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The model of the self-interacting complex vector field is considered. It is shown that there are
nontopological solitons in this model, and research into their properties is undertaken. The asymptotic
dependences on a phase frequency are derived for the energy and the Noether charge of the soliton in the
thick-wall regime. The asymptotic expressions are obtained for the energy density, the Noether charge
density, and the phase frequency of the soliton in the thin-wall regime. The soliton solutions of the model field
equations are obtained numerically. The dependences on the phase frequency are presented for the energy and
the Noether charge of the soliton. The dependence of the soliton energy on the soliton Noether charge is
obtained numerically. It follows from this dependence that the nontopological soliton is unstable to the decay
in the free massive vector bosons in the thick-wall regime but is stable to this decay in the thin-wall regime.
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I. INTRODUCTION

A nontopological soliton is a spatially localized field
configuration that is an extremum of the energy functional
at a fixed value of the Noether charge. The distinguishing
feature of nontopological solitons is the time dependence
o exp (—iwt) of their fields. It is known that nontopolog-
ical solitons exist in many models of field theory with
global symmetries and conserved Noether charges [1,2].
The Q ball [3] that emerges in U(1)-invariant models of the
self-interacting complex scalar field is the simplest non-
topological soliton. Q balls also exist in scalar field models
with the spontaneous breaking of global Abelian symmetry
[4,5] and in scalar field models with global non-Abelian
symmetry [6,7]. Q balls are present in supersymmetric
extensions of the Standard Model with flat directions in
the scalar field potential. Specifically, it was shown in
Refs. [8,9] that the Q balls exist in the minimal super-
symmetric Standard Model. In these supersymmetric
extensions of the Standard Model, the Q balls are formed
from scalar field condensates (s leptons or s quarks)
carrying nonzero leptonic or baryonic quantum numbers.
The Q balls are of great interest in cosmological models
describing the evolution of the early Universe [10,11].
Within the framework of these models, the Q balls are the
places where dark matter is concentrated; this fact can help
explain the observed baryonic asymmetry.

The different types of nontopological solitons arise in
global-symmetric models of several interacting scalar fields.
The classic example is the nontopological soliton of the
Friedberg-Lee-Sirlin model [12]. This model describes the
system of two interacting scalar fields, one of which is real
and the other is complex. The model has global U(1)
symmetry and renormalizable interaction potential.
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All the solitons enumerated above are formed from
condensates of scalar fields. The next type of quantum
bosonic fields forming condensates is a four-vector field
that describes particles of spin s = 1. These particles can
be either massless gauge bosons (y quantum, gluon, W
boson), or massive vector particles (p, @ meson). The
presence of massless gauge bosons means a local gauge
invariance of a model. Let us note that, in all of the
examples given above, the existence of nontopological
solitons is caused by a global invariance of the corre-
sponding Lagrangians. Therefore, a Noether charge of
such solitons is not the source of a gauge field.
Nontopological solitons exist also in models with a local
gauge invariance, both Abelian [13—15] and non-Abelian
[16,17]. In particular, the model of the self-interacting
scalar Higgs doublet with non-Abelian SU(2) gauge
invariance was considered in Ref. [16]. It was shown that
the existence of the nontopological solitons is possible in
this model, and their main properties were studied. The
vacuum of this model completely breaks the local gauge
symmetry, and so the existence of the soliton becomes
possible only due to the additional global Lagrangian
symmetry. As a result of the complete SU(2) gauge group
breaking, the gauge fields decay exponentially at spatial
infinity, and there are no long-range gauge fields of the
soliton [16]. Let us remark in this connection that the
nontopological solitons of Abelian gauge models [13—15]
have a long-range gauge field.

The model of the self-interacting scalar Higgs doublet
with non-Abelian SU(2) x U(1) gauge invariance was
considered in Ref. [18]. This model is the bosonic sector
of the Standard Model of the electroweak interactions
[19,20]. It was shown that the nontopological solitons exist
in this model. In contrast to the model considered in
Ref. [16], the vacuum of the Standard Model does notbreak
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the SU(2) x U(1) gauge group completely but remains
invariant with respect to its electromagnetic subgroup
Uen(1). Therefore, the nontopological soliton of the
Standard Model will have a long-range gauge field. This
long-range gauge field is the electric field, and the Noether
charge of the soliton is the electric charge. In comparison
with Ref. [16], the presence of the long-range electric field
changes the properties of the nontopological soliton
significantly.

The solitons [16—18] are formed from condensates of
Higgs scalar and gauge vector fields. In this paper, we
investigate the nontopological soliton in the model of the
self-interacting complex four-vector field. This model does
not contain scalar fields, and its self-interacting complex
four-vector field is not a gauge field. The Lagrangian of the
model has global U(1) symmetry, and the model’s self-
interaction potential is a cubic polynomial in the squared
absolute value of the four-vector field. The properties of the
nontopological soliton in this model appear similar in many
ways to those of Q balls.

This paper is structured as follows. In Sec. II, we
describe briefly the Lagrangian and the field equations
for the model of the self-interacting complex vector field.
It is shown, with the help of Hamilton formalism, that the
number of independent field variables corresponds to the
massive charged particle of spin s = 1. By means of
Hamilton formalism and the Lagrange multipliers method,
the time dependence is established for the four-vector field
of the nontopological soliton. In Sec. III, we give the ansatz
used for solving the model field equations and investigate
some of its properties. We derive the system of nonlinear
differential equations for the functions of the ansatz and the
expressions for the energy and Noether charge functionals
in terms of these functions. The asymptotic properties of
the solution as r - 0 and r — oo are investigated. The
problem of soliton stability with respect to fluctuations is
considered. In Sec. IV, we study the properties of the
nontopological soliton in the thick-wall and thin-wall
regimes. The stability of the nontopological soliton to
the decay in the free massive vector bosons is considered
for these extreme regimes. In Sec. V, we describe the
procedure for numerically solving the system of nonlinear
differential equations for the functions of the ansatz. We
present the results of our numerical soliton solution for the
functions of the ansatz, the energy density, and the Noether
charge density for some set of the model’s parameters. The
dependences on the phase frequency are presented for the
energy and Noether charge of the soliton. The dependence
of the soliton energy on the soliton Noether charge is
obtained numerically. Finally, in Sec. VI, we compare the
properties for the nontopological soliton of the complex
scalar field and the nontopological soliton of the complex
vector field.

