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New scalar field models and their defect solutions
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In this work we introduce new scalar field models and study the defect solutions they may engen-
der. The investigation is based on the deformation procedure, which greatly simplify the calcula-
tions, leading us to new models together with the corresponding solutions in a simple and powerful

manner.
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Generalities. — Topological structures [1] are of gen-
eral interest in physics because they may be used in a
diversity of situations, ranging from high energy physics,
where they can appear during phase transitions governed
by spontaneous symmetry breaking [2], going down to
low energy physics, where they can contribute to pattern
formation [3] and to the construction of logical apparatus
at the nanometric scale [4].

In this work we focus on new models described by real
scalar fields and their topological solutions. The inves-
tigation is of current interest to a diversity of scenarios
both in high energy physics and in condensed matter. In
high energy physics, they may help understanding inter-
esting problems related to topological defects; see, e.g.,
Refs. |5, 16]. In condensed matter, we can use the models
to investigate interesting issues, for instance, to describe
polarons in carbon nanotubes [7] and to study nonlin-
ear excitations in Bose-Einstein condensates |8, [9]. By
addressing a much broader class of potentials we hope
to provide analytical basis to the more and more exotic
structures arising in the areas of physics previously men-
tioned.

Here we will take advantage of the deformation proce-
dure introduced in Ref. [10] for real scalar fields in the
standard case, dealing with systems defined in the real
line. We consider models described by the Lagrange den-
sities

1
£ =50.x0"x = Ux), (1a)
La= 50,00"6 = V(9) (1b)

where y and ¢ are two real scalar fields and U(y) and
V(¢) are given potentials, which specify each one of the
two models. The approach requires that we introduce
a function xy = f(¢), named deformation function, from
which we link the model ([a)) with the deformed model
(D). This is done relating the two potentials U(x) and
V(¢) in the very specific form

Ulx = £(¢))
(df /de)*

The choice leads to the result that if the original model
has finite energy static solution y(z) which obeys the

V(p) = (2)

equation of motion

d*>y dU
- == (3)
dx dx
then the deformed model has finite energy static solution
given by ¢(x) = f~1(x(z)), which obeys

2o dv
aZ Ao (4)

The proof of the above result can be found in Ref. [10],
so we omit it here.

We notice that if the deformation function f(¢)
has critical points, the deformation procedure works
smoothly if and only if the potential U(f(¢)) has zeros of
multiplicity at least two at those critical points. In this
case, the critical points of f(¢) are the branching points
of f=1(x), which is consequently a multivalued function;
see, e.g., Refs. [11H13] for other issues concerning the de-
formation procedure.

New models. — We now proceed to one important
point of the present work, which is to find new models
and their defect solutions. To do this, we start with poly-
nomial and irrational potentials, and we search for the
corresponding kinks and/or lumps, which are the clas-
sical static solutions of the corresponding equations of
motion. We follow the standard methodology, taking as
the starting model a family of models, described by the
potential

Ulx) =5 1 =x)" (5)

N | =

Here we use dimensionless field and coordinates, and we
take n as integer or half integer, such that n > 3/2.
This is the new family of models which we consider,
and for n = 2 we get to the standard fourth order power
potential with spontaneous symmetry breaking. If we
choose the center of the defect at the origin, we get to
the kink (4) and antikink (—) solutions +x,(x), where
Xn(2) can be expressed in terms of the inverse of the
Gauss Hypergeometric function, in a way such that

1 n 3
= =, 2 42 = 7.
2 1<272a2aX)X € (6)
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In the case of n = 2 and n = 3, the above expression is
easily invertible to give the explicit solutions

Xx2(z) = tanh(z) , (7)

and

T
Xs(fl?) = \/ﬁ )

respectively. The case n = 2 is well known and n = 3 is
nonstandard, but it was already considered in Ref. [10].

In general, it is very hard to write the explicit solution
analytically, but the implicit plot can be given; see, e.g.,
Fig. 1 for the cases of n = 3/2,5/2, and 3. To go further
on this, we can write the potential in the form

v =5 (B )

(8)

dx
where
1 n3 4
Wa) = ofi (55507 (10)

Note that formula (9) is well defined on the reals for every
X € (—00,00) only if n is an even integer. If n is integer
but odd U is always real but W is purely imaginary for
|x| > 1. Finally, if n is half-integer U and W in formula
(9) are real only if x € [—1,1]. In any case, this leads to
the energy of the static solution

En=|Wn(x=1) - Wy(y = -1)] = ‘B <% 1+ g)(‘ll)

where B(a,b) stands for the Euler Beta function. For n
even: n = 2m, with m € N, the corresponding superpo-
tential (1), reduces to a polynomial in x?

