boson with mass scale set byFp rather than by the elec
troweak scale. This unrealistic property is particularly u
pleasant in view of the fact that baryon number noncons
vation in that model occurs via anomalous interactions of
Skyrme field to the axial vector boson, so one might wo
that the Skyrmion decay in the presence of the monopol
unsuppressed precisely because the axial vector field i
light.

In the present work the simplified model of nucleon dec
@7# is refined by addition of a new axial symmetry-breaki
Higgs field in the same group representation as the Sky
field itself. The VEVz of the extra field introduces a new
energy scale into the model which naturally resembles
0556-2821/2003/67~3!/034004~8!/$20.00 67 0340
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electroweak scale, and hence the new massive axial bo
resemble theW andZ bosons. Thus, the only light fields i
the extended model are the Skyrme~pion! field and the elec-
tromagnetic field. In this sense the model is completely re
istic.

In this paper we study static, spherically symmetric fie
configurations in the extended model. Our main findings
twofold. First, in complete analogy to Ref.@7# we observe
that on top of the monopole, there are no static solutions w
baryon number of order 1, whose mass and/or size are c
parable to the mass and/or size of a nucleon~‘‘bare’’ Skyr-
mion!. This is directly relevant to the monopole catalys
whatever happens to nucleons or quarks near the mono
core, the nucleon gets squeezed into a small region nea
monopole, and its mass is irradiated away in the form
pions. This is phenomenologically identical to the catalyz
nucleon decay.

The second set of observations concerns the propertie
our system at short distances, i.e., near the monopole c
Of course, the description of the strong interaction physics
terms of the Skyrme model is not valid at short distances,
our results may be of interest for understanding
Skyrmion-monopole system per se. We find, in sharp c
trast to Ref. @7#, that the unimpeded decay of the sta
Skyrmion-like state is no longer possible; instead we find
sequence of Skyrmion-monopole bound states separate
energy barriers, the picture similar to the familiar period
structure of topological vacua in gauge theories. The ene
minima correspond to integer baryon charge and their e
gies~referenced from the mass of the ‘‘bare’’ monopole! are
of order Fp

2 /(gv), up to logarithm, whereg is the gauge
coupling constant. The height of the energy barrier at h
integer baryon charge is defined by the solution involving
extra Higgs field, analogous to the sphaleron solution@9#. At
z@Fp , wherez is the intermediate energy scale~VEV of
the extra Higgs field!, the barrier height is of orderz2/(gv).
Even though the barrier height is large compared to
©2003 The American Physical Society04-1
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masses of metastable bound states, all energies involve
tiny compared to the physical nucleon mass, provided
realistic hierarchy

Fp!z!v

holds. This indeed demonstrates that the nucleon loses
most all its energy when interacting with the monopole.

For the sake of completeness we consider also the
physical case of largez/v. In that case the extra Higgs fiel
modifies the Chern-Simons number in a nontrivial way,
sulting in the multiple valued dependence of the bary
numberB on the asymptotic value of the Skyrme fieldf ` .
The dependence of energyE on B is still uniquely defined,
with sharp minima at integerB, but it is no longer possible to
identify a single well-defined barrier separating the
minima.

It is worth noting that the static results obtained both
the simplified model@7# and its extended version describe
below are not directly applicable to the kinetics of real Sk
mion decay, once the latter is not even a solution in the st
models. The object stabilized by the introduction of the
termediate scalez is a static Skyrmion-like solution localize
on the monopole core with energy negligible compared
that of real Skyrmion. In other words, the Skyrmion decay
a nonstationary process; we hope to study its dynamics
future publication.

II. THE MODEL

A. Field content

As explained in Ref.@7#, our model is designed to leav
an unbroken~electromagnetic! U(1). It consists of the
Skyrme fieldU coupled to two gauge fields

SU~2!L : Am ,

SU~2!R : Bm .

