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COMMUNICATIONS IN
ANALYSIS AND GEOMETRY
Volume 14, Number 3, 1-22, 2006

Tableaux over Lie Algebras, Integrable Systems,
and Classical Surface Theory

EmILIO MuUsso AND LORENZO NIcoLODI!

Starting from suitable tableaux over finite dimensional Lie alge-
bras, we provide a scheme for producing involutive linear Pfaffian
systems related to various classes of submanifolds in homogeneous
spaces which constitute integrable systems. These include isother-
mic surfaces, Willmore surfaces, and other classical soliton sur-
faces. Completely integrable equations such as the G/Gy-system
of Terng and the curved flat system of Ferus—Pedit may be ob-
tained as special cases of this construction. Some classes of surfaces
in projective differential geometry whose Gauss—Codazzi equations
are associated with tableaux over sl(4,R) are discussed.

1. Introduction.

It is well known that various completely integrable nonlinear PDEs (soli-
ton equations) arise in differential geometry as compatibility conditions for
the linear equations satisfied by frames adapted to submanifolds in higher
dimensional homogeneous spaces. In this geometric setting, the adapted
frames and the local differential invariants of a submanifold may be de-
scribed as integral manifolds of an appropriate exterior differential system
(EDS). The theory of EDSs has been proven to be fruitful in the study of
certain soliton equations, especially as concerns their Backlund transforma-
tions and conservation laws. In this regard, we only mention the early work
of Estabrook and Wahlquist on the Korteweg—de Vries equation and the
Schrédinger equation with a cubic nonlinearity [13, 14], the work of Sasaki,
Chern and his collaborators on special classes of nonlinear evolution equa-
tions [29, 11, 12], and more recently that of Bryant, Terng and Wang on the
curved flat equations [5, 33].

! Authors partially supported by the MIUR project Propriete Geometriche delle
Varieta Reali e Complesse, and by The European Contract Human Potential Pro-
gramme, Research Training Network HPRN-CT-2000-00101 (EDGE)
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The purpose of this paper is to present a unifying approach to a number
of different classes of known integrable surfaces and submanifolds in homo-
geneous spaces. These all ultimately derive from a special class of involutive
Pfaffian differential systems. As such, the EDS point of view offers a way of
better understanding the geometry of these submanifolds and yet another
perspective in the search for new classes of integrable geometries.

We provide a scheme for producing linear Pfaffian systems in involution?
starting from suitable algebraic tableaux over finite dimensional Lie algebras.
The interest in this construction is that several classes of submanifolds in ho-
mogeneous spaces which constitute integrable systems are related to Pfaffian
systems which fit into this scheme. The solutions of these systems contain,
as special cases, the solutions to well-known completely integrable equations
such as the n-dimensional system associated with a symmetric space G/Gq
of rank n, the so-called G/Gy-system defined by Terng [31], and the (gauge
equivalent) system for curved flats in symmetric spaces introduced by Ferus
and Pedit [19]. Geometrically, besides the examples of isometric immersions
of space forms into space forms, of isothermic surfaces and of L-isothermic
surfaces, all related to curved flat systems [20, 8, 4, 27, 28], other impor-
tant examples include Willmore surfaces and their counterparts in Laguerre
geometry [25, 26], Godeaux—Rozet, Demoulin and asymptotically-isothermic
surfaces in projective differential geometry, as well as their analogues in Lie
sphere geometry [9, 15, 17, 18].

The common structure of the above examples is the concept of tableau
over a Lie algebra. It takes up the familiar notion of an involutive tableau
in the theory of EDSs (cf. [23, 30, 6]) and adapts it to the purpose. Al-
though its simple formulation, we are not aware of it having appeared ear-
lier in the literature. We illustrate the general procedure to associate with
each tableau over a Lie algebra a Pfaffian differential system, and show
that the property of being involutive for such systems can be directly de-
tected from the properties of the corresponding tableaux. In the semisim-
ple case, this construction applies to the G/Gy-system and the curved flat
system. At the same time, we start the program of identifying the subman-
ifold geometry associated with these systems/tableaux. This amounts to
finding submanifolds in some homogeneous space whose integrability con-
ditions are given by the Pfaffian differential system associated with a given
tableau. We carry out this program for surfaces in projective differential
geometry whose Gauss—Codazzi equations correspond to various tableaux
over s((4,R).

