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Abstract We present in this article inductive schemes that allow to classify all those
affine hypersurfaces with affine normal parallel second fundamental (cubic) form, for
every possible dimensional case greater or equal than two. The solution proposed is
a follow up to previous works on the same topic by this author and it uses, firstly, the
reduction of the problem, eminently geometric, to the classification of a certain class
of solutions to an equation of Monge-Ampere type. Then it is applied the so-called
“method of algorithmic sequence of coordinate changes”, in order to achieve the latter.
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1 Introduction

The problem of classifying all those hypersurfaces with affine normal parallel sec-
ond fundamental (cubic) form, which are not hyperquadrics, was first considered, and
solved for dimension n = 2, by Nomizu and Pinkall (1989). See also the book by
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Nomizu and Sasaki (1994), where a different method of proof was presented. Vranc-
ken (1988) treated the case of dimension n = 3.

In our first article dedicated to the problem (Gigena 2002) we introduced a new
method of approaching the solution, different to the ones previously used by the other
mentioned authors. We called it algorithmic sequence of coordinate changes and con-
sists, basically, in referring the hypersurface to a suitable linear coordinate system of
the ambient space, and then making algorithmic adjustments into the Hessian matrix
so that this can be integrated, fairly easily, to obtain the graph function represent-
ing the hypersurface. With this approach the classification depends strongly on two
integer constants, that we labeled k and r, with 1 < k < n/2,1 <r <n—1,
where n = dimension of the immersed manifold (>2). Moreover, in that article we
presented new proofs of the previously stated results and, then, extended the clas-
sification to dimension n = 4. In that work we also started to rename the cubic
form as second fundamental form, on the basis of our earlier articles dedicated to the
field.

More recently (Gigena 2003) we extended the classification to the case of dimension
n=>5.

In both of our articles there appear values of k and r for which there are no solutions.
Thus, it is the purpose of this article to present the necessary tools which will allow to
achieve the complete classification of the class of hypersurfaces under consideration.
Two questions are treated and developed in the present work:

(1) Verification, by means of an inductive process, of the

Conjecture There exist no solutions to the problem for those classificatory values
where r > 2k.

(2) Implementation of an inductive scheme on the classificatory values n , k and
r which permits, from the classification process developed so far, to obtain all
remaining possible cases of solution.

While most of the background material has been presented in our previous articles,
some complementary results are needed in order to reach our goal. Thus, in the next
section we present those. The main results of the article are then presented in Sects. 3
and 4.

2 Summary of complementary properties

By keeping notation and terminology as in our previous articles Gigena (2002, 2003),
we present in this section two more auxiliary results that shall be useful in the devel-
opment of the present work. These allow to construct new solutions to the problem
from an existing one. In the first place we extend solutions to higher dimensions by
proving

Lemma 2.1 Let X : M" — E™ be a nondegenerate hypersurface with parallel
cubic form, V (I1,,) = VC = 0, which is not a hyperquadric, i.e., II,, = C not
vanishing identically, with corresponding graph function f, and n x n Hessian matrix
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H (f) having characterizing values k andr, according to Lemma 2.1 in Gigena (2002).
Then, while keeping fixed the value of the maximal rank r, we can construct new solu-

tions where the number of blocks of the form |:(1) (l) i|, and also the number of elements

equal to 1, both have been increased and are in diagonal position, the rest of entries
being equal to O within the new, higher dimensional Hessian matrix.

Proof We write f (tl, 2., t”) for the original graph function and define F : U —
R, where U is a suitable open subset of R"t2/+ by

n+20—1

F (tl tn+21+m) —f (t ) T Z (k1 li( n+21+z)
5

k=n+1

It is obvious that this function satisfies all of the requirements stated in the lemma, its
graph providing a nondegenerate hypersurface with parallel cubic form which is not

a hyperquadric, dimension equal to n + 2/ 4+ m, k + [ blocks of the form |:(1) (1):| and

maximal rank of the complementary matrix still equal to r. O

Moreover, it is not difficult to see that a kind of converse to Lemma 2.1 above is also
valid.

Lemma 2.2 Suppose that a solution to the problem is known to exist in dimension
n + 21 + m and that the function F (tl, R L L S t"+2]+m) representing the
graph has been written in the form described by the equation in the proof of Lemma 2.1
above. Then the function f (tl, 2., t”) is also a solution to the problem in dimen-
sion n.

Proof Obvious. O

3 Nonexistence scheme

In this section we expose the arguments that allow to prove the conjecture, stated in
the introduction, asserting that for those classificatory values where r > 2k these
exist no solution to the problem, i.e., there are no affine hypersurfaces satisfying the
required geometrical properties and having those values for their Hessian matrices.
In fact, the procedural result stated as Lemma 2.1 of Gigena (2002) established the
dependence of the classificatory problem on three integer numbers: the dimension n

of the hypersurface, in the first place; the number k of blocks of the form |:(1) (1):|,

once the Hessian matrix had been reduced to the form H(f) = (fi;) = Ji + (xi}),
and the maximal rank r of the so-called complementary matrix (x;;). There was no
apparent relation between the ranges of variation for the classificatory values k and r,
as far as the existence of solutions is concerned. However, as we shall see, there is a
relation and this is made explicit in the next result.
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Theorem 3.1 Let X : M" — E™t! be a nondegenerate hypersurface with parallel
second fundamental (cubic) form, V (I1,,) = VC = 0, which is not a hyperqua-
dric, i.e., 11, = C does not vanish identically, and suppose that it has already been
expressed in the form indicated in Lemma 2.1 of Gigena (2002), i.e., by means of the
graph function f with corresponding n x n Hessian matrix H(f), and values k for
1

the number of blocks of the form [(1) O]’ where 1 < k < %, and r for the maximal
rank of the complementary matrix (xi j), with 1 <r <n — 1. Then, the classificatory
values k and r must satisfy, besides, the condition that r be less or equal to 2k, i.e.,
there exist no solution to the classificatory problem in those cases where r > 2k.

