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INTEGRATION OF THE GAUSS-CODAZZI EQUATIONS

V. E. Zakharov!

The Gauss—Codazzi equations imposed on the elements of the first and the second quadratic forms of a
surface embedded in R? are integrable by the dressing method. This method allows constructing classes of
Combescure-equivalent surfaces with the same ‘“rotation coefficients.” Fach equivalence class is defined by
a function of two variables ( “master function of a surface”). Each class of Combescure-equivalent surfaces
includes the sphere. Different classes of surfaces define different systems of orthogonal coordinates of
the sphere. The simplest class (with the master function zero) corresponds to the standard spherical
coordinates.

1. Introduction

Bonnet’s theorem asserts that a surface in three-dimensional Euclidean space is defined up to Euclidean
motions if the components of the first and second quadratic forms are known. However, these components
cannot be chosen arbitrarily. Indeed, the first quadratic form defines a metric on the surface, and the second
quadratic form determines the field of normal vectors at any point on the surface. Given the components
of both forms, we can construct the three-dimensional metric in a vanishingly thin layer near the surface.
Insofar as the surface is embedded in an Euclidean space, the metric is flat, and the components of the
curvature tensor in a neighborhood of the surface must be identically zero. This requirement imposes a set
of differential relations (known as the Gauss—Codazzi equations (GCE)) on the components of the quadratic
forms.

We show that the inverse scattering method can be used to integrate the GCE. Exactly speaking,
we show that the components of both quadratic forms can be expressed through only one function of two
variables, which we call the master function of the surface. Actually, the master function defines not a
single surface but a whole class of Combescure-equivalent surfaces. This function is the kernel of a certain
linear integral equation. To express the components of quadratic forms in terms of the master function, we
must solve this equation. Given its solution, we can construct all Combescure-equivalent surfaces explicitly.
The integral equation can be effectively solved only in some special cases where the kernel is generated by
and can be represented as a superposition of binary products of functions of one variable. This “solitonic”
case certainly deserves very serious attention because it allows the efficient study of some new classes of
surfaces.

Moreover, we can hope that the results of this article could be more important. We actually reduce the
problem of classifying surfaces to the problem of classifying their master functions and then subclassifying
a given Combescure class. All previously known classes of surfaces have master functions satisfying some
special conditions. To find these conditions, and also new conditions defining new special classes of surfaces,
is an interesting program for future research. This article shows how deeply the theory of surfaces is
connected with the theory of solitons.
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2. Formulation of the problem

Let T be a surface in R3. We can introduce coordinates x; and z5 on I' such that the first and second
quadratic forms are diagonal,

O = p?da? + ¢* da3, Qo = pAdx? + qBdax3,

where the coordinates z1 and xo are defined up to trivial transformations x1 = x1(u1) and zo = x2(usg).
We say that these two surfaces are Combescure equivalent if they have the same A and B for different p
and q.

The coefficients of 1 and 5 cannot be chosen independently. The four functions p, ¢, A, and B are
connected by three nonlinear PDEs known as the GCE. To find the GCE, we should embed the surface I'
in a special system of three-dimensional orthogonal curvilinear coordinates in R? in the vicinity of I'. The
metric in this system is defined as

ds* = H? dx? + H3 dx3 + dx3, (2.1)

where Hy, and Hy are the Lamé coefficients H; = p+ Ax3 and Hy = g+ Bx3 and the third Lamé coefficient
is H3 = 1.
The GCE appear from the condition

Rijim =0, (2:2)
where R;j;m is the Riemann curvature tensor for metric (2.1). Equation (2.2) takes a simple form in terms

of the matrix given by Q;; = (1/H;)(0H;/0x;), i # j. In the literature,

1 0H,

Bij = E oz,

= Qij

are usually called rotation coefficients. By definition, we have

1 0H; 1 0H,
le—Ea—xB— ; st—Ea—xB— ;

1 8H3 1 8IJB
QSl_E@xl_’ QSQ_FQﬁ—xQ_’

and for the remaining elements of @, Eq. (2.2) becomes

Q12 _ 0Qa1 _

81‘3 8%3 ’

0 0

865210123 = Q12Q23, 865210223 = 21013, (2.3)
0Q12 | 0Q21 B

O + o + Q13Q23 = 0. (2.4)
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Obviously, some elements of ) are independent of the variable z3, and we can set