In addition to the two Georgi-Glashow Higgs fieldsFA and
FB which break theSU(2)L andSU(2)R symmetries down
to U(1)L and U(1)R , respectively, at the ‘‘GUT’’ scalev,
we add a third Higgs fieldC which breaks the axial sub
group of the remainingU(1)L3U(1)R . In the original
model @7# the axialU(1) had been broken by the Skyrm
field itself, with the corresponding vector boson mass of
order ofgFp . Here the scale of axial symmetry breaking
fixed by the vacuum expectation value of theC field z,
which we assume to be an intermediate scale betweenv and
Fp . To break the axialU(1) only, theC field must be in the
same group representation as the Skyrme field. The la
requirement fixes the scalar field content of the upda
model completely:

UPSU~2!, U,C: ~2,2̄!,

FA : ~3,1!,

FB : ~1,3!. ~1!
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As in Ref. @7#, we take the gauge couplings, triplet Higg
self-couplings and their vacuum expectation values to be
same in the left~L! and right~R! sectors

gA5gB[g, lA5lB[l, vA5vB[v.

The action for this model is

S5E d4x F2
1

2g2
Tr~Fmn

2 !2
1

2g2
Tr~Gmn

2 !G
2E d4x F1

2
Tr~DmFA!21

1

2
Tr~DmFB!2G

2E d4x Fl4 S 1

2
Tr~FA

2 !1v2D 2

1
l

4 S 1

2
Tr~FB

2 !1v2D 2G
1E d4x F1

2
Tr~DmC†DmC!1

t

4 S 1

2
Tr~C†C!2z2D 2G

1E d4x F2
Fp

2

16
Tr~U†DmU !2

1
1

32e2
Tr~@U†DmU,U†DnU#2!G1GWZW . ~2!

HereFmn andGmn are the field strengths ofAm andBm , the
fields FA and FB are 232 matrices from the algebras o
SU(2)L andSU(2)R , respectively,

DmU5]mU1AmU2UBm ,

DmFA5]mFA1@Am ,FA#,

DmFB5]mFB1@Bm ,FB#, ~3!

and Fp and e are the pion decay constant and the Skyr
constant. Generally speaking, the new Higgs fieldC is an
arbitrary 232 complex matrix with covariant derivative
identical to that of the Skyrme field:

DmC5]mC1AmC2CBm .

As in Ref.@7#, in what follows we can completely ignore th
Wess-Zumino-Witten termGWZW in Eq. ~2!.

B. Masses and energies

For the physical hierarchyv@z@Fp , the physical spec-
trum of the system decouples into a set of well-defined
jects with masses of relevant scales. The heaviest mass
is controlled byv—the vacuum expectation value of th
‘‘GUT’’ Higgs fields FA and FB . Here we have ‘‘GUT’’
Higgs and vector boson masses,

mV52gv,

mH5Alv,

and the monopole mass,
4-2
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Mmon54pDmon

v
g

, ~4!

whereDmon at l/g250.5 is around 2.4.
The next mass scale is related toz—the vacuum expecta

tion value of the extra Higgs fieldC. In the proper vacuum
state~see below! the extra field adds mass to the axialU(1)
gauge boson only:

mA5S g2z21
g2Fp

2

8 D 1/2

~5!

while the mass of the extra Higgs boson is

mC5Atz. ~6!

The mass of the corresponding nonperturbative object wo
have been of the order of

M sph;
z

g
.

Once the axial gauge field is meant to mimicW and Z
bosons, the nonperturbative object should be analogou
the sphaleron. As we will show below, this object inde
exists and defines the barrier height between local minim
static energy with integer baryon number. However, as w
be shown below, in the presence of the monopole the co
sponding unstable solution becomes much lighter thanM sph:

Esph;
M sph

2

Mmon
;

z2

gv
. ~7!

This is similar to what happens to the Skyrmion in our mo
~see also Ref.@7#!. In the absence of pion mass potent
term, the normal~‘‘bare’’ ! Skyrmion@3# would have mass on
the Fp scale

MSk5
4p

e
DSkFp , DSk;2.9

and radius

RSk;
1

eFp
.

We will see that in the monopole background, the norm
Skyrmion is no longer stable, which by itself points to t
possibility of nucleon decay in the model at hand. The n
‘‘thin’’ Skyrmion ~the static solution with unit baryon charge!
is considerably smaller and lighter:

RSk8 ;
1

gv
, ~8!

ESk;
MSk

2

Mmon
;

Fp
2

gv
. ~9!
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C. Spherically symmetric ansatz

As in Ref. @7#, we can simplify the ansatz because t
action ~2! is invariant under the spatial reflectionx0→x0,x
→2x supplemented by the interchange of the left and ri
SU(2), i.e.,

A0↔B0 , Ai→2Bi , Bi→2Ai ,

FA→2FB , FB→2FA , U→U†, C→C† ~10!