Proof We proceed by induction on the dimension 7, from the knowledge that the result
is true for n = 4, 5 (see (Gigena 2002, 2003)).

Thus, we assume presently that the result stated in the theorem is true for all dimen-
sional values up to n — 1, and suppose that there exists a solution to the problem for
some k and r such that 2k < r < n.

The procedure that follows is general, covers all possibilities of remaining cases
and shall also be used in the course of the proof of the existence theorem, presented in
next Sect. 4. In the present, nonexistence context we shall see at the end of the proof
that the assumption 2k < r < n leads to a contradiction.

First, we express the Hessian matrix of the supposedly existing solution in
the form indicated in Lemma 2.1 of Gigena (2002), define the vectors X; :=
(Xi1s Xi2y - oy Xiry - > Xin)s i = 1, ..., n, by using the entries of the complementary
matrix, and assume to have that the ones labeled X jise-es X, are linearly indepen-
dent on an open, dense subset of the domain, while the rest are expressible as linear
combination of these, i.e., X; = ZZ:l a;jj, X j,»fori # ji, ..., jr. Then, the elemen-
tary operations R; — > j,_; aij, Rj,, Ci — > 5_; aij, Cj,, withi # ji, ..., jr, followed
by suitable row (and column) interchanges allow to represent the Hessian matrix by

— , PR

bit+x11 -+ birt+xir ay, ai,

’ ’
blr/"‘ X1ir T brr/+ Xrr i1 T Arn 3.1
, .
Ar41 T Dry1 bryir+1 T britn
’ ’

L 91 e Ay br+1n T bun

where the left superior square r X r submatrix
b +x11 -+ b1y + x1r

by +x1p - by + Xy

is formed with those entries which remained unchanged in the process, so that all
scalars in it are zeros or ones, det[x;;] being, by hypothesis, a polynomial function in
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the ambient space variables of degree exactly equal to r, which is non vanishing on
an open dense subset of the domain. On the other hand, the right inferior submatrix

br+1r+1 errln
B = [bij] = : :

bryin -+ bpn

is formed with scalars which depend on the previously introduced a;;, , h =1, ...,
i # j1,...,Jr, and we must have det[b;;] = 0, since we arrive at a contradiction
otherwise. Finally, the right superior r x (n — r) submatrix

/ /
Aippr 00 Ay

/ /
Arpyy 00 Gpp

is formed with scalars which are equal to (minus) some of the scalars a;;,,h =1, ...r,
L J1yeens Jre
Now, since det[b;;] = 0 we may perform further elementary operations in the

last n — r rows (and columns) of the Hessian matrix so that the submatrix [b;;] is
diagonalized into the form

Qo .- 0 ... 07
0 0
0 1
br+.1r+1 br-f—ln 1 0
br+1n e bnn 01
10
1
S
L0 0 1]
. . 01 . .
i.e., with [ (3 0) blocks of the form 10 and with m (3 0) entries equal to 1

in diagonal position, the rest of entries being equal to zero. Next, if there actually
exist some of those blocks and/or entries, we can annihilate the elements of the form
alf ; belonging to the same rows (and columns), in the Hessian, as those with blocks

(1) (1) and 1’s in diagonal position in the latter submatrix. Thus, by integrating par-

tially the Hessian we would obtain a solution with the corresponding part expressed
+1,p+2 +2—1,p+20 | 1 §m +21+i)2
as...tPTPTe 4o P (PR S (P p >y
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It follows, by using Lemma 2.2 above, that the rest of this solution is also, inde-
pendently, a solution to the problem in a lesser dimension, so that the result of the
theorem follows by induction.

Next, we consider the case where the last square submatrix is the null one, i.e.,

britret - brain 0 - 0
bryin -+ bun 0 --- 0
Then, since the r-vector (aj, --- a}, ) mustbe different from zero we can perform

further elementary operations in the first » rows (and columns) and transform the
Hessian matrix into the form

— , , —
bt +x11 -+ by +x1p A1 0 A 1
0
b]r/“‘ Xir brr/+ Xpp Gy e G g 32)
Ar+1 T At 0 T 0" '
’ ’
An—1 D1
L 0 0 ... 0|

Now the entries of the form b;; + x;; and those of the form a; ; may have changed
in the process, but we keep the notation for reasons of simplicity. Moreover, further
elementary operations using the entries equal to 1 at the corners allow to annihilate

all of the rest of scalar values in the first row (and column), i.e., by = --- = by, =
/ — — 4/ —
@y = =dap,_ =0.
By same token, since the (r — 1)-vector (aé,hl a;nfl) must be different

from zero we may proceed in a similar fashion as with the previous case. This proce-
dure may be repeated a finite number of times until the Hessian is transformed into
the form

[ X1 Xin—r X, 0 oo 1
/0
Xln—r Xn—rn—r s Xn—rr 1 0
bss +xss -+ by + x5 O
: : : : ) (3.3)
X1r Xperr b +Xg o ber + Xxr
0 1 0 e 0 ---0
/ :
L 1 0 0 0]

withs :=n —r + 1.
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In writing the latter expression for the Hessian matrix we have assumed thatn —r <
k. In fact, this is precisely the case because if it were, firstly, n — r > r the procedure
indicated would lead us to write the Hessian into the form

X1y - x5, 0 <= 00 1
. 0
Xln—r X 0 1 0
0 0 0 0
, 3.4
0 1 0 - 0 0
/ :
L 0 o 0]

i.e., it would have at least one row (and column) equal to zero, which is impossible.
Second, if it were n — r = r the Hessian would look like

_‘xll e xlr O e 1_
: : /0
X13 o X 1
(l)3 ;r 0 0 35
/
| 1 0 0]

But then, by making further elementary operations, this would have n — r = r blocks

of the form |:(1) (1)}, which contradicts the fact that we are assuming that it has k

blocks and r > 2k > k.

