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0. Introduction.

In this paper, we continue our investigations on homogeneous, locally
strongly convex affine hypersurfaces in R**!, which we started in and
[DVZ]. |

A nondegenerate hypersurface M of the equiaffine space R™*! is called locally
homogeneous if for all points p and ¢ of M, there exists a neighborhood U, of
p in M, and an equiaffine transformation A of R**!, i.e. AeSL(n+1, R)x R**!,
such that A(p)=¢q and AU ,)CM. If U,=M for all p, then M is called homo-
geneous.

We denote the affine normal by & and the induced affine connection by V.
We will always assume here that M is locally strongly convex. Let S denote
the shape operator of the affine immersion. Since M is locally strongly convex,
S is diagonalizable. If S is a multiple of the identity, M is called an affine
sphere. Locally strongly convex homogeneous affine spheres have been studied
in [S], see also the discussions in [DV2]. If the affine shape operator at each
point has an eigenvalue A with multiplicity exactly n—1, where n is the di-
mension of M, we call M proper quasi-umbilical. If A=0 (so rank (S)=1), we
recall the following result from [DV1].

THEOREM A [DV1]. Let M be a locally strongly convex, locally homogeneous
affine hypersurface with rank (S)=1 in R**'. Then M is affine equivalent to the
convex part of the hypersurface with equation

__1_1- 21‘+2 __1_.3 2.s+2__
(Z-z2x) (W—527) =1,
where r+s=n—1 and (X,, -, X,, Yy, -+, Y, Z, W) are the coordinates of R**.

Here, we will mainly consider the case that 4#0. In Section 2, we will
start to construct a special local tangent frame on a locally strongly convex,
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proper quasiumbilical, homogeneous affine hypersurface. As a consequence of
that construction, we derive the following theorem.

THEOREM 1. Let M™ be a locally strongly convex, locally homogeneous affine
hypersurface in R"*'. Assume that M is also proper quasi-umbilical. Then
det (S)=0.

If M is a surface (n=2), the above theorem remains true, if the condition
that M is locally affine homogeneous is replaced by the weaker condition that
the eigenvalues of the shape operator of S are constant ([V]). In general, if
the affine shape operator has constant eigenvalues, it is not known how many
different non-zero eigenvalues can occur (cf. for a Euclidean hypersurface of
R**1, if all the eigenvalues of the Euclidean shape operator are constant, there
can be at most 1 non-zero eigenvalue).

In Section 3, we will then gradually improve our choice of A-orthonormal
frame. By combining then the results obtained there, with Theorem A, we
obtain the following classification theorems.

THEOREM 2. Let M*® be a locally strongly convex, locally homogeneous, proper
quasiumbilical affine hypersurface in R*. Then M is affine equivalent to the convex
part of one of the following hypersurfaces:

where (x, y, z, w) are the coordinates of R*.

THEOREM 3. Let M* be a locally strongly convex, locally homogeneous, proper
quasiumbzlical affine hypersurface in R®*. Then M is affine equivalent to the convex
part of one of the following hypersurfaces:

(y——;‘—(x“rzz-i-rﬂ))sw2 =1,
<y-—%(x2+u2))4(z_-21—w2>' —1,

(y-— —;— xz)auzvzw2 =1,
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1 2 1 8 4
(y——-z—x —g(wz/z—}—uz/z))z =1,

(y—— —%—x2~—%w2/z)423u2 =1,

(-5 =)~y =1,

where (x, v, z, w, u) are the coordinates of R®.

Remark that, by the constructions of [DV2], all of the above examples can
be viewed as compositions of affine spheres. Also from [DV2], we get that all
the above examples are globally homogeneous.

1. Preliminaries.

Let M™ be a differentiable n-dimensional manifold in the affine space R"*!
equipped with its usual flat connection D and a parallel volume element w and
let & be an arbitrary local transversal vector field to M™. For any vector
fields X, Y, X, ---, X,, we write

(1.1) DY =YY +h(X, Y)E,
(1'2) 0(X17 '”,Xn)ZQ)(Xl, "'any E)r

thus defining an affine connection V, a symmetric (0, 2)-type tensor A, called
the second fundamental form, and a volume element . We say that M is
nondegenerate if h is nondegenerate and this condition is independent of the
choice of transversal vector field £&. In this case, it is known (see [N2]) that
there is a unique choice (up to sign) of transversal vector field such that the
induced connection VY, the induced second fundamental form h and the induced
volume element @ satisfy the following conditions :

(1) V6 =0,
(ii) 0=,

where @, is the metric volume element induced by h. We call V the induced
affine connection, & the affine normal and & the affine metric.

Let A be an equiaffine transformation of R***. Since both D and the volume
form w of R"*! are preserved by equiaffine transformation of R"*!, we get that
the affine normal & to A(M) is related to & by

§(AMDi= A&(D).

