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Abstract. A new type of vortices called Chern-Simons vortices is considered and
the existence is established.

1. Introduction

Various vortex theories have been discussed in recent years, among them the
classical, electrically charged and other ones. The discussions on vortices have
proved important in quantum physics, solid state physics as well as in mathemat-
ics. A detailed account on classical (kinetic) vortex theory can be found in [14] by
Jaffe and Taubes. When the Chern-Simons term is added to the action, this is
(2+ 1)-dimensional massive electrodynamics, the vortex fields still exist and carry a
fractional electric charge proportional to the coefficient of the Chern-Simons term.
Such particles are called anyons, see Frohlich and Marchetti [6].

The paper concerns the existence of Chern-Simons vortices recently found by
physicists Jackiw and Weinberg, also Hong, Kim, and Pac who consider the
problem of charged vortices with the gauge field governed solely by the Chern-
Simons term. This truncation is physically sensible at large distances and low
energies, where the Chern-Simons term dominates the higher-derivative Maxwell
term. With the symmetry breaking realization, it is interesting that with a special
choice of the Higgs potential the vortex solutions satisfy a Bogomolny type “self-
dual” equation. We call the solutions Chern-Simons vortices, see [10] also [18].

Chern-Simons vortex solutions can be compared to the classical vortex
solutions and anyons. Chern-Simons vortices satisfy a similar “self-dual” equation
as classical vortices but the equation contains a more complicated nonlinear term.
The existence of axial solutions to the equation have been given in [10] and with a
special choice of metric on the plane the equation is completely solvable [16]. In
this paper, along the course of [14], a complex analytical and variational method is
used to establish the general existence of solutions to the Chern-Simons vortex
equation. Denote by C or R? the standard 2-plane.
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Theorem. For any (zy,...,2,)€ C", a charge n smooth solution to the Chern-Simons
vortex equation exists with zeros exactly at z,, ..., z,.

The main part of the paper is the analytical and variational problems raised
from the Chern-Simons equation. The analysis in the problem in some sense is
rather interesting; indeed, the Chern-Simons vortex equation as well as the
classical vortex equation which is a complicated system of differential equations
can be reduced by gauge transformation to a second order, variational, elliptic
equation. In the Chern-Simons case, the variational problem can be compared to
the prominent problem of Berger of prescribed scalar curvature on the 2-sphere;
compared to the classical case the variational problem is more complicated and
actually quite different but both can be regarded as examples of weak conver-
gence method in the theory of partial differential equations. And due to the
complexity of the variational problem, whether the solution to the Chern-Simons
vortex equation is uniquely determined by its zeros remains unknown.

The paper is organized as follows. Section 2 is a brief review on the Chern-
Simons vortex equation and some fundamental properties of Chern-Simons
vortices. In Sect. 3 the existence problem is converted into a variational problem
and in Sect. 4 the variational problem is discussed.

The author would like to thank Professor Taubes for introducing him to the problem.

2. The Chern-Simons Vortex Equation

In this section we briefly recall the Chern-Simons vortex solutions and collect
some fundamental properties of the solutions such as the counting of the zeros of a
Chern-Simons vortex and the maximal principle of the Higgs field. The first half of
the section is essentially based on [10] and the second part is a parallelism to the
classical case. The interested reader may refer to [10, 14, 15].

The Lagrangian density of the model (after a scaling of constants) is given by

& =|d—id)pI* +3e"F 44, —%|91* (1 =|9I*)?, 21
where ¢ is a complex scalar field, 4 a real gauge field, i.e.,
A=A4,dx", with 4,eR,
and field strength F=F ;dx*dx*? and the Chern-Simons term is
%, C.S. = 23 BYF ﬁA
with the Levi-Civita tensor &* is fixed by £°12=1.

