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Abstract

We study some geometrical aspects of two-dimensional orientable surfaces
arising from the study of CP" sigma models. To this aim we employ an
identification of RN ™*? with the Lie algebra su(N + 1) by means of which we
construct a generalized Weierstrass formula for immersion of such surfaces.
The structural elements of the surface like its moving frame, the Gauss—
Weingarten and the Gauss—Codazzi—Ricci equations are expressed in terms
of the solution of the CPY model defining it. Further, the first and second
fundamental forms, the Gaussian curvature, the mean curvature vector, the
Willmore functional and the topological charge of surfaces are expressed in
terms of this solution. We present detailed implementation of these results for
surfaces immersed in su(2) and su(3) Lie algebras.

PACS numbers: 02.40.—k, 02.40.Hw, 02.40.Ma
Mathematics Subject Classification: 53A07, 53B50, 53C43, 81T45

1. Introduction

In this paper we develop further the study of immersions of two-dimensional surfaces in
multidimensional Euclidean spaces by means of CP" models, which was carried out in a
series of papers [17, 19, 20]. The key point is the formulation of the equations defining the
immersion directly in the matrix form (cf equation (4.1)) where the immersion takes values
in the Lie algebra su(N + 1), identified by means of the negative of the Killing form with the
Euclidean space RY ¥+ This allows us to formulate explicitly the structural equations for the
immersion (the Gauss—Weingarten and the Gauss—Codazzi—Ricci equations) directly in matrix
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terms. In particular in proposition 3 we establish an explicit form of the Gauss—Weingarten
equations satisfied by the moving frame on a surface corresponding to the CP" model. This
is done in a fashion independent of any specific parametrization. Then we use this result
to establish various geometric characteristics of the studied immersions such as curvatures
and curvature vectors. All these quantities are directly derived from the map describing the
relevant CPY model. For the simplest case N = 1 equation (4.1) defining the immersion
takes the form

dX = i(Xmo'z +dX,0; + dX303), (1.1)

where o1, 07, 03 are the usual Pauli matrices, and the differentials of coordinate functions of
the immersion dX, dX,, dX; are given in terms of the affine coordinate W of the CP'! model
by equation (5.3). As follows from equation (5.1) describing the C P! model, a particular class
of solutions of this model is given by an arbitrary holomorphic function W—in this case the
immersion is minimal (i.e., it represents a surface with zero mean curvature) and W expresses
the Gauss map of the surface by means of the stereographic projection. This is directly related
to the classical Weierstrass—Enneper formulae for an immersion of a minimal surface in R>.
In fact, almost one and half century ago Weierstrass and Enneper showed [11, 45] that every
minimal surface in R? can be represented locally in terms of two holomorphic functions ¥
and ¢ defined on a domain D € C by the following expressions:

. £ £ £
X(€.8) =Re (/ (w2—¢>2>ds/,i/ (V2 +¢%) dg’, —2/ wasdé). (1.2)
0 0 0
This implies that the complex tangent vector of the immersion is given by
0Xi =y’ —¢’,  IXa=i(WP+eY),  8X3=-2y9, (1.3)
where 0 denotes the (complex) derivative with respect to £&. Moreover, the metric of the

minimal surface is conformal and is expressed in terms of local parameters £ and £ by the
formula

ds? = 2(|y|* + || dt dE. (1.4)

This implies, in particular, that the coordinate lines Re £ = const and Im& = const describe
geodesics on this surface.

The fundamental ideas of Enneper and Weierstrass have since been intensively developed
with the purpose of extending this construction to obtain more general types of immersions
of surfaces. An interested reader may find a coverage of various stages of the development of
the theory in the treatise by Eisenhardt [10] or a survey by Osserman [35] and a contemporary
point of view e.g. in recent books by Helein [23, 24], Kenmotsu [28] or Bobenko and Eitner
[2], as well as in a number of other places, e.g. [1, 13, 14, 27, 37-39]. An interesting link
between the theory of surfaces and infinite-dimensional integrable systems was pursued in
a series of papers by Konopelchenko and his collaborators, [4, 30-32], who introduced into
considerations a nonlinear Dirac-type system of equations for two complex-valued functions
Y1 and ¥, defined on a domain D in the complex plane C

a1 = (Y * + ¥ )y, I = =1 1* + W)Y (1.5)

In particular, in a paper with Taimanov [32] they showed that for any solutions v, ¥, of the
system (1.5) the following integrals over the bilinear combinations of ¥;,i = 1,2

Xi= / (U7 — 3) d&+ (I7 — ¥7) d&',
v

Xy = / (W2 +y3)de’ — (V2 +°) dE, (1.6)
Y
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X3 = —/ Y d§ + Y P dE,
Y

may be viewed as giving a parametrization of a surface with a constant mean curvature (CMC),
immersed in R? by means of the radius vector X = (X, X5, X3). To see how to reduce more
general cases down to this case, cf e.g. [31, 32] and for an intrinsic approach to Dirac operator
in the theory of surfaces see [15]. In accordance with [4] we will refer to equations (1.5) and
(1.6) as the generalized Weierstrass formulae.

It was shown in our previous work [19] that the generalized Weierstrass formulae for
two-dimensional surfaces with non-vanishing mean curvature in multidimensional spaces are
equivalent to CP" sigma models. This determination has opened a new way for constructing
and studying two-dimensional surfaces. The further advantage of use of the CPY models
in this context lies in the fact that they allow us to replace the methods based on Dirac-type
equations by the formalism connected with completely integrable systems, for example Lax
pairs, Hamiltonian structures, or systems defining infinite number of conserved quantities.
An original procedure for constructing the general classical solutions admitting finite action
of the Euclidean two-dimensional CP" model was devised by Din and Zakrzewski [8] and
followed by a construction by Eells and Wood in [9]. These solutions are obtained by repeated
applications of a certain transformation to the basic solution expressed in terms of holomorphic
functions. As a result, one gets three classes of solutions: holomorphic, anti-holomorphic
and the ‘mixed’ ones. In this paper we show that to each of these solutions we can associate
a surface in su(N + 1) ~ RY®*2  In the holomorphic (or antiholomorphic) case we are
able to integrate completely the equations of the immersion. It turns out that in the CP!
case the surface is a part of an Euclidean sphere, cf section 5. However for arbitrary N > 1
other situations are possible. In example 1 in section 7 we present a one-parameter family of
surfaces for which the curvature is not constant but for some specific values of this parameter
it reduces to a constant.

The second and third examples in section 7 are concerned with mixed solutions of the
CP? model. In one case we obtain a surface in ]RS, which happens to be immersible in R3, but
the immersion does not come from a C P! model, since the curvature is not constant. The other
mixed solution leads to a generic surface in R® with nonconstant curvatures. All these results
raise interesting questions which require further investigations concerning general properties
of immersions given by the CP" models—either holomorphic or mixed.

Finally, let us note that the outlined approach to the study of surfaces in R™ lends itself
to numerous potential applications. It is useful for description of monodromy of solutions
of higher order Painlevé equations and their connection with theory of surfaces. It can also
lead to the development of numerical computing tools in the study of surfaces through the
techniques of completely integrable systems.

Surfaces immersed in Lie groups, Lie algebras and homogeneous spaces appear in many
areas of physics, chemistry and biology [5-7, 33, 34, 36, 40, 42, 43]. The algebraic
approach to structural equations of these surfaces has often proved to be very difficult from
the computational point of view. A natural geometric approach to derivation and classification
of such equations which we propose here seems therefore to be of importance for applications
in physics and other sciences.