Moreover, we also have
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D4 xAsx(Y) = \?A*XA*Y‘}“}:Z(A*X, ALY ))E(A)
AxDg)Y = Ax(VxY)+h(X, Y)AE,

where ¥V and £ are respectively the induced affine connection and the affine
metric on A(M). So, since D4, xAx(Y)=A«(DxY), by comparing tangential and
transversal parts of the above expressions, the affine metric and the induced
connection are preserved as well.

By combining (i) and (ii), we obtain the apolarity condition which states
that Vw,=0. A nondegenerate hypersurface equipped with this special trans-
versal vector field is called a Blaschke hypersurface. Throughout this paper, we
will always assume that M is a Blaschke hypersurface. If & is positive (or
negative) definite, the hypersurface is called locally strongly convex. Notice
that if 4 is negative definite, we can always replace & by —&, thus making the
new affine metric positive definite. Therefore, if we say that M is locally strongly
convex, we will always assume that & is chosen so that A is positive definite.

Condition (i) implies that Dz& is tangent to M ™ for any tangent vector X
to M. Hence, we can define a (1, 1)-tensor field S, called the affine shape
operator by

(1.3) Dyé=—-SX.

M is called an affine sphere if S=21I. We define the affine mean curvature H
by H=(1/n)trace (S). Again, if A is an equiaffine transformation of R**!, we
can relate the shape operators on A(M) and M by

SAUX) = —Dapnf(A) = =Dy Ask = — Ax(D &) = — ALSX.

Hence the shape operator is affine invariant.
The following fundamental equations of Gauss, Codazzi and Ricci are given by

(1.4) RX,Y)Z =hY, Z2)SX—h(X, Z)SY (Equation of Gauss)

1.5) VNWX,Y, 2)=FhY, X, 2) (Equation of Codazzi for h)
(1.6) (VeS)Y = (VpS)X (Equation of Codazzi for S)
a.7) X, SY)=h(SX,Y) (Equation of Ricci).

Since dim(M)=2, if M is an affine sphere, it follows from that 4 is con-
stant. If 1+#0, we say that M is a proper affine sphere and if 1=0, we call
M an improper affine sphere. From (1.5) it follows that the cubic form C(X,Y, Z)
=Nh)X,Y, Z) is symmetric in X, Y, Z. The theorem of Berwald states that
C vanishes identically if and only if M is an open part of a nondegenerate
quadric.

Let ¥ denote the Levi Civita connection of the affine metric 4. The dif-
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ference tensor K is defined by
KX, V)=9sY =Y,

for vector fields X and ¥ on M. Notice that, since both connections are torsion

free, K is symmetric in X and Y. We also write KyY=K(X, Y). From [N2],
we have that '

(1.8) h(KyY, Z):——é—C(X, Y, 7).

Notice also that the apolarity condition together with implies that Tr Ky
=0 for every tangent vector X.

2. Proof of Theorem 1.

In the remainder of this paper, M" will always denote a locally strongly
convex, locally homogeneous, proper quasi-umbilical hypersurface of R**!. Since
M is locally strongly convex, it follows from the Ricci equation that the affine
shape operator is diagonalizable. The fact that M is locally homogeneous then
implies that the eigenvalues of the shape operator are constant on M. This can
be seen in the following way.

Let p, g=M. Then, by the definition of local homogeneity, there exists an
equiaffine transformation A of R**' which maps p to ¢ and which maps a
neighbourhood U of p to a neighbourhood V of ¢ in M. Since the affine shape
operator is affine invariant, we know that if e,, ---, ¢, are eigenvectors of the
affine shape operator at the point p with eigenvalues 4;, then Axe,, -+, Axe,
are eigenvectors of S at the point ¢ with eigenvalues 4;.

Therefore, if M is also proper quasi-umbilical, S has two different constant
eigenvalues 4 and g, where the multiplicity of 4 is n—1 and the multiplicity of
¢ is equal to 1. In view of Theorem A, we can restrict ourselves to the case
that 2+=0. Then we have the following basic lemma.

LEMMA 2.1. Let peM. Then there exists a local orthonormal frame {E,,
U, -, U,_} defined on a neighborhood of p, such that

SEI‘-:{.lEl, SU-L:ZU“ 2#0
Vo Ey=bE, Vp,E, =0, i>1

Ve, E1 = cE,+2bU,, Ve Ui = Zi:aijUj;

n-1
Vo, Uj = (ai+a;0)E+ kgld?jUk ,

where c=—"Z1a;; and b are constants.
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Proor. We take pM. We construct a tangent basis e;, u;, -+, U,_; at
the point p such that Se,=pe, and Su,=4u,. Then, since p and 4 are different
numbers, and the eigenvalues of the shape operator are constant it follows from
(Lemma 1, pp. 48-49 with A=S—puI) that we can extend these vectors to
local vector fields E,, U,, ---, U,_,, such that SE,=pFE, and SU,=4U,. Notice
that, up to sign, the vector field E, is uniquely determined. This implies that
by taking 2 points p and ¢ and the equiaffine transformation of R**! which
maps p to ¢ and a neighbourhood U of p to a neighbourhood of ¢, we have that

A(Ey(x)) = + Ei(A(x)).