Consider the motion defined by the Lagrangian (2.1), for time-independent
configuration (¢, A) the critical condition gives
Fip
o
The action of the time-independent configuration (¢, A) with 4, as (2.2) is given by
the formula

Ay=— 2.2)

E(¢,A)=x§=0d2x(—$)=Rj2|(d—iA)¢|2 F|2+ 61> (1—1%)*.  (23)

¢
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Assuming that the time-independent configuration satisfies the following
boundary condition:

lim sup |1—]¢||=0,

R- o |z] SR

|z)1*2|(d —iA)¢| < const

for some positive constant J, the energy functional E(¢, A) can be rewritten by a
process of completing the square and integration by parts. As a matter of fact,

J"F%'-’ Fiz

201 _1412)2 — _1 _ 22 112
|¢|2+ [91* (1—191%) I¢ 2(5(1 191°)| +F2(1—191%)

and
[Id—iA)¢|*>=[|(D, +iD,)¢p|*+iD,¢D; ¢ —D,$D7 ¢)
=“(D1 +iD2)¢|2 +F12|¢|2

with the boundary term vanishing by the boundary condition. Thus with the
boundary condition the energy functional can be rewritten as follows:

E(¢, A)=[I(D, +iD,)$|* + q;z_ 5(1—105!2) EfFia.

With the boundary condition assumed as above, the vortex number of a
configuration

1
_2_7EIF12

can be shown to be an integer as in the classical case; indeed, the number N
coincides with the degree defined by the map

¢ 1, qt
—— NREE
I¢| |zZ]|=R

for R sufficiently large.

As the classical case, finite energy configurations with the boundary condition
fall into different path components labelled by the vortex number. On each path
component, the energy functional E has a lower bound:

Ez=2z|N|

and the lower bound is achieved if and only if the configuration satisfies the
following Chern-Simons vortex equation:
{(D 1+iDy)p=0 (2.4A)
2=319? (119" (2.4B)
in the case N>0. The case N <0 is given by (2.4) after a sign change.
Chern-Simons vortex equation (2.4) can be regarded as a combination of a
“complex” equation (2.4A) and a nonlinear equation (2.4B). To consider Eq. (2.4A),
it is convenient to introduce the complex variables
z=x,+ix,, A=odz+ddz,
az =%(al - 162) ) 62 =%(al - laZ) s
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where
o =%(A1 —id,).

Under this convention, Eq. (2.4A) becomes a d-equation
0,0 =id¢. 2.5
The J-Poincaré Lemma can be used to investigate the zeros of scalar field ¢.

Theorem 2.1. Let (¢, A) be a smooth Chern-Simons vortex with finite action, then
i) ¢ has finite number of zeros zi,...,2,,.
ii) Around each z;, ¢ can be written as

¢=(z—z)"h(2)
with h, a smooth function, h(z;)=*0.

iii) The vortex number N, is Y n,.
k=1

Proof. This is similar to the classical case, see II1.5 of [14].

The other important property on Chern-Simons vortices is the fact that the
Higgs field satisfies the maximum principle on the plane.

Theorem 2.2. Let (¢, A) be a smooth Chern-Simons vortex with the boundary
condition, then |¢p| <1 on the whole plane.

Proof. It is convenient to consider the function
w=3(1—|¢[).
dw=—(¢,V,9),
Aw=—|V, B>+ (¢, ViVs$) < (6, VIVaP).
Using the vortex equations and note that
Vi=D%=—%+D,*

VEVA=311" (1191

Aw=(d, ViV ) =10I*W,

and the maximum principle implies the fact that |¢|<1.
The maximum principle will be seen more clearly as the vortex equation is
reduced to a second order elliptic equation in Sect. 4.

Taking the derivative,

on 1-forms on R?,

The substitution yields

3. The Reduction of Chern-Simons Vortex Equation

Chern-Simons vortex equation (2.4) is a system of differential equations with the
complex scalar field ¢ and the gauge field 4 as unknowns. In this section we reduce
the equation to a variational problem of real functions. The reduction is divided as
two steps: First the equation is reduced to a singular second order elliptic
differential equation using a gauge transformation. The second step is to reduce
the singular second order elliptic equation to a second order elliptic equation by
choosing a reference solution. We see that the equation can be regarded as the
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Euler-Lagrange equation of a variational problem. The whole process is also
parallel to the classical case.
First notice the fact that (2.5) can be rewritten as a d-equation

a=i0,Ind (3.1)

on the area ¢ is nonzero. However, since « is smooth, it can be extended over the
zeros of ¢ and we see that the gauge field 4 is determined by the Higgs field ¢.