~all numerical solutions found are consistent with this sy
metry!. For static fields withA05B050, the most genera
spherically symmetric ansatz consistent with Eq.~10! is

Ai52
i

2 F S a1~r !21

r D « i jks j x̂k1S a2~r !

r D ~s i2 x̂i x̂•sW !

1S a3~r !

r D x̂i x̂•sW G ,
Bi52

i

2 F S a1~r !21

r D « i jks j x̂k2S a2~r !

r D ~s i2 x̂i x̂•sW !

2S a3~r !

r D x̂i x̂•sW G ,
FA5FB5 ivh~r !x̂•sW ,

U51 cosf ~r !1 i x̂•sW sin f ~r !,

C5z@ ih1~r !x̂.s1h2~r !1#, ~11!

wherex̂ is the unit radius vector.
It is worth noting that in the spherically symmetric ansa

~11! the field C automatically breaks the axial subgroup
U(1)L3U(1)R and preserves vectorial subgroup, so t
photon remains massless. In less symmetric cases this
pens only for a subset of all possibleC-field vacua, so it
would be necessary to include additional terms into action
single out the correct symmetry breaking pattern yielding
massless photon.

With the ansatz~11!, regularity of the Skyrme field at the
origin requires thatf (0) is an integer multiple ofp; without
loss of generality we set

f ~0!5p.

Other conditions, ensuring that the fields are regular at
origin, are

a1~0!51, a2~0!5a3~0!50, h~0!5h1~0!5h28~0!50.

Using the dimensionless coordinate

r5gvr

and neglecting the Wess-Zumino-Witten~WZW! term in Eq.
~2!, the static energy functional can be written as follows
4-3
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H5
4pv

g E dr E~r!,

E5F S a181
a2a3

r D 2

1S a282
a1a3

r D 2

1
1

2r2
~a1

21a2
221!2G

12Fr2~h8!212~a1
21a2

2!h21
l

4g2
r2~h221!2G

1S z

v D 2Fr2S h182
a3

r
h2D 2

1r2S h281
a3

r
h1D 2

12~a1h1

2a2h2!21
t

4g2 S z

v D 2

r2~h1
21h2

221!2G1k1~X212Y2!

1
4k2

r2
Y2~2X21Y2!, ~12!

where the prime denotes the derivative with respect tor,

X5r f 82a3 ,

Y5a1sin f 2a2cosf , ~13!

and

k15
Fp

2

8v2
,

k25
g2

64e2
. ~14!

The radial energy functional~12! retains a residual gaug
invariance, which is a remnant of the axialU(1):

h21 ih1→~h21 ih1!eia(r),

a11 ia2→~a11 ia2!eia(r),

a3→a31r]ra~r!,

f→ f 1a~r!. ~15!

Note thath21 ih1 rotates identically toei f , once the fieldsC
andU are in the same group representation.

Making use of Eqs.~12! and~13!, one finds the boundary
conditions atr→` from the requirement of finite energy. I
the absence of the monopole we would havea151,a250,
and hencef `5pN. The latter condition would prevent th
Skyrmion from decaying, thus making the baryon numbeB
topologically stable.

The presence of the monopole requires that the ‘‘GU
Higgs fields be topologically nontrivial at infinity:

h~`!51
03400
’’

which immediately leads toa1(`)5a2(`)50, so that now
the Skyrme field at infinityf ` can take any value, allowing
for the Skyrmion decay, whilea3(`)5(r f 8)r→` .

The boundary conditions forC(`) require more careful
consideration. The only condition following from Eq.~12! is

~h1
21h2

2!r→`51

or

~h21 ih1!r→`5eib, ~16!

whereb50 in the vacuum. One can see immediately fro
Eq. ~15! that the differencef `2b is gauge invariant. Let us
show that this quantity is also time independent in the
namical version of the model. This is clear~see also Ref.@7#!
in the a05b050 gauge, where the canonical momenta a
proportional to time derivatives of the fields. The kinet
energy of the Higgs and Skyrme fields contains the term

E r 2drḣ2, E r 2dr~ ḣ1
21ḣ2

2!, and E r 2dr ḟ 2.