Since A is an equiaffine transformation (which from Section 1 preserves the
affine metric and the induced affine connection), this implies that

h(VA*<E1>A*E1, Ax(Ey) = h(A*(VE1E1>, A(E)) = h(vElEl, E)).

So ¢(q)==+c(p) and thus ¢ is a constant on M. Similar arguments will be used
throughout the paper, without further mentioning them.

We define functions d%,, a,,, h.,, b, g, ¢, f., €1y, @, such that the connection
V is given by

n-1
VElEl = CE1+1‘§ g.U,
n-1
VE1U1 - szl’f'ng aZJUJ
n—1
o, Es = b+ S hU,

WU, = a,Eit 5 dLUs
We first apply the Codazzi equation for S. We obtain that
0= egSU.~y,S)E,
= ANg,U,—SNe U,)—puVy, E,:+SNy E})

= (A=) f . Ei—(u—2) 2 hoU,.

Hence f,=h,,=0.

Next it is clear that we can pick U, such that b,=b;=---=b,_,=0. We call
b,=b. Hence Vy E,=bE, and Vy E,=0 for j>1. We now show that b is con-
stant. Let us assume that at some point ¢, b(g)#0. Then, U, is also nniquely
determined around ¢. Since M is locally homogeneous, we immediately get that
b is a constant on a neighbourhood of ¢. Since b varies differentiably, b is a
constant.
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Next, we will apply the Codazzi equation for 4. From
(Nh)XE,, Uy, E) = (AU, E,, Ey),

we deduce that f;+g;,=2b,. Hence g,=2b and g,=0, for j>1. The Codazzi
equation
(VRYE,, U, U)) = Nn)U;, Uy, Ey),
gives us that
a; = Qg+ aj;.

Finally we find from the apolarity condition
n—-1
(NhYE,, E,, ED+ 1};1 (NhYE, U;, U;)=0,

that c=—27+a;;. This completes the proof of the lemma. [

In the next lemmas, we will then gradually obtain more information about
the other coefficients, using also the Gauss equation.

LEMMA 2.2. We have b+0.

PROOF. Let us suppose that 5=0. Then we have from the Gauss equation
that
_—RUI = R(El,- UI)EI

- vElleEl_VUlvElEl'—v[El,U1]E1
n-1
= —'CVUIEI_ ng alijjEl =0.
Since we assumed that A0, this gives us a contradiction. [J

The following lemma then describes the derivatives of the vector field U,,
which is, since E, is uniquely determined and b+0, also uniquely determined
and therefore affine invariant (i.e. applying an equiaffine transformation, which
locally preserves the hypersurface, maps the vector field U, into itself).

LEMMA 2.3. We can choose U, in such a way that we have that

Vo Uy = (5—55) Evt(2+ i)Ul,

2 2b
Qs A
VUzUl - —TE1+%U2,
A .
Vo Ui=5-Us  j>2,

where a,, 1s constant.

PrOOF. From the Gauss equation, using the fact ¢ and b are both constants,
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we have that
—AU; = R(E,, U))E,
= Ve, Vu,E:—Vy Ve, E:—Vig v ,1E,
= Vg, (010E )=y (cE1420U1)—Vspzla ;40 50502, B
= 20;,b(cE,+2bU,)—cd;sbE,— a;;bE,—2bVg,U, .

Taking j=1 then gives us that

(€ ay A
VU = (5—5) Evt (24 55) U
If 7>1, we obtain that
@.1) Vo Uy = -2 E1+;b-Uj.

From this last formula it is clear that we can choose U,, Us, ---, U,_., in such

a way that

b

A
Vo, U1 = ~£231—E1—f—2—bU2,
A .
VUjU1=—2—b—Uj, ]>2.

Since E, and U, are uniquely determined, we get from these last equations that
a, is constant. If this constant is non-zero, we also see that U, is uniquely
determined. O

By combining the formulas of and with those of Lemma
2.1, we also see that
¢ =5ay,

Q12 = — Ay,

2
a;=a;=0, j>2.
About the d’s, we obtain already some information in the following lemma.
LEMMA 2.4. d};=0 and di,=d%+dls—0:.(2/2b) for i, k>1.
ProOF. From the Gauss equation and we have for 7>1 that
0=h(RU,;, U)E,, E))
= h(Vy Ny, E\—=Vy Ny, E:—Vy, v, -9,0,E1, Ev)
= h(bNy,E\, E))—h(Ny U=y Uy, UDb=bd};.
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To obtain the second claim, we use the Codazzi equation. Then we find for
7, k>1 that

; A
e = —dht+diitdi = —'5ik%

LEMMA 2.5. We also have that p=0, hence det(S)=0.