Writing the Higgs field as ¢ = e*®*9 Theorems 2.1 and 2.2 say that u is then a
negative function with negative infinity as the value at the zeros of the Higgs field ¢,
where 0 is not defined. Furthermore, the gauge group acts on 0 by adding to it a
smooth function on R?, or in another word, 0 is defined by modulo a smooth
function. Motivated by Theorem 2.1, denote

N
0=2 Y arg(z—z,).
k=1

The Chern-Simons vortex equation is equivalent to the following singular second
order elliptic equation:

Au=e"(e"—1)+4n f 8z—z,) (3.2)
k=1

with the boundary condition lim u=0. Here, ¢ is the Dirac function.
Jz| =

Let u, be the following reference solution
N
uo=— Y In(1+pulz—z,]?). (3.3)
k=1

With the real parameter p varies u, is actually a family of reference solutions. For
each >0, u, is a negative function on the plane and e“° vanishes with the same
order as |¢|2. A calculation gives

N u N
Aug=—4Yy —H 14n ¥ S(z—2z). 3.4
o k;l(#+|2‘2k|2)2 nk; =2 G4

By combining (3.2) and (3.4), in terms of v=u—u,, Eq. (3.2) has the following
equivalent form:

N
Av= uo +v uo+v_1 4 K . X
p=etTMe )+ k; (n+]z—2z,?)? (3:5)

Equation (3.5) is a second order elliptic partial differential equation with a
nonlinearity term e*°*%(e*o*¥ —1) and the boundary condition lim v=0. Denote

|z] >
N
U
g4y *
8=4 L =z

with u>0 the real parameter, the second order equation (3.5) is then the Euler-
Lagrange equation of the following functional:

F(o)=4{ (Vo] +(e***— 1)+ 2gov. (3.6

This is our starting point of Sect. 4.
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4, The Variational Problem and the Solution

In this section we will concentrate on the variational problem (3.6). The solution of
the variational problem (3.6) needs a set up of Banach spaces. It turns out that it is
appropriate to consider the variational problem of the functional (3.6) on the space
H,, where H is the completion of Cg’-functions on the plane with the norm given
by

ol ={(vl*+Vo]?).
Denote also ||v|, the IP-norm of a function v.

Lemma 4.1. The function g, is L*-integrable with

C
lgoll. < —=
Vi

for some positive constant C, independent of u and (e*°— 1) is LP-integrable for p=>2.
Proof.

4.1)

Uo ul 1 1

kl;ll T4plz—z)™2 =

is a smooth function on the plane, e“°— 1 approaches zero at infinity in an order of
ul -2
—p Y |z—z
k=1

which is equivalent to —l—:g. Thus e**—1 is I’-integrable (p=2). The L?-
integrability of g, is clear with
N u 2 @
2 _ | <
=1 L, ) SN L S
dr  2aN? _ rdr
N e .
Sawry =N Gy = a ey

Thus,

lgoll2= 1/—
Return to the functional
F)=4[(I7v|*+(e***—1)*+2g,v).

F(v) is a functional on H, with exponential nonlinearity and thus an estimate on
the nonlinearity is necessary.

Lemma 4.2. On R?, any function ve H, satisf ies the following:

bl 5 {25 22)} Iol(p22).

Proof. The proof can be found in cf. Sect. VL.3 of [12].
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Lemma 4.3. On R?, any ve H, satisfies the following:

e’ = DIZ=C, exp(Cilv]?) (4.2)
for some positive constant C,.
Proof.

2 o of & N2 2,2]v| k+2
.‘.(e _1) _.‘ Z (k+1)’ éIU kgoﬁ <§U € < Z .”vl (43)

Applying Lemma 4.2 and Stirlings Formula, there are positive constants C, and
C; such that

(Con)y"snl<(Csn)”
sum up each term in (4.3) and get Lemma 4.3.