Throughout the paper, the natural units ¢ =1, 7 =1
are used.
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II. THE LAGRANGIAN AND THE
FIELD EQUATIONS

The Lagrangian density for the model of the self-
interacting complex vector field is

1
L= —iFle*’”’ - U(w,w+), (1)

where ¥, = 0,W, — 9,W,, W, is the complex four-vector
field, and U(W,W*) is a self-interaction potential for
the complex four-vector field. In this paper, the following
self-interaction potential is used:

h
UW, W) = —m>W, W+ — g (W, W)* — 3 (W, W)3,

(2)

This potential coincides in form with the potential for the
model of the self-interacting complex scalar field [1,5]; it is
known that there are Q balls in this model. We suppose that
the self-interaction constants g, i are positive. Note that
model (1), (2) is nonrenormalizable, so it can be considered
only as the effective field model.

Lagrangian (1) is invariant under the global Abelian
transformations W, — exp (iy)W,. The corresponding
Noether current is

= i(FW, — FrvWs). (3)

The presence of a global symmetry group and the corre-
sponding Noether charge is the necessary condition for
the existence of nontopological solitons [1]. By varying
Lagrangian (1) in W*, we obtain the field equations of the
model

o, F — U’(WﬂW*”)W” =0, (4)
where
U/(W,,W*") =—m? - g(WMW*/‘) — h(WﬂW*")2 (5)

is the derivative of U(W,W**) with respect to its argument
W, W, Using the well-known formula 7', = 20L/0¢"—
9L, we obtain the symmetric energy-momentum tensor of
the model:

1
T/u/ = ;MFZ}L - F;,lFI/A —'_5g/ﬂ/Fm{F‘MﬂL
- U'(W”W*”)(WﬂWZ + W;‘,Wy) + U(WMW*”)gW.
(6)

From (6), we obtain the expression for the energy density of
the self-interacting complex vector field:
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1
E=Ty = FoFj + EF,-J-F;‘J. —2U' (W, W*)|[W|?

+U(W, W), (7)
If the self-interaction constants g, & satisfy the condition

lg
h>-—, 8
>4m2 ()

then energy density (7) is positive on arbitrary nontrivial
field configurations and vanishes only as W# = 0. Also, the
energy density has no local extrema on spatially homo-
geneous and time-independent field configurations, and
only one global minimum exists at W# = 0. If condition (8)
is not satisfied, then there are spatially homogeneous and
time-independent field configurations on which energy
density (7) is negative and unbounded from below (see
Appendix B). Therefore model (1), (2) is stable if condition
(8) holds and unstable otherwise. In the following, we shall
assume that condition (8) is fulfilled. Thus, trivial field
configuration W# = 0 is the unique classical vacuum of the
model. The vacuum W¥# = 0 is invariant under the global
gauge and Lorentz transformations, so there is no sponta-
neously broken symmetry in the model.

As g = 0, h — 0 field equations (4) go into well-known
Proca equations [21] for the free massive vector field:
d,F* + m*W# = 0. From these equations, it follows that
the free massive vector field satisfies the additional con-
dition 9, W# = 0. This condition reduces the number of
independent components for the free massive vector field
from four to three. The three independent complex com-
ponents correspond to the six spin-charge degrees of
freedom for the charged massive particle of spin s = 1.

We shall use Hamiltonian formalism to find the number
of independent canonical variables for the self-interacting
complex vector field. From (1) and (2), we obtain the
expressions for the generalized momenta:

7y =0, m; =Fj, )

m;=F, m;=0,

and the Hamiltonian density
H = 77:,-(90W" + ﬂ?aow*i - L

1
= ﬂ'iﬂ'? + EFUFT] — ﬂ'ial’WO — ﬂjalwa + U(W/"W*#)
(10)

From (9), it follows that the primary constraints are
imposed on the generalized momenta: 7y = 0, ;= 0.
The primary constraints must hold at any instant of time;
therefore, Poisson brackets of the generalized momenta
m, m;, with Hamiltonian H = [Hd*x must vanish. This
condition leads us to the secondary constraints among the
canonical variables:
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dim; + U' (W, W*)\W5 =0,
At + U'(W, W)Wy = 0. (11)

Note that secondary constraints (11) are identical to field
equation (4) with the index y = 0. This equation does not
contain the second time derivative of the fields, and so it is
an analog of Gauss’s law for gauge theories. The four
constraints reduce the number of independent canonical
variables for the massive complex vector field from 16 to
12. The 12 independent canonical variables z;, 7}, W/, W*
correspond to the six spin-charge degrees of freedom as it
should be for the charged massive particle of spin s = 1.