Qi2 = Ol(xhxz), Q21 = ﬁ(xhxz)-

Then system (2.3), (2.4) can be written as

da ap
—+—+AB =
&rg + 8!1,'1 + O’

94 _
6x2 o

OB

B _— =
as 6x2

BA. (2.5)

To express o and [ in terms of the elements of the first quadratic form p and ¢, we use the definition of
12 and @Q21. By definition,

9 (p+ Aws) = Qualq + Bas) = alg + Bas),

81‘2
P (2.6)
8—331((1 + Bzs) = Qa1(p + Ax3) = B(p + Axs).
Setting x3 = 0 in (2.6), we obtain
Jp dq
Y = 2
oz~ T Bmy PP (27)
and finally
0 (1 9p 0 (1 0q B 0A  _ Op oB  0Oq
8332 (q 83}‘2) T 81‘1 (paa;‘l) +AB_0’ q@xg - 83;2’ paxl _Aaxl (28)

System (2.8) of three equations imposed on the four functions A, B, p, and ¢ is the Gauss—Codazzi sys-
tem. It is suitable to study a simpler system of first-order equations (2.5), which form a system of three
equations imposed on the four functions A, B, a, and (3. Solving this system, we define a surface up to
Combescure equivalence. To solve the GCE, we must solve linear system (2.7) for the components of the
first quadratic form. Splitting Gauss—Codazzi system (2.8) into simpler systems (2.5) and (2.7) was done
by Konopelchenko [1].

3. n-Dimensional orthogonal coordinate systems

Our approach to solving the GCE is based on the fact that they are a special degenerate case of Gauss—
Lamé equations describing three-dimensional orthogonal curvilinear coordinate systems in R3*. A method
for solving Gauss—Lamé equations in a Euclidean space of arbitrary dimension was presented in [2]. Here,
we give a different, but essentially equivalent, method for solving this problem.

Given a domain S in R"™, the problem is to find all the orthogonal curvilinear coordinate systems in S.
Let © = (x1,...,2,) be these coordinates. In this coordinate system, the metric tensor is diagonal,

ds* =Y H}dx}.

The coefficients H; = H;(z) are the Lamé coefficients and are to be determined. They satisfy a heavily
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overdetermined system of nonlinear PDEs, the Gauss—Lamé equations,

0Qi; .,
2 QuQus, £ #h (3.1)
Tk
0Qi;  0Qjk ‘ o L,
833]' + 8.231 + k;j Qlekg - 07 ? 7& s (32)
where, as before, we have
1 0H;
U = o, &3

We can verify that Egs. (3.1)—(3.3) are equivalent to the condition R;;x = 0, where R;jx; is the Riemann
curvature tensor. To solve (3.1)—(3.3), we introduce a family of projection operators I; in R™ satisfying the
conditions I? = I; and I;I; = 0,14 # j, and define

i=1

Let X be a point on the complex plane C and x with the elements x;;(A, A, x),t=1,...,n,5=1,...,n,
be a matrix-valued function on C that also depends on the coordinate . We suppose that x(\, A, z) is a
solution of the nonlocal d-problem

% =x*R= /X(I/, v, 2)R(v, v, \, \, x) dv dv (3.4)

normalized by the condition x — d;; as A — oo.
In (3.4),

R(v,7,\,\) = "®Te ?, (3.5)

where T'(v, 7, A\, \) is a matrix that is independent of . We impose the restrictions

T, v, \\) =T, 5,\,8),  T(—v,—0,—\, —\) = gT(y, 7,00 (3.6)
on T. Then O-problem (3.4) is equivalent to the integral equation
- 1 v, x)R(v, 0, u, i
XA, z) =65 + — / X(”’”’“)A (”’:’“’”’“) dv d dy dji. (3.7)
T _

We chose a matrix function T'(v, 7, A, ) satisfying conditions (3.6) such that Eq. (3.7) has a unique regular
solution. Then x can be expanded at A — oo in the asymptotic series

Q P
X— 14 S gt (3.8)
where
1 —
Q== /x(v, 7, 2)R(v, 7, 1, fi, ) d\ dX dp dji. (3.9)

We note that the function y satisfies the condition

x(v,v,z) = x(v, 0, x) (3.10)
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by virtue of (3.6) and that @ is a real matrix function on x. Using 0-problem (3.4) and the equivalent
integral equation (3.8) to integrate the Gauss—Lamé system is based on the following two facts:

1. If conditions (3.6) are satisfied, then the matrix Q(z) given by formula (3.10) satisfies the system
of equations (3.1) and (3.2).