Restricted to a compact area on the plane, a slightly stronger result shows that
the map v—(e’— 1) from H, to [*(K)is a compact map where K is a compact set on
the plane. We will not give the proof here; the interested reader may refer to
Chap. 2, Sect. 15 of [1].

Thus the functional F(v) is a continuous functional on H, by the fact that

Ifgovl ([ 83) "2 (f0?)*2,
j(euo+v_ 1)2=j(e“°(e"— 1)+(e“°—- 1))2§2I(eu_ 1)2+2I(euo_ 1)2
<2C;exp(C,y[v*)+C,
for some constant C,>0.

In our problem it is important to consider the weak (semi)-continuity of the
functional F(v).

Proposition 4.4. F(v) is a weakly lower semi-continuous functional on H,.

Proof. First note that the map v—|v|, is a weakly lower semi-continuous
functional on H,. For any weakly convergent sequence {v,} to v in H,

§8oUn—[ 8oV

Restricted on any compact area K on the plane, lim j (e’ —1)? exists and equals to
5 (e’—1)%. Thus
("=, =lim|l(e—Dl,, Fl)SLimF(v,).

F(v) is a weakly lower semi-continuous functional on H,.
A classical theorem on weakly lower semi-continuous functional is the
following

Theorem 4.5. A weakly lower semi-continuous functional on a closed ball in a
reflexive Banach space achieves the minimum of the functional on the ball.

Of course the minimum may be achieved on the boundary of the ball. A
classical way to exclude this case is to consider the coercivity of the functional.

Theorem 4.6. If a weakly lower semi-continuous functional on a reflexive Banach
space is coercive, i.c.,
lim min F(v)=+o00.

roo |lofl =r

Then the minimum of the functional is achieved.
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Proposition 4.7. The functional F(v) in (3.6) on the space H, is differentiable with
D,,F(v)=% Fv+th)=[VvVh+e"*¥(e"*"—1)h+goh. 4.9

t=0

Proof. The proof is similar to the classical case and is omitted.

Return to the functional
F)=3[Vv|*+(e"**—1)*+2g,v 4.5

on the Sobolev space H,. We have shown that F(v) is weakly lower semi-
continuous and differentiable. We will show that F(v) on H, is a coercive functional
and hence F(v) achieves the minimum of F(v) on H, and the minima is a critical
point of the functional and a solution to Eq. (3.5) in H,. To show F(v) on H, is
coercive however needs a detailed analysis on the functional F(v) and which will

essentially occupy the rest of the paper.
Consider the functional (4.5), the functional contains three terms, with the

nonlinear term having an estimate
Jleo e — 1) = (e — 1)+ (e~ 1) 2} fe (e’ — 17 = [ (e~ 1),
and we will concentrate on the integral
e o(e’—1)2. (4.6)

First note that e** is a potential function which approaches 1 at infinity and
vanishes at the zeros of the Higgs field ¢ with the same order as |¢|*. This diversity
requires different estimates on the integral (4.6) over different areas on the plane.

Consider
R*=Q,0uQ,

as a decomposition of the plane with
Q,={xeR?*:e"24}, Q,={xeR*:e"<3}.

The function (e’ —1)? is also subject to different behaviors in different cases
v=0 and v<0. In the case v=>0,

e’—12v=0,

while in the case v <0 by denoting v_ =max{0, —v},

1—e -2

> =0.
B

In both cases the function (e’ —1)? obeys the following:

(e'; —_ 1)2 > I*UP_
T+

With the fact that the potential e2“°is small on the area 2, and approaches zero
in a certain order in a neighborhood of a zero of the Higgs field, the method we will
use to estimate the integral (4.6) is to apply the inverse Holder inequality. We here
introduce the inequality and apply the inequality to estimate the potential integral.
The proof of the inverse Hélder is simply by applying the Hélder inequality.
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Theorem 4.8 (Inverse Holder Inequality). For any measurable functions f, g on an

area $2,
[I)Ifglé ({j; IfI“)”“ <!I2 Igl”)””

1 1
with o, f§ are two real numbers, 0<a<1, <0 and p +-==1.