2In the sense of Cartan-Kihler theory [6].
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The paper is organized as follows. In Section 2, we introduce the no-
tion of a linear tableau over a finite dimensional Lie algebra and examine
its basic properties, discussing the special case of semisimple Lie algebras.
In Section 3, starting from a tableau A over a real Lie algebra g with Lie
group G, we construct a canonical Pfaffian exterior differential system with
independence condition (Z,w) on Y = G x A, and prove that this system is
involutive in the sense of Cartan—Kéahler theory. In particular, the Cartan
characters of a regular flag are computed in terms of the characters of the
corresponding tableau. Next, we illustrate the construction of this Pfaffian
exterior differential system in the case of the G/Gy-system of Terng. In
Section 4, we give a brief review of the moving frame method for surfaces in
real projective space and explain the relation between the exterior differen-
tial systems defined by tableaux over sl(4,R) and the equations for various
classes of surfaces in projective differential geometry. We discuss the cases
of Godeaux—Rozet, Demoulin, and asymptotically-isothermic surfaces. The
corresponding tableaux are studied and their characters are computed.

The next step would be to develop a systematic study of tableaux over
Lie algebras. This will help to answer a number of questions which naturally
arise. For instance, one can ask which tableaux generate integrable differ-
ential systems and whether it is possible to formulate additional restrictions
on the tableaux to guarantee the integrability. These and other questions
will be the object of future investigation. We conclude by observing that
the above setting is also the natural one for studying invariant variational
problems, their Fuler—Lagrange systems and conservation laws, in the spirit
of Bryant, Griffiths and Grossman (cf. [7] and the notion of multi-contact
manifold therein).

The basic reference on exterior differential systems has been [6] and our
notation is consistent with this reference. The summation convention over
all pairs of repeated indices in a product will be used throughout except
when explicitly stated otherwise.

We thank the referees for useful comments and suggestions.
2. Tableaux over Lie Algebras.
2.1. Basic Definitions.

Let (g, [,]) be a finite dimensional Lie algebra (over any field of characteristic
zero). If a,b are vector subspaces of g such that anb = {0}, let A be a
linear subspace of Hom(a, b) and denote by
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p : Hom(a, A) — b ® A?(a*)

the linear map defined by

(F(A1)(A2) — F(A2)(A1)), (2.1)

p(F) (A1, A2) =

for all F € Hom(a, A) and A1, A € a. The first prolongation AL ¢
Hom(a, A) of the subspace A is the kernel of p. If Hom(a,b) is identified
with b ® a*, then AV = (A®a*)N (b ® S%(a*)), where 5?(a*) is the 2nd
symmetric power of a*.

For any flag £ € F(a)), £: (0) Cay C --- C ar = a, we set
A ={QEA: Qo =0} (=1,....h)
The subspaces A; give a filtration
(0) = Ap(f) CAp1(f) CT--- C Ap(0) = A. (2.2)
A flag ¢ is generic with respect to A if the dim A4;(¢) are a minimum, i.e.,
dim A;(¢) = min{dim A;(¢) : £ € F}.

The set of generic flags is an open and dense subset of the flag manifold

F(a).

The characters of A are the non-negative integers s;- defined inductively
by
s+ + 8 =dimA—dimA;(0) (j=1,...,k),

where £ is a generic flag with respect to A. With this formulation, one can
establish the following inequality (cf. [23, 30, 6])

dim AY < ¢ + 255 + - + ks, (2.3)
where
sy + 28y + -+ + ks) = dim A + dim Ay + - -+ + dim A_1,
If equality holds in (2.3), then the space A is said involutive.

For @ € A and for Ay, Ay € a, let Rg(A1, A2) denote the equivalence
class in g/a @ b represented by [A; + Q(A1), A2 + Q(A2)]. R defines a
g/a @ b-valued two-form on a:

RQ : (Al,AQ) caxar RQ(Al,Ag) S g/a@ b.
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If Rg vanishes identically, we may consider the b-valued two-form 79 €
b ® A%(a*) defined by

7Q(A1, A2) == [A1 + Q(A1), A2 + Q(A2)]e — Q ([A1 + Q(A1), A2 + Q(A2)]a) ,
where, for X € a®b, X, (resp. Xp) denotes the a (resp. b) component of X.

Definition 2.1. Let g be a Lie algebra and a, b subspaces of g as above.
By a tableau over g we mean a subspace A of Hom(a, b) (i.e., a tableau in
the usual sense) such that:

1. Rg =0, for each Q € A;
2. 7¢ € Im (p), for each Q € A;
3. A is involutive.

Tableaux of this type arise naturally in the case of semisimple Lie
algebras.