It can be shown, with the help of integration by parts and
Egs. (11), that expressions (7) and (10) lead to the same
value for the field energy. By definition, the nontopological
soliton is an extremum of the energy functional E =
JEdPx = [Hd’x at the fixed value of the Noether charge
0 = [ j°d®x. From the method of Lagrange multipliers, it
follows that the nontopological soliton is an unconditional
extremum of the functional

F:/Hd3x—a)/jod3x=E—60Q, (12)

where w is the Lagrange multiplier. From (3) and (9), we
obtain the expression for the Noether charge density in
terms of the canonically conjugated variables: j° =
i(fW* — z;W'). In the following, we shall assume that
the time components W, W satisfy constraints (11). By
varying (12) with respect to the independent canonically
conjugated variables x;, zf, W/, W*  and using the
Hamilton field equations

. O0H oH
(%W’ = a()ﬂ'i = -

: 13
o, (13)

we obtain
SF = —/ (Opm; — iwm;)SWidx
- / (Opmt + iwn ) SW*dx
v / (OoW + iwWi)dm,dPx
+ / (BgW* — ioW)omdPx = 0. (14)

From (11) and (14), we get the time dependence for the
components of the soliton four-vector field:

Wo(x, 1) = exp (—iwt)wy(x),
W(x, 1) = exp (—iwt)w(x). (15)
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The extremum condition for F' can be written in the general
form 6F = 6E — w6Q = 0. Then it follows from this
condition that the important relation occurs for the non-
topological soliton

dE _
dQ

where w is some function of Q.

o, (16)

III. THE ANSATZ AND SOME PROPERTIES
OF THE SOLUTION

We use the spherically symmetric radial ansatz for the
functions wy(x), w(x) in (15) to find the solutions to field
equations (4):

wo(x) = iu(r), w(x) = —uo(r). (17)
A similar ansatz was used in Ref. [16] to find the soliton
solutions of the non-Abelian gauge model; it was also used
in Ref. [18] to find the soliton solutions in the bosonic
sector of the Standard Model. The feature of ansatz (17)
is that the spatial components of the corresponding field
strength tensor F,, vanish:

i

Fii=0.
(18)

FO=0, FY%=iexp(—iwt)

(' (r) —@v(r)),

r

Substituting (15), (17), and (18) into field equations (4),
we shall obtain the system of ordinary differential equa-
tions for the functions u(r), v(r):

u”(r) —l—%u’(r) —w <v’(r) —l—%v(r)) —m*u(r)—gu(r)
x (u(r)* = (r)?) —hu(r)(u(r)* = o(r)*)* =0, (19)

o' (r) + (m* — ?)o(r) + go(r) (u(r)? = v(r)?)
+ ho(r) (u(r)? — o(r)2)* = 0. (20)

Let us consider some properties of this system. First,
note that Eq. (20) contains the quadric term in w, while
Eq. (19) is linear in w. It follows from this that field
equations (4) with g = 1,2, 3 containing the second time
derivatives of the fields reduce to Eq. (20). Field equa-
tion (4) with y = 0 containing only the first time derivatives
of the fields reduces to Eq. (19). Therefore, Eq. (20) is
dynamic, while Eq. (19) is an analog of Gauss’s law for
gauge models.

Lagrangian (1) is invariant under the C, P, and T
transformations of the four-vector field W¥. The conse-
quence of this is the invariance of system (19), (20) under
the discrete transformations:
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WU,V = —, U, —0, (21)
w,uU,v = 0, —U,—, (22)
o, U,V = —,—U, . (23)

Substituting (15), (17), and (18) into (3) and (7), we shall
obtain the expressions for the Noether current density and
the energy density in terms of the functions u(r), v(r):

J(r) = 2o(r)(wv(r) = u'(r)),0,0,0),  (24)

E(r) = (@0(r) = /(1) + m2(u(r)? + 0(r)?)
+ 2 () = v(r?) Bu(r)? + o(r?)
2 WP = o PR + o). (29)

Then it follows from (21) and (23) that j%(w) is an odd
function and £(w) is an even function of the phase
frequency

E(—w) = E(w). (26)

It can be shown by direct substitution that M%/ compo-
nents of the orbital angular momentum tensor M*7* =
x’TH — x*T* and S°/ components of the spin angular
momentum tensor S¥ = W*FPE — W*P FUW 4 WY PR —
WP F**# vanish on field configuration (15), (17). Therefore
the full angular momentum of the nontopological soliton
is equal to zero. It is the consequence of the rotational
symmetry for field configuration (15), (17).

It follows from the regularity condition of the solution at
r = 0 and from the finiteness of the soliton energy that the
functions u(r), v(r) satisfy the boundary conditions:

u'(0) =0, v(0) =0, u(o0) =0. (27)
Substituting the power expansions for u(r), v(r) in
Egs. (19) and (20), we get the behavior of the solution
as r — O:

u(r) = ag + 272 + 0(r*),

2!
by 4 5
v(r) = b1r+?r +0(r), (28)
where
ay =3 (ajh+adgtmd—al), b=,
a
by = —% (agh + alg + m*)(5agh + 3a3g + m?)
+%(19agh+ 1adg + 3m?). (29)
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It follows from (28) that u(r) is an even function of r, while
v(r) is an odd function of . From (24), (25), (28), and (29),
we obtain the power expansions for the Noether charge and
energy densities as r — 0:

) = Erz +0(r*), (30)
E(r) =cq —l—%rz—l—O(r“), (31)

where

3 5
co = aim? + Eaég + gagh,

2
¢y = §a0a2(16agh + 10a3g + 4m*> + @?)
2
+ §a%a)2(—3aéh —a3g+m? + &?),

d, = ga%a)(agh + ajg + m?). (32)
It follows from (30) and (31) that the Noether charge
density vanishes at the center of the nontopological soliton,
while the energy density is nonzero.
The finiteness of the soliton energy leads us to the
following asymptotics of u(r), v(r) as r — oo:

e—Ar ) 1 e—Ar
~ ~ _— 1 —_—
u~eat S alnmeny (14 ) 39)

where A = vVm? — @?. It follows from (33) that the phase
frequency must satisfy the inequality || < m. Using (24),
(25), and (33), we get the asymptotic expressions for the
energy and Noether charge densities of the soliton as
r — oo:

(AP 4 (14 Ar)*(m* 4 0?))

E(r)~cim A

x exp (—2Ar),
(34)

, (I+ Ar)?

