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Soliton Evolution in the Composite-Boson Field
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We construct an elementary topological current in composite-boson field and
point out that the time component of this topologica current is the density of
solitons in the field. Based on the implicit function theorem and the Taylor
expansion, the evolution of solitons is detailed in the neighborhoods of the
branch points of the composite-boson field. We also find that solitons generate
or annihilate at the limit points and encounter one another, split, or merge at the
bifurcation points of the composite-bosons field.

1. INTRODUCTION

An electron may turn into a boson by forming a flux-charge composite
in an external magnetic field, which is caled a composite boson. As a
result electrons may condense without making Cooper pairs. When Bose
condensation occurs, the two-dimensiona electron gas becomes an incom-
pressible fluid, which is the fractiona quantum Hall (QH) state [1]. The
kinematics and the dynamics of quantum coherence based on an improved
composite-boson (CB) theory was studied by Ezawa[2]. Study of the topolog-
ical structure of thiskind of CB field was shown to be necessary. In this paper,
we analyze the inner structure of the topological current and corresponding
topological charge (winding number) of the CB field and show that the time
component of the topological current is just the density of solitonsin the CB
field. Furthermore, in terms of the db-mapping method [3] we introduce the
criterion of soliton generation and annihilation, that is, vanishing of the
mapping Jacobian. This condition defines the bifurcation points and allows
us to consider the processes of merging and splitting of solitons in a small
vicinity of the bifurcation points. All the results in this paper are obtained
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only from the viewpoint of topology without using any particular model
or hypothesis.

This paper is organized as follows. In Section 2 we start with the CB
field and construct an elementary topological current. By means of ¢-mapping
topological current theory, we prove that the time component of the topologi-
cal current is the density of the solitons in the CB field. In Section 3 several
crucial cases of branch processes are discussed and solitons are found to
generate or annihilate at the limit points, which shows that the soliton system
is unstable at these branch points. In Section 4 we consider the bifurcation
of the soliton velocity field, and show that solitons encounter one ancther,
split, or merge at the bifurcation points. The velocity of solitons is infinite
when they are annihilating or generating, which is obtained only from the
topological properties of the CB field. The topological charge conservation
near the branch points is also studied.

2. TOPOLOGICAL STRUCTURE OF COMPOSITE-BOSON
FIELD

The composite-boson picture is very useful for understanding the quan-
tum Hall ferromagnet [2]. For the simplest CB field

dX) = O Jo(x) = O /ps + p(X) (1)

where ¢ is the electron density, pg is the average density, p(X) is the density
fluctuation, and x(X) is the conjugate phase. The field can be denoted by

b = o' + ip? 2

and we can regard ¢ as the complex representation of a two-dimensional
vector field

b =04 ) 3)
Then we define the two-dimensional unit vector field of the CB field,
nt = ¢Vl ldlF = $3? (4)
satisfying
nfnd = 1, a=12 (5)

From Eq. (4), it is easy to see that the zeros of the field $ are just the
singularities of n. Then we can construct a topological current of the CB
field in the (2 + 1)-dimensional space-time R?*! with coordinates x! = x,
X2 =y and xX° = t,
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Qi\/ = Ziq-r 6ijkeaj:) ajna aknbv iv j! k = 0' 1’ 2 (6)

Obviously, the current (6) is identically conserved,
3iQu =0 (7)

Following the ¢-mapping topological current theory it can be rigorously
proved that

Q = 3%3) Di(%) ©
where the Jacobian D'(¢/x) is defined as
EabDi<%) = €k 9,2 ajd)b
in which the usual two-dimensional Jacobian is
<)o)
X X

The topological charge density

Qv(x) — e‘“’ €ap 0,N29,N°, wv=12 (9

isjust the time component of the topological current. We will show that this
topological charge density is just the density of solitons defined in the CB
field. First, as suggested in ref. 8, we define the dressed CB field lb(x) by

B(x) = e A9 $(x)
where A(Q) is the effective vector potential, which satisfies

By = VAKX) = 2mmp(X), v =-— (10)

Here By [8, 9] is the effective magnetic field and v is the Landau filling
factor. From Egs. (1) and (4), we obtain that

V2AX) — Inypo + p(X) = —e,, €® 4,n 0P (12)
According to (10), one can further get
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lﬂ V2 |n<1 + %) —p(X) = v 2% €., € 9,17 9P (12)

The Cauchy—Riemann condition yields a differential equation for the
density modulation [2],

lﬂ_ V2 In<1 + %) — p(;()) = VQtop()_()) (13)

Comparing Egs. (12) and (13), one can find that the soliton density Qi IS
just the topological charge density QY.
From Eg. (8), one can get

QuplX) = 3%8) D(%) (14)
which shows that Qtop(>_<)) does not vanish at the zero points of 3 ie.,
S, X%, 1) =0
(X x5, 1) =0
determine the locations of zero. If the Jacobian determinant is given as

D(g) IO

x| a0, )

(15)

then the solutions of Eg. (15) are expressed as
= xH(t), X2 = xA(t), l=1,2...,N (16)

which are the worldlines of N solitons F)|(t) (=12 ...,N), of whichthe
Ith soliton is charged with the topologica charge Bm,.