2.2. Tableaux over Semisimple Lie Algebras.

Let g be a semisimple Lie algebra endowed with its Killing form (,). Let
g = go D g1 be a Cartan decomposition of g. Then gg is a subalgebra of g
and g; is a vector subspace such that

(90, 80) C go, [80,01] C g1, [g1,01] C go-

Assume that g/go have rank k and that a be a maximal (k-dimensional)
Abelian subspace of g;. Then the subspace g; decomposes as g1 = a & m,
where

m=atnNg ={Xeg : (X,A) =0, forall A €a}.

Further, let
(g0)a ={X € g0 : [X,a] =0}, (2.4)
(go)s ={X €g: (X,Y)=0, forall Y € (go)a}, (2.5)

and set b = go N (go)+. Then, for any regular® element A € a with respect
to the Ad(Gg)-action on g1, the maps

adg -m—b, adg:b—om

3We recall that A € g; is regular if the orbit at A for the Ad(Gp)-action is a
principal orbit. If A is regular, it is contained in a maximal abelian subspace a in
g1 and Ad(Gp)(a) is open in gy (cf. [4, 31, 33]).



6 Emilio Musso and Lorenzo Nicolodi

are vector space isomorphisms. Moreover, the mapping
X e m— —adx € Hom(a, b)

is injective, and hence m can be identified with a linear subspace of
Hom(a, b).

Proposition 2.2. If g is a semisimple Lie algebra and a, b, and m are
defined as above, then m, regarded as a subspace of Hom(a,b), is a tableau
over g. It is referred to as a Cartan tableau over g.

Proof. First, we prove that Ro = 0, for every Q = —adx, X € m. For
Aq, As € a, we have
[A1+Q(A1), A2+ Q(A2)] = [A1 — [X, A, Ay — [X, Ao]] = [[X, Ay, [X, Ao]].
By Jacobi’s identity,

2[[X, A, [X, Ao]] = —[[[X, A2, X, Ar] + [[[X, A], X, Ag] .

Since [[X, A2], X| and [[X, A1], X] belong to [[g1,81],91] C [g0,81] C g1, we
can write

[X, 4], X]=A"+ B, [[X,A],X]=A4"+DB",
for some A’, A” € a and B, B” € m. As a consequence,
H[X7 AQ]aX] vAl] = [B/aAl] €b, [[[XvAl]aX] 3A2] = [BH7A2] €b,

which implies [A; + Q(A1), A2 + Q(Az)] € b, for all Ay, Ay € a, and hence
Rg = 0.

Next, we show that 7 € Im (p), for every @) = —adx, X € m. From the
first part of the proof, we know that [A; + Q(A1), A2+ Q(As2)] € b and then

TQ(ALAQ) = (H[X’AILX] 7A2] - H[X)AQLX] 7A1])7

N

that is,
1
1Q(A1, A2) = 5 (adMQ(Al)(A2) - adMQ(Az)(A1)> ;

where Mg is the liner map defined by Mg : A € a — [[X, A, X],, (here
[[X, A], X],, denotes the m component of [[X, A], X| € g1). This shows that
7 € Im(p).
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Finally, we prove that m is involutive. Let (Aj,..., Ax) be a basis con-
sisting of regular elements of a. Then the flag

¢:(0) Cspan{A;} Cspan{A;, A2} C--- Cspan{A4,..., A} =a
is generic with respect to m and the characters are given by
sy =dimm, s;=0 (j=2,...,k).
For every X € m, we consider the linear map pux : a — m defined by
[ux(A45), A1] = [X, A4;], for all A;.

Then g : X € m — px € Hom(a,b) is a linear embedding such that
[ux (A), B] = [ux(B), 4], for every X € m and every A, B € b. This shows
that Im (1) € m™). In particular, we get

dimm < dimm® < s} + 25, + - - + ks}, = dimm.

3. The Pfaffian System Associated with a Tableau.

Let A C Hom(a, b) be a tableau over a finite dimensional Lie algebra g and
let G be a connected Lie group with Lie algebra g. We set Y := G x A and
refer to it as the configuration space.