Therefore during any dynamical evolution the time deriv
tives of fieldsh, h1 , h2, andf must vanish at infinity, so tha
their asymptotic values are time independent.1 Once f `2b
is gauge invariant, it is time independent in any gauge,
cluding thea350 gauge extensively used below.

Introduction of the new fieldC does not alter the expres
sion for baryon numberB. In the spherically symmetric cas
one has

B5E
0

`

drb~r!,

b~r!5
1

p

d

dr F2 f 1
1

2
~a1

22a2
2!sin 2f 2a1a2cos 2f G

1
1

p F ~a1a282a18a2!2
a3

r
~a1

21a2
221!G , ~17!

which in the gaugea350 takes the form

B5
p2 f `

p
1

1

pE0

`

dr~a1a282a18a2!. ~18!

Therefore, in thea350 gauge the baryon numberB is pa-
rametrized by the free parameterf ` , with f `5p at B50.
By finding a set of static solutions corresponding to differe
values off ` , we build a possible trajectory for quasistatio
ary Skyrmion decay~for more detailed discussion see Re
@7#!. Recalling thatb2 f ` is constant during the decay, w
finally obtain the boundary condition forC:

b5 f `2p. ~19!

1This is not the case for the fielda3 which enters the kinetic

energy throughF0i}ȧ3 /r .
4-4
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As will be seen below, the condition~19! plays a crucial role.
Without it, theC field at anyB remains close to its vacuum
configuration and effectively decouples from the rest of
system whose properties would remain similar to those
scribed in Ref.@7#.

Finally, let us write the energy functional in thea350
gauge

H̃[H~a350!5
4pv

g E dr Ẽ~r!,

Ẽ5F ~a18!21~a28!21
1

2r2
~a1

21a2
221!2G

12Fr2~h8!212~a1
21a2

2!h21
l

4g2
r2~h2

21!2G1S z

v D 2Fr2@~h18!21~h28!2#12~a1h1

2a2h2!21
t

4g2 S z

v D 2

r2~h1
21h2

221!2G
1k1@r2~ f 8!212Y2#1

4k2

r2
Y2@2r2~ f 8!2

1Y2# ~20!

with Y defined by~13!. Equation~20! is the energy density
functional that will be used in the subsequent study.

III. STATIC SOLUTIONS

A. Overall picture

The energy~15!, referenced from the monopole mass,
shown in Fig. 1 as a function of the baryon number. This p

FIG. 1. Static energy in units of normal ‘‘bare’’ Skyrmion ma
MSk as a function of the baryon number. HereFp

2 /8v2

50.0001,z2/v250.2; the energy is referenced from the monopo
massDE5(E2Mmon)/MSk.
03400
e
e-

t

is obtained numerically in a way outlined at the end of t
previous section, and has always the same shape in
physical range of parametersFp!z!v. One observes tha
there indeed exist local minima at integerB separated by
barriers centered at half-integer baryon number. The co
sponding values of the energy are much lower than the m
of the bare Skyrmion, which in units of Fig. 1 is equal to

It is interesting to note that the increase inz/v gives rise
to a considerable contribution to the Chern-Simons integ
in Eq. ~18!, so that the curveB( f `) is no longer monotonic.
This results in the bifurcations exhibited on theE( f `) plot of
Fig. 2~a!. However, even in the regimez@v, the energy
remains a single valued function of the baryon chargeB @see
Fig. 2~b!#.

Let us come back to the physical range of parameters
with the usual sphaleron barriers separating topologically
equivalent vacua in electroweak theory@9,10#, the barriers
separating states with integer baryon number are of topol
cal origin. The vacuum configuration of the fieldC is h1
50,h251, but at nonintegerB the boundary conditions fo
the fieldC lead to its departure from this vacuum. As me
tioned above, the gauge invariant differencef `2b is fixed
and is equal top along physical evolution paths. In thea3
50 gauge, integerB corresponds tof ` being a multiple ofp
@this is the case even for largez/v, when the Chern-Simons
term in Eq. ~18! is generally not negligible#. Therefore, at

FIG. 2. If all mass scales are of the same order, the mo
becomes strongly coupled, which is demonstrated by the bifu
tions in the energy dependence onf ` , plot ~a!. However bifurca-
tions do not appear in energy versus the full baryon numberB, plot
~b!. Curves plotted are fork151,k250.1,(z/v)25 ~top to bottom!:
100,70,40,22.36~bifurcation point!, 10,1,0.1.
4-5
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integerB the boundary conditions for theh1 component of
the C field

h1~0!5h1~`!50

are compatible with the vacuum configuration, and the c
tribution of C to the total energy is small.