°(r) ~ 22 m*w o) exp (—2Ar). (35)

If the values of the parameters w, m, g, and h are fixed,
then the behavior of the solution u(r), v(r) as r — 0 is
determined by the single parameter a,. The behavior of the
solution u(r), v(r) as r — oo is also determined by the
single parameter c,. Thus, we have the two free param-
eters. With the help of Eq. (20) and its derivative with
respect to r, we can exclude »(r) and v/ (r) from Eq. (19). In
the result, we obtain a differential equation of the second
order for u(r). The continuity condition for u(r) and its
derivative u/(r) at arbitrary r give us two equations. So we
shall have the two equations for determining the two
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parameters a, and c.. According to Ref. [22], this fact
is an argument in favor of the existence of the solution for
the boundary value problem (19), (20), and (27) in some
range of the parameters w, m, g, and h.

Integrating constraint equations (11) over all space,
using Gauss’s theorem, and taking into account asymp-
totics (33), we obtain the integral relation [ U’(W,(x)
W (x))Wo(x)d>x = 0. On field configuration (15), (17),
this relation takes the form

/ S U(W,WHu(r)Pdr =0, (36)
0

where W, W* = u(r)?> — v(r)?. Note that the function
U(W,W*) decreases monotonically when condition (8)
is satisfied. Its derivative U’'(W,W*) will be negative at
any value of the argument W,W*. Therefore, it follows
from (36) that the function u(r) is alternating, and so it
must have at least one node.

It is obvious that soliton solution (15), (17) has three
translational zero modes 550)” = O;w*. The rotational zero
modes are absent due to the spherical symmetry of the
soliton. Following Ref. [5], we wish to show that the extra
zero mode appears when the condition dQ/dw = 0 holds.
Let us consider fluctuations in the functional subspace of
the spherically symmetric field configuration (15), (17).
The first variation of the energy functional for the fixed
Noether charge vanishes on the soliton solution. The
second variation can be written in the form

00 1 00 ~ 2
52EQ:47r/ 1/~/Dl//r2dr+7<47r/ by/r2dr> , (37)
0 0

where

Ar+U/+2 2U//
D:( !

—wd/dr —2w/r — 2m}U")
wd/dr —2uvU"” '

_U/ 4 ZUZU// _ w2
(38)

b= (—v’ —2v/r, o —20)11), (39)

[ =4z /  2rdr, (40)
0

U" = —g —2h(u* — v?) is the second derivative of U with
respect to its argument W, W*# = u? — v?, y = (6u, 6v) is
the transposed column y of u, v fluctuations, and A, =
d*/dr? 4 2/r is the radial part of the Laplacian. It follows
from (37) that the spherically symmetric zero mode must
satisfy the linear integro-differential equation
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4 © ~
AWEDz//+bT”/ byrdr = 0. (41)
0

With A = 4zl~" [ byr?dr from Eq. (41), we obtain
Dy + Ab =0, (42)

Differentiating Eqgs. (19) and (20) with respect to @, one
sees that Eq. (42) is satisfied by w = w,, = (u,,, v,,) With
A=1:

Dw, +b =0, (43)

where the subscript @ means the differentiation in @ in
the following. Now, if w,, is the solution to Eq. (42), then
from the condition A = 471! f0°° I;w{,,rzdr = 1 we get the
relation

/oo (bw,, — v?)r2dr = 0. (44)
0

Differentiating (24) with respect to @, we obtain the
expression

jO = 2v* + dwvv, — 2u'v,, — 2ul,v. (45)

It is readily seen that the derivative of the Noether charge
with respect to w,

dQ © of
= _4 0r2 4
= 71'/0 Jortdr, (46)

vanishes if the relation (44) holds, and conversely. Thus,
the vanishing of dQ/dw is the indication of the extra
zero mode.

We shall now show that the appearance of the extra zero
mode when dQ/dw = 0 really signals the change of sign
for an eigenvalue of the integro-differential operator A.
That is, if A(w) is the eigenvalue of A, which is zero when
dQ/dw = 0, then A(w) > 0 when dQ/dw < 0, and con-
versely. Indeed, if y(w) is the eigenvector corresponding
to A(w), and @ is defined by A(@) =0, then we have
w (@) = w,(@). Differentiating the equation A(w)y(w) =
A(w)y(w) with respect to w, we obtain at @ = @

Ao (@) (@) + M@)o (@) = Ao(@)we(@).  (47)

By multiplying this equation on the left with w, and

integrating over all space, we obtain

@

/ oo (@) Aoy (@)W (@) x = 4, (@) / B (@)W (@) x,
(48)

where the Hermiticity of the matrix differential operator D
and the relation A(@)w,, (@) = 0 were used. However, the
left-hand side of Eq. (48) can be written as
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@) A @, (@)
2 / o (@) A(@) (@) dx
=[5 @A@w, @)= Gy(@).  (49)
where

G(w) = /W(,,(a))/\(a))w“,(w)d3x. (50)

Using the explicit form (41) of A(w) and expressions (43)
and (45), it can be shown that G(®) can be represented as

G(w) = ( / wad3x> ; ( / bw,d*x — 1)

_1(Ldo )42
_2<2Ida) 1>da)' 51

Since dQ/dw = 0 at = @, it follows from (48)—(51) that
sgn(G(w)) = sgn(i(w)) = —sgn(dQ/dw) (52)

in a small neighborhood of @. But this is enough to prove
that sgn(A(w)) = —sgn(dQ/dw) for any allowable values
of . Thus we have shown that if dQ/dw > 0, then the
soliton solution has at least one negative mode. This
implies that the nontopological soliton is unstable if the
condition dQ/dw > 0 holds. Note that this condition can
also be written in the form (w/Q)dQ/dw > 0. In this form,
it is valid for an arbitrary choice of sign in the definition of
the Noether charge Q and the phase frequency w.