A basis (A1,..., Ak, B1,...,By,C1,...,Cs) of g is said to be adapted to
the tableau A if

a=span{Aj,..., Ay}, b=span{Bi,...,Bp}. (3.1)
Moreover, we say that it is a generic adapted basis if the flag
(0) Cspan{A1} C--- Cspan{Ay,..., Ay} =a

is generic with respect to A. For a generic adapted basis (A1, ..., Ag,B1,
...,Bh, Cl, ceey CS), we let

(al,...,ak,ﬁl,...,ﬁh,'yl....,'ys)
denote its dual coframe. For a given basis
Qe = inBj @a (e=1,...m)
of the tableau A, we identify the configuration space Y with G x R™ by
(g0, p™) € G X R™ = (9,0°Qc) €Y. (3.2)
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Definition 3.1. The exterior differential system associated with A is the
Pfaffian system (Z,w) on Y such that 7 is generated, as exterior differential
ideal, by the linearly independent 1-forms

W= F —pQlal (j=1,...,h), (3.3a)
ryl"‘ "787 (33b)

with the independence condition

w=at ANk £0. (3.4)

The Pfaffian system (Z,w) is given by a filtration of subbundles I C
J C T*Y such that J/I has rank k. The 1-forms 7/ (j = 1,...,h) and 4*
(a=1,...,5s) span the sections of I, while the o’ (i =1,...,k) are sections
of J which project to a coframe of J/I at each point of Y.

Theorem 3.2. Let A be a tableau over a Lie algebra g. Then, the exterior
differential system (Z,w) on'Y associated with A is a linear Pfaffian system
in involution. In particular, the characters 5; of A coincide with the Cartan
characters s; of the system.

Proof.

Let Vi (Z,w) denote the set of all integral elements of dimension k. We
remind that (Z,w) is in involution at y € Y if there exists an ordinary
integral element (y, E) € Vi(Z,w)(y) and that (Z,w) is in involution if it is
in involution at every point y € Y. To prove the theorem, we use Cartan’s
test of involution for linear Pfaffian systems.

The set of 1-forms {dp} = {dp*,...,dp™} completes {n’;7% a'} to a
local coframe of Y which is adapted to I C J C T*Y. In terms of this
coframe, according to (1) of Definition 2.1, the structure equations of (Z,w)
become

. , N
dnjE—Qgidpe/\al—FQTglal/\al mod {I} (j=1,...,h), (3.5a)

dy* =0 mod {I} (a=1,...,s), (3.5b)

where

J J
T = T3,

and {I} denote the algebraic ideal generated by {n’;7%}. From (3.5) it
follows that the Pfaffian system (Z,w) is linear, i.e., dI =0 mod {J}. This
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is equivalent to the condition that the fibers of Vi(Z,w) are affine linear
subspaces of Gi(TY,w), with respect to the standard coordinates there.
More specifically, an integral element at y € Y is defined by the equations

W =0, 1"=0, dp°=pia’, (3.6)
for fiber coordinates p which satisfy

QL W)pi + QL (y)p; — T}, (y) = 0. (3.7)
Under a change of coframe
di:aia ﬁj :Uj, Y= ﬁe:dpe_ngai7

the numbers ﬂjl(y) transform to

Ti(y) = —QLW)z5 + QLi(y)5 — Ty (y). (3.8)
Then, using (2) of Definition 2.1, we may choose a coframe of the form
{17 alym€ = dpf — afa'},

where x{ are suitable smooth fuctions, so that the torsion term Tijl in (3.5)
vanishes identically and the structure equations of (Z,w) take the form

dy = —Q) 7 Ao’ mod {I} (G=1,...,h), (3.9)
dy*=0 mod {I} (a=1,...,s). (3.10)
Observe that (3.9) and (3.10) imply at once that the integral elements over
y € Y form a linear space which is isomorphic to the first prolongation A

of the tableaux A. '
Next, set 7] = —Q?,7¢ and consider the tableau matrix

7'('3 0
T = .
010

If Aq,..., Ay is generic with respect to A, it is not difficult to show (cf. [6],
p. 121) that

L number of independent 1-forms (3.11)
S . .. S~ p— - .
! J 7 in the first j columns of 7 ’
where s7,...,s) are the characters of the tableaux. This shows that

sh,..., s}, coincide with the Cartan’s characters si,. .., s; of the differential
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system. Further, since A is involutive and since dim Vj(Z,w)(y) = dim A®,
it follows that

dim Vi (Z,w)(y) = s1 +2s9+---+ ksg, foreach yeY.