It is also clear now, from the above, that indeed it must hold that » — r < k in
the expression (3.3) for the Hessian matrix. Let us observe that, for k = 1, we have
n—r=1,sincen —r > 1, too. Hence it holds n = r + 1 > 3. Recall that the exact
value n = r +1 = 4, was proven as a part of Theorem 3.1 of Gigena (2002), initiating
the inductive process. The next value n = r + 1 = 5, was also obtained previously as
part of the Main Theorem in Gigena (2003).

It is also obvious from the same expression, or by making further interchanges of
rows (and columns) that, since the determinant of the Hessian is equal (— DX, we must
have that the determinant of the submatrix (b,- i+ xi j) equals (—l)k_(”_’ ) je.,

bgs +Xg5 -+ by + X
det : : = (—Df0, (3.6)

bsr + x50 -+ brr +xr
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Therefore such a submatrix, with n — 2 (n — r) rows (and columns) transforms, by
means of elementary operations practiced to the Hessian matrix, involving only rows
(and columns) from n — r + 1 = s to r, into a matrix having k — (n — r) blocks

of the form |:(1) (1):| By the inductive hypothesis its maximal rank ' must satisfy

r’ <2 (k — (n —r)). (Itis clear too, that this even holds in the possible limiting case
where n — r = k. In this instance we would obviously have »' = 0, meaning that
the corresponding complementary matrix is the null one). But then the main r x r
submatrix of the complementary matrix of the Hessian may be written

X11 o Xlp—r Xls =00 X1y Xis'+1 - Xir
Xln—r Xn—rn—r °° Xn—rs’ Xn—rs'+1 *°° Xn—rr
X1s : Xgs o Xgg/ 0 0
., 37
X1s/ Xn—rs’  Xss' 0 Xglg/ 0 0
X1s'+1 Xn—rs'+1 0 - 0 0 0
L X1, Xn—rr 0 0 0 S 0 |

withs:=n—r+lands :=n—r+r.

Let us recall that we are assuming that the latter is non-singular. However, if we
compute its determinant by using the Laplace development for the last r — (n —
r) = 2r — n columns, i.e., computing the determinants of the corresponding square
(2r — n) x (2r — n) matrices, we find that all of these determinants vanish since the
maximum number of rows different from zero in every one of themisn —r + r’ <
n—r+2(k—(m-—r)) =r+2k—n < r. Hence the determinant of the matrix
represented in (3.7) vanishes everywhere and this is a contradiction to our original
hypothesis, in which we assumed that the maximal rank was exactly equaltor. O

4 Inductive existence process

In this section we expose the inductive scheme which allows to find all possible cases
of solutions to the problem considered, from the knowledge of the previously obtained
results, by proving the following theorem.

Theorem 4.1 Consider the class of nondegenerate affine hypersurfaces, {X : M"* —
E" n > 2}, and the problem of finding and classifying those objects in the class
with parallel second fundamental (cubic) form, V (I1,;) = VC = 0, which are
not hyperquadrics, i.e., with 1 I,,;, = C not vanishing identically. Then, there always
exists a solution to the problem for every one of those classificatory values expressed
by using Lemma 2.1 of Gigena (2002), with the further restriction imposed by The-
orem 3.1 above, ie., for 1 < k < % and 1 < r < min{n — 1, 2k}. Moreover, all
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of those solutions can be obtained and classified, directly and/or inductively, from
the knowledge of the previously classified ones, exposed in Theorems 2.2,2.3, 3.1 of
Gigena (2002) and the Main Theorem of Gigena (2003).

Proof We proceed by induction on the dimension 7, the number of blocks &, the value
r for the maximal rank of the complementary matrix (x,' j), and from the knowledge
that the result is true for n = 2, 3, 4, 5 (see (Gigena 2002, 2003).

Thus, we assume firstly that the result stated in the theorem is true for every case
of those values, up to the ones determined by the dimensional value equal to n — 1
and retake, for reasons of simplicity and economy, the same notation and terminology
as in the proof of Theorem 3.1, only that we assume here and now that 1 < r <
min {n — 1, 2k}.

Besides, in the present context of existence, we shall get all possible solutions if the
choice of the linearly independent vectors, described as {X . 3 }, run over all
non equivalent subsets of the whole set of vectors participating in the complementary
matrix {X,..., X,}.

Thus, for every one of those possible choices, we have the same expression for the
right inferior submatrix

bryir41 -+ bryin
B = . .

br+ln o bpn

which, for the same reasons as before can be diagonalized to have a certain number
01 . o

of zeros, [ (30) blocks of the form |: ) O] and m (30) entries equal to 1 in diagonal

position, the rest of entries being equal to zero. Again, if there actually exists some

of these non-zero blocks, we can annihilate the elements of the form a; ; belonging to

the same rows (and columns), in the Hessian, as those with blocks [(1) (1)j| and 1’s in
diagonal position in the latter submatrix.