2. The matrix function ¢(X, X, z) = x(\, A, 2)eT*®(®) satisfies the linear system

0 .
;;; = Qijbjr, i#0. (3.11)

Let & (M, A) = & (A, \) be an arbitrarily chosen family of functions on A, A, and let

H; = /ZXU(A,X,@«)&(A, A) dX dA. (3.12)
The function H,(x) satisfies the linear system

g—ZZ =Qi;H; (3.13)
and can be chosen as the Lamé coeflicients for some n-dimensional orthogonal coordinate system. Choosing
different sets of &;(\, \), we obtain different sets of the Lamé coefficients corresponding to the same matrix
Q. These sets are the so-called Combescure equivalents. The method for solving nonlinear equations via
O-problem (3.4) is called the dressing method, and the function T'(v,7, A, \) is a dressing function. The
dressing procedure allows automatically finding all sets of Lamé coefficients associated with a given matrix
function Q.

To prove the statements formulated above, we construct a family of operators L;;(i # j) acting on x

as
ox

Lijx = L’(a— + Al — ijx), i # J.
T

Here, Q is given by (3.9), and we can easily verify that L;;x are solutions of the -problem

0

5.[/1‘]')( = Lin xR

with zero normalization at infinity, L;;x — 0 as A — oo. Each function L;;x satisfies the linear integral

equation
Y 1 Li' 9 % ) 7a 9 7a — _
Lijx(\,)) = —/ X DR 1 T) 0 (3.14)
T A— L
Because Eq. (3.7) has a unique (regular) solution, homogeneous equation (3.14) has only the zero solution.
Hence,
Lijx =0 (3.15)

and
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Linear system (3.13) is equivalent to system (3.16). We substitute asymptotic approximation (3.8) in (3.15)
and expand the result in an asymptotic series. All terms of the resulting asymptotic expansion should be
identically zero. Setting the first nonvanishing term of the order 1/\ to zero yields system (3.1).

The proof of the validity of Eq. (3.2) is a little more difficult and is given in [3].

4. Integration of the GCE

In R3, system (3.1) is
Q12

22 - Qua (4.1)
1 Qusa, (1.2
P Q1 (4.3)
T Qi (4.4)
T Quaan (4.5)
a;i?f = Q31Q12. (4.6)

To go to the Gauss-Codazzi system, we use the fact that the Q);; are independent of z3. Equations (4.1)
and (4.2) then become

Q13032 = 0, (Q23Q31 = 0. (4.7)
We impose an additional condition compatible with (4.7),
Q@31 = Q32 = 0. (4.8)

Now, Egs. (4.5) and (4.6) are satisfied automatically, and only Eqgs. (4.3) and (4.4) survive in system (3.1).
System (3.2) for n = 3 consists of three equations:

0 0
Q2 + @ + Q13Q23 =0,
85172 8!1,'1
0Q13 | 9Qxn _
s + B, + Q12Q32 =0, (4.9)
0Q23 | 0Q32 _
Gy T On, T @20 =0. (4.10)

By virtue of (4.7), Egs. (4.9) and (4.10) are satisfied. Hence, the total system of equations resolving this
special type of Gauss—Lamé system is reduced to the equations

Q12
8x2

0 0 0
= Q23Q31, Qo3 _ Q21Q23, Q12 + Q21
85172 8!1,'1

911 = + @Q13@23 = 0. (4.11)

This system should be satisfied by virtue of the equations for the Lamé coefficients

oOH OH
%21 = Q12Ho, %12 = Q21 H;. (4.12)
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System (4.11), (4.12) coincides with Gauss-Lamé equations (2.5) and (2.7). To solve this system, we
choose the dressing function Tj;(v, 7, A, A) in a very special way. According to (3.5), we have

Ry (v, 0, A\, \) = euzi_Ar-jﬂj(V, D,)\,;\). (4.13)

To eliminate the dependence of (;; on the coordinate z3, we eliminate this dependence in R;;(v, 7, A, \).