B

Return to the integral j' e?"(¢°—1)2. On the area Q,, the potential e**° is small
and approaching zero in an order atmost 4N around a zero of the Higgs field. Thus
1
for any constant  with ——— <f<0, [ e*# exists. By applying the inverse
20

2N
Holder inequality

.éfo e2uo(ev_ 1)2 > _f 2ug

[v] "o
2 J e 2 <1+Ivl> } e ”}”

l
a

,vl 2a
=Cs {Jo<1 +|v|) } @7

for some positive constant Cg and a with 0<a<1/(2N +1).
On the other hand, on the area Q, with e?*0>1

- o
femerzs ) (i)

Compare the estimates in two different cases: since

[v]

<1, O<ax<l1,
1+|v|

inequality (4.7) implies

1

uof ,v ‘ 02 *
g “”zgcé‘)téoaﬂvnz} '

The constant C4 depends on the parameter, however, by applying the inequality
1
xS Cex* +C,
for x 20 and for some positive constant C, the integral [ e**°(e’—1) obeys the
20

following estimate:

2uo 1)2 j Ivl 2_C
Je 1+p) ~°7

Thus the integrals on both areas Q, and Q, share the following common estimate:

feroe 12 I<1fllv'> —c,.

Return to the functional
F)=3[IVo]*+(e**"—1) +2g,v,
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by the estimates given above,

Foyz Liwoiz+ M jgol, o1,
=3 Wl g l|, ~ 8oz 1Pl

for some positive constant Cg. To show the coercivity of the functional F(v), we
notice that I?-norm |v||, can be controlled by ||Fv|, and a lower norm by
interpolation.

Consider on the space H,,

o= (s 2100 s (2 o s2p (L E ) 4o

and the integral {v* can be estimated by the following lemma.
Lemma 4.9. On H (R?) the following inequality holds:
fr* <o [|Po)*.
Proof. On R?, any L} function w satisfies
Iwla=31Vwl

(see cf. Chap. 2 of [1]). Let w=1v? then the substitution and Hélder inequality imply
the lemma.
Hence

(§v2)2<2§( i ,) ()1 +[I7ol?)
bl
jo2<2 Ca+i1r?)
1+l 43)
ivnz_lfllprI ,” (A +17oll,)
o= [P + 27242,
vljl2

Using Lemma 4.1, the functional F(v) on H, enjoys the following estimate:

1 1 lvl CO 1 1 |U|
Fw)2 = |Pvl3+ < — = lol=Caz 5 I70ll3+ ¢
(v)_2|| v||2+8 1+l V;“”“z C3_2“VU||2+8 1+,
Cg IUI 2
1/<1+|| 170l ) —Cyo

for some positive constants Cy and C, . Therefore when the parameter u is chosen
to be large, there are positive constants C,,, C,, such that

2
b _c,,. 4.9)

F)zCyq | I7U”%"'Clz m
2

Applying inequality (4.8),
F)ZCy3|[Poll3+Ciallv];—Ci5s2Cys vl —Cy4 (4.10)

for positive constants C,; to C,,.
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As a consequence of the estimate (4.8), the infimum of F(v) is finite and F(v) is
coercive on the Banach space H,.

Theorem 4.10. The functional F(v) achieves the minimum on the Banach space H .
Proof. This is an immediate corollary of Theorem 4.5.

The differentiability of the functional F(v) on H, assures that the minima of F(v)
satisfies the Euler-Lagrange equation (3.5) and the standard elliptic regularity
theory can be used to show that the solution v in H, is smooth. Back to Eq. (2.5),
combining Theorem 2.1, ¢ =e*®* o =i0_In¢ is a smooth Chern-Simons vortex
solution with zeros exactly at z,, ..., z,. The Theorem in the Introduction is proved.

The last word we will say is the fact that it is easy to see that the solution to the
Euler-Lagrange equation (3.5) obeys an a priori estimate v+u,<0 by the
maximum principle which is equivalent to Theorem 2.2.
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