Let us consider first the case where there are no blocks different from zero, i.e., the
submatrix is the null one. In that instance we arrive again at Eq. (3.3), withn —r <k
because, for the same reasons as before, the case n — r > r leads to a contradiction.
On the other hand the case n — r = r reproduces Eq. (3.5) and, in the present sit-
uation, it is not difficult to see that the simple process of interchanges of rows and

columns, starting for example with R, C2,, allow to reduce the matrix to one having

1
allows to carry out integration of the Hessian matrix in a direct and straightforward
way.
We consider next the case n — r < r. Here we observe that Eq. (3.6) is again
valid, det [b;; + x;j]| = (—DF=@=7) number of rows and columns in the submatrix

n —r =r = k blocks of the form |:x” (1):| in diagonal position. This kind of setting

[bij +xij] =r—2m—-—r) =2r —n,with0 < 2r —n < r < 2k. Now, further
elementary operations practiced in the rows and columns of the Hessian matrix, from
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s :=n —r + 1 tor, allow to reduce the submatrix to a regular, integrable form. In

1 0
further operations of interchange of row and columns, practiced on the rest of entries
of the Hessian matrix, allow to reduce the latter to a form which is manageable for
direct integration, in a similar fashion to the preceding case.

In what follows let us consider the case where the submatrix B is not the null one.
Hence, if we assume that there is at least one block 1 x 1 of the form [1] we can, after
making operations to annihilate the rest of elements in the last row and column of
the Hessian, integrate precisely that part concerning the last row and column and, by
also using Lemma 2.2, we get the problem reduced to dimension n — 1. By inductive
hypothesis, the latter has solution for those values of k and r up to "771, n—1,ifnis

particular, with k — (n — r) blocks of the form |:xii ! :| in diagonal position. Finally,

odd; or % n — 2, 1if n is even.

If we assume next that there is no block with a single element, i.e., one block 1 x 1
of the form [1], but there is at least one of the form [(1) (l)i| we have again, by the
same token, that the problem has solution for the those values of k and r up to %,
n —3,if nis odd; or %, n —2,if n is even. Thus, in all of these cases there is always
a solution forr <n — 3.

As a consequence, we can assert to have solved the problem, at least for all possible
cases in which the latter inequality holds, and it remains only to analyze it, in the
sense of providing full details, for the cases where n — 2 < r < 2k < n. This kind of
final procedure is needed in order to ensure that the full classification is obtained, step
by step, via the increasing values of the dimension, from the already known results
exposed in our previous articles (Gigena 2002, 2003), where the full classifications
for dimensions n = 4 and n = 5 were achieved respectively.

In that context, we are led to consider the next two situations: (I) n is even (II) n is
odd.

(I) If n is even, say n = 2gq, the classification is known up to dimension n’ :=
n — 1, for the number of blocks up to k¥’ = g — 1, and for the maximal
rank of the complementary matrix up to v’ = n’ — 1 = 2k’ = n — 2. By
Lemma 2.1 above every one of those solutions provides a solution for the
present dimensional case. Thus, it remains to analyze the cases where:

(I1) dimension equal to n, number of blocks equal to k = ¢, maximal rank equal
tor =n —1;and

(In) dimension equal to n, number of blocks equal to k = ¢, maximal rank equal
tor=n—2.

(D) If nisodd, n = 2q + 1, let n’ := n — 1 = 2q. Here, for the dimensional
value n’, the classification is supposed to be known up to the number of blocks
k" = ¢, and up to the maximal rank ' = n’ — 1 = 2k’ — 1 = n —2. Again, the
use of Lemma 2.1 above allows to conclude that every one of those solutions
provides a solution for the present, dimensional case n, remaining to analyze
the cases where:

(IT1) dimension equal to n, number of blocks equal to k = g, maximal rank equal
tor =n — 1; and
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(IIy) dimension equal to n, number of blocks equal to k = ¢, maximal rank equal
tor =n—2.

We proceed to analyze next the four cases listed above:
(I1) Here we have that n = 2k = r 4+ 1 and can assume, by Lemma 2.1 of Gigena
(2002), that the Hessian matrix has already been reduced to the form

xi1 l+xi2 xi3 - X1r Xin

14+ x12 X720 X23 v X2 X2n

X13 X23 X33 - e X3n
“.1)

X1y X2r : Xok—12k—1 L+ X2k—1n
L XIn X2n X3 o 14 x_1n Xnn _

If we define the vectors X; := (x;1, Xj2, ..., Xir, Xin) We can further assume that
the vectors Xy, X3, ..., X, are linearly independent on an open, dense subset of the

domain while X, = Zle ap; X;. Then, it is easy to see, by means of suitable ele-
mentary operations, that the Hessian matrix can be transformed into

xi1 l+xp xi3 0 xXip —am
I+x12  x» X23  -c+ X2 —dpl
X13 X23 X33 s et —dp4
, “4.2)
X1r X2r : Xrr 1
L —an2 —ay1  —apg - 1 b i
where b := 2 (ap1an2 + an3ans + - - - + Qur—1Gnr—2 — any) = 0.
Next, by means of further elementary operations, we can reduce it to
xit l4+xp xi3 - x 0]
I+x12 x2 x23 -+ x2r 0
X13 X23 X33
“4.3)
0
X1r X2r : Xrr 1
| 0 0 -0 1 0]