IV. THE THICK-WALL AND THIN-WALL
REGIMES OF THE SOLITON

Let us investigate the properties of the nontopological
soliton in the two extreme regimes. In the thick-wall
regime, the absolute value of the phase frequency |w| tends
to its maximum value: || — m. In this case, the dumping
coefficient A = vVm? — @? in asymptotics (33) tends to
zero that leads to the spatial spreading of the nontopo-
logical soliton. Let us consider the functional F, which
was defined in (12). This functional is related to the
energy functional by means of Legendre transformation:
F(w) = E(Q) — wQ. On field configuration (15), (17), the
functional F is of the form

Pt [ (@) =000+ u(r = 0(r7)
+ ()=o) 43 (W) —(r)2))2dr.  (53)

In (53), we undertake scale transformation of the fields and
coordinates:
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u= A%, v = A7, r=A""r. (54)
As a result, the functional (53) can be written as
F = AF +0(A%), (55)

where
F=an [ @mo@)a() + 26 = mu(ry?
0
—ga(?)4)f2df. (56)
Notice that the functional F does not depend on A. In
the limit A — 0, it is possible to ignore the higher-order

terms in A in expression (55). Using known properties of
Legendre transformation, we obtain consecutively

e = G
E(0) = F(o) — o d’:{ EO“)) - m;"_ P (5%)

From expressions (57) and (58), we obtain the dependence
of the soliton energy on the soliton Noether charge as
lw| = m:

mF?
E(Q) = mlo| + " [0 + 021 ?).  (59)

It follows from (57) and (58) that the energy and Noether
charge of the nontopological soliton tend to infinity as
lw| = m.

We suppose that the dimensionless functions mii(7) and
7(7) have values of the same order in the thick-wall regime.
Then it follows from (54) that the relation holds in the
thick-wall regime:

lu/m| < |v/m| < 1. (60)

According to (28) and (29), this relation is not valid in
the range r <~ ' ~ m~!. Note, however, that the range
r < m~! is much less than the soliton size in the thick-wall
regime. From (24), (25), and (60), we obtain the approxi-
mate expressions for the energy and Noether charge
densities in the thick-wall regime as r = m™':

E(r) = (0* + m*)v(r)? ~ 2m?v(r)?, (61)
7°(r) = 2wv(r)*. (62)
From (61) and (62), it follows that the relation holds

between the energy and Noether charge densities in the
thick-wall regime as r > m~!:

PHYSICAL REVIEW D 91, 105028 (2015)
E(r) ~ wjo(r). (63)

The next extremal regime of the nontopological soliton
is the thin-wall regime in which the absolute value of the
phase frequency |w| tends to some minimum value @,;,.
In this regime, the absolute value of the three-vector
field |w(r)| = v(r) tends to some constant value v in the
soliton interior. Along with this, the spatial size of the
soliton increases indefinitely, and its energy and Noether
charge tend to infinity. Throughout the main bulk of the
soliton, when its volume V — oo, the gradient operator
gives a factor proportional to V~!/3, Therefore, we can
ignore the gradient term u’ in comparison with v in
the expression for the generalized momentum z; =
iexp (iwt)n;(u'(r) — wv(r)). Then we obtain from con-
straint equations (11)

2
U'(W, W)Wy = -0, = iexp (—iot) . (64)
r

If condition (8) has been satisfied, then U(W,W*) is the
monotonically decreasing function, and so U'(W,W*)
does not vanish. Therefore, it follows from (64) that in the
soliton interior at sufficiently large r the time component
W, becomes negligibly small. Thus in the interior, which
determine the energy and the Noether charge of the
soliton in the thin-wall regime, the functions of ansatz
(17) satisfy the relation v(r) =~ v, u(r) ~ 0. On such field
configurations, Noether charge density (24) and energy
density (25) take the form

h
=g =200% €= (4 0d,)0? Tt 4 2ot
(65)
From (65), we get the ratio £/g¢:
E m2v? vt ho®
R L LA (66)
q 4v 9 2q 3¢

Ratio (66) reaches the minimum value
E 1 g
~=—1\/16m?>—-3= 67
g 4V’ Ty (67)
when
vV=—14/= (68)

3
qg= ggh—%. [16hm? — 3¢>. (69)

From (67) and (69), we obtain the value of the energy
density
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g=29" "9 (70)

Expressions (68)—(70) are the thin-wall asymptotic values
of |w| = v, the Noether charge density, and the energy
density in the soliton interior, respectively. Note that the
relation holds at these values of » and g¢:

2
16m? —3%. (71)

1

D — ——= — —
min 4
It follows from (71) that in the thin-wall regime the

energy and the Noether charge of the soliton satisfy the
asymptotic relation

E
lim = = o, (72)

W= Opin Q

From the condition 0 < |@p;,| < m, it follows that
the self-interacting constants in (2) must satisfy the
inequality

h>—=. (73)

This inequality will obviously be valid if condition
(8) holds.

The expression (65) for the energy density in the thin-
wall regime can be represented as the sum of the kinetic and
potential terms

E=T+V (74)

h
V:mzvz—gv4+—v6. (75)

3
For asymptotic values (68) and (71), the contributions of
these terms are equal to each other:
7=V, =27 =2V. (76)
Let us consider the question of the soliton stability with
respect to the decay in the free massive vector bosons.
Using the standard methods [12], it can be shown that the

energy and the Noether charge of the lowest-energy free-
boson solution satisfy the usual relation

E =m|Q|. (77)

The lowest-energy free-boson solution corresponds to an
ensemble of the free massive vector bosons at rest. From
(59) and (77), it follows that, in the thick-wall regime, the
energy of the nontopological soliton with the given Q tends
from above to the energy of the free-boson solution with the

PHYSICAL REVIEW D 91, 105028 (2015)

same Q. From (72), (73), and (77), it follows that, in the
thin-wall regime, the energy of the nontopological soliton
with the given Q is less than the energy of the free-boson
solution with the same Q. Hence, in the thin-wall regime,
the nontopological soliton is stable to the decay in the free
massive vector bosons. On the other hand, in the thick-wall
regime, the nontopological soliton is unstable to such
decay. This instability can be either classical or quantum
mechanical. If the quadratic fluctuation operator has one or
more negative eigenvalues in the soliton neighborhood,
then the soliton is unstable to the decay on the classical
level. If the quadratic fluctuation operator has no negative
eigenvalues in the soliton neighborhood, then the soliton
decay is a result of tunneling.