This is no longer the case at nonintegerB, whenh1(`)
Þ0, andh1(0) is still 0. In other wordsh1(`)Þ0 leads to a
hedgehog configuration of theC field at infinity, giving rise
to a topological defect which in the spherically symmet
case is located at the origin. The contribution of this objec
the energy and theE(B) curve giving the shape of the barrie
can be evaluated in the spectator approximation, defined
low.

B. Spectator approximation

1. Energy of the Skyrme field

For the physical range of the parameters in the Ham
tonian ~20!, there is a hierarchy of ‘‘coupling constants
which reflects the presence of three physical scales in
problem

Fp
2

8v2
[k1!

z2

v2
!k2;1,

which means that the monopole is so heavy that the effec
the other fields on it is negligible. In Ref.@7# this was called
the spectator regime. It sets in atk1 /k2&0.01; see Fig. 3.

An important property of the spectator regime is that
thea350 gauge, the low-energy fieldsf andC can be evalu-
ated in the background field of the monopole, so they
couple and depend only on their own ‘‘coupling constan
k1 /k2}(Fp /v)2 and (z/v)2, respectively. As shown in Ref
@7#, for r*rc;1 the solutionf (r) has the simple form

FIG. 3. At z/v,k1 /k2!1 the profile functionsa1 , a2, and h
reach the free monopole limit and are not affected by the lo
energy fieldsU andC. We call this the spectator monopole regim
For all curvesk250.1, f `50, and (z/v)251027. Normalization
errors of Fig. 5, Ref.@7# are corrected.
03400
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f ~r!5 f `1~p2 f `!
rc

r
, ~21!

where

rc;
1

4 U lnS k1

k2
D U. ~22!

Substituting Eqs.~21!,~22! into the Hamiltonian~20!, one
obtains an estimate for the contribution of the Skyrme fi
to the energy in the presence of the monopole

ESk;
4pv

g
k1rc~p2 f `!25

p3Fp
2

8vg U ln k1

k2
UB2, ~23!

where we made use of the relation

B512
f `

p
52

b

p
~24!

valid in the spectator approximation.

2. Energy of extra Higgs field and the sphaleron

A similar estimate can be made for the contribution of t
C field. Supposing thath25const5cosb over all the vol-
ume, one obtains the following general equation forh1:

~r2h18!822a1
2h15

t

2g2 S z

v D 2

r2~h1
22sin2b!h1 . ~25!

Outside the monopole core, wherea150, one linearizes nea
h15sinb, and finds

h1~r!2sinb5
const

r
expS 6

Atz

gv
sinb•r D .

The minus sign gives a solution that remains finite atr
→`. Taking into account thatz/v!1, one obtains

h15sinb1
const

r
. ~26!

Now let us findh1 near the monopole center. For smallr,
Eq. ~25! reduces to

~r2h18!852a1
2h1 .

Given thata1(0)51, the solution near the center is

h15const3r. ~27!

To obtain the approximate solution everywhere, we ma
the two expressions forh1, namely, Eqs.~26! and ~27!, as
well as their derivatives, atr5r0;1 and find

h15
r

2r0
sinb, r,r0 ,

h15S 12
r0

2r D sinb, r.r0 . ~28!

-

4-6
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The best agreement with numerics~see Fig. 4! is obtained at
r0;0.76. Substituting Eq.~28! into the Hamiltonian~20!,
one finds for the contribution of theC field to the energy

EC5Esphsin2b, ~29!

where

Esph;4p
z2

gv
r0

2
~30!

which is about 50% higher than the actual numerical val
see Fig. 5. It is worth noting that, similarly to the Skyrmio

FIG. 4. The profile of the ‘‘sphaleron’’—a topologically non
trivial configuration of theC field as compared to the analyti
estimate~28! at different values ofr0. The profile functionh2 stays
below 231024.