According to the 3-function theory [10] and the ¢-mapping topol ogical
current theory, one can prove that

N

82 + BI 52X o F’ 17
where the positive integer f is called the Hopf index [5, 6] of map x - &.
The meaning of B, is that when the point X covers the neighborhood of the
Zero x. once, the vector field d> covers the corresponding region 3, times.
Using this expansion of 82(d>) in (17), we see that

52(P) D( ) E Brd2X — ) (18)

where 1, is the Brouwer degree [5, 6]:
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_D@H| _ .
" Dl 4

Direct substitution of (18) into (12) and (13) leads to the density of solitons
in the following form:

Qup(X) = 3 BmMdX — ) (20)

Here one can see that the density of solitons (14) and (20) is obtained
directly from the definition of the topological charge of the CB field, which
is more general than usually considered.

Following our theory, one can also get the velocity of the Ith soliton,

&4 _ DM _
VI=d T b -’ =12
from which one can identify the soliton velocity field as
P _ Di(d/X) _
D)’ i=1,2 (21)

The expressions given by Eq. (21) for the velocity of solitons are useful
because they avoid the problem of having to specify the position of solitons
explicitly. The positions are implicitly determined by the zero of the CB field.

The current density of solitons (N solitons with topological charge B,
moving in space) can be written as the same form as the current density
in hydrodynamics:

. N - - d)q
J =2 Bmd(r — r(t) ot
1=1

From Egs. (8) and (17), the current density of solitons can be written in the
concise form

J = Q= 8($)D'(d/)
or

J = " ey, 9,02 9,N°

According to Eq. (7), the topological charges of the solitons are conserved:

®yv.3-0
at

which is only the topological property of the CB field.
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The above discussions are based on the condition that the Jacobian is
given as

¢
D(;) #0 (22)

When the condition (22) fails, the solutions (16) of Eq. (15) will change in
someway. Itisinteresting to discusswhat will happen and what it corresponds
to physically.

3. THE GENERATION AND ANNIHILATION OF SOLITONS

o)
X
there exists the crucia case of branch processes. There are two kinds of
branch points, limit points and bifurcation points.

First we study the case when the condition (22) fails and DY(¢b/x) # 0.
The usual implicit function theorem is of no use when D($/x) = 0. Thus,
to use theimplicit function theorem to study the branch properties of solitons,
we use the Jacobian D*(d/x) instead of the D(d/x) to search for the solutions

of d>(x) = 0. This means we have replaced t by x*. Then we have a unique
solution of Egs. (15) in the neighborhood of the points (t*, z|)

t = t(x})
X2 = x3(xb) (23)

When

=0

(t.21)

with t* = t(z!). We call the critical points (t*, Z) the limit points. In the
present case,

dx! _ DY(d/x)
axt . (24)
dt|ezy  DON ez,
i.e,
dt
Q- _p (25)
1
X 2,

The Taylor expansion of the solution of Eq. (23) at the limit point (t*, Z) is[3]
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_1dt
2 (dxh)2

*

x — z)? (26)

(t* z1)

which is a parabolain the x'-t plane. From (26) we can obtain two solutions
X3(t) and x3(t), which give the branch solutions of solitons at thelimit points. If

d?

_(dxl)z >0

(t* z1)

we have the branch solutions for t > t* (see Fig. 1a), otherwise we have the
branch solutions for t < t* (see Fig. 1b). These two cases are related to the
origin and annihilation of solitons. From Eq. (24), one can also find the result
that the vel ocity of solitonsisinfinite when they are generating or annihilating,
which is found only from the topology of the CB field.

Since the topological current of the CB field is identically conserved,
the topological charges of these two generated or annihilated solitons must
be opposite at the limit point, i.e.,

Bllnll = - BIZTIZ

which shows that B, = B, and n;, = —mj,.
For a limit point, one also requires

x

Asto ahifurcation point [12], it must satisfy a more complex condition. This
case will be discussed in the following section in detail.