It is shown in Sec. III that the quadratic fluctuation
operator A has at least one negative eigenvalue in the
soliton neighborhood if (w/Q)dQ/dw > 0. From (57), it
follows that (w/Q)dQ/dw = m*(m*> —®*)~' > 0 in the
thick-wall regime. We could, therefore, be sure that the
nontopological soliton is classically unstable for
|w| € (@, m), where @ is the phase frequency at which
dQ/dw = 0. The research of the soliton stability as
(w/Q)dQ/dw < 0 is a rather complicated task and lies
beyond the scope of this paper. Let us remark in this regard
that if (w/Q)dQ/dw < 0, then the nontopological soliton
of the self-interacting complex scalar field (Q ball) is
classically stable [5].

V. NUMERICAL RESULTS

The system of differential equations (19) and (20) with
boundary condition (27) is the mixed boundary value
problem on the semi-infinite interval r € [0, 00). This
boundary value problem can be solved only by numerical
methods. In this paper, the boundary value problem (19),
(20), and (27) was solved by using the MAPLE package [23]
by the method of finite differences and subsequent
Newtonian iterations. The point r =0 is the regular
singular point of system (19), (20), and so we applied
difference schemes that do not use the boundary values of
the functions. Richardson extrapolation was used to accel-
erate the convergence of the numerical procedure to the
exact solution. Formulas (16) and (36) were used to check
the correctness of numerical solutions.

The system of differential equations (19) and (20)
depends on the four parameters w, m, g, and A. It is readily
seen that a solution of this system has the following
dependence on the mass parameter m:

u(r.m,w, g.h) = mi(p, @, g, h),
v(r.m, @, g.h) = mi(p,@.g.h), (78)

where p = mr, @ = w/m, and h = m?h. Note that the
dimensionless functions # and v depend only on the three

dimensionless parameters @, g, and h. Let us consider a
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FIG. 1. The numerical solution &(p), ¥(p) for @ = 0.915,

g=1, h = 1. The solid curve is for it(p), and the dashed curve
is for v(p).

general case in which the parameters g and h are values of

the same order and take them equal to unity: g = 1, h=1.
We shall use the dimensionless functions %, v and the
dimensionless combinations E/m, £/m*, q/m? for pre-
senting numerical results, so the mass parameter m can be
an arbitrary positive value.

Figure 1 presents the numerical solution for u(p),
7(p), corresponding to the dimensionless phase frequency
@ = 0.915. Figure 2 shows the energy density £(p) divided
by m* and the Noether charge density ¢(p) divided by m?,
corresponding to the solution in Fig. 1. Notice that @ =
0.915 is the minimum value for which we managed to
obtain the numerical solution of the boundary value
problem (19), (20), and (27) atg = 1, h = 1. The difficulty
of the numerical solution under a further decrease in @ is
associated with the fact that the boundary value problem
(19), (20), and (27) becomes stiff; i.e., small variations of @
lead to large variations in the solution #(p), v(p) of the

P

FIG. 2. The dependence of £/m* and g/m> on p. The solid
curve is for £/m*, and the dashed curve is for g/m?. The
parameters @, g, h are the same as in Fig. 1.
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boundary value problem. Thus, the solution in Fig. 1 most
closely matches the thin-wall regime, described in Sec. IV.
The characteristic features of this solution are the presence
of a transition region at small p, the vanishing of the
Noether charge density ¢(p) at p =0, and a significant
decrease in the energy density £(p) at p = 0. The presence
of the transition region at small p and the vanishing of the
Noether charge density at p = 0 follow from boundary
conditions (27) and the behavior of v(r) at small r in (28).
Such behavior of »(r) is due to the fact that the spatial
components of the regular spherically symmetric vector
field w(x) in (17) must vanish at r = 0. Note, in this
connection, that nontopological solitons of the scalar field
models do not have a central transition region, and their
Noether charge density does not vanish at the center
[1,5,13]. Between the central and edge transition regions,
the energy and Noether charge densities are approximately
constant, that is the attribute of the thin-wall regime. Note
also that the values of v, ¢, and £ in the soliton interior
are close to their asymptotic thin-wall values (68), (69),
and (70).

Figures 3 and 4 are analogous to Figs. 1 and 2 but
correspond to the dimensionless phase frequency
@ = 0.9999. At the given value of @, the nontopological
soliton is in the thick-wall regime. Comparison of Figs. 1
and 2 and Figs. 3 and 4 shows that the shapes of the
nontopological soliton in the thin-wall and thick-wall
regimes essentially differ. In particular, the values of the
functions u#(p) and ¥(p) in the thick-wall regime are
significantly less than those in the thin-wall regime.
From Fig. 3, it follows that, except for the small central
region, the relation || < |9| < 1 holds in accordance with
(60). Note that Fig. 4 shows only the dependence of £/m*
on p. This is because the dependence of g/m? on p is
visually indistinguishable from that of £/m*. This fact is
in accordance with (63) by noting that |@| — m in the
thick-wall regime. Let us remark that the dimensionless

0.04 N
[ A~
/N
L / \\
003 | \
/ \
/ \
I // \\
02F
0.0 L \\
// \
by \\
0.01F ¢ \
»/ \\
L ~
iy i S~
0.00 HHL‘\.H\ ! H‘\““Tﬁ—‘w—v—,—_._._tp
L se— 100 150 200 250 300 350
FIG. 3. The numerical solution u(p), v(p) for @ = 0.9999,
g =1, h = 1. The solid curve is for &t(p), and the dashed curve is
for v(p).
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FIG. 4. The dependence of £/m* on p. The parameters @, g, h
are the same as in Fig. 3.

combination £/m* in Fig. 4 does not vanish at p = 0.
It is equal to the small value i(0)>+ (3/2)git(0)* +
(5/3)h it (0)5 = 4.995 x 1075 in accordance with (28),
(31), and (32). From Figs. 3 and 4, it follows that in the
thick-wall regime the soliton has no interior with the
approximately constant values of the energy and Noether
charge densities. Note also that there is no sharp exterior
boundary of the soliton in the thick-wall regime.