Now, we analyze the situation of the left superior square submatrix of order n — 2. It is
obvious that the determinant of this must equal (— ¥~ and, besides,n—2 = 2(k—1).
Moreover, if the maximal rank of the latter, say r’, were strictly less than r — 2, i.e.
r’ < r — 2, then we could reduce it, by means of further elementary operations per-
formed on the first # — 2 rows (and columns), to have two rows (and columns) equal to
zero. But then, the maximal rank of the original Hessian matrix would be less than r,
which is a contradiction. Then, the maximal rank of that matrix must equal ' = r — 2.
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Hence we can write, besides, n — 2 = 2(k — 1) = r’ + 1 and we can proceed, by
induction, to represent the original Hessian matrix by

[ X1 I x3 0 -+ X122 0 xi- O
1 0 X23 0 X2p—2 0 X2r 0
x13  x23  x33 1 0 0
0 0 1 0 0 0
0 ol (4.4)

Xip—2 X2p—2 - Xp—2r—2 1 0
0 0 0O 0 O 1 0 Xr—1 O
X1r X2r ce te Xr—1r Xrr 1

0 0 0O 0 O 0 0 1 0 |

with the condition that the determinant of the complementary matrix, which equals
X1 1x%3x§5 . xrzflr, be different from zero. In each particular, dimensional case inte-
gration of the above Hessian matrix is straightforward and can be executed in a way
totally similar to the procedure shown in our previous articles.

(IT1) The next case we analyze is n = 2k + 1 = r + 1, where we have two possible
subcases to be labeled as (a) and (b):

(a) We assume first, again by Lemma 2.1 of Gigena (2002), that the Hessian matrix

has already been reduced to the form

xi1 L+x12 xi13 X12k X1n
I+x12  x2  x23 e X0k X2n
X X . ‘e
13 23 7 (4.5)
: : Xok—12k—1 L+ X2k—12k  X2k—1n
X12k Xk e L4 xok—12k X2k2k X2kn
X1n X2n s X2k—1n X2kn I+ xun B
that the vectors X1, X», ..., X, are linearly independent on an open, dense subset of

the domain, and that X,, = Zle a,; X;. Hence, the Hessian matrix can be transformed
into

x11 l4xi x3 X1r —an2
I+x12  x2 X3 e Xor —an1
x?3 x.23 . . : : , 4.6)
: : Xe—lr—1 14X, —au
X1r X2r RIS S A P Xrr —dnr—1
| —dnl —dp1 - —dnr —Anr—1 b ]

where b := 1 4 2 (ap1ay2 + an3zans + - - - + apr—1a,,) = 0. Then, some of the sum-
mands in the last expression must be non-vanishing and we may assume, for example,
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that a, 1a,> # 0. Further elementary operations allow to reduce the Hessian matrix to

X11 X12 X13 X1y —ap
X12 bn+x20 b3+ x23 e by +x» 0
x13 by +x23 : : @7
. . Xp—1r—1 14+ x—1p 0
Xty by 4+ x2r T I+ x—1, Xrr 0
| —ap O o 0 0 0

Next, by evaluating the determinant of the latter we conclude that we must have
by # 0, and we may assume that by, = 1, —a,» = 1. Further operations allow to

make by; = 0, for every i = 3, ..., r and transform the Hessian matrix into
(X1 1 X13 X1y Xin |
1 0 0 A 0 0
x13 0 baz+x33 -+ b3 +x3 X3
. . . . 4.8)
X1r 0 b3r + X3 - brr + Xpr Xrn
| X1n 0 X3n s Xrn L+ xpn i

For the square submatrix of order n — 2 formed by the last rows and columns we obvi-
ously have the conditions that its determinant equals (—1)*~!, and that the inductive
hypothesis described by equalitiesn —2 =2 (k —2) + 1 = (r — 2) + 1 hold, where
the fact that the complementary matrix must have maximal rank exactly equal to r —2
is proven by the same token as in the previous case.

Therefore, we conclude that the original Hessian matrix can be transformed finally
into the form

[x11 1 ox13 x4 oo X1p
1 0 0 O 0
x1i3 0 x33 1 X3n
xi4 0 1 O 0 |- 4.9)
| x1n 0 x3, O B33 |
Xr—1r—1 1 Xp—in
with the 3 x 3 submatrix B33 equal to 1 0o 0 . Integration of the latter
Xr—1n O 1

expression for the Hessian is straightforward.
(b) We assume next that, in the expression (4.5) for the Hessian matrix, we have that
the vectors X7, X3, ..., X, are linearly independent on an open, dense subset of the
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domain, while X| = z;’zz ay; X;. Then, the Hessian matrix can be transformed into

b1y 1 —au —aip—2  —ain
1 X2 X23 Xor X2n
—a X
14 23 ’ (4.10)
Xr—1r—1 1+X—1, Xr—m
—Ain-2 X2r I+ Xx—1r Xrr Xrn
—dln  X2n Xr—1n Xrn 1+ xppn i
where we must have that b1; = 0 and can execute further elementary operations to
make aj4 = a3 = --- = ay, = 0 and obtain the expression
xi1 1 xi3 Xy Xln
1 0 O 0 0
x13 0 x33 X3r  X3n
. , 4.11)
xir 0 x3 Xrr Xrn
| X1n 0 x3n Xr—tn Xrn 1+ xpn i

so that this case is the same as the previous one.