+d¥+di,. O

Proor. By applying the Gauss equation, using alse the fact that a,; and
a;, are both constants, we obtain that

-——#E1 = R(Ul, El)Ul
= VUIVElUl_VE'lleUl"‘V[Ul.EIJUI

—le(auU +a,U,)— VE1(21111E +(2b+ Zib >U>

—bVE1U1+011VU1U1+a1zVU2U1

A
= 01200+ (2455 )Us) +a1V0,Us
20,60 Ev+20U,)— (2b+ o ) (@l +anly)

A A
—b(a,, U, +(112U2)+011(2(111E +(2b+ % )U1)+a12< 0221 E\++— % U)
By taking different components, using also Lemma 2.4, we deduce that

2.2) —¢ = —6al1+012(012+021)+012( 0221 ) = —6a},—a1:04,

2.3) au(—3b+ ;b) 0,

@4  auh(WoUs, U)=0, j>2,
25  au(h(Vo,Us, U—3b) =0.

First, we assume that a,;=0. Then we apply the Gauss equation and find,
using amongst others that Vg, U; is orthogonal to U, for j>1, that

0= R(ij EI)UI
= VU_,-VEIUr*VElVUjU1—ij,E13U1
2 A 2
= au‘—z—b—U- 2b VElU +VVE UJUI au 2b U

It follows that @,;=0. From [2.2), we then get that ¢=0. This completes the
proof of the lemma in this case.
Therefore, for the remainder of the proof, we shall assume that a,,#0.
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So U, is determined uniquely. Since M is homogeneous this implies that a,, is
also constant. We will derive a contradiction in this case. First notice that
it then follows from and that

(2.6) Vo,Us = — 25 B1+3bUs.

Applying then the Gauss equation once more gives us that
"‘RU2 = R<U1, UZ)UI
= VUIVU2U1”‘VUZV01U1—V[01 Ulel

= Vo,(— - Bit 5 U )= Vo200, B, + (20+ ;b>U )
—(3p— 2—'2)%2&
= bE+2b( 2B +30U)

—(2+ 221) N5 Ent 221; Ua)—(36— 22b N5 Bt 221; Us).

So, by comparing components, we get that a,(—4b+2/(2b))=0. Since we as-
sumed that a,;#0, this gives us that

2.7) A= 8b%.

By substituting this in [2.3), we see that a;;=c=0.

Remark that in case M is 3-dimensional, the apolarity condition for U,
implies b+ (2b+4/(2b))+3b=0. Since 1=8b% this yields a contradiction. There-
fore, we may assume that the dimension of M is at least 4.

Next, we again apply the Gauss equation to obtain that

0 - R(U2, EI)UI
= VUZVE1U1—VE1VU2U1—V[02,E11U1

A ns 4
= Vo,auls= e, (— - Eat 5 Us) + S hTe,Us, U)oV,

2.8) 2 2b
= 0Ty Ut -2 20, — A (9, U,
12Vp,Ue 2 175 EUe
P
+—5 2% VEIU +021(2bU1)+022( (1221 El)-

Taking the E;-component of this expression shows that 2a;,a,5—(a2/2)a,,=0.

Hence a;,=0. Therefore (2.8) reduces to a12Vy,Us+3ay,bU =0, from which we
deduce that
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2.9) Vy,Us = 2bU;.

We then have to apply the Gauss equation several times more. First, using
(2.7), we obtain that for j>2

0=RU,, E)U,
= VUja12U2—VE14ij+4va1Uj—h(VElUj’ UZ)%EI

3 1
= —iazxvijz-—z‘amaszx-
From this it follows that we can choose Us, ---, U,_, such that
1
Vo, Uz = _—3—032E1y

VWU.=0, j>3.

Moreover, we get that, for j>3, a;;=a,;=0 and a,;=—(4/3)a;., where, because
M is locally homogeneous and E,, U, and U, are uniquely determined, a., is a
constant.

Next, we will use another Gauss equation, which will show us amongst
others that a,,#0. We have that

ﬂEl = R(El, UQ)UZ
= 2bVg,U,—Vy(anU,+a2Us)—anVy,U,— 023VU3U2>

= 26010 — s — - Es+4bU) — 025,V
1
’021(_‘%EI’El‘i'gbUz)"*‘azs('gaazEl)-
Taking the E, component, using also [2.2), we get that
| , 4 4
) as = aj— ~9_ as,— —9‘ as.

From this we get that a2, =(45/16)a3,+0. From the Gauss equation (2.10), we
then deduce that
1 Ay

VU2U3 == ~—§032E1—10b Qs

U,.

Finally, we use the Gauss equation once more. We compute
O:R(Uz, U3>U1

= bWy, U s —4bTy U 4 2

2

Qo

2

(2
Qa3

Yy, E1+10b

Vo,Us

(423}
Qa3

= (— 10622 (400 o4 2 E\—4bU,),
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in order to deduce that a,,=0. This completes the proof of the lemma. [

From this lemma, the proof of follows immediately. Looking
once more at the proof, we immediately obtain the following corollary.

COROLLARY 2.1. a,=c=a,;=a;;=0, where j>1.