This paper is organized as follows. In section 2 we introduce basic material on CPY
models—in presenting it we focus on the use of a compatibility condition, rather than on
the usual approach via the Euler-Lagrange equations. The next section is devoted to the
presentation of required notions and facts on the structure of complex projective spaces. Here
we prove in detail a certain decomposition of the group SU(N + 1), which was previously
noted in the paper [41] of Rowe ef al. In section 3 we show how to use the equations of
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the CP" model to construct an immersion of a surface in the Lie algebra su(N +1). The
obtained formula extends the classical Weierstrass formula for the conformal immersion of a
two-dimensional surface into the three-dimensional Euclidean space. We derive the equations
of the moving frame for the above immersion in su(N + 1) and derive some geometrical
characteristics of these surfaces. This analysis is developed further in sections 5 and 6, where,
using the conformality of the surfaces obtained from the CPY models for N = 1,2, we
establish an explicit formula for the moving frame in terms of the data of the model. Let us
note that the case N = 2 produces surfaces immersed in R® ~ su(3). In section 7 we illustrate
our theoretical considerations with some examples based on explicit solutions of the CP?
sigma model. The last section contains remarks and suggestions regarding possible further
developments.

2. Preliminaries on CP models

From a large supply of geometrical models of immersions [21, 22] we concentrate in this
paper on a particular class of models, the so-called CP" sigma models, see e.g. [48]. The
CP" sigma model can be defined in terms of functions

CoQat=¢"+iE > z=(z0.21,...,2nv) € C""! 2.1

defined on an simply connected domain (i.e., an open connected subset) Q2 of the complex
plane and satisfying the constraint z' -z = 1. Here and below we employ the standard notation

where points of the complex coordinate space CV*! are denoted by z = (20, z1, . . ., zy) and
eo, €1, ..., ey stand for the standard unit vectors in C¥*! with coordinates e ik = 8k, for
jsk =0,..., N. The standard Hermitian inner product in (OLAH respectively the norm, are
denoted by
N
2w = (7, w) = szwj, respectively |z| = (z' - 2)!/%, (2.2)
=0

and the unit sphere in CV*! corresponding to this norm is
SN =fzeC"™ |zl 2=z =1},

We shall use 9, = 9/9&", u = 1, 2 to denote ordinary derivatives and D,, for the covariant
derivatives defined according to the formula

D,z =8,z —z2(z"-9,2). (2.3)
With this notation the Lagrangian density for such a model is given by (cf e.g. [48])
L=1(Du2)" (Dy2). (2.4)

and the solutions of the CP" model are stationary points of the action functional

S = / L de dE = l/(D,Lz)T - (Dyz) d& dE. (2.5)
Q 4 Q

The physically relevant case concerns fields which can be extended to the whole Riemann
sphere S? = C U {oo}, but the case of an arbitrary 2 is also of some interest, especially for
questions of (local) differential geometry.

Next we note that since £ is not changed by the transformations z +> ez with ¢ € R,
it is actually defined by the map [z] : @ — CPY, where [z] = {ez | ¢ € R} is the element
of the projective space CP" corresponding to z € S?N*!. We find it often more convenient
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to use this latter point of view and describe the model in terms of ‘unnormalized’ fields
Er f=(fo, fi,..., fv) € CV*1\ {0} related to the ‘z’s” above by

T % where |f| = (f"- ) 2.6)
We shall refer to the ‘z’s’ above as inhomogeneous and to the © f°s’ as homogeneous coordinates
of the model.
Now, using the customary notation for holomorphic and antiholomorphic derivatives

g_ Lo .0 s_L(o .0 .
_§<a_sl 13_52)’ _§<a_s' 18_52) @D

and introducing the orthogonal projector on the orthogonal complement to the complex line
in CV*! determined by f given by

1 .
— _ I
P =1yn 7 ff ®f 2.8)
we may express the action functional (2.5) in terms of f’s by
1 1 - - -
S=- | ——@f ' Paf+aftPaf)dedk. (2.9)
4o f1-f
Since P is an orthogonal projector, it satisfies
P2 =P, Pi=P. (2.10)

The map [z] is determined by a solution of the Euler—Lagrange equations which is associated
with the action (2.9). In terms of homogeneous coordinates f’s the equations take the form

= 1 - -
P[aaf—ff'f((f'~3f)3f+(ff~3f)3f)}=0- 2.11)
Using the projector P we can rewrite (2.11) as
[00P, P] =0, (2.12)
or equivalently as the conservation law
d[oP, P]+0d[0P, P] =0. (2.13)

Further, introducing the (N + 1) x (N + 1) matrix K
f®@fT—feiff  [f&f

fi-f (ft- )3
and noting that its Hermitian conjugate is

—8f®f*+f®8f*+ fefl

K =[P, P]= [AfT ) — (-] (2.14)

K' = —[dP, P] = aft-fH—r-ani, 2.15
[0P, P] o rol@rt =t 2.15)
we can reformulate (2.13) succinctly as

9K — K" = 0. (2.16)

It follows from the above (2.16) that 0K is an Hermitian matrix, i.e. 0K € isu(N + 1).
One can check by a straightforward computation that the complex-valued functions

1 _
J=——03f1Paf, J=

. artPaf, 2.17
77 fTPof (2.17)

1
ftf
satisfy

0J =0, aJ =0 (2.18)

for any solution f of the Euler—Lagrange equations (2.11). Note that J and J are invariant
under global U(N + 1) transformation, i.e. f — ¥ f, ¥ € UN + 1).
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3. Some decompositions of SU(IN + 1) and related parametrizations of CPY

In this section we collect several facts concerning realization of projective space CP" as a
homogeneous space of the special unitary group SU(N + 1) and discuss related decompositions
of the group and its Lie algebra su(N + 1). The standard reference, where all the details missing
here can be found, is the book of Helgason [25].

As is well known, the space CPY consists of complex lines through the origin 0 in C¥*!
(the one-dimensional complex subspaces of C¥*!). We denote by 7 the map which associates

to any nonzero vector Z = (zo, . .., zy) € CV*! the line passing through the origin and Z, so
that

n(Z)={rZ |1 € C} =lz0,21,.... 2] (3.1
The numbers zg, z1, ..., 2y, determined up to a nonzero complex number, are called

the homogeneous coordinates of the line w(Z). The restriction of w to the unit sphere
SN+ — (7 e CN*! | Z'Z = 1} remains surjective—the resulting map 7 : S?N*! — CPV
is known as the Hopf fibration. Observe that if the line / passes through the point Z, € S?V*!,
then the fibre over [, n;l(l) ={Z e §*N*|Z =e¥Zy, ¢ € R}, is just the great circle in $?V*+!
passing through Zj.

For any given j = 0, 1,..., N one introduces the so-called affine or inhomogeneous
coordinates defined in the complement of the set H; = {n(Z) | Z € (CiVH, z; =0} cCPV
by the prescription

Zj Zj Zj Zj
which sets up a natural isomorphism of C" with CPV \ H ;. In the particular case of the affine
coordinates defined in the set Uy = CP" \ Hy we shall write W; = z;/zo.

By transitivity of the action of SU(N + 1) on the set of lines in C¥*! one has a natural
identification G/Ky ~ CP", with K denoting the isotropy group of the standard reference
point [y = my (eg) = Cey. Now

{((detA)" 0)
Ko = S(U(1) x U(N)) = 0

A€ U(N)} (3.2)

and the identification above is written as CPY ~ SU(N + 1) /S(U(1) x U(N)). Passing to
the Lie algebra level and denoting the respective Lie algebras by g = su(N + 1) and

—trA 0
o= [ ke

one has the direct sum decomposition of the isotropy Lie algebra

—i 0
ty = c D su(N), where ¢ = {( )

0 &Flv

n e iR} ~ iR
with ¢ being its centre. To study other decompositions we first recall that the Killing form of
g = su(N + 1) is given by the formula

B(X,Y)=2(N + 1) tr(XY) (3.3)

and is negative definite. The space su(N + 1) of skew-Hermitian matrices can thus be given
the structure of a real Euclidean space of dimension N (N + 2) by taking the negative of the
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Killing form as the inner product. The orthogonal complement to €, with respect to this inner
product consists of matrices of the form

0 —xf B )
Z(x) = :x®e(')—eo®x1, (3.4)
X ON
where x = (x1,...,xy) € C" and Oy is the N x N zero matrix, and this yields the orthogonal

decomposition g = ¥, & p.