Hence, we must set T3; ~ §(v)6(P) and T;3 ~ §(\)d(A). Taking the second condition in (3.6) into account,
we can construct T;; uniquely,

Tia = MF(/JW s A, 5‘)7 To = _/J'F(_)‘v —A, —H _ﬂ)a
Tis = —f (=) SV6),  Tas = —pufal—pn, —1) SNS(N), (4.14)
Tyr = ud()0() fr (0,3, Typ = pd(1)6(1) 20, ).

To satisty the first condition in (3.6), we must set

fl(/\v)‘) = fl()‘v)‘)a fQ(/\v)‘) = fQ()‘v)‘)a R(:uhuv)‘a ;\) = E(laauvj‘a /\) (415)

Without loss of generality, we can set diagonal elements to zero,

Ty, =Ty =T33 =0.

The formulas for T5; and T35 include the product pd(p)d(@). Normally, we must set this expression to zero.
Actually, this is true for integration with a continuous test function,

/ £t )8 ()5 (i) dpe i = 0,

but sometimes the test function has a simple pole at g = 0, and then f(u) = g(u, )/p at u ~ 0, where g
is a continuous function. In this case,

[ s mrs()s(n) dudp = [ g(u.1)8() do s = 0,0).

Integral equation (3.7) consists of a family of independent equations imposed separately on each row of the
matrix y (rows are indexed by the first subscript). We consider a system of equations for elements of the
third row, xs1, X32, and xs3. By virtue of (4.13) and (4.14), xss drops out of the equations for ys; and
X32. As a result, these elements of x;; satisfy a homogeneous linear system with only the zero solution.
Therefore,

x31 =0, x32 =0, (4.16)

and xs3 = 1.
Hence, in accordance with (4.8), we have

Q31 = Q32 =0, Q33 = 0. (4.17)
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To find expressions for x13 and x23, we must use formulas (4.14) and (4.15). We have

_A_ Qs _B_Q@x
X13 b\ N X23 b\ N

1

A=Q13= = /V[Xn(V, v,x) fi(—v, —0)e"" 4+ x12(v, 7, 2)e"™? fo(—v, —D)} dv dp,
1

B =Qa = —; /V[Xm(’/, v,x) fi(—v, —0)e"" + xo2 (v, U, x)e" ™2 fo(—v, —17)} dv dp.

We can use (4.16) and (4.17) to reduce system (3.4) to a system of equations imposed on the 2x2 matrix
given by Xij = Xij> 7,,] = 1, 2,

N 1 Xl U, VERTHT iV, Vs [ — —
Xij(M A x) =045 + —/ Ky z)e Py Sy (v, 711, 1) dv dv du dj, (4.18)
71— —_

where the matrix S is a sum of two components,

S=U+YV,
0 BF (1, i, A, X)
U - - _ ) (419)
_IUF(_)H _)\7 —Hs _,u) 0
Vi (i A X) = =2 fi(= =) [0 ).

We note that U(u, i, A, \) satisfies standard relation (3.7), and

Vtr(_Av _Xv —H, _ﬂ) = _g V(,M, fs Av 5‘)

If the X;; are known, we can find the Lamé coefficients (the elements of the first quadratic form) from
p(z1,22) = Hi(z1,72) = /[Xll(l/a v, 2)e" " g1 (v, 7) + x12(v, 7, 2)e P go (v, )| dv dv,
q(z1,m2) = Ho(x1,22) = /[XQl(I/, v, x)e’" g1 (v, 1) + x22(v, 7, 2)e"2 go (v, v)| dv div.

Different choices of g; and go define different representatives of the same class of Combescure-equivalent
surfaces. In particular, we can set

v v
gl(VaD):_;fl(_Va_f/)v g?(”vﬂ):_;fé(_yv_ﬂ)' (420)
In this case, p = A and ¢ = B.
We note that k4 = A/p and ke = B/q are the main curvatures of the surface at a given point.
In case (4.20), k1 = ke = 1, and the surface is a sphere. We have an interesting fact: each class of

Combescure-equivalent surfaces includes a sphere. Different classes just define different coordinate systems
on the sphere.
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5. Surfaces of type zero

We call the function F(u, i, A\, \) the master function of the surface. The surface belongs to a finite
type N if its master function can be written in the form

N
F(Ma s A, 5‘) = Z Ak (M’ ﬂ)bk (>" 5‘)
k=1

In this case, a solution of the GCE can be found in a closed form. Surfaces of a finite type can also be
called solitonic surfaces. In this paper, we describe surfaces of type zero where F' = 0. In this case,

Sij =Vij = —%fi(—/h —i) fi (A N).