3. Proofs of Theorem 2 and Theorem 3.

We start by defining a matrix A=(a,;). Since
1 1
3.1 h(KgU;, U;) = —f(Vh)(Ex, U, U, = —2—(aij+aji)y

we see that, although the matrix A itself depends on the choice of A-orthonormal
U, -, U,_;, the fact that A is skew-symmetric or not, is independent of that
choice. In the following lemma, we prove that this matrix A is a skew-sym-
metric matrix.

LEMMA 3.1. *A=—A. In particular, for h-orthonormal U, ---, U,_y as
defined in Section 2, we have

n-1
VUin e kgl dllszk .

Proor. Clearly, we already know that for all j, a;,=a,;=0. Therefore,
we may assume that 7, 7>1. Next, we consider the restriction K of Kz to
{E,, U,}*. By restriction, we always mean that for U< {E,, U,}*,

KU = Kg U—h(Kg,U, E)E,—h(Kg U, U)U,.

We then choose U,, -, U,_; as eigenvectors of this symmetric linear operator.
Remark that since {E,, U,}* is uniquely determined, the eigenvalues of this
operator must be constant. This together with [(3.1) implies that there exist
constants g, such that p,0,;=(a;;+a;;)/2 and 2y, is an eigenvalue. Since p=0,
we have from the Gauss equation that
0=h(R(E, U)U,, E)
- h(vElvUin—vUivElUj_VEE'I.Ui]Uj; El) .

Since Vg, E, and Vg U, are orthogonal to E, and the numbers p; are constants,

using also [Corollary 2.1, we get that
n-1 n-1
0=— ézajkh(vUiUk; E)— Ezaikh(kaUj, E,))

= '—Zz;l(ajk<aik+aki)+aik<a #it @)
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n-1
= ‘21§20;k5ikﬂk+aik5;‘kﬂj
= — 20— 24045
So taking i=j gives us pi=0. Hence A is a skew-symmetric matrix. [

LEMMA 3.2. We define a matrix D by D;;=di;, 2<i, j<n—1. Then (D+
‘D):ZK where K is the restriction of Ky, to {E,, Us}*. Then there exist num-
bers v and s, r+s=n—2, such that the symmetric linear operator 2K has two
eigenvalues 2;=2/b (multiplicity s) and A,=2/(2b)+2b (multiplicity r). Moreover,
we_have that 2=—2br+3)/(1+s+r/2). Finally, if j and k correspond to different
eigenspaces then d%;=0.

PrROOF. We choose U,,---, U, as eigenvectors of Ky, restricted to {E;, U,}*.
Remark that since this space is affine invariant, the eigenvalues must be con-
stant on M. However, since

1 1. .. .
Ko Uy, Uj) = — 5 (T)Us, Uy, Uy) = 5 (dhitdi),
there exist constants 4; such that

Hence implies that d}; is constant. Using Lemma 2.3, Lemma 2.4
and LCemma 3.1, we find from the Gauss equation for 7, >1 that

40:; = h(RWU,, UYU ;, Uy)
- h(VUIVUin“VUiVUlU"‘VLU1 U-]ij Uy

n-1 A
- d%jd}l— kgzdllejd%k Sj dlzdk]+ )

= (it s )(—0us g b dis)— 'S dty(—Buime +dha k)

1
d

(3.3)
—:g;d’f( 3s, 2’2 +ds+dly)
= (dht 55 (= 55)30 Db (55 )= St 55)

= (b 35 (b 35 )00 (0 g5) =t (= 55)

Hence, by taking i=j, we get that

(3.4) 2+d112b (;b)z (an+2 )zi—zg.

This proves that 2K has at most two eigenvalues, namely the two solutions of
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the above equation.
Moreover, it follows also from and (3.3) that if U; and U; belong to
different eigenspaces, then

Since in this case becomes di;+di;=0, (3.5) implies that d{;=d},=0.

So in order to obtain the proof of the lemma, we only have to relate 4, b,
A1, As. First remark that it follows from that di,=(2b+1/(2b)). Then,
by solving A; from [3.4), we get that

y
(3'6) Z2 == —57
3.7 A= A +2b
. 1= 2b .

Let us denote by » (resp. s) the multiplicity of A, (resp. 4,). From the apolarity
condition for the vector field U,, we get that

n-1
izﬂdfi‘l‘h(vlel, E)=0.