This later fact is a starting point for introducing a useful parametrization of the projective
space, analogous to the spherical coordinates on the Euclidean sphere. Observe that the
adjoint action of the isotropy group K on p reduces to the action of U(N) on CV given by the
following formula:

(detA)™ 0\ (0 —x'\ fdeta 0\ 0 —(det A)~!(Ax)T
0 Al \x oy 0 A')  \det(A)Ax 0y '

The action is clearly transitive on the unit sphere in p and essentially this fact implies validity
of the next result (for a general form of such decompositions cf [25, p 402]). To formulate it
we first introduce more notations. Set H = Z(e;) and let a = RH C p. The Lie subgroup
expa = {expaH | @ € R} of SU(N + 1) consists of matrices

cosa —sino 0

. R(x) 0
expaH = | sinx cosa 0 = 0 ! , 3.5
0 0 vt N-1
where we have set R(a) = (Cs?gg —Cs(i)lgg) and which is isomorphic to SO(2). The

corresponding maximal torus in CP" is
A = (expa)-lp = {[cosa, sine, 0,...,0] | @ € R} 3.6)

Denoting further by M C K the centralizer and by M’ C K the normalizer of a in K|,
ie. M ={keKy|kHk'=H}and M' = {k € Ko | kHk~' c RH}, we see that

u 0 0
M=1{10 u O0||UeUN-1),uecU),u’detU =1 (3.7
0 0 U
u 0 0
M = 0 eu O UeUN-=1D,uecUl),e==+1,u*detU =1}. (3.8)
0 0 egU
The factor group M’/ M = 7Z, is the Weyl group associated with C PV,
We need one more notation. Given k < n complex numbers of modulus 1, Ay, ..., Az,
we denote by §(Aq, ..., A;) the k x k diagonal matrix with Aq, ..., A; along the diagonal,
M 0 L. 0
0 X ... O
(A, . Ap) = . . 3.9
0 O 0
0 0 ... X

We can now formulate the main result of this section, which will be used extensively
later on. It describes a certain decomposition of the group SU(N + 1) related to the spherical
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parametrization of the projective space which is stated as the point (c) of the proposition
below. The points (a) and (b) are included for readers’ convenience and comprise the classical
decompositions which can be found in general form e.g. in [25, p 402]). It should be pointed
out that (c) is an elaboration of a result stated in [41], but proved there only for SU(3).

Proposition 1 (polar decompositions). Let G = SU(N + 1), Ky = S(U(1) x U(N)), and let
the remaining notations be as explained above.
(a) Every element of G can be written as a product g = k(exp0 H)k' with k, k' € K,. More
precisely, the map
Ko xexpax Ko > (k,expfH, k') — k(expOH)k' € G (3.10)
arising from the group multiplication is a smooth surjection.
(b) The map
Ko/M x A3 (kM,exp0H -1ly) — k -exp0H -1y € CPV (3.11)
is a smooth surjection and is a double covering on the complement of the pointly € CPV.
(c) Consider SU(N) as a subgroup of Ky by means of the injection A +> ((1) 2) and let U(1)
be diagonally embedded into SU(2) by means of

_ (M 0)
§:U) 3> 8(u, ) = . (3.12)
0

Then the map
SU(N) x U(1) x SO(2) x SUN) —> SU(N + 1)
(A1, 1, R(0), A2) >

1 0 3w, o) 0 R(9) 0 3w, 1) 0 1 0 3.13)
0 A 0 Inv-1 0 1y 0 Inv-1 0 A .
is a smooth surjection.

Proof. We are going to prove only part (c) of the statement and this follows by simple matrix
calculations from the polar decomposition given in equation (3.10). Assume that we have a
product of the form

A0 R@®) O A O
. : , (3.14)
0 A 0 1y 0 A
where A; € U(N) and A; detA; = 1 fori = 1, 2. By splitting a factor of the form

E (‘ 9 fvy IV 2) C -
, A= )\1/2)\,2 12
0 In-2

from the matrix on the left-hand side in this product and commuting it with the middle term,
we can bring the entries in the top left corners of the matrices on both sides of equation (3.14)
to coincide with each other, thus obtaining the product

nw 0 R(®) 0 nw 0 B 12
(o) (00 ) e

with the relations pdet A’; = 1 fori = 1, 2 still satisfied. Now it remains only to split off the

S(p, 1)
0

of the product. U

factors of the form ( X 0 ) from the both extreme terms to get the sought for form (3.13)
N—1
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Remark 1. The statement in (c) above is simply that every element of SU(N + 1) can be
written as a product of four matrices belonging to the above given subgroups. Writing down
the product of the middle terms in equation (3.13) explicitly we obtain

S(u,m)y 0 ' R@® O ' S(u,m) 0
0 1v-1 0 1y 0 1y

u>cos® —sind 0 ... O
sin 6 w2cosd 0 ... O
= 0 0 (3.15)
. . In-1
0 0

so that the right-hand side of the decomposition (3.13) reduces to

u?cosé —sinf 0 ... O
1 0 ... 0 ] ) 1 0 ... 0

sin 6 u~cosfd 0 ... O 0
0
. Ay 0 0 . A , (3.16)
: . . j . )
0 : ) 0

0 0

where Aj, A; € SUN), u = e € U(l) and 6, a € R, which up to unimportant changes in
parametrization, is the expression given in [41, equation (2) on p 3605].

The polar decomposition (3.10) reduces to the following decomposition of SU(3) which
appears to be known—it can be found e.g. in [26] and [41].

Corollary 1. Each element of the SU(3) group can be decomposed into the following product:

(1 o)(m,x) 0) (R(a) 0) (5@,%) o) (1 0)
g= SNEAY)
0 U 0o 1 0 1 o 1/\o U,

where U; € SUQ2) fori = 1,2 and

cosa —sina A0
Rw)=1{ . and S(A) = _
sine  cosa 0 X

with A € C with || = 1. Writing this in a more explicit fashion we have
1 0 O Acosa  —sina 0 1 0 O
¢g=10 a b sine A2cosa 0| |0 a b|, (3.18)
0 —by a 0 0 1)\0 —-b, @
where a;, b; € C fori = 1,2 satisfy |a;|> + |b;|> = 1 and » € C is of modulus 1; |A| = 1.
We finish this section by presenting explicit orthogonal bases for the Lie algebras su(2)

and su(3), which will be used in our future discussion of the CP! and CP? models. For
uniformity we use in this case the inner product

(X,Y) = —1tr(XY), (3.19)
rather than the Killing form given by the formula
4tr(XY), N=1
B(X,Y) = X,Y esu(N+1).

6tr(XY), N=2
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An orthonormal basis is given for the case N = 1 by the matrices —io;, for j = 1,2, 3, where
o denote the Pauli matrices

(o1 o i (1 0 .
o P o) P70 ) (320

Now, su(3) is eight-dimensional (over R) and consists of matrices of the form

lap  z0 oz

—Zo lap, 20|, with z0,21,22 € C, a1, a2, a3 € R,a; +ax +az = 0.