We can set
Xij = 0ij + Ni(x1, 22) hji(A, 5\7331‘); (5.1)
where
HTj
hi(\ X, ;) = /fﬂ e .
We introduce the functions
eiw) = = [ fip = dnd
271'
We can verify that
2w ()
)\i:_%(%)’ Azl—l—cf(xl)—i—cg(xg).
From (5.1), we easily obtain
2] (w1)ca(2) 261 (w1)ch (w2)
O — , — Oy — — . 5.2
O T T g A O T T ) + B (52)
Substituting (5.1) in (4.18), we obtain
2¢h (z 2¢h (x
A=Qi3=— i) B =Qx=— 2(22) (5.3)

1+ cf(x1) + c3(x2)’ 1+ cf(x1) + 3(x2)

We can verify that formulas (5.2) and (5.3) define the solution of the GCE.
For the elements of the matrix ¢ in (3.11), we have
b1 = (L4+Mh)er™,  dog = Aohie™,

P12 = A hoe2, Paz = (1 + Aghg)e®2.

To solve the GCE and find all possible sets of p and ¢ compatible with (5.2) and (5.3), we introduce two
arbitrary functions
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Then p and ¢ are given by the formulas

p=(&eM) + M [(le* &) + (hae’™26)]
q = (£2672) + Xs [(h2e"161) + (hae?"265)] .

In (5.4), the brackets mean that we integrate with respect to A and \.
Formulas (5.4) can be rewritten as

p=a(z1) + Ai(z1,22) F, g =b(z2) + A(z1,22) F,

F:/Il cl(xl)a(xl)da:1+/g£2 o (2)b(ws) das,

&1 &2

where a(x1) = (£1e*1) and b(xs) = (£2e*73) are arbitrary functions of one variable.
6. Orthogonal coordinates on the sphere

Integrating the GCE is closely connected to another classical problem in differential geometry, classi-
fying orthogonal coordinate systems on the sphere. This problem can be formulated as follows: find all the
coordinate systems on the unit sphere in R? such that the metric tensor is diagonal.

Let 21 and x2 be some coordinates on the sphere, and let the metric be given by the formula

d82 = pQ(xla x2) dx% + qQ(xla x2) dxg

The curvature tensor on the sphere has the form

Rijim = gigjm — gim9ijt- (6.1)
We can introduce « and 3 as
1 Op 1 0q
_* : N 6.2
“ T 4o p Oxo (62)
Equation (6.1) becomes
foe} ap
—+ — =0. 6.3
o2, Ba TP (6.3)

Equations (6.2) and (6.3) are equivalent to “reduced” GCE (2.5). This equivalence leads to the following
conclusions:

1. Each surface (at least locally) is Combescure equivalent to the sphere.
2. Each solution of “reduced” GCE (2.5) generates an orthogonal coordinate system on the sphere.

3. Each orthogonal coordinate system on the sphere generates a class of Combescure-equivalent
surfaces given by the solution of “complete” GCE (2.5)—-(2.7).

It is interesting to consider what kind of coordinate system corresponds to surfaces of type zero.
Performing the change of variables

in formulas (5.2) and (5.3), we obtain

2 2y2 21
A=B=-—p  a=-— 2 p=
T+yf+u3 1+yf+u3 1+yi +y3
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Assuming that p = A and ¢ = B, we can see that (6.4) corresponds to the coordinate system given by the
stereographic projection of the sphere in the standard spherical coordinates.
The general expressions for p and ¢ are

2 Y1 Y2
p=a(y) — m {/1 y1a(y1) dy + /52 Y2b(y2) dy2} )

Y1 Y2
q=">0(y2) — ﬁ {/1 via(yr) dyr + /52 Y2b(y2) dyz} :
We can see that the classification of surfaces given by the classification of solutions of the GCE is quite
different from all traditional classifications of the surfaces. Of course, the problem of classifying orthogonal
coordinates on the sphere can be solved by elementary methods. We can construct such coordinates on the
plane and perform the stereographic projection. But this way of constructing of orthogonal coordinates
does not lead to a further construction of the classes of Combescure-equivalent surfaces.
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