(Io) We analyze now the case where n = 2k = r + 2, and also have here two possible
subcases, that we label as (a) and (b):

(a) In the expression (4.1) for the Hessian matrix we suppose that the vectors
X1, X2, ..., Xn—3, X1 are linearly independent on an open, dense subset of the
domain, while X; = zj#n_ln a;jX j fori =n — 2, n. Then, by means of the obvi-

ously suggested elementary operations, we transform the Hessian matrix into

[ Bn—an—4 X1n—3 0 X1n—1 0
X1n—3 Xn—3n—3 1 Xp—1n—3 O (4.12)
0 1 by_2n—2 0 bn—2n
Xln—1 Xn—1n-3 0 Xn—1n—1 1
L 0 0 bu_on 1 bun

In the latter expression the square submatrix B,_4,—4, of order n — 4, remains
unchanged while for the square submatrix of order 2 indicated as (b;;) we must have
det (b;;) = 0. Then, we have two subcases, labeled as (a;) and (az), that we analyze
next:
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(a;) We assume first that (b;;) = 0. Then, the right inferior submatrix B4 is given

by
Xp-3n—3 1 xp_1p—3 O
1 0 0 0
B =
44 Xn—1n—3 0 Xp—ip—1 1
0 0 1 0

Hence, det By_4y,—4 = (—1)¥=2 and the maximal rank of the complementary
matrix of By, _4;,—4 must be strictly less than n —4. This gives rise to the inductive
process of reduction, integrating first the submatrix Ba4, followed by reduction
and integration of B,,_4;,—4 and the rest of blocks.

(a2) We assume next that (b;;) # 0, and we may further assume that b,_»,_» # 0.
Then, there exists @ € R such that (b,,_2,, byy) = € (by_24,-2, by_2,), We can
reduce By4 to

Xn—3n-3 1 Xp—1n-3 0
1 0 AXp—1n—3 0
Xn—1n—3 QXp—1p—3 Xp—ln—1 1
0 0 1 0

and again apply the reduction and integration process as before.
(b) We suppose now that the vectors X1, X», ..., X,,—3, X,,—> are linearly independent

on an open, dense subset of the domain, while X; = zj#n_l’n ajjXjfori=n—1,n.
Then, the expression (4.1) for the Hessian matrix may be reduced, first to

Bium X1n—3 X1n—-2 —Aan—12 —an2
X2n—3 X2n—2 —dp—11 —dnl
X1n-3 Xn—3n-3 L+ Xp-30—2 —Gu—1p—2 —Qpn—2 |’ (4.13)
X1ln—-2 I+ x4-30-2 Xn—2n—2 —Ap—1n-3 —Ann-3
—dp—12 —dp—1n-2 —Ap—1n-3 bu—1n—1 bu—1n
| —an2 —Qpn-2 —Ann-3 bu—1n bnn
where the left superior square submatrix By, of order m := n — 4, has remained

unchanged and for the 2 x 2 submatrix (b;;) we must have det (b;;) = 0. Hence we
have again two subcases, labeled as (by) and (b):

(b1) We assume first that (b;;) = 0. Then, some of the 2 x 2 submatrices of the form

ap—1i Ani
dn—1j dnj

by further elementary operations, reduce the right inferior square submatrix of

is nonsingular, we may even assume this is the last one and,

@ Springer



66 Beitr Algebra Geom (2011) 52:51-73

order 4 to the form

Xp—3n—3 Xp—3p—2 1 0
Xp—3n—2 Xp—2p—2 0 1
1 0 00
0 1 00

Therefore, by means of further elementary operations, we can reduce the Hes-
sian matrix to the same expression as in the previous subcase (aj) and repeat
the procedure.

(b2) We consider next the case where (b;;) # 0. Then, we may assume that b, # 0
and perform further elementary operations so that the expression of the Hessian
matrix in Eq. (4.13) is transformed, first into

Bum X1n—3 X1pn—2 aln—1 ain
X2n—-3 X2n—2 azp—1 azp
X1n-3 te Xn—3n—3 14+ xp-30—2 an—3p—1 Gn—3n |’ (4.14)
X1n—-2 oo 1+ xp-3,-2 Xpn—2n—2 ap—2n—1 Aan—2n
An—1 - Ap_3n—1 Ap—2n—1 0 0
| dln An—3n An—2n 0 1 i
then into
b1 + x11 e bin—2 + X1p—2 aip—1 0
ap—1 0
, (4.15)
bin2+xin—2 - bpop2+x4-20-2 ap_24—1 O
alp—1 e An—2n—1 0 0
i 0 s 0 0o 1

and since we may assume that a,_3,—1 # 0, perform further elementary oper-
ations transforming the latter into

Bium X1n—-3 X1n—2 0 0
Xop—3 Xop—2 0
O e
X1n—3 crr Xp—3n-3 Xn—3n—2 1 0
X1n—-2 oo Xp—3n—2 by +xp—2n—2 0 ay_2
0 - 0 1 0 0 0
0 0 - 0 2 o 1 |
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Next, by evaluating the determinant we conclude that we must have x,_»,—» = 0 and

by—2n—2 = —1, so that we may transform the above, first into the form
[ Bym Xin-3 0 X1p— 0]
xn—4n—3 0 xn—4n—1 , (417)
Xlp—3 **° Xp—dn—3 Xp—3n-3 1 Xp—3,—1 O
0 e 0 1 0 0 0
Xip—1 *** Xp—dn—1 Xp—3n—1 O -1 0
| 0 0 e 0 0 0 1|

and then, by means of further elementary operations, so that the right inferior 4 x 4
submatrix is taken to the form

Xn—3n-3 1 Xn—1n-3 0
1 0 —3Xp—1n—3 O
Xn—1n-3 _%xn—ln—3 Xn—1n—1 I
0 0 1 0

which is particular subcase of the one labeled as (ap). The inductive process works
again.