-Z1 —Z2 a3
For this case we shall choose a basis adapted to the decomposition g = €, @ p, where the
isotropy Lie subalgebra £ is given by

i@ 0 0
B = 0 iag —z||ag+ai+ay=0,a;€R,zeC (3.21)
0 Z iaz

and may be further decomposed as

& =u(l)du2). (3.22)
Accordingly, as its orthogonal basis we take {S; | j =1, ..., 4}, where
-2i 0 O
0 o0 )
S; = . , j=12,3, Ss=10 1 0]. (3.23)
0 —ioj )
0 0 1

p, which is the orthogonal complement of &, consists of matrices defined in (3.4) which have
the form

0 —x1 —x
Zx)=1|x O 0 1, where x = (x1 ) e C2.
n 00 -
We supplement the above defined basis of €, by the following basis for p
0 -1 0 0 0 -1
Ss=Ze)=|1 0 0], Se=Z(e)=]10 0 0], (324
0O 0 O 1 0 O
01 0 0 0 i
S;=Z@Ge))=|1 0 0], Ss=Z@3e) =0 0 O]. (3.25)
0 00 i 00
and observe that these bases are orthogonal with respect to the Killing form. Thus the matrices
{S1, ..., Sg} form an orthogonal basis for su(3).

4. The structural equations of surfaces immersed in su(N + 1) algebras obtained
through CP"N models

In order to investigate immersions defined by means of solutions of the CP" models and, in
particular, to envisage the moving frames and the corresponding Gauss—Weingarten and the
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Gauss—Codazzi—Ricci equations, we use the Euclidean structure of the su(/N + 1) Lie algebra,
which we identify with RY®™*? in the way described in the previous section. However, our
considerations do not necessitate in using any special privileged system of coordinates.

Let us assume that the matrix K given by (2.14) is constructed from a solution f of
the Euler—Lagrange equation (2.11) defined on an open connected and simply connected set
Q C C. The conservation law (2.16) then holds and implies that the matrix-valued 1-form

dX = i(K'd¢ + Kdé) = i(K' + K) d¢! — (KT — K) d&? @.1)

isclosed (d(dX) = 0) and takes values in the Lie algebra su(N + 1) of anti-Hermitian matrices.
By decomposing dX into the real and imaginary parts we write

dX = dx' +idx?, 4.2)

where the 1-forms dX! and dX? with values in s[(N + 1, R) are anti-symmetric and symmetric,
respectively, i.e.

dxHT = —ax’, dx>»T = dx?,

with the superscript T denoting the transposition. From the closedness of the 1-form dX it
follows that the integral

i/(KTdE+Kd§)=X(§,§) 4.3)
¥

locally depends only on the end points of the curve y (i.e., it is locally independent of the
trajectory in the complex plane C). The integral defines a mapping

X: Q358> X(E &) esu(N+1) xRVND 4.4)

which will be called the generalized Weierstrass formula for the immersion. The tangent
vectors of this immersion, by virtue of (4.1), are

X =iK +K), HhX =—(K —K) 4.5)
and the complex tangent vectors are
X =iK!, 93X =iK. (4.6)

Hence a surface F associated with the CPY model (2.11) by means of the immersion
(4.4) satisfies the following

Proposition 2 (metric form). Components of the metric form induced on F by the Euclidean
structure in su(N + 1) defined by the negative of the Killing form (3.3) are given by

g = (31 X,0:X) =2(N + D tr(K' + K)?

g0 = (hX, HhX)=—-2(N+ D tr(K — K)? 4.7)

g2 = (01X, %X) =2i(N + 1) u[(K + K)(K' — K)].
The components of the metric form with respect to the complex tangent vectors are given by
the following expressions:
8ee = (90X, 9X) = J, gee = (0X,0X) = J, 8¢ =gee = (0X,0X) =q,
where J and J are functions defined by (2.17) and q is a non-negative (real-valued) function
given by

1

= We‘)fTPaf > 0.

q
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Consequently the first fundamental form 1 of the surface F is given with respect to the complex
coordinates £, & by

I = Jd&? +2q d& dE + JdE2. (4.8)

In section 5 we compute explicitly coefficients of the metric form in the case of a C P! model.
As usual, we denote

2 2 2
8§ =28::8:¢ — 8z =4 —1JI)

the determinant of the metric form. It is known that the Gaussian curvature of the surface F

with respect to the induced metric is given by

1 [ 1
K=—0|—=(—20g +¢d(n . 4.
2ﬁ[ﬁ( qq(f))] 4.9)
The quantity Jd&? defined on I, called Hopf differential, is invariant with respect to conformal
changes of coordinates. We use this freedom to simplify the corresponding equations.

Our next task is to determine a moving frame on the surface F and to write the
corresponding Gauss—Weingarten equations expressed in terms of a solution f satisfying the
CPY sigma model equations (2.11). Using the Gram—Schmidt orthogonalization procedure
to construct and write explicitly expressions for the normals 7 to a given surface in RYV+?
can, in general, be a complicated task. An alternative way we propose here involves the use
of the isomorphism of R¥¥*? with the Lie algebra su(N + 1). In this representation, the
equations for a moving frame on the surface can be written in terms of (N +1) x (N + 1) skew-
Hermitian matrices. To simplify, in the following calculations we suppress the normalization
factor 2(N + 1) in the definition of the inner product in su(N + 1)—cf (3.3). We introduce
real normal vectors 73, . .., Nnx(n+2) to the surface IF and consider the frame

n=0=0X,m=0X,03, ..., Inw+2)"

with components satisfying the following conditions:

aX, = O, 5X, = O’

(90X, n) (' ) (4.10)
M, m) = i, jok=3,...,N(N +2).

Next we define
Je =tr(3*X - mp), Hy =tr(3dX - ny). 4.11)

Now we can formulate the following

Proposition 3 (the structural equations). For any solution f of the CPN sigma model
equations (2.11), such that the determinant of the induced metric g is nonzero in some
neighbourhood of a regular point p = (&y, &) in C, there exists in this neighbourhood a
moving frame n on this surface which satisfies the following Gauss—Weingarten equations:

87][ :Ailnh 57’]1 :Bilnlﬂ l,l: 1,...,N(N+2)7 (412)
where the N(N +2) by N(N +2) matrices A and B have the form

aii ain J3 o Inve)
0 0 H; <o Hywvao)
A= a3 B3 0 e Ssvave) | (4.13)

aiNN+2)  Binwey —S3nwe2) e 0
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and
0 0 I'_13 I'_IN(N+2)
ar azn J3 _JN(N+2)
B — a3 B3 0 Ssnvav | (4.14)
NN+ Ponwer —Sinwez o 0
The elements of A and B take the form
Sjk+Skj =0, S.ik+§kj =0, ] ;ﬁk
1 1
= E(ngs,é —Jige ), B = E(Jjgs,é — Hjgee), (4.15)
1 - 1 _
;= E(Jgg_é —Hjg:z), B = g(ngg,é —Jges),
where
1 20f1f 2f af 2
a1,1=—az,2=—Re{ (Joft+ges0fHP*f — =0 f Pof)ges — ——|JI°,
g |L/Tf o (fif) sy
1 20f1f - . - 2fTaf
alz_—Re{—(Jafug,afT)P82f+ = @ fTPIf)T + g
g Lfif o (fir? Fip o
1 1 'fo 219 f
a21_—Re{T(18fT+g afT)Pazf f f)g | |
g Lfif o (fif)2 ST

(4.16)
The Gauss—Codazzi—Ricci equations are given by
0A —3dB+[A,B] =0 (4.17)
and coincide with the equations of the CP" sigma model (2.11).

We note that the elements g; ; are the usual Christoffel symbols.