From Cartan’s test of involution for linear Pfaffian system, we may then
conclude that (Z,w) is involutive, with Cartan’s characters s7,...,s;. O

3.1. The G/Go-Exterior Differential System.

Let G/Gy be a semisimple symmetric space of rank k& and g = go @ g1 be a
Cartan decomposition of G/Gp. Let a be a maximal k-dimensional Abelian
subspace in g1 and (A, ..., Ag) a basis for a consisting of regular elements
with respect to the Ad(Gyp)-action on g;. According to Terng [31], the G/Gp-
system associated with the symmetric space G/Gy is the following system
of PDEs for maps V : U Ca — g; Na’:

[Aiyvxj] - [Aj7V$i] = [[Ala V]7 [Aij”v 1< 7é .] < ka (3'12)

where V,, = g—g‘;, being x; the coordinates with respect to (Ay, ..., Ag).
Observe that V : a — g1 Nat is a solution of (3.12) if and only if the
g-valued 1-form
f=a+[a,V]eQ(a)®ag,
is flat, i.e., satisfies the Maurer-Cartan equation, where o = o’ ® A; denotes
the tautological 1-form on a.

By a generalized solution of the G/Gp-system is meant a pair (f,V) :
M* — a x (g1 Nat) defined on a k-dimensional manifold M* such that:

e f:MF — ais a local diffecomorphism;

e the g-valued 1-form df +[df, V] € Q!(a)®g satisfies the Maurer—Cartan
equation.

Remark 3.3. Note that if (f, V) is a generalized solution and U C M¥* is
an open subset such that fiy : U — a is a diffeomorphism onto its image,
then Vo (fiy)™': f(U)Ca—gin at is a solution to the G/Go-system.

Definition 3.4. Let (f,V) be a generalized solution of the G/Gy-system
and let 6 be the corresponding 1-form. As 6 satisfies the Maurer—Cartan
equation, then there exists a map g : M — G, uniquely defined up left
multiplication by an element of G, such that # = g~'dg (the pull-back by g
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of the Maurer—Cartan form on G). (g,V) is called a framed solution of the
G/Go-system.

For a map (g,V) : M¥ — G x g1 Nat, let a denote the a component of
g~ 'dg with respect to the splitting g = go ® a® gy Na’ of g. Then (g, V) is
a framed solution if and only if

e g ldg=a+]a,V],

e a' Ao NaF #£0.

If M* is simply connected, the corresponding generalized solution is given
by (f, V), where f : M*¥ — a is defined by df = « (note that « is a closed
1-form).

Definition 3.5. The G/Gq-exterior differential system is defined to be the
Pfaffian system on the configuration space Y = G x m associated with the
Cartan tableau m C Hom(a, b) .

Next, we show that the framed solutions of the G/Gy-system can be
described as integral manifolds of this G/Gp-exterior differential system.

Let n C go be such that go = b & n and let
0 =04+ 0mn+ 0+ 0y

be the decomposition of the Maurer—Cartan form of G with respect to the
splitting

g=admbpbodn.
The Pfaffian system on Y associated with the tableau m C Hom(a,b) is
generated by the Pfaffian equations

9b = Waa V]7 Om =04 = 0,

with independence condition

OLA - AOY £ 0.

The integral manifolds of this system are smooth k-dimensional immersed
submanifolds

(9, V): M* — G x (g1 Nat)
which satisfy g~ 'dg = df + [df, V], where f is a local diffeomorphism. This
shows that the integral manifolds coincide with the framed solutions of the
G/Go-system.

Remark 3.6. According to the proof of Proposition 2.2 and Theorem 3.2,
it follows that the G/Gp-system is in involution and its general solutions
depend on k functions in one variable (cf. [33]).
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4. Surfaces in Projective Space and Tableaux over s((4,R).

First, we briefly review some aspects of projective differential geometry of
surfaces by the method of moving frames (cf. [1, 2, 10, 21]).

4.1. The Wilczynski Frame.

Let G = SL(4,R)/Zy be the full group of projective transformations of the
real projective space P3. For each g = (go,91,92,93) € SL(4,R) we shall
denote by [g] its equivalence class in G. The Lie algebra g of the projective
group will be identified with sl(4,R) and the Maurer—Cartan form of g will
be denoted by 6 = (9;) =g~ ldg.

Let f : M? — P3 be a smooth immersion of a connected surface. We
shall still write € instead of f*(f) to denote the pull-back of the Maurer—
Cartan form on M. A projective frame field along f is a smooth map g :
U — SL(4,R) defined on an open set U of M such that f(x) = [go(z)], for
all x € U. A projective frame along f is of first order if 63 = 0. Tt easily
seen that first order frames exist locally near any point of M. Note that the
1-forms 6} and 63 define a coframe on M. Differentiating 6§ = 0, it follows,
by the structure equations and Cartan’s Lemma, that there exist smooth
functions h;; = hj;, 1 < 4,5 < 2, defined on U and depending on the frame
field, so that '

0} = 0], i=1,2. (4.1)
The vector valued quadratic form
b5 = hij0500 @ go (4.2)
is independent of the choice of the first order frame and gives rise to a global
cross section of the vector bundle S?(M) ® Ky, where S?(M) denotes the
bundle of symmetric tensor of type (2,0) and K is the canonical line bundle
of the surface.