(II2) We consider next the case where n = 2k + 1 = r + 2, which can be analyzed by
means of three possible subcases labeled as (a), (b) and (c):

(a) In the expression (4.5) for the Hessian matrix we assume first that the vectors
X1, X2, ..., Xy, are linearly independent on an open, dense subset of the domain,
while X; = Z;:l a;jXj fori =n — 1, n. Then, by means of elementary operations,
we transform the Hessian matrix into

By_3p—3 - Xip—2  —4n-12  —dp2
Xn—3n—2 —On—In—-4 —dnn—4 | (4.18)
Xin—2 't Xn—3n—2 Xn-2n—2 1 0
—Aap—12 *** —Ap—1n—4 1 by—1n—1 by_1n
—dn2 s —dnn—4 0 by_1n bun

where the square submatrix B;,_3,_3, of order n — 3, has remained unchanged and
where for the 2 x 2 submatrix (b;;) we must necessarily have det (b;;) = 0, (b;;) # 0.
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Then, by performing further elementary operations we may transform the latter into

an +xi1 Co A1p—3 F X1p—3 Xip—2 0 0
: : 00
4.19
ain—3 +xXip—3 -+ -+ Ap-3p—3 +Xp—34—3 Xp—3—2 0 O ( )
X1n—2 R Xn—3n—2 Xp—on—2 1 0
0 .0 0 1 00
i 0 S0 0 0 0 1]

This expression gives place to the inductive process since we may integrate, first,
Xp—op—2 1 0

the right inferior 3 x 3 submatrix 1 0 O | and, then, since we must have

0 01

for the left superior square matrix of order n — 3 the two conditions det(a;; + x;;) =

(— 1)" ~! and maximal rank of the complementary matrix less than n — 3, i.e., maximal

rank(x;;) < n — 3, we may proceed to reduce and integrate the rest of the Hessian

matrix.

(b) In the representation (4.5) of the Hessian we assume now that the vectors

X1, X2, ..., X2, X, X,, are linearly independent on an open, dense subset of the

domain, while X; = >, |, a;;X; fori =r—1,7+ 1. Then, we can transform

the Hessian matrix into

[ By—sn-s Xip—4  —Gr-12  Xiy  —Gry12 Xl |
Xln—4 = Xp—dn—4 1 Xr—2r 0 Xr—2n
—dr—-12 - 1 br—1r-1 0 br—1r41 —ar—1n (4.20)
X1r o Xr=2r 0 Xrr 1 Xrn
—dr4+12 0 br—1r41 1 britr+1 —Qrtin
Xln ot Xr—2n —Qr_1p  Xpn  —Gryln L+ Xy i

It is obvious that in the above expression we can annihilate all elements of the form
a;j by means of suitable elementary operations. Besides, we must necessarily have
det(b;j) = 0 and this gives place to two subcases, labeled as (b;) and (by), to be
considered next:

(by) Let us assume first that (b;;) = 0. Then, the above Hessian matrix is equal to

0 By _su—s Xip—a 0 x1» O X1n
Xln—4 oo Xp—dn—a 1 Xp—2p 0 X2y
0 10 0o 0 o0 | (4.21)
X1r to Xr—2r 0 xp 1 Xrn
0 e 0 0 1 0 0
i Xln . Xyr—2n 0 Xrn 0 1+ Xnn
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Thus, by evaluating the determinant of the latter we obtain the condition that
Xnn = 0 and, hence, implement again the inductive process by integrating, first,
the right inferior 5 x 5 submatrix and observing that the left superior square
superior submatrix B, _s,_5 must have determinant equal to (— DEZ = (=K.

(by) If det(b;j) = 0, (b;j) # 0, we can assume that (b,_1,—1,b,—1,41) =
¢ (br—1r+1, br4+1r+1), for some ¢ € R, and perform elementary operations to
express the Hessian matrix as

B, 51,5 Xin—4 0 X1 0 Xln
Xln—4 oo Xp—dn—a 1 Xp_op 0 Xr—2n
0 co 1 0 0 0 0 . (422
X1r e Xr—2r 00 Xy 1 Xrn
0 t 0 0 1 br+1r+1 0
L XIn e xpmon 00 Xy 0 1+ xup i

If we calculate the determinant, by rows r — 2, r — 1, we obtain

Xrr 1 Xrn
det H(f) = —det By_sp_s-det | 1 brpirti 0 = (=DF.
Xrn 0 I+ xun

Hence, we must have

Xrr 1 Xrn
det| 1 brgirgr 0 = —1land det By_sp_s = (— )2 = (=D
Xrn 0 I+ xun

It follows that we have to consider two subcases:

(b21) If byy1r41 := b > 0, we can perform further elementary operations on the last
5 rows (and columns), in a similar fashion to the case g7), in Gigena (2003),
so that the Hessian matrix is reduced to

[ By—sn—s Xin—4 0 x1p xpp—1 O
X1n—4 s Xp—dp—4 1 Xp—2r Xp—2p-1 O
0 e 1 0 0 0 0 (4.23)
X1r EEET S, TR R 1 0
X1n—1 oo Xpoop—1 O 1 0 0
0 - 0 0 0 0 1]

This gives place to the inductive process by integrating, first, the 5 x 5 right infe-
rior submatrix and proceeding, afterwards, to integrate the rest of the Hessian
matrix.
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(ba2) Incase b, 1,41 := b < 0, we must necessarily have that x,., = X, = x5, =0
and the Hessian matrix can be reduced to

[ Bu_sn—s Xinea 0 xi, =By xpn ]
: b
Xin—4 + Xp—dn—4 1 Xp—2r —3Xp—2r Xr—2n
0 1 0 0 0 o |- ‘429
X1r Xr—2r 0 0 1 0
~Lxip o =By 01 0 0
L Xin Xr—2n 0 0 0 1 |

Thus, the inductive process works again.