This implies that 3b+2/(2b)-+(s/2)(2/b)+r(2/(2b)4-2b)/2=0, such that

r=+3
. A= =20 —"""vr,
38) (1+s+7/2) =
From now on, we will assume that U,, ---, U,_; are chosen in such a way
that

(1) U,, --,U,,, are eigenvectors of K with eigenvalue 4,/2;

2) Uyys, -+, Usrssr are eigenvectors of K with eigenvalue 2,/2.
Notice that we allow both r and s to be equal to zero. It immediately follows
from the previous lemma and [(3.6), [3.7) and [(3.8) that 1;#4,. Remark also that
because E, and U, are uniquely determined, the above vector spaces are uniquely
determined. So we can define several differentiable distributions. We first
define as I, and I, the following sets of indices:

I=1{2, -, r+1},
I,={r+2, ---, r+s+1=n—1}.
Then, we define distributions T, T, and T, by
T, =span{E,, U,}
T.=span{U,|j€l.},

where a=1, 2. Also, all these distributions are determined in an equiaffine
invariant way, i.e. if A is an equiaffine transformation which locally preserves
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the surface and if X&T,, f=0, 1, 2, then also A«X<Tj3. So, we can define
constants a;, a,, as; and a, on M by

a, = 2 (Vh)(Ul; ij Uk)27

1,5, kel

a,= 2 (W)U, Uy, U,
i.j. kel

az = 2 (Vh)(U’L’ Ujr Uk)zy
t.jel . kely

a, = > (NVh)U;,, Uj, U

icly.j. kely

The following lemmas will then be useful to prove integrability properties for
different combinations of the above distributions.
First, we have:

LEMMA 3.3. We have for i, j€1, and for k, peI; that d%;=0=d},, i.e.
Wy U, Ug) = h(Vy Uy, U =0.

PrROOF. We compute, using the fact that by and our choice of
orthonormal frame dj; is constant for all indices 7, j, that

0=hRWU,;, UU:, Uy
= WV, 5,0 s— o900 =V 0,0 s, Uy
= 3 d5dl—dtdl,—(d2,—~d30d}.
Applying Lemma 2.4, we can rewrite this as

0= "S5 (@:(~0ip g+t aly) —d2u (0,5 R+ 1))

n-1 A
—5(d1,=d3)( 855 +dlptdts).
Since the vector fields U, are eigenvectors of K, this equation reduces to
—_ At )' i 2 k
O—djk(ﬂ‘i‘za'u') di (2b +2d17) (d%; dn)( +2d*% )
Applying then the Codazzi equation d%=—d},+d%+di, gives us that

0 = d}.(2dt;—2d%:)—df.(2d ] ;—2d%,).

Hence if 7, kI, and j=I,, we see that 0=dj,. Similarly, we get d4,=0 for
i, kel, and jel,. This completes the proof of the lemma. O

LEMMA 3.4. The distributions T,, a=1, 2 are integrable.

PrROOF. Let U, ---, U,,,; be the local basis of 7T; which we constructed
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earlier. Then implies that VyU,, 7, €1, is orthogonal to T,. So,
since V is torsion free, we also have that [U;, U,] is orthogonal to T,. From

FLemma 2.4, we then see that d};=d};, which implies that [U;, U] is orthogonal
to U,. Finally, from Lemma 2.1, we see that [U,, U,] is also orthogonal to
E,. This completes the proof that 7', is integrable. The proof that T, is
integrable is similar. O

LEMMA 3.5. We also have that a.;=0, if i€l, and j&l,, i.e. Vg T,C T,
a=1, 2.

PrROOF. We use the Gauss equation to obtain for j>1 that
0 = R(E;, UYU,
= Ve,Vu,U;—u,Ve,U;—V1E, v,7U;
= 3 @an— 0 dBUn+b S 00U nt 2 (EdE)~Us(@,m)U n
Hence from this, we get that
(3.9) 0= (@esm—and)+ba,mt Ex(dB)—Us(asm),
and since A is skew-symmetric matrix, we also get that
0=— :z;:mjamk—akjdm—bamj+E1<d1’}>+U1<amj).
Interchanging m and j then yields
(3.10) 0= =S (@hness—asnd{)=ba,n+ Edin)+Ui(@m).
Adding and then gives us that
0 =% (@h+d{)ams—as(dli+din).

So for jeI, and mel,, we get (A,—2:)a;,=0. Since A,# 2, this completes the
T proof. O

LEMMA 3.6. The distributions Ty, Ta, ToPT ., and T BT, where a=1, 2
are integrable.

ProoF. From we already know that the distributions T,, a=
1, 2 are integrable. The integrability of 7T, is an immediate consequence of
and [Corollary 2.1. In the same way, the integrability of T.@®T,
follows from [Lemma 2.1 and Lemma 2.4

So, we only have to proof that T,PT, is integrable. By the above, it is
sufficient to show that [E,, U;] and [U,, U;] belong to T, for iel,. The first
assumption follows immediately from [Lemma 2.1 and Lemma 3.5, while the _
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second one is an immediate consequence of Lemma 2.3 and Lemma 3.2. [

In the following lemma, we will then obtain a new simplification of our
orthonormal frame. '

LEMMA 3.7. There are local h-orthonormal frames {V,, ---, V.,} of T, and
{Wy, -, W} of T, such that
1 vUIE1 = bE,, vElUl =0,
(2) vViEl =0, VElvi =0,
(3) Vw,E: =0, Ve W:=0,
A
@) Vs Ei=20Us,  ToUi= (264U,
A 1 A
®) W=V Vo Ve=5(2+5)Ve,
A 2
(6) Vw Uy = %‘Wu Yy W:= %‘Wi-

PrROOF. We consider the integrable distributions 7,, T, and T, defined
earlier. Since also T,PT; is integrable, we know that there exist coordinates
X1, X2, Y1, ***, ¥, 21, ==+, 25 Such that d/0x,€T,, 0/0y,€T, and 0/0z,€T,. In
order to simplify the notation, we denote d/dx;, d/dy; and 0/0z, respectively
by 6x;, dy; and 0z;.