Proof. Note that for any solution of the CP" equations (2.11) the matrices 3X and 3 X are
defined by (4.6). As can be checked by a straightforward computation using (2.11), the mixed
derivatives 90X and 99X coincide and are normal to the surface

90X = [8P 9P]
—(PUfQ3f 1 P—PIf@afiP)+

arfPaf—artpra t
fo i f)2( fTPOf —ofTPOf)f® f
=—[0P,0P] = d0X. (4.18)

Combining this equation with the CP" equations (2.11), expressed in terms of the projector
P, we obtain

tr(3dX - 9X) =tr([dP,9P]-[0P, P]) =0,

o - _ (4.19)
tr(d0X - dX) =tr([0P,dP]-[0P, P]) =0.
As a direct consequence of differentiation of the normals (4.10) we get
an;, + Ok, nj) = Sik+ Sk =0,
(_n, k) (_nk ;) Sj + Skj | 4.20)
Onj, m)+ @nk,nj) =S+ Sk =0, JFk
and
@n;j, 0X) +(1;, 90X) =0, (31, 0X) + (n;, °X) =0, 2D

(0, 0X) + (n;, °X) =0, (@, 9X) + (n;, 98X) = 0.
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Using the expressions (4.12)—(4.14) and (2)) we come to the following set of linear equations
ez j+8zghrj+J; =0,
geed1j+8ezPrj+H; =0, j=3,..., N(N+2)
850+ 8eiPaj+ T =0,
8eetaj+ 8 ghrj+ Hj =0,

which allow us to determine elements o; ; and B;; in terms of the coefficients of the

metric form, H; and J;. As can be easily calculated, they take the form (4.15) asserted in
proposition 3. The second derivatives 32X and 3> X are

4.22)

X = %(Pazf@)ff — f®3fP)

i W [@f- Nf@aftP—(fT-afPaf @ f,

——(f®3fP-P3fe fh

Q)I

f‘f
[(fT-af)PIfRF —@f - Hf @ f P (4.23)

v Tf )?
Let us observe that the following traces (and their complex conjugates) vanish:
tr((8°X —a;10X — a;,0X)-9X) =0,

= = 4.24
tr((8°X — ax 10X — a9X) - 9X) = 0. (4.24)

This means that the vectors corresponding to the matrices %X — ai 10X — ai,zéX ) and
(0°X —a; 10X —a; 20X), i = 1, 2 are normal to the surface determined by (4.12). Substituting
(4.23) into equations (4.21) and solving the obtained linear systems we can determine
ai, i, = 1,2 which prove to be of the form (4.16).

Finally, the Gauss—Codazzi—Ricci (GCR) equations are the necessary and sufficient
conditions for a local existence of a surface and are the compatibility conditions of the
Gauss—Weingarten equations. In our case the GCR equations coincide with the CP" sigma
model equations (2.11) and are given in a matrix form by (4.17). So, with any solution f of
the CPY model we can associate a surface defined by (4.3). O

Making use of the expressions for the second derivatives of X, the induced metric and for
the elements a; ; appearing in matrices A and B, we can write explicitly the second fundamental
form of the surface in terms of the model

I = (3°X)- de? +2(30X)™* d& dE + (5% X)* d&?
= (0°X —a; 10X —a120X)dE? +2(30X) d& dE + (3°X — ap.10X — a2,3X) dE2, (4.25)

where the symbol L denotes the normal part of matrices 9;0; X and the indices i, j stand for
£ or €. The quantities g, ; are given by (4.16).
The mean curvature vector can also be expressed in terms of the model as follows:

1 _ _
H= §<gs,s(a2x)l —28::(00X)" + gz :(0° X))
1 _ _ _ _
= E{gg,g[azx —a110X — a1290X] —2g: 200X + g £[0°X — 219X — a220X1}. (4.26)

The Willmore functional of a surface has the form

W:/ |H|* /g d& dE. 4.27)
Q
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When a solution f satisfying the C P model (2.11) is defined on the whole Riemannian
sphere S? then the integral

Q=— / tr(P - [9P, B P]) dé dE
8 2
1 1
8w Je IS
is an invariant of the surface and is known as the topological charge of the model. If the integral

(4.28) exists then it is an integer which characterizes globally the surface under consideration.
Summarizing, we can now state the following analogue of the Bonnet theorem, cf [46].

OftPaf—dfPaf)dedE (4.28)

Corollary 2. For the complex-valued function f satisfying the CPV sigma model
equations (2.11), the generalized Weierstrass formula for immersion (4.4), i.e.

X:Q35(¢E,8) - X(E,8) = i/[Z)P, P]dé +[0P, P]dE, (4.29)
¥

describes a surface insuw(N + 1). This surface is determined by its first and second fundamental
forms (4.8) and (4.25) uniquely up to Euclidean motions.

Finally, it is worth noting that the method described above may be of use in the study of the
elliptic periodic two-dimensional Toda lattice (2D T L) which is related to surfaces immersed
in su(N + 1) Lie algebra [22]. The equations of 2DT L can be written in a matrix form as the
Zero curvature equations dA—93B =[A, B], formally identical with the Gauss—Codazzi—Ricci
equation (4.17), where the two (N + 1) x (N + 1) matrices A and B are defined as follows:

Buo 0 0 0 U(),N
Uio ouy 0 0 0
0 U2’1 8u2 0 0
A=-B'=| . _ , e (4.30)
0 0 0 ... Ouy_ 0
0 0 0 UN,N—I aMN
where fori, j =0,...,N,wesetu; :C— R,ug+---+uy =0and U; ; = exp(u; —u;). It

is known [22] that the zero-curvature equation (4.17) for matrices (4.30) implies the existence
of a complex-valued function F : C — SU(N + 1) such that

F7'9F = A, F~'9F = B. 4.31)

So, according to proposition 4, we can identify (4.31) with the complex tangent vectors (4.6)
of the immersion (4.4). Hence the 2DT L equations can be viewed as being associated
with the specific form (2.13) of the CP" model. Establishing this link could be useful for
determining certain geometric characteristics of surfaces corresponding to the elliptic periodic
two-dimensional Toda lattice, but this point will not be considered here.

5. Immersions into the Lie algebra su(2) arising from the CP! model

In this section we sketch an application of the techniques developed in the previous sections
to the case of the CP! sigma model. This allows us to put the results obtained in the
earlier publications [17, 19, 20] in a broader perspective, as well as to point out some further
geometrical properties of surfaces obtained from this model.
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The fields of the C P! model in the notation of section 3 are given by [z] = [ fo, f1], where
z = (fo. fi) € 7 c C? but it is customary to replace here the homogeneous coordinates
(fo, f1) by the affine coordinate W = f}/fy. The Euler—Lagrange equation (2.11) reduces to

- 2W -
00W — ———aWaoW =0 5.1
1+ |W|?
and the matrix K of equation (2.14) is then given by
1 WowW — Waw  dW + W2 W
T A+WP2 \ W — W2BW  WaW — Waw |
The 1-form dX = i(K' d& +K d€) of the equation (4.1) defines an immersion into su(2)—

to pass to the Euclidean space R* we first compute its real and imaginary parts given by (4.2).
These in turn can be expressed in terms of the Pauli matrices o; (cf equation (3.20)) as follows

(5.2)

dX!' =idX, os, dX? = dX, 0, +dX5 03,
where the real-valued 1-forms dX;,i = 1, 2, 3, are given by
1 - - _
dX| = —————{(—[0W + W?aW + 0W + W2aW]d
1 2(1+|W|2)2{ [ 1d¢
+[OW + W2OW + W + W2aW]dE},
1 - - -
dX, = ——————{[—0W — W?aW +dW + W2aW1d 53
2 2(1+|W|2)2{[ 1dé (5.3)
+[OW + W2dW — aW — W2aW]dE},
1 _ - _ -
dX3= —— ([WOW — WOW]dE + [WIW — WIW]dE}.