Definition 4.1. ¢; is known as the Fubini quadratic form of the surface. If
¢ has signature (1,1), then f : M — P3 is said to be an hyperbolic surface.

Remark 4.2. Most of the classical literature deals with surfaces of hyper-
bolic type. From now on we shall restrict our consideration to such surfaces.

Differentiating the equations 67 = hijeg (1 = 1,2) and applying the
structure equations and Cartan’s Lemma, we have that

1
—dhij + hi0F + ihij(08 +03) = Fi05, (4.3)
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where the Fj;, are smooth functions on U symmetric in ¢,j and k. The
symmetric cubic form defined by

Finbi020k @ go

depends on the first order frame g and transforms by a section p - ¢ of the
line subbundle S(M) ® ¢ of S3(M) ® Kj.

Definition 4.3. The equivalence class
Uy = [Fijubs8306 © o]

in $3(M)® K;/S' (M) ® ¢y defines a global cross section, called the Fubini
cubic form of the surface. If ¥, never vanishes, then f : M 2 — P3 is said to
be generic of hyperbolic type.

Remark 4.4. The vanishing of the Fubini cubic form characterizes hyper-
bolic quadrics in P3.

By successive frame reductions one can prove the classical

Theorem 4.5 (Cartan, cf. [10, 21, 1]). If f : M? — P3 is a generic hy-
perbolic surface, then there exists a unique projective frame field [g] - M? —
G along f, referred to as the Wilczynski frame field, such that

0 6 035 63
g iy | 6 01 65 63
g dg = (05)o<ij<s = B o) -8 8 (4.4)

0 62 6% —69

and
05 N 63 #0. (4.5)

Remark 4.6. In terms of the Wilczynski frame, the quadratic and cubic
forms can be written, respectively, as:

dr=0p-05 @90, Vr=1[6)°+(65)°® gol-

The non zero components of the Maurer—Cartan form 6 of the Wilczynski
frame are 6}, 62 (which define a coframe on M?) and 63, 01, 69, 69, 63.
From the exterior differentiation of these forms and the structure equations,
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it follows that there exist smooth functions g¢i,qo, p1,p2, and r{,79, the
mwvariant functions of the surface, such that

0 = —3a65 + 50203, 01 = 50105 + 30265,
9(1) = 7-19(1] —|—p20(2), (98 = p19(1) + 7“29(2), (46)
Hg = 7“293 + 7'198,

In addition, the invariant functions must satisfy the following equations:

dfy = —qa205 NG5, db = —q105 63, (4.7)
dgy N0y —dga NOF = 2(p1 — p2)0} N 62, (4.8)
dg N0 +dga N0 = 2(1+ qiga — p1 — p2)0} N 63, '
dri N0y +dpa NO2 = (2qor1 + 3q1p2)05 A 62,
dp1 A (9(1) +dryg A 98 = (2(]17“2 + 3QQp1)¢93 AN (9%, (4.9)
drg A 98 +dry A 98 = 4((]1’/“1 + q27"2)06 AN 0(2)

Conversely, given a coframe (6, 63) on a simply connected surface M and a
set of six real-valued functions q1, g2, p1,p2, 71,72 satisfying (4.7), (4.8) and
(4.9), then there exists a generic hyperbolic immersion f : M — P3 with
canonical coframe (6§,63) and invariant functions qi, g2, p1, p2, 71, 2.

4.2. The Fubini—Cartan Tableau and the Corresponding Exterior
Differential System.
Let (o', 02,8, ...,8%,7"....,7%) be the basis of g* defined by
ol =0, oP=@ pl=6 F=6l F=6 g'=0) 5 =0
P Y=g =g o =e
T N R )
Let (A1, A2, By,...,B5,C1,...,Cg) be its dual basis and set
a=span{A;, A2}, b=span{By,...,Bs}.

Definition 4.7. The Fubini—Cartan tableau is the 6-dimensional subspace
W C Hom(a, b) consisting of all elements Q(q,p,r) of the form

3 1 3 1
Qg,p,r) = Q1(*§Bl + 532) ®al + Q2(§Bl + 532) ® a?

+ By ®a' + paBy ®a® +71(Bs ® a' + Bs ® o?)
+ 79(Bs ® a* + By ® al),

where ¢ = (q1,¢2), p = (p1,p2), 7 = (r1,72) € R%
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Lemma 4.8. W is a tableau over sl(4,R).