2k

o\ m) _x
Wan(0 = x 31 HE

For n odd: n = 2m + 1, the expression for the superpo-
tential (I0) can be expressed in the form

(2m+ 1! 5 9
2m + 2)1! L= Pn(X)

(13)
where P, (x?) is a polynomial of degree m in x2, thus of
degree 2m in the field y.

Deformed models. — In the previous section, we
have constructed new family of models. Thus, let us now
focus on the main point of this work, which concerns the
construction of new models, with the use of the deforma-
tion procedure. We use the deformation function [11]

Wom+1(x) = arcsin x + x

f(#) = cos(aarccos ¢ — mm), (14)

where a is a real constant, and m can be integer or half
integer. We deform the potential (B]), which depends on
n, with the deformation function ([4l), which depends on
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FIG. 1. In the upper panel: plots of the potential for n = 3/2
(large dashing), 5/2 (small dashing), and 3 (continuous). In
the lower panel: plots of the respective kinklike solutions.

a and m. The parameter m leads to two distinct families
of models: for m integer, the deformed potential can be
written in the form

VIN6) = 5oy — 62 sin? 7 (a arccos ) (15)

and, for m half integer we get

%(1 — ¢%) cos® 2 (a arccos ¢) (16)
The new models (I5) and [I6) do not depend on m any-
more, since we have already used the fact that m is in-
teger or half integer. Moreover, we will see below that
using integer or half integer values for the parameter a
leads the number of minima of the new potentials to be
fixed at will.

The above models identify families of potentials which
present static solutions which can be constructed with
the help of the general expression

Vst (o) =

8(z) = cos (79”“) pall ”) a7
where
0, (z) = arccos(xn(z)), (18)

with xn,(z) being defect solution of the model discussed
in the previous section, and 6,,(x) € [0, 7].

Since we have a diversity of models and solutions, let
us now illustrate the investigation focusing our attention
on some specific cases.

New models for a integer.— Here we investigate
families of models for the specific cases of a and n being
integers. We first consider the case of V2%, as written in
([IH). We have two possibilities:



e for a odd:
1 (a+1)/2 e 2n—2
n,a _ _ 42\n _
V;‘in (¢) - 2a2 (1 ¢ ) ]1;[2 (1 Z]‘?2> (19)

e for a even:

g2n—4 a/2 2 n=2
Vin'(¢) = —5 ¢* (1 — )" H (1 - ﬁ)
j=2 J
(20)

where Z§ = cos (%w) The sine potential can also be

written in terms of the Chebyshev polynomials of second
kind, in the form

VIN6) = gy (L= )" Waa 02 (21)
where

sin((a + 1) arccos )
sin(arccos 0)

Ua(0) = (22)

The explicit form of the potentials are given by, for a =
1,2,3and n =2

(1-¢%)? (23)

N~

Vil (¢) =
VE9) = 5 ¢ (1 - 67 (24)

e =5 a-e2(1-¢) @)

and for n =3

VEie) =5 (1) (26)
Vil(@) =26" (1-¢%) (27)

4
e = a-ep (1-0) e

We notice that for n even, there are two classes of models:
for a odd they are ¢*—like potentials (no zero at the
origin) and for a even they are ¢°—like models (having
a zero at the origin). And for n odd, there are also two
classes of models: for a odd they are inverted ¢*—like
potentials (no zero at the origin) and for a even they are
inverted ¢%—like models (having a zero at the origin).
To illustrate the results, in Fig. 2 we plot some of the
potentials as a function of the scalar field ¢.

The static solutions of the potentials V;"“(¢) are given
by

ule) | (k—1)7r>7 9)

a a
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FIG. 2. Plots of V»* for some n and a.

sin

where k is integer, which produces different solutions only
if 1 <k < 2a; recall that 0,,(x) is given by ([IS). We
notice that, for n even, the potentials of the sine family
are non negative, and all the zeros are minima. Then,
all the static solutions given by Eq. (29) are topological,
since they interpolate consecutive minima. In the case for
n odd, the potentials of the sine family are non negative
only for |¢| < 1, and the zeros at ¢ = £1 are not minima.
Then, all the static solutions given by Eq. (29) which
interpolate consecutive local minima are topological, and
the others, for k = a, 2a, which involves the zeros at ¢ =
+1 and the neighbor local minimum, are non topological.