(1+|W}3)?

This is the generalized Weierstrass formula for an immersion into R® ~ su(2) we were
aiming for. An interested reader may check that equations (5.3) yield the classical Weierstrass
formula (1.2) under the substitution W = f;/fo, assuming holomorphicity of fi, fo.

Starting from a particular solution W of the CP' sigma model equation (5.1) one
constructs an immersion in R® by the use of the formulae (5.3). The following is now
readily obtained from proposition 4.

Corollary 3. For the immersion given by equations (5.3) the coefficients of the induced metric
are given by the following expressions:

AW+ [OW P+ [0W — dW|?

= 1+ W) ’
o = |8W|2+|8W|2+|8W+8W|2, 5.4)
(L+|W)?
2Im(dWaW)

T w

The complex form of the induced metric in this case is given by
IWOwW IWowW oW +]0W |

ST ST TaewEe ST Tawwee o 0

For solutions of (5.1) which are defined over S2, the function W can be only holomorphic
or antiholomorphic (cf [48]). For holomorphic W equations (5.5) reduce to

W2

T Wy oo

ges =8 =J =0,
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implying that the immersion is conformal. These relations, as shown earlier [17], imply also
8EE = |Dz|?>. The Gaussian curvature K = 1, and the first and the second fundamental forms
for the immersion are equal,
oW |? _
m-r= T geqe (5.7)
(1+|W)

Moreover, as shown by Kenmotsu in [27], the function W represents the complex Gauss map
of the surface. Geometrically, all that means that solutions of the CP! model (5.1) defined
over 2 parametrize the standardly immersed sphere in R®. This had already been shown in
the case of instanton solutions of the SO(3) sigma model in [12].

6. Surfaces immersed in the su(3) algebra

Here we apply our considerations to the CP? model for which we construct the associated
immersion of a surface F in R® and compute some of its geometric characteristics. For the
case of N = 2 we can pass from the representation [z] = [ fo, f1, f2] to the inhomogeneous
(affine) coordinates W, = f1/fo and W, = f>/fo. Now the Euler-Lagrange equations (2.11)
take the form

- 2W - w. - _
DIW, — = LOW,aW, — —2 (W, dW, + aW,0 W) = 0,
A A 6.1)
_ 2Wy - W, } _
00W, — TBW28W2 — 7(3W13W2 + oW 0W,) =0,
where
A=1+|W|?+ W% (6.2)
As was noted in [20], the metric induced by the immersion X (£, ) in RS ~ su(3) is
conformal for holomorphic solutions of the C P? model defined over S? and is then given by

|OW1 12+ [dWa|* + W 0 W, — Wad W, |
gee =ge: =0, g = e : (6.3)

‘We shall write
gee = e, (6.4)

where u is a complex-valued function of &, & € C, given by

1
u+ii=In {Enawl 1>+ |0Wa|? + [W10W, — Wo0 W, |2]}. (6.5)
Under the above circumstances the following holds:

Proposition 4 (structural equations for holomorphic CP? model). Any set of holomorphic
solutions (W;, Wy),i = 1,2, of the CP? sigma model equations (6.1) defined over S2 such
that the induced metric is nonzero in some neighbourhood of a regular point p = (&, &) € C,
determines a conformal parametrization of a surface F immersed in the su(3) Lie algebra. Its
moving frame on I can be written in terms of 3 x 3 traceless matrices and is of the form

n=@X,0X,n1,....n6)", (6.6)
where the complex tangent vectors to the surface F are given by
. do V_Vl do V_Vzdo . 6?0 d_l d_z
i _ - - i - - -
0X = _F d1 W1d1 W2d1 X = ﬁ W1d0 Wldl Wle (67)

d> V_Vldz V_Vzdz WQJ() Wzd_l Wzd_z
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and where we have defined
dy = —(W10W; + WL0W2),
dy = (1+|W2)aW; — Wi W28 W, (6.8)
dy = (1+|Wi[HaWs — Wy W2 W;.

Remark 2. The explicit expressions for the complex normals to this surface immersed in

su(3), in terms of W; and W, can be found in the appendix to [18].

Proof. Due to the normalization of the function X (given by equations (6.4) and (4.6)) we can
express the moving frame n = (90X, X, Ny evns ne)! on a surface I in terms of the adjoint
su(3) representation

X =207 Y_o,
X =271y, &, (6.9)
n =& 18,0 i=1,...,6,

where
_ 000 . 010
Y,:%(sl—isz)z 10 of. Y+=%(Sl+is2): 00 0|, (6.10)
0 0 0 0 0 0

satisfy

(@'Y o) = o7y, @.
Note that {Y_, Y.} span over R the same space as {S;, S»}. Using the polar decomposition of
the SU(3) group given in section 3, cf (3.13), a general SU(3) matrix ® can be decomposed

into a product of three SU(2) factors. Performing the multiplication in the expression (3.18)
and setting A = e'?/? and = ¢, we obtain

el cos ¢t —ay sint —bysint

® = | a;sint ajaze % cost — b1by bya; e ¥ cost +arb, | € SU®), (6.11)
—bysint —arbe ¥cost —ahb, —bibye¥cost+da

where the complex-valued functions a;, b; of &, £ satisfy |a;|? + |b;|> = 1i = 1,2, and ¢, ¢

are real-valued functions of £, & € C. The requirement that the parametrization of a surface F
is conformal implies the following relations:

(0X,0X) =e“tr(Y_)?> =0, (3X,9X) =" tr(¥,)> =0,

6.12
(0X,3X) = e2 ™ (r(Y_ . ¥,) = e2 @) 12
and
(BX, ;) = e"?u(Y- - Six) =0,
(BX, n;) = "2 tr(Yy - Siza) = 0, (6.13)

M, m) = w(Sjs2 - Sge2) = k.
Now we have to determine the form of a 8-parameter representation of the matrix @ in
terms of W;, W;, compatible with the CP? sigma model (6.1). Using the 3 x 3 projector
matrix

1 W, 143
1 - - -
PZh_Z Wi WiWw, Wiw, |, (6.14)
V_Vz Wi V_Vz Wsz
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we can write the Euler—Lagrange equations (6.1) in the form of a conservation law (2.16) for
the matrix

0 —oW, —W> 1 Wi W,
11]- . - - - _ 0 _
K:X oWy Wiow, — Wi oW, WooW; — W0W, +% Wi |W1|2 wiw, |,
Wy Wi0W, — WodW, WodW, — Wad W, Wy WiW, |"Vz|2
(6.15)

where we have defined the following expression:
p=W18W1 —W18W1+W28W2—W28W2 (616)

and the quantity A is given by equation (6.2). According to (2.14) and (4.6), the matrices 9 X
and 9 X take the required form (6.7).

Let us note that to satisfy the compatibility condition for (6.9) (i.e. 90X = 99X) it is
sufficient, in view of the conservation laws (2.13), to postulate that condition (4.6) holds for
the matrix K given by (6.15). So, we can determine functions a;,b; € C and t,¢ € R,
appearing in the matrix ® € SU(3), in terms of W; and W;,i = 1, 2. By a straightforward
algebraic computation we get

ei(,oAfl/Z V_Vl eiszfl/Z V_Vz eigoAfl/Z
O = |irteY(W oW, + Wo0W)A™12 —ir~levA~12d,  —ir~'evAT2d, |, (6.17)
ir—! (WioW, — WroWy) e~ 2iv —ir~! W, e~ 2 ir! oW, e~2i¢

where we have used the notation introduced in (6.8) and have set r> = A%gz ;.