Let us remark that the function #(p) in Figs. 1 and 3
is alternating sign and has exactly one node. This fact
is in accordance with (36). On the other hand, the function
7(p) in Figs. 1 and 3 has no nodes. This suggests that
the numerical solutions presented in Figs. 1 and 3 are
unexcited.

Figure 5 presents the dependence of the decimal loga-
rithm of the soliton energy divided by m on the decimal
logarithm of A/m = V1 —@? in the thick-wall regime
|| = 1. From this figure, it follows that the relation
log,y (E/m) = const — log;o (A/m) holds in the thick-wall
regime in accordance with expression (58).

log, ,(E/m)

1

-1.6 -14 -1.2 -1.0 -0.8
log,,(A/m)

1 1 1

FIG. 5. The dependence of the decimal logarithm of the soliton
energy divided by m on the decimal logarithm of A/m in the
thick-wall regime.
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1 " " " 1 " " " 1 N s N 1 L s " 1 ~)

0.92 0.94 0.96 0.98 1.00

FIG. 6. The soliton energy divided by m (solid curve) and the
soliton Noether charge (dashed curve) as functions of the
dimensionless phase frequency @.

Figure 6 shows the dependences of the soliton energy E
divided by m and the soliton Noether charge Q on the

dimensionless phase frequency @ for g =1, h = 1. The
dependences E(@)/m and Q(@) are presented in the range
from the minimum value of @ to its maximum value that
we managed to reach by numerical methods. From Fig. 6, it
follows that the energy and the Noether charge of the
soliton tend to infinity as |@| — @y, (thin-wall regime)
and as |@| — 1 (thick-wall regime). Such behavior of
the energy and the Noether charge of the soliton is in
accordance with the conclusions of Sec. IV.

Finally, the dependence of the difference between the
soliton energy and the free-boson solution energy E(Q) —
mQ divided by m on the Noether charge Q is shown in
Fig. 7. The curve E(Q) — mQ consists of two branches and
develops a spike at the point of their junction. At this point,
the energy and the Noether charge of the soliton attain
their minimum values. From Fig. 7, it follows that the
solitons corresponding to the upper branch are unstable to
the decay in the massive vector bosons. When moving
along the upper branch upwards Q, we attain the region of

(E-mQ)/m

Q

0.5 1 1.5x10*
—04F
-0.6F

—0.8F

~1.0x10?

FIG. 7. The difference E(Q) — mQ divided by m as a function
of the Noether charge Q.
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the thick-wall regime. In accordance with formula (59), in
this regime the soliton energy E tends to the value mQ from
above. When moving along the lower branch upwards Q,
we attain the region of the thin-wall regime. From Fig. 7, it
follows that in the thin-wall regime the soliton is stable to
the decay in the massive vector bosons. Note also that the
curve E(Q) —mQ for the soliton of the self-interacting
vector field coincides in form with the similar curve for the
soliton of the self-interacting scalar field (Q ball).

We can see from Figs. 6 and 7 that (w/Q)dQ/dw > 0
on the upper branch of the E(Q) — mQ curve. Thus, the
nontopological soliton is classically unstable on this
branch. From Figs. 6 and 7, it also follows that d’E/dQ* =
dw/dQ < 0 on the lower branch of the E(Q) — mQ curve.
Hence, the lower branch is concave, and so the inequality
holds:

E(Q) < E(Q)) + E(Q>). (79)

where Q = Q; + Q,. From this inequality, it follows that
on the lower branch the nontopological soliton is stable to
the fission in the several nontopological solitons with the
smaller Noether charges.

VI. CONCLUSIONS

In conclusion, we shall undertake a comparison of the
properties of the nontopological soliton of the self-
interacting vector field and the nontopological soliton
of the self-interacting scalar field. First, let us enumerate
the common properties of the solitons. Both solitons
exist in the Ilimited range of phase frequencies
|o| € (0min, m), where m is the mass of the elementary
boson of a field model. As |w| = @, (jw| = m), the
solitons pass into the thin-wall (thick-wall) regime,
while their energy and Noether charge tend to infinity.
Both solitons have the same shape curve E(Q) — mQ.
In particular, the curve E(Q)—mQ consists of two
branches and has a cuspidal point. The region of high
Q on the upper (lower) branch of the curve corresponds
to the thick-wall (thin-wall) regime. The analysis of the
curve E(Q) — mQ leads us to the conclusion that both
solitons are unstable to the decay in the free bosons in
the thick-wall regime but are stable to this decay in the
thin-wall regime. On the upper branch of the curve, the
solitons of both types are classically unstable. Note also
that the solitons of both types are spherically symmetric
and have no angular momentum.

In contrast to the soliton of the self-interacting scalar
field, the soliton of the self-interacting vector field has a
central transition region in the thin-wall regime. In par-
ticular, at r = O the Noether charge density of the vector
field soliton vanishes, and the energy density attains a
minimum value. It is known [1,12] that the field configu-
ration of the scalar field nontopological soliton can be
described in terms of a mechanical analogy. It corresponds

PHYSICAL REVIEW D 91, 105028 (2015)

to a one-dimensional motion of a particle with a unit mass
in the “time” r in a viscous medium in the force field of a
certain potential. Using this analogy, one can easily explain
the behavior of the scalar field nontopological soliton both
in the thin-wall and in the thick-wall regimes. Moreover,
one can easily determine whether there is a soliton solution
for any given values of model parameters. At the same time,
the system of differential equations (19) and (20) describ-
ing the vector field nontopological soliton has no inter-
pretation in terms of any mechanical analogy. For this
reason, the existence of the vector field nontopological
soliton should be established for any given m, g, h by
means of numerical methods.