From [(3.1), and we get that Kp T,.CT, and from
Lemma 3.1, Lemma 3.2 and Lemma 3.4, we also have that V; T,CT,. Hence,
since K=V—Y, it follows that V;,T.CT, where a=1,2 and ¥V is the Levi
Civita connection of the affine metric. Therefore, we get that ﬁaxiayjeTl. On
the other hand using Lemma 2.1, Lemma 2.3 and the fact that dx; is a com-
bination of E, and U,, we have (@ayﬁxi)Tﬁ:aiayj, where a; is a local function
on M. We now proceed in the following way. We define V, as the unit length
vector field in the direction of 6y,. Then it follows from the previous formulas
that ﬁElVlzﬁglVlzo. So, if we put V,=08y,—h(dy, V)V, we get that

ﬁazivzzaiayz*‘aih(ayz, VoV, = a;Vs.

Therefore, taking V, to be of unit length in the direction of V, we see that
also @Elez'f?Ule::O. Completing the Gramm-Schmidt orthogonalization pro-
cedure in this way, we get a local h-orthonormal frame V,, ---, V, of T, such
that \A7E1Vi=€7U1Vi=O. Similarly, we get an .h-orthonormal frame W, ---, W,
of T, such that

Ve W; =W, =0.

Hence, the frame E,, U, V4, -+, V., Wy, ---, W, satisfies conditions (1) up to
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(6) of the lemma. [

Next, we put U,=Vy, ---, U, 0=V, Uy po=W,, -+, Up_,=W, and define g,
=pp=-=g,=XA and p,.=pre='=pf,.s=2%. Then, we obtain from the
Gauss equation for ¢, 7, £>1 that

0= h(R(E,, UNU,, Uy)
= h(Ve,Vo,U,~ Yo, Ie,U,~ e v U5 Us)
(3.11) = Ey(d}y),
0=hRWU, UNU,, Uy)
= h(Vy, Yo ,U;—Vo Vo,U = v:Us U

(3.12) = Ul(d’ij)+(”—k—”2—’—i+2—b)d’;j.

Then we have the following lemma:
LEMMA 3.8. Let X,, X, X:&T, and let YV,, Y,=T,. Then
(Vh)X,, X, X5) = (Nh)XX,, Y, V) =0.
Proor. First, we take ¢, j, kel,. Then we get from that

Uiy = (B 2V ay = o (20— ).

We put c=(2b—2/(2b)). Since 1<0, from Lemma 3.2, we see that c¢+0. So,
since a, is constant we get

0:U1(al):U1_ 2 (d§j+d{fk)2:q 2 (dgj‘['d{:k)Z:C(lp
i.5, kel i.j. k€1
Hence a,=0. This implies for all 7, j, kI, that (VA)V,, V; V,)=0.

Next, we take i€l,, j, k€l,. From it follows in this case that

Ui = (2 %) dty = 5 (2 EAPR

We recall that ¢c=(2b—1/(2b))#0. So we again get that
0=Ua,) =U, > (dlfj‘*’d{:k P=c¢ 2 (d]fj+d{:k)2zca4-

icly.j. kel icly j.kely

Hence a,=0. This implies for all 71, j, kI, that NA)V,, V; V)=0. O

Applying the previous lemma, using also the fact that V7,7, has no com-
ponent in the T, direction, we also see that A(Vr,T}, T2)=h(§T2T1, Ty)=0.
Using this, going again through the proof of we find that

h(W5:,05 5, 029 =0,



Quasi-umbilical, locally strongly convex hypersurfaces 495

and hence also h(@ayjazp, 0z9)=0. So

0
-@]—(h(azp, an)) =0.
Since W, ---, W, were constructed out of 9z, ---, 9z, using Gramm-Schmidt

orthonormalization, the above formulas imply that h(ﬁyW,,, W=0, where V is
an arbitrary vector field belonging to T,. Combining this with and
the Codazzi equation, we get that

(3.13) TV, =08,20Us+ TV,
(3.14) T Wy = D (chteslVe, T, Vo= 2 bV,
A s
T Wo = (55) 00014 2 wht,

where v%,, wh, and ¢%, are local functions on M. In the following lemma, we
shall see how we can still improve our choice of h-orthonormal Vy, ---, V.,
which span T,.