Given the above form of the matrix ®, the matrices Y_, Y, and the S;;»,i = 1,...,6
the moving frame (6.9) adopts the required forms (6.6) and (6.7). One can check directly
that it satisfies the Gauss—Weingarten equations (4.12). In our case the corresponding GCR
equations, which are the compatibility conditions for (4.12), coincide with the CP? sigma
model equations (6.1). Thus we have proved that any holomorphic solution of the C P? model
defined over S? gives a surface conformally immersed in R® with the moving frame given
by (6.6) and (6.7). ]

7. Examples and applications for the C P> model

Based on the results of the previous sections we can now construct certain classes of two-
dimensional surfaces immersed in R®. For this purpose we use the C P? sigma model defined
over S2. For this model all solutions of the Euler-Lagrange equations (6.1) are known [48].
If we require the finiteness of the action(2.9) they split into three classes: holomorphic (i.e.
W; = W;(&)), antiholomorphic (i.e. W; = W;(£)) and the mixed ones. The latter ones can
be determined from either the holomorphic or antiholomorphic functions by the following
procedure [48]:

Consider three arbitrary holomorphic functions, g; = g;(§), dgi = 0,i = 1,2,3, and
define for any pair of them the Wronskian functions

Gij = 8idg; — 898 i=1,23 (7.1)

Then one can check that the map f = (f1, f>, f3), where
3

fi=)Y &aGu. i=1,2,3 (7.2)
ki
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is a solution of the C P2 sigma model, the so-called mixed one, and hence the ratios

_h _k
f /3
satisfy equations (6.1).

An alternative approach starts with any antiholomorphic functions g; = g;(§) and
constructs functions f; and consequently W; as above but using 9 instead of 3 in the definition
of G;;. It yields results which are complementary to those obtained by the first approach. Let
us note here that the requirement of finite action (2.9) excludes solutions which admit Painlevé
transcendent (i.e. all critical points are fixed independent of initial data), branch points or
essential singularities.

Now, let us discuss some classes of surfaces immersed in su(3) algebra which can be
obtained directly by applying the Weierstrass representation (4.4). For the CP? model (6.1),
the matrix K in terms of W; and W;,i = 1,2 is given by (6.15). From equation (4.1) we
obtain for the real and imaginary parts of the 1-form dX the expressions

W W, (7.3)

dx! = Z[(K' — R) dt + (K — K7) dE],

2
1 o ) (7.4)
2= UK +K) dg + (K +K") d&].
Clearly, the matrices dX' and dX? are antisymmetric and symmetric, respectively, and hence
can be decomposed in terms of the chosen basis in s51(3) given by (3.23)—(3.25) as follows

dX!' = dX,S, + dX5Ss + dXSs,
dX? = i[dX S| +dX3S; +dX4Ss + dX7S7 + dXgSs].

dXx

(7.5)

As a result of the decomposition (7.5), there exists eight real-valued functions X; (¢, £)i =
1, ..., 8 which determine the generalized Weierstrass representation of surfaces associated
with the CP? model (6.1). Considering the off-diagonal entries of the matrices dX' and dX?
we get

1 i 1 5 i
dx, = [X(aw1 — W)+ %(W1 + Wl)] de + [X(BW‘ W) + %(W1 + Wl)} dE,

dX, = —i{ X(awl+awl)+%(wl —Wl)] dg+[— (8W1+3W1)+%(W1—W1)] ds},

) -

= ) i
dXs = —i{ Z(aW2 +oW,) + %(Wz - Wz)] dé +[—

(W + W) + %(Wz—wg} dé},
(7.6)

dXe = —i

P——

1 - - - - - -
Z(WIBWQ — WhooW; — WhoW, + WiaW,) + %(W]WQ — W1W2):| df

1 _ _ _ _ _ 0 _ _ _
+ Z(WZBWI—W18W2—W18W2+W28W1)+%(W1W2—Wlwz)}dé},

1 - - - - _ -
dX7 = Z(W]BWQ — W23W1 + WzBW] — W18W2) + %(W] Wy + W, Wz):| ds

1 - - _ - _ 0 - - _
+ Z(WZBWI—W18W2+W18W2—W28W1)+%(W1W2+W1W2):|dé,

1 o - 1 - - - P - -
ngZ Z(BW2—8W2)+E(W2+W2)](1§+|:X(3W2—3W2)+E(W2+W2)i|df.
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From the diagonal entries of the matrix dX? we obtain

1 - - 0 2 | R - p 5] =
dX3=2{|:Z(W18W1 _W18W1)+ﬁ|W1|i|dE+|:Z(W18W1 —W13W1)+ﬁ|W1| d%‘ s

1 - - 0 5 | - p 5] =
dX4=2{|:Z(W28W2—W28W2)+E|W2|:|d§+|:Z(W28W2—W23W2)+E|W2| dé;' .
7.7)

Note that by virtue of the conservation law (2.16), the 1-forms (7.6) and (7.7) are the
exact differentials of real-valued functions. The functions X; (£, £) j =1,...,8 constitute
the coordinates of the radius vector

X(E,8) = (Xi(5,8), ..., Xs(§,E)) (7.8)

of a two-dimensional surface in RS, Thus, if the complex-valued functions W;,i = 1,2
correspond to any solution of the CP? sigma model (2.13), then we can use the generalized
Weierstrass formulae (7.6) and (7.7) to construct a two-dimensional surface in R® uniquely
defined by this solution.

Let us note that in the limiting case when

W; — W i=1,2 (7.9)
1 ﬁ’ E) ) .
or when we put W; = 0 or W, = 0, the Weierstrass formulae (7.6) and (7.7) reduce to
formulae (5.3) describing the immersion in the CP! case. These limits characterize some
properties of solutions of both systems (5.1) and (6.1).
Now, let us discuss some classes of surfaces immersed in R® which can be determined
directly by applying the Weierstrass representation (7.6) and (7.7).

Example 1. As well known, the simplest case of solutions of the C P? model is obtained by
taking W; to be analytic. In this case dW; = 0 and so many expressions in (7.6) and (7.7)
vanish. In fact we get (with c.c. denoting the complex conjugate)

W, + W W, — W
dx, = a{lTl} d& +c.c., dx, = —ia{;} d& +c.c.,

W, |2 Wa?
dX3=28{| 1 }d§+c.c., dX4=28{| 2| }d.§+c.c..

Wy — W, WiW,y — Wa W (7.10)
dXs = —ig] —=——21d& +coc., dXe = —id] ——=— 2"l gs 4 cc.,

A A

WiW, + Wo,W Wy + W

d)ﬁ:&{%}dgm.c., ngza{g}d§+c.c.

These expressions can be easily integrated giving us, up to overall constants that can be
added to any X;:

Wi+ Wy Wi =W, |Wi |2
Xp= | ——t1, Xy=—ij ——— L X3=2 :
A A A
W,)? W, — W Wi W, — Wo W,
x, =2/ 2! xs— 2= Wl Wi - Wl |
A A A
WiW, + W, W Wo+ W
x, = [ Wit Womi ]y [Wat W2 ]
A A

(7.11)



9208 A M Grundland et al

Note that in general we have a surface in R®. Using (6.3) it is very easy to calculate the
curvature as we know that

gee = AW + [Wal* + |W Wa — Wa Wy 7}, gee=8:: =0, (7.12)

where the dot denotes the differentiation with respect to £&. Then the Gaussian curvature is
given by

2
K=——0801Ing,. (7.13)
8¢

Now, by setting W, = 0 the above model is reduced to the CP! case, with

Wi+ W, W =W, |Wi|?
_ , _ iYW I Ll 7.14
A ST = ewe O
and the remaining components X; = 0 (fori =4, ...,7).