Let us now consider the family of models V%% given
by (@), for the specific cases of a and n being integers.
Here we also have two possibilities:

e for a odd:
a2t , (a—1)/2 e n=2
V(@) = —— o0 -0) [ (Lo -1
j=1 J

e for a even:

1 a/2 ¢2 2n—2
Vs (@) = 55 =0 ] <— - 1) (31)
j=1

where Z§ = cos (%ﬂ') The cosine potentials V2.%(¢)

can also be written in terms of Chebyshev polynomials



of the first kind

Vai0) = 55 (1= ) LE@P"2 (32)

where

T.(6) = cos(a arccosf) (33)
The explicit form of the potentials are given by, for
a=1,2,3and n =2

V2O = 5 ¢ (1 - ) (34)

VE(9) = ;(1—¢2) < ¢2>2 (35)

2,3 8 2 2 3 2 ?
e =g ea-o) (3-¢) e
and for n =3

Vi (9) = ¢4 (1-¢%) (37)

e -z0-0 (3-¢) e

4

128 3
Vol (9) = 9 ¢t (1-¢%) (Z - ¢2) (39)
We notice that there are two classes of models: for a
even they are inverted ¢*—like potentials (no zero at the
origin) and for a odd they are inverted ¢°—like models
(having a zero at the origin). To illustrate the results, in
Fig. 3 we plot some potentials as a function of the scalar
field ¢.

The static solutions of the V%:%(¢), are given by

0 2k —1
() , @b—1) w) |

a 2a

¢r(z) = cos ( (40)

where k is integer, which produces different solutions only
if 1 <k < 2a; recall that 0,(x) is given by ([I). We
notice that, the potentials of the cosine family are non
negative only for —1 < ¢ < 1, and the zeros at ¢ =
41 are not minima. Then, for n integer, all the static
solutions given by Eq.([#0]) which interpolate consecutive
minima are topological, and the others, for k = a,2a,
which involves the zeros at ¢ = 41 and the neighbor
minima, are non topological.

New models for a half integer. — In this case, the
two families of models are field reflection of one another,
that is, V2%(¢) = V.*(—¢). Thus, they have no impor-
tant dlfference, and we will examine explicitly only one of

V& (@) V&)

N 17 i i
VE2(®) V3@

i 17 i 1
V(@) V(@)

-1 1 ¢ -1 }: ¢

FIG. 3. Plots of V2.* for some n and a.

them. The potentials of the sine family can be expressed
in the form

2n—2
n,a _ 2 n 1 v
‘/sin ((b) - ong2 (1_¢ H <1 + ) )
(41)
where Z3 = cos (22—17r), and n is an integer. They can

also be glven in terms of Chebyshev polynomials of the
first kind
1

Viit(6) = 5o (1= %) (1= Teal0))" ™" (42)

where T,,(0) is given by Eq. (83). The explicit form of the
potentials are given by, for a =1/2,3/2,5/2 and n = 2

Va2 () = (1-¢%) (1—¢) (43)

VES )= 50— (1-9) (14297 ()

L)1) - 26— 4677, (45)

2,5/2
Var9) = o

sin

and for n =3

Vin(0) =

Sin

Sa- -9 ()

ViR (9) = <1—¢2>< —6)> (1+20)*  (47)



VAYE0) = o5 (- )1 - 92(1— 29— 467)" | (48)

In Fig. 4, we plot some of the potentials as a function
of the scalar field ¢. Also, the static solutions in this case
are given by

() = cos <9”(‘T) L k=D ”) , (49)

a a

where k is integer, which produces different solutions only
if 1 <k < 2a; recall that 6, (z) is given by (IJ]).