Proof. For any () € W, we compute
[A1 + Q(A1), Ao + Q(A2)] = A1 + q1 Az + (p1 — p2)B1 + (p2 +p1 — 1) B2
— (qor1 4+ 2q1p2) B3 — (qir2 + 2q2p1) Bs — 3(qim1 + qar2) Bs.

This implies that [A; + Q(A1), A2 + Q(A2)] € a @ b, for each Q@ € W,
A,B € a. A direct computation shows that the first prolongation W®) of
W is spanned by

Ql@()&l, Q2®a27 Q3®Oé1, Q4®Oé2,
Qe +Qs2a? Qead +Qs®a®, Qs®a' +Q3®a’

Thus dim W) = 7 and the map p : Hom(a, W) — b ® A?(a*) is surjective?.
Next, consider a generic flag £ € F(a) of the form

¢:(0) C span{A\A; + pAs} C a,

for A, p € R, Ay # 0. The linear space consisting of all Q € W such that
Q|span{rA,+u4,) = 0 is characterized by the equations

@ =q2=0, Ap1+ pre = pups+ Ary = pr; + Are = 0.
This implies that dim W; = 1 and therefore
si=dimW—-1=5, sH,=6-s)=1.
In conclusion, dim W) = 7 = s/ + 25, that is, W is involutive. O

Remark 4.9. The exterior differential system defined by the Fubini-Cartan
tableau is the Pfaffian differential ideal generated by the 1-forms

71""77877717"' 77757
where n!,--- ,7° are given by
nt =61+ 3q10) — 34203, n* = B2 — L6} — 1003,
n® = 3% —ri65 — p203, nt = B — p10§ — 203, (4.10)

n° = B° —ra6f — 1163,

Yin fact, dimHom(a,b) = 12, dim(b ® A%*(a*)) = 5 and dimKerp =
dimW® = 7.
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with independent condition 63 A 62 # 0. From this we infer that the integral
manifolds of the system are the 2-dimensional submanifolds

(g:¢,p,7) : M?> - G x W= G xRS
such that
e f=[go] : M? — P3 is a generic hyperbolic surface;
e g: M? — G is the Wilczynski frame along f;

® qi,q2,p1,P2,71,T2 : M? — R are the invariant functions of f.
4.3. The Projective Gauss Map.

We recall that the Lie quadric Q(x) of the surface f : M — P3 at f(z) =
[y0 : y! 1 y? 1 9] is defined, with respect to the Wilczynski frame [g(z)], by
the equation
W0y — yly? = 0.

Thus we may represent Q(x) by means of the quadratic form

xf(z) = ¢°(2)g*(x) — g' (x)g*(x), for each z € M. (4.11)
Let Q(2,2) denote the pseudo-Riemannian symmetric space

Q(Z,Q) = SL(47 R)/SO(2> 2)

Then the 2-parameter family of Lie quadrics can be viewed as an immersion

Xf: M — Q)T xys(z)

This map is referred to as the projective Gauss map of the immersion f.
The Lie quadric xf(x) is parametrized by the map

fe: (N 1) = go(z) + Ag1(z) + pga(z) + Apngs(x).

Thus the projective tangent space of x¢(x) at the point fx(A, ) is the pro-
jective plane spanned by the following three linearly independent vectors

FoQ\s 1) = go(@) + Ag1 (@) + nga(@) + Mg (@),
8A.]iac()‘7 M) =0 (‘T) + MQS(x)v (4'12)
a,uf:v()\a /.L) = gl(x) + )‘93($)'
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Accordingly, the envelopes of the projective Gauss map are maps h : M —
R* of the form

h = go + Ag1 + pg2 + Augs,

where A, i are smooth functions, determined by the tangency condition
dh A fu NONfu N Oufu = 0.
Using the Maurer—Cartan equations, we compute
dh A fo NONfw N Oufe = (X205 + 1205 — N21%09) go A g1 A Aga A gs.
As 09 = ro0} + r163, then X and p must be solutions of the system
N1 —pPre) =0, (1 — M) =0.
If we allow the envelopes to be imaginary, we have the classical result

Proposition 4.10 (cf. [3, 2, 21]). The projective Gauss map of a nonde-
generate hyperbolic surface f : M — P3 has in general five envelopes; out of
these, one is the surface itself, while the other four are given by

Dewm) = 90 + €y/T291 + 1\/T1g2 + €ny/TiTapgs, (4.13)

where ,n = +1. There are two exceptional cases:

e if one of the two invariant functions r1 or ro vanishes identically,
say ro = 0, 71 # 0, then the projective Gauss map has three distinct
envelopes: the surface itself and he = go + \/r1 g2;

e if 1y = ro = 0, then there are only two envelopes: the surface itself
and its dual surface f = [g3].