(c) We assume, finally, that in the representation (4.5) of the Hessian the vectors
X3, X4, ..., Xy, Xr4+1, Xy, are linearly independent on an open, dense subset of the
domain, while X; = 2?23 a;jXj fori =1, 2. Then, we can transform the Hessian
matrix into

bii b —au —ai3 e —ai —aiy
bip by —axy —ax e —ayy —ay,
—al4 —ax4 X33 X3n
—apz —azs . . (4.25)
Xrr I+ xrn—1 Xrn
—dair —ay I+ Xm—-1 Xp—1n-1 Xn—1n
| —4ln —a2p X3p Xrn Xn—1n 1+ xun i

bii b
bia by
means of suitable elementary operations on the above Hessian, and have two possible
subcases:

Since we must have det [ ] = 0 we may diagonalize the submatrix (b;;), by

(c1) Suppose, first, that (b;;) = 0. Then, it turns out that some of the submatri-

aip aj . ais a
ces [ Y 1) must be nonsingular and we can assume that Rl
azi axj az4 a3

— ((1) (l)) Hence, by means of further elementary operations the Hessian
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matrix may be transformed into

xi1 1 xi3 0 x15 --- X1n

1 0 0 0 O 0

x13 0 x33 1 x35 --- X3n

0O 0 1 0 O 0
xi5 0 x35 0 xs5 --- X5n . (4.26)

Xrr I+ x0-1 Xrn

1+ Xrn—1  Xn—1n—1 Xn—1n

L X1n 0 x3, 0 x5, Xrn Xn—1n 1"'xnn_

We obviously have, for the submatrix

X55 X5n
Bn—an—a = Xrr I+ Xrn—1 Xrn ’
L+Xm—1 Xp—in—1 Xn—1n
X5n Xrn Xn—1n I+ xun

det By_4n—4 = (—1)*"2. Thus, we may implement again the inductive pro-
cess by integrating, first, the 4 x 4 left superior submatrix, reducing then the
right inferior submatrix B, _4, 4, and integrating finally the rest of the Hessian
matrix.

(c2) We suppose, next, that (b;;) # 0 and we may further assume that b1y = 1,
b12 = byy = 0. Then, the Hessian matrix may be taken to the form

1 0 0 0 e 0 0
0O O —ay4 —an3 cee —ayy —a
0 —axy x33 X3n
0 —ans . . 4.27)
: Xrr I+ X1 Xrn
0 —ay L+ Xrm—1 Xn—1n—1 Xn—1n
|0 —azy  x3, Xrn Xn—1n 1+ Xun |
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We may consider now for the latter expression two subcases:

(c21) Let us assume, first, that a4 # 0. Then, by means of additional elementary

operations, we can transform the Hessian into

10 0 0 ---0 0
0 1 0 --- 0 0
0 1 x33 X3pn
00 ,
00
L 00 X3 Bn—3n—3 _

where we obviously have, for the right inferior square submatrix

X44 Xdp
By_3,-3 1=
Xrr 1+ Xpn—1
X4n L+ X1 Xp—1n—1

(4.28)

the condition det B;,_3;,,_3 = (—l)k’l. Thus, by means of further elementary
operations on the last n — 3 rows (and columns) of the Hessian matrix, we
may inductively reduce the submatrix B,_3;,—3. Finally, additional elementary
operations allow to represent the Hessian by the expression

M xn 1 x3 Xip—1 0]
1 0O 0 O e 0O 0
x1i3 O
0 (4.29)
Bn—3n—3
Xip—1 O .
L 0 O 1]
The inductive process works again.
(c22) Let us assume, next, that ar, # 0. Then, the Hessian may be reduce to
1 0 0 O e 0 0
0 O 0 O B 0 —am,
0 0 x33 X3n
0O 0 (4.30)
Xrr L+ Xm—1 X
0 0 L+ X1 Xn—1n—1 Xn—1n
_O —a2n  X3n Xrn Xn—1n Xnn |
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By evaluating the determinant we conclude that —as, = 1, so that by further elemen-
tary operations the Hessian may again be taken to the form (4.29), and to the inductive
process as prescribed. O

Remarks (1) Similar comments and observations as those expressed in our previous
articles Gigena (2002, 2003) may be made in the present context, where we have
developed the present method allowing to obtain all solutions to the classificatory
problem. Thus, and except for lower dimensions n = 2, 3 where one may claim
to have unique solutions, in each of the general classes classified by n, k and r,
different values of the parameters appearing as coefficients of the third degree
terms, in a given solution, may give rise to different classes of equivalence under
the action of the unimodular affine group ASL (n + 1, R) .

(2) Moreover, if in a given solution one sets equal to zero some of those mentioned
coefficients, but not all of them, the result s still a solution to the problem, perhaps
with a lesser value for the maximal rank r. In practice, one may manipulate the
third degree polynomial, solution to the problem, by adding some third degree
terms and setting equal to zero others, so that solutions are obtained with maximal
ranksr — 1,r —2,..., 1.
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