We notice that these potentials are non negative only
for ¢ > —1, and the zero at ¢ = —1 is not a mini-
mum. Thus, all the static solutions given by Eq.([@9)
which interpolate between consecutive minima are topo-
logical, and the other, for k¥ = a 4+ 1/2, which involves

the zero at ¢ = —1 and the neighbor minimum, is non-
topological.
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FIG. 4. Plots of V»* for some n and a.
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Superpotential and energy. — In general, when
the potential is non negative, it is possible to introduce
superpotential W = W(¢) such that

Vo) =1 (‘%) . (50)

This is the case for the sine family of potentials with a in-
teger. However, In the others cases, for the cosine family
of potential with a integer, and for the sine and cosine
families of potential with a half integer, the potentials are

not non negative. Nevertheless, we can follow the lines
of [14] and introduce superpotential, for both topological
and for non topological solutions. In the case of the sine
families, for a integer or semi-integer, the superpotentials
can be written in terms of Chebyshev polynomials if we
fix the integer n, for instance:

(a*(1 = ¢%) — 2)Ta(¢) — 2a¢(1 — ¢*)Ua—1(¢)

2,a _

Wsin (¢) - a2 (a2 — 4)
(51a)

for a # 2, and

3y _ ¢/1— ¢2 + arcsin ¢ V1—¢?
Win () = 1a + Sl 1)
x[209T24 () — (1 = 20%(1 = ¢*))Uza—1(9)]

(51b)

Also, if we fix a we can get other expressions for n integer,
for instance:

W3 (9) =

sin

2n72¢)n R (n non 4 17¢2) (52a)

27 272

n,3 (=p"+! I n 3 9 9
Wsin((b)_ F (27 271 7’L,2,¢,4¢)
(52b)
where F} is the Appell function of first type. Also, in the
case of the cosine families, for a integer or semi-integer,

the expressions for the superpotentials are similar to the
corresponding expressions for Wy, for instance:

Wi(e) = m[((f(l — ¢?) — 2) sin(a arccosg)
+2a¢+/1 — ¢ cos(a arccosg)] , (53a)
for a # 2, and
w2y _ (D)™ L1 32 50
Wcos ((b) - T(bFl (57_5’1_n’§’¢ 72¢ >
(53b)
"3 B (_1)n+13n73¢n 5
Wcos (¢) - 7’L(7’L—+2) <4TL¢
2
xFy (g +1;—%,1—n;g+2;¢2,%>
2
+3(n+2)F <g —%, —n; g +1;¢7% %))
(53c)

In general, the superpotential simplify the calculations.
Particularly, for the energy associated with the corre-
sponding static solutions we can write, for the kinklike
solutions,

E™ () = (WP (Z) = W™ (Zi)| . (54)
and for the lumplike solutions [14]
B R (g) =2 (W (Z) — W (3(x = 0)] . (55)



The general superpotential, for arbitrary n and a, is
very hard to be calculated. However, in order to calculate
the energy, we can circumvent this problem following the
alternative route: the kinklike solution x,(z), Eq.(@), can
be approximated by

Xn(z) = £ tanh(a, ) , (56)

where the width of the solution is controlled by the in-
verse of

3 1
This is an approximation, but it leads to an error less
than two percent for the energy of the corresponding so-
lution. Also, we can write the energy as

00 dX 2
E, = -2 d 58
INCIE o
With this last expression, we use (B0) to get that E, =
4av, /3. Now, comparing the approximated energy value
with those from (IIJ), we obtain a good fit by means

of (). Particularly, for n = 3/2,5/2 and 3 we obtain
azjp = 1.052, asjp = 0912, and a3 = 0.866. For the

models described by the potential (B), the energy of the
defect solution decreases with increasing n, but the corre-
sponding width increases. Finally, for n # 2, the energies
of the static solutions given by Eqs. (29), {@0), and @3],
are obtained straightforwardly from the energy for n = 2,
with the answer E™%F = ¢, E%®F,

Final comments. — In this work, we have introduced
and solved two distinct new families of models. The first
family is defined in (@), and it is controlled by the single
parameter n, integer or half integer. The second family
is introduced by the deformation function (I4]), which
depends of two new parameters, a and m. With this
deformation we could find new models, depending on m
being integer or half integer, and on a and n. In this
case, we have obtained a diversity of models and their
respective defect solutions. We have also found a way of
presenting the energy of the defect solutions, both exactly
or approximately, when the exact result is hard to be
obtained. As one knows, we can also investigate linear
stability of the scalar field solutions. Although this issue
is out of the scope of the present work, it can be done
following the lines of [11].
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