A nontopological soliton can be quantized by several
alternative methods [24-26]. All these methods in one way
or another require knowing the spectrum of the quadratic
fluctuation operator in a functional neighborhood of the
soliton. Furthermore, the fluctuations should occur in the
field sector of the fixed Noether charge. This spectrum can
be found only numerically for the specific values of the
model’s parameters w, m, g, and h. We can conclude from
the numerical results of Sec. IV that at g~ m>h ~ 1 the
nontopological soliton of the self-interacting vector field
is a classical object, because its action over the period

Sy = [2dr [dxL is ~10°-10*>>1, while the
Compton wavelength A = 1/E ~ 1072-10~* m~! is much
less than its linear size R ~ 10'=10% m~'.
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APPENDIX A

Lagrangian (1) contains the constants m, h with the
dimensions of mass and mass~2, respectively, and the
dimensionless constant g. Let us undertake the scaling
transformation of the four-vector field

1=
W, =g2W,. (A1)
Then Lagrangian (1) and energy density (7) can be written
as
L=g L,

E=yg'¢E, (A2)

where

- 1. - o
L= FyFm —O(W, W), (A3)
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Ia T Ix 1 - Tk r7(Yi7 YArs
&= FOiF0i+§FijFij+ uw,w+)
=20 (W, W) |Wo|2, (A4)
- - 1 - =
D(W,T4) = =W, W = (W, )2
1h - _
—gy(WﬂW*”)g (AS)

It follows from (A2), (A3), and (AS5) that Lagrangian L
depends on ¢, h only by means of ratio //g’; hence, the
corresponding four-vector solution W,, also depends on g, h
by means of this ratio. Note also that the numerical
coefficients of the potentials U and U coincide, and so
the relation holds: W, (x, m? hg™?) = W, (x,m*, 1, hg™?).
Thus, we determine the general form of dependence on g
for the four-vector solution W,,:

W, (x, m?,g,h) = g_%Wﬂ(x, m?, 1, hg™2). (A6)
From (A2) and (A6), it follows that

L(x,m?, g, h) =g ' L(x,m*,1,hg™?), (A7)

E(x,m?, g, h) = g 'E(x,m*, 1, hg™?), (A8)

in solutions of the field equations (4). If &/ > remain fixed
and g tends to zero, then the soliton solution W, increases

indefinitely. As a result, the energy E = [Ed°x and the

action over the period S7 = [3*/* dt [ d®xL also increase
indefinitely, and the nontopological soliton passes into
the quasiclassical regime. In this respect, the role of the
dimensionless coupling constant g is analogous to that of
the gauge coupling constant of the pure Yang-Mills theory.

APPENDIX B

Let us consider some properties of energy density (7) on
spatially homogeneous and time -independent field con-
figurations. On such field configurations, energy density
(7) depends only on the squared absolute values of the time
component W, and the three-vector W:

E =20 (W, W)Wyl + UW,W*)
= 2|Wo[*(m* + g(IWo[* — [W]?)
+h([Wol? = [W*)?) —m>(|Wo|* — [W[?)

g h
—§(|W0|2 —[W?)? —§(|W0|2 — W] (BI)

It turns out that the properties of £ depend in an essential
way on the value of A = ¢g> —4hm?. If condition (8) is
satisfied and thereby A < 0, then there is the global
minimum of £ at |Wy| =0, |W|=0. In this minimum
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£ =0, but in all other points £ > 0, and so the model is
stable. There are no other critical points of £ in this case.

If condition (8) does not hold and A > 0, then there is
the local minimum at |Wy| = 0, |W| = 0 in which £ = 0.
There are also the two critical points of £ at

wi = YIFVA

V2h

This critical points, however, are not the extrema but the
saddle points. Thus, there is the single minimum (global
or local) of the energy density £ at |[Wy| =0, [W| =0
(WH = 0), and there are no other local minima or maxima
of &£.

It can be shown that if A > 0, then there is a region in
which the energy density £ is negative and unbounded from
below. Let us turn to the polar coordinate system:

[Wol =0, (B2)

|Wo| = ocos(0), |W| = ¢sin(6). (B3)

In this system, the region of the negative energy density can
be written as
e1(0) < e < e(0). (B4)

where

1 [3g(t+2)F/9¢*(t +2)> — 48hm?> (2 + 3)
@273 —ht(2t + 3) ’

(BS)

and ¢ = cos (26). In (B4), the polar angle 0 lies in the range
(/4,0 ), where

1 2
Orax = 5 arccos (5 g2 <8hm2 - 34

+ 2my/h(16hm?> — 3g2)>> (B6)
for (3/16)(¢g*/m?) < h < (1/4)(¢*/m?) and
Omax = 7/2 (B7)

for 0 < h < (3/16)(g*/m?).
It can be shown that for sufficiently large ¢ the
boundaries of the region £ < 0 can be written as

A
91’2:ﬂ+g¢x/_

— 0(0~).
4 Tang t (™)

(B8)

It can also be shown that for sufficiently large and fixed ¢
the energy density £ reaches the minimum value
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3

A g
. —_= 2 A —2 B
EOmin) = =3, & T2+ 0(@) (B9)
at the polar angle
p3 g )
Opin=—+—"-5+0 . B10
o = g+ 0L (B10)
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Note that (B9) and (B10) are valid for any sign of A. From
(B9), it follows that £(6,;,) is negative for large ¢ if
condition (8) is not satisfied. Moreover, in this case £(6;,)
decreases indefinitely in the infinitesimal neighborhood of
Opmin @s ¢ = 0. Needless to say, £ is also unbounded from
below if & < 0. Thus, the model is unstable if condition (8)
is not satisfied.
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