Note that in this case our surface is the surface of an appropriately located sphere. To see
this note that

X —1+1_|W1|2 (7.15)
ST '
Then we have
X2+ X2+ (X3 -1 =1 (7.16)

and so we see that all the points lie on the surface of a sphere of unit radius, centred at (0, 0, 1).
Of course, the number of times this surface is covered depends on the degree of Wi, i.e.
the topological charge of the map. This is, of course, consistent with (7.13), which gives a
constant.

In the C P? the situation is more complicated but also more can be said about the surface;
i.e., for example, all points lie on the hyperellipsoid surface

XT+ X3+ X3+ X7+ X2+2X2+2X2 + X} =2. (7.17)

However, the Gaussian curvature is not necessarily constant. To see this we use (7.13)
and consider very specific fields, namely,

Wy = aé, W, = €2, where a € R. (7.18)

Then
a*+4&1* +a*|g|*
P, = 7.19

86 T Tr a2l + )2 719
and so
a5 22 —a* —2a*(5—a*)|§1* +4Qa* — D)E|* +8a?|€]° — (a* — 18)|&® +24a%(€|")

8t = .

(L+a|E2+E1H*

By further computation it can be checked that the Gaussian curvature K corresponding to this
fields is not constant for any value of a.
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Example 2. The simple mixed solution obtained by choosing g; = 1, g; = &, g3 = £2 in the
formulae (7.1)—(7.3) gives us the following

P ((E o W
! EQ+EP) 2T+ ER)

The Weierstrass representation (7.6), (7.7) can be integrated and it leads to the following
expression for the immersion of our surface in R® in polar coordinates (r, ¢) by

(7.20)

X, (. ) —12r*cos2¢ Xa(r, ) 12r% sin 2¢
r, = 5 r, = — )
N = e (L +4r2+ 1) A T 2 e (L + 42+ 1)
X5(r. 0) —4(4r6+6r4+9r2+2) X4(r. 0) 12r2(1+r4)
r’ = b r7 = 9
WO = e a1+ 42+ %) O = e (1 +4r2 + 1%
2(rg+7r6 —r2— 1) sing —4(r8 —2r% —4r% — 1)sing
Xs5(r,¢) = — 2 A Xo(r,9) = — 3 RN
r(l+r2+rH(1 +4r’ +r%) r(l+r>+rH(1+4r2 +r%)
—4(r8 — 2% — 452 — 1) cos ¢ —2(;’8 +7r0 — 2 — 1)cos ¢
Xq(r,p) = 2 RN Xg(r, @) = 72 T
r(l+r2+rH(1 +4r’ +r%) r(l+r>+rH(1+4r2 +r%)
(7.21)

The curvatures can be calculated, but the expressions are rather involved, so we omit them
here.

Example 3. Another interesting class of mixed solutions of the C P? model is given by

E+E E—¢
== W, = .
1— (€] 2T 1P

1 (7.22)

In this case the system of Euler—Lagrange equations (6.1) simplifies considerably and therefore
the Weierstrass formulae (7.6), (7.7) can be easily integrated. In polar coordinates, setting

r = e”, we obtain
X009, ) = e~ ” tanh ¢ sin o, Xs(9, @) = e~ ” tanh ¥ cos o, (7.23)
X7(8, ¢) = e sech v, X\ =X3=Xs=Xs=X=0 '

This describes a surface of revolution which is contained in a subspace of dimension 3 (see
figure 1). The first and second fundamental forms are

1 —2,.4 2 2 2 242
1= —r2(1 +r2)2[r F+6r +1)dr -+ (r- — 1) de“],
(7.24)
I = h [ +3)dr? +r2(r* — 1) d¢?].
(T+r2)2*+6r2+1)1/2
The Gaussian and mean curvature are
_ 16r8(r2 +3) _ rrat+4r2 = 1) (7.25)
ot er2+ D22 - 1)’ ot er2+ D322 — 1) '

Since the curvatures are not constant, the surface cannot be obtained from the CP'! model.
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Figure 1. The surface associated with solution (7.23).

8. Concluding remarks and prospects for future developments

There are reasons to expect that the association between the Weierstrass representation
of surfaces immersed in su(N + 1) Lie algebras and the solutions of the Euclidean two-
dimensional CP" sigma models, described in this paper, can be found also for more
general sigma models. A good object of the investigation in this direction are the complex
Grassmannian sigma models which take values on symmetric spaces SU(m +n) /S(U(m) x
U(n)). These models share many important common properties with the CPY models
considered here. They possess an infinite number of conserved quantities, as well as
infinite-dimensional dynamical symmetries which generate the Kac—Moody algebra. The
Grassmannian sigma model equations, just like those of the CP" models, have a Hamiltonian
structure and complete integrability with a well-formulated linear spectral problem. Many
classes of solutions of these equations are known, see e.g. [48]; they can be expressed in
terms of holomorphic functions and functions obtained from them by a procedure which is a
generalization of the transformation which generates all solutions of the CP" models.

The complex Grassmannian sigma models in two Euclidean dimensions are defined in
terms of fields

g =g, &) eSUNN +1), 8.1)

where £ = &' +i£2, taking values in the complex Grassmann manifold SU(N + 1) /S(U(m) x
U(n)), where N + 1 = m + n. By decomposing g into two blocks

gZ(Xv Y)v XZ(ZI,...,Zm), Y=(1771+17"'1ZN+1)7
where z; are (N + 1)-component orthonormal column vectors,
don = (82)

we define the projector matrix P (Pt = P, P? = P) as
P=xx"=> "z (8.3)
I=1

In general, it has a higher rank than the corresponding matrix for the CP" model. However,
the equation of motion in terms of P in this case has the same form as (2.4) and is obtained by
minimizing the action of the Lagrangian

L=tl(D,X)" (D, X)], (8.4)
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where D, X is the covariant derivative for X,
D,X=0,X— X(XT -9, X). (8.5)

The above fact implies that our method can be successfully used for constructing surfaces
associated with the complex Grassmannian sigma models. The question of the diversity and
complexity of these surfaces, however, remains open and has to be answered in further work.

In this paper we have shown how to generalize the old idea of Enneper [11] and Weierstrass
[45] in connection with the CP" sigma models and their group properties. We have found
the structural equations of surfaces immersed in su(N + 1) Lie algebras and expressed them
in terms of any solution of the CP" model. The most important advantage of the presented
method is that it is quite general. In constructing surfaces we proceeded directly from the
given CP" model, without referring to any additional considerations. Another important
advantage of our method is that, due to the conservation laws of the CP" model, the obtained
expressions for surfaces are given at least in the form of quadratures.

We have discussed in detail the geometrical aspects of the constructed surfaces. Namely,
we have demonstrated through the use of moving frame that one can derive, via the CPV
models, the first and the second fundamental forms of a given surface as well as relations
between them as expressed in the Gauss—Weingarten and the Gauss—Codazzi—Ricci equations.
We have illustrated the proposed method of constructing surfaces in the case of low dimensional
su(N + 1) Lie algebras.

A systematic application of the group theory makes it possible to obtain a large number
of particular solutions of the CPV equations and associated surfaces in R¥V*? A question
arises whether these solutions, corresponding to specific boundary conditions, are actually
observable in nature. The answer depends to a large degree on their stability. Stable solutions
should be observable and should also provide the starting point for perturbative calculations.
These should in turn provide good approximative solutions relevant for situations in which the
group-theoretical solutions no longer apply. In this context another question arises, namely
what physical insight one gains from exact analytic expressions for surfaces. A particular
answer is that they show up qualitative features that might be difficult to detect numerically.
We hope that our approach and our results may be useful in applications to the study of surfaces
which arise in physics, chemistry and biology, by providing explicit models in situations which
have been well investigated experimentally but for which the theory is not yet well developed.
Further exploration of relations between various properties of harmonic maps S> — CPV
and properties of surfaces in planed for future work.
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