Remark 4.11. We have real envelopes if and only if ;1 > 0 and ro > 0.
4.4. Godeaux—Rozet Surfaces and the Corresponding Tableau.

Godeauz—Rozet surfaces are characterized by the fact that either r;1 = 0 or
else ro = 0. So the projective Gauss map of a Godeaux—Rozet surface has
less than five distinct envelopes. They can be viewed as integral subman-
ifolds of the Fubini—Cartan differential system restricted to one of the two
submanifolds

YCIJR = {(gacbp’r) €Y : T2 = O}a YC/},R = {(97Q>p>r) ey : = 0}
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of Y. We consider Y/.j, the other case being analogous. It easily seen that
Y/ is the configuration space of the 5-dimensional tableau over s((4,R)

Waer =1{Q(q,p,r) €W : ro =0},

referred to as the Godeauz—Rozet tableau. Notice that the restriction to Y/ p
of the Fubini—Cartan differential system is exactly the system associated
with Wgg. Its integral manifolds are canonical lifts of Godeaux—Rozet sur-
faces in 3-dimensional projective space. It is easily checked that Wgapg is
involutive and that its characters are

Thus a general Godeaux—Rozet surface depends on five arbitrary functions
in one variable.

4.5. Demoulin Surfaces and the Corresponding Tableau.

Demoulin surfaces are characterized by the fact that both r; = 0 and 7o = 0.
So the projective Gauss map of a Demoulin surface has only two distinct
envelopes. Demoulin surfaces can be viewed as integral submanifolds of the
Fubini—Cartan differential system restricted to the submanifold

YD = {(gaqvpvr) ey : rL=r2= 0}
YD is the configuration space of the tableau over s((4, R)

Wp = {Q(qapvr) EW :ri=rg= O}a
referred to as the Demoulin tableau. The restriction to Yp of the Fubini—
Cartan differential system is exactly the system associated with Wp, whose
integral manifolds are canonical lifts of Demoulin surfaces in 3-dimensional

projective space. It is an easy exercise to check that Wp is involutive and
that its characters are

Thus a general Demoulin surface depends on four arbitrary functions in one
variable.
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4.6. Asymptotically-Isothermic Surfaces.

A surface f : M — P3 is called asymptotically-isothermic if the 3-web defined
by the families of curves satisfying the Pfaffian equations

0p =05 =05+ 05 =0

is flat. Since the connection of this web is given by (, = q10} — ¢203,
we deduce that asymptotically-isothermic surfaces are characterized by the
equation p; — p2 = 0. The corresponding 5-dimensional tableau is given by

War = {Q(val,plyr) EW :teR, qr€ Rg}'
This tableau is involutive and its characters are
3/0 = 137 Si = 57 8/2 — 0.

Therefore, asymptotically-isothermic surfaces depend on five arbitrary func-
tions in one variable.

Remark 4.12. More generally, one could consider the class of surfaces
whose invariant functions p; and ps satisfy a linear relation, that is, are
expressed by

pi(t) =tcosa+ by, pao(t) =tsina + b, (4.14)

where a, b1, by are real constants. This class of surfaces may be viewed as
an analog of linear Weingarten surfaces and include, as special examples,
the surfaces of constant curvature with respect to Fubini’s quadratic form
0(1) . (9(2). In fact, a surface f : M — P3 has constant curvature c if and only if
p1+p2 =1+ 5. Next, consider the 5-dimensional affine tableau

Wiabi be) = {Q(a: p1(t), p2(t),7) : t ER, q,r € R*}.

Notice that W p, b,) is an affine subspace and as such, properly speaking, it
does not fit into our scheme. Nevertheless, it is possible to develop a similar
theory also for affine tableaux over Lie algebras, and then surfaces satisfying
(4.14) can be viewed as integral submanifolds of the Pfaffian system on G x
Wia,b1 ) associated with Wy, 5,). Also in this case, a direct computation
yields that W4y, p,) is involutive and that its characters are

sp=13, sy =5, s5=0.

Thus the surfaces whose invariant functions p; and ps satisfy a linear condi-
tion (including asymptotically-isothermic and constant curvature surfaces)
depend on five arbitrary functions in one variable.
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