#0

(t* 21)

4. BIFURCATION OF SOLITONS

Now let us turn to consider the o_t)her case, in which the restrictions of
Egs. (15) at the bifurcation point (t*, z)) are
=0 (27)

0 o
WVATGED AED

These two restrictive conditions lead to the important fact that the functional
relationship between t and x! is not unique in the neighborhood of the
bifurcation point (t*, z)). The equation
& _ DM
at 3 D(d/X)

under the restraint (27) directly shows that the direction of the integral curve

(28)

(t* z1)
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t t

Fig. 1. Projecting the worldlines of solitons onto the x*—t plane. (8) A pair of solitons with
opposite charges generate at the limit point, i.e., the origin of solitons. (b) A pair of solitons
with opposite charges annihilate at the limit point.
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of Eq. (28) isindefinite, i.e., the velocity field of solitons is indefinite at the
point (t*, z|) _This is why the point (t*, z|) is caled a bifurcation point of
the CB field ¢ To find the different directions of al branch curves at the
bifurcation point, we suppose that

9 1
a% _#0 (29)
(t* z))

From &*(x%, x4, t) = 0, the implicit function theorem says that there exists
one and only one functional relationship
X2 = X2(x%, 1) (30)

According to the $-mapping topological current theory, the Taylor expansion
of the solution of Egs. (15) in the neighborhood of the bifurcation point
(t*, z|) can be expressed as [3]

A = xP)? + 2B — xf)(t — t*) + C(t — t*)2=0
which leads to

1\2 1
A(%) + 2del +C=0 (31)
and
C(d%) + 2B ddl +A=0 (32)

where A, B, and C are three constants. The solutions of Eq. (31) or Eq. (32)
give different directions of the branch curves (worldlines of solitons) at the
bifurcation point. There are four possible cases, which will show the physical
meaning of the bifurcation points.

Case 1 (A # 0). For A = 4(B?> — AC) > 0, from Eq. (31) we get two
different directions of the velocity field of solitons,
dx! _—B=* B> — AC

dt, A

(33)

which is shown in Fig. 2, where two worldlines of solitons intersect with
different directions at the bifurcation. This shows that two solitons encounter
one another and then depart at the bifurcation point.

Case 2 (A # 0). For A = 4(B> — AC) = 0, from Eq. (31) we get only
one direction of the velocity field of solitons,
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t" t

Fig. 2. Projecting the worldlines of solitons onto the x!—t plane. Two worldlines intersect with
different directions at the bifurcation point, i.e., two solitons encounter one another at the
bifurcation point.

dxt B

—-— = — 34

dt, A (349
which includes three important cases. First, two worldlines tangentially con-
tact, i.e., two solitons tangentially encounter one another at the bifurcation
point (see Fig. 3a). Second, two worldlines merge into one worldline, i.e.,
two solitons merge into one soliton at the bifurcation point (see Fig. 3b).
Finally, one worldline resolves into two worldlines, i.e., one soliton splits
into two solitons at the bifurcation point (see Fig. 3c).

Case3(A=0,C# 0). For A = 4B? — AC) = 0, from Eq. (32) we have
d|] -Bx /B?—AC _ 2B

dx! 12 C C

There are two important cases. first, one worldline resolves into three
worldlines, i.e., one soliton splits into three solitons at the bifurcation point
(see Fig. 4a). Second, three worldlines merge into one worldline, i.e., three
solitons merge into one soliton at the bifurcation point (see Fig. 4b).

Case 4 (A = C = 0). Equations (31) and (32) give, respectively,
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t' t
Fig. 3. (8 Two worldlines tangentialy contact, i.e., two solitons tangentially encounter one
another at the bifurcation point. (b) Two worldlines merge into one worldline, i.e., two solitons

merge into one soliton at the bifurcation point. (c) One worldline resolves into two worldlines,
i.e., one soliton splits into two solitons at the bifurcation point.
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t* t

Fig. 3. Continued.

dxt _ dt

-0 =0 (36)

i
This case is obvious (Fig. 5) and is similar to Case 3.

The above solutionsreveal the evolution of solitons. Besides the encoun-
ter of solitons, i.e., two solitons encountering one another at the bifurcation
point (see Figs. 2 and Fig. 3a), it aso includes the splitting and merging of
solitons. When a multicharged soliton moves through the bifurcation point,
it may split into several solitons aong different branch curves (see Figs. 3c,
4a, and 5b). In contrast, several solitons can merge into one soliton at the
bifurcation point (see Figs. 3c, 4b, and 53). The identical conservation of the
topological charge shows that the sum of the topological charge of the final
soliton (solitons) must be equal to that of the initial soliton (solitons) at the
bifurcation point, i.e.,

2 Blfnlf = Z Blinli

for fixed |. Furthermore, the generation, annihilation, and bifurcation of
solitons are not gradual changes, but start at a critical value of arguments,
i.e., they are sudden changes.
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a

t t
Fig. 4. Two important cases of Eq. (35). (8) One worldline resolves into three worldlines, i.e.,
one soliton splits into three solitons at the bifurcation point. (b) Three worldlines merge into
one worldline, i.e., three solitons merge into one soliton at the bifurcation point.
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t t

Fig. 5. Two worldlines intersect normally at the bifurcation point. This case is similar to Fig.
4. (a) Three solitons merge into one soliton at the bifurcation point. (b) One soliton splits into
three solitons at the bifurcation point.
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