FIG. 5. After normalization by prefactor (z/v)2, the contribu-
tion of the C field to the full energy~20! is in perfect agreemen
with the sin2pB curve, Eq.~31!. However, the normalized sphalero
mass~30! is estimated to ber0/2;0.38 instead of the actual valu
0.217. The curves shown represent maximal deviations from
~31! over all numerical data available. In the physical limit, th
new periodic structure dominates the total energy.
03400
;

the solution is stabilized against shrinking to zero size o
by the monopole core. For a pointlike monopoler0→0 and
Esph→0.

Taking into account the relation~24!, valid in the specta-
tor approximation, one can rewrite Eq.~29! as

EC~B!5Esphsin2pB ~31!

which is indeed similar@10# to the periodic vacuum structur
of the standard electroweak theory. Local maxima ofEC(B)
at half-integerB correspond to sphaleronlike solutions in th
presence of the monopole.

q.

FIG. 6. In the spectator approximation the energyDE, Eq. ~32!,
is equal to ‘‘thin’’ Skyrmion energyESk, solid line~identical to Fig.
1 of Ref. @7#!, plus the periodic contribution of theC field, Fig. 5.
Once the latter is of order ofz2/v while ESk;Fp

2 /v, see Eqs.~23!
and~30!, in the physical limit the barriers are much higher than t
Skyrmion energy, which prevents Skyrmion decay along the st
path. The lower line is the estimate ofESk, Eq. ~23!.

FIG. 7. Same as Fig. 6 for smallerk158Fp
2 /v2 and identical

ratios ofz2/Fp
2 . Note that the relative height of the barriers remai

similar to Fig. 6 and the estimate forESk gets closer to the numeri
cal curve~solid line!, which demonstrates the onset of the specta
limit.
4-7
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3. Total energy

In the spectator approximation, the curveDE(B)5E(B)
2Mmon is the sum of the two contributions~23! and ~31!

DE~B!5C1

Fp
2

gv
B21C2

z2

gv
sin2pB, ~32!

where approximate expressions forC1 and C2 are deter-
mined by Eqs.~23! and ~30!, respectively, and their value
are of order one~up to logarithm!. Comparison with numeri-
cal data is shown in Figs. 6,7. Even though both terms
suppressed by the ‘‘GUT’’ VEVv, the sphaleron remain
much heavier than the Skyrmion bound state, sincez@Fp .
In other words, the energy gain from the decay of the Sk
mion bound state is of the order ofESk;Fp

2 /(gv), which is
much less than the barrier heightEsph;z2/(gv). Therefore,
the introduction of intermediate energy scale prohibits
decay of the Skyrmion-like solution along the minimal e
ergy path.

IV. CONCLUSIONS

In the model employed in Ref.@7# the axial vector mass
was unphysically light. Here we have rectified this by t
introduction of an extra Higgs field with VEVz which is
meant to mimic the electroweak energy scale. A continu
set of static solutions with varying baryon number is fou
numerically. The extra Higgs field gives rise to energy b
riers along this set.

In the physical range of the parameters of the model
have a complete understanding of its static properties, w
good agreement between analytic estimates and nume
data. The monopole is so heavy that its deformations du
interaction with the rest of the system are negligible. In
convenient gaugea350, the Skyrme field and extra Higg
03400
re

r-

e

s

-

e
th
cal
to
a

field decouple,2 their shapes are defined by interaction w
the background monopole. Both the Skyrmion and sphale
are strongly deformed by the monopole: their asymptotic
havior emerges immediately outside the monopole core,
they collapse to the origin in the limit of pointlike monopol
The energies of these solutions are suppressed by the la
VEV.

The existence of the barrier between local minima
static energy does not mean at all that the Skyrmion de
cannot take place in the Skyrmion-monopole scattering
the model at hand. Here the incoming ‘‘bare’’ Skyrmion b
comes unstable in the presence of the monopole and
does not correspond to any static solution. The ‘‘bare’’ Sk
mion is much heavier than its ‘‘thin’’ static counterpart wit
unit baryon charge, the latter concentrating in the vicinity
the monopole core. The actual decay of the Skyrmion i
dynamical process, not a quasistationary one, and the co
sponding path goes much higher than theE(B) curve of Fig.
1. In other words, to get into one of the stable local minim
at integerB, the Skyrmion must release almost all of i
energy while preserving the baryon number, which in t
monopole background is no longer stabilized by bound
conditions at infinity. This appears to be highly unlikely.
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2Except that they are related through the boundary condition~19!
at spatial infinity.
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