LEMMA 3.9. We can choose h-orthonormal V,, ---, V. which span T, in such
a way that all previous equations remain valid and such that (3.13) reduces to

.V, =2b6,,U,.
ProoOF. First, from the Gauss equation, we obtain that

0=—20,:V.—0,V)+RV,, Vo)V,

= tél (Vl(vi,)—Vk(Uij))Vt+

r T
ME_ (Ultzjv?t_vi.;vl?t)vu'— ;_ (Uik_vltn)vgjvu-

t 1 t 1

From this, we obtain the following matrix equation.
(3.15) Vion)=Vs@)=[o, 0s1— 2 @la—vid, =0,

where v, is the (», r)-matrix with components v7,. Similarly, we obtain from
the Gauss equations 0=—49,,W,+R(V,, W)V, and 0=R(W ,, W)V, that

(3.16) Ve =Waw) =, e51— 2 chivs =0,
(3.17) W o(c)—Wo(cp)—[cpy cal— E (Whe—wp)e, =0,

where ¢, is the (r, r)-matrix with components c’,.
Now, we look at the following system of differential equations for an (7, »)-
matrix a.
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Uya) =0,
| Ey(a) =0,
(3.18)
Vila) = —av,,
Wola) = —ac,.

Using [(3.11), [3.12), [3.15), [3.16) and we get that
(B U —=UE,—[E,, Ui])a) =0,
(E\V =V iE\—[E,, Vil)a) = —aE\(ve) = 0,
(E1Wp‘_n/'pE1“‘[Eh Wp])(a) = ”"aEl(Cp) =0,

1 A
WUV 4=VaUs—[U,, VilX@) = —aUsw)+ (2= 57)avs

(- Hom ) hm o
UW =W U= [Us, W,Da) = —alls(wy) =0,
ViV ViV— Vs, Vi)
= —a(Vion=Viw)—[vy vl 5 0h—vhv;) =0,
VWp=W, V=V, Wy1)a)
= —a(Vien)=Wyw)—[v,, ¢]— B chivs) =0,
W W =W W o~ W 5, Wl)a2)

= —a(Wp(cq)-—Wq(cp)—[cp, Col— g (whe— wg,,)cl> =0.

The above equations now imply that for all vector fields X and Y tangent to
M, we have

(XY =Y X—[X, Ya=0.

Hence, for instance by introducing coordinates, it is then clear that the system
of differential equations has a unique solution a=(a;;) with initial conditions
a(p)=I. We define local vector fields V¥ by

V’f = é a'i]-Vj.
j=1
Then, it follows from the definition of a that

W,V = o (2025 )V

Ve,V =y, V=0,
Wy VE=20h(V,, VHU,.
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We denote by V* a Gramm-Schmidt orthogonalization of the V*. Since by
Lemma 3.5,

Eh(VE, V) = By B anazs) =0,

Uh(VE, V) = Us( S aunaz) =0,
Vih(VE V) = TRV, VE V+HRTr,VE VDHAVE, T,V =0,

we get that V* form an h-orthonormal frame of 7', which satisfies

Ty, V% = i(2b+—1—)vf,
Ve, Vi=0,
VVZ Vf - 5Lk2bU1 .

This completes the proof of the lemma. [

From now on, we will always work with the special h-orthonormal frame
that we constructed in the previous lemmas. Its properties can be summarized
in the following lemma.

LEMMA 3.10. Let M™ be a locally strongly convex, affine homogeneous, proper
quasitumbilical hypersurface in R**'. Assume that rank (S)>1. Then there exists
a local h-orthonormal basis {E., U, V,, -, V., Wy, ---, W}, where r+s=n—2,

such that
VU1E1 == bE1 VE1U1 = 0
vV1~E1 =0 VE'IVi =0
VWiE1 = 0 VEIWi = 0
' 2
Ve E, = 2bU, Vo.Us = (2045 )Us
2 1 2
VU=V Vo, V:= —2—(2b+%)vi
2 2
Vi Uy = 5 W, Vo Wi = oW,

where A and b are constants on M related by A=—2b*r+3)/(1+s+7/2) and w¥;

VViVj = 51;j2bU1

VVin = ké‘al (citci)Ve

VWjVi = é Clj"in
k=1

W, = ()8 3 wh 0,

2b
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and c%; are local functions.
We consider now different cases depending on the dimension of M.

LEMMA 3.11. Let M?® be a locally strongly convex, affine homogeneous, proper
quasitumbilical hypersurface in R*. Assume that rank (5)>1. Then either
(1) there exists a local h-orthonormal frame E,, U,, V, on M such that

Vy,E: = bE,, Vs, E, = 2bU,, U,V = 26U,
VVlEl = O, VE1V1 = O, VEIUI = 0 y

2 1 2 2
ToUs = (24520 ToVi=5(20455)Ve WlUi=5p Ve,

where 2=—(16/3)b?, or
(2) there exists a local h-orthonormal frame E., U,, W, on M such that

Vy,E, = bE,, Ve, Ey= 20U, VW, = _2%

VWIEI = 0, VE1W1 = 0: vElUl = O:

Ul:

A A A
VU1U1:(2b+‘2—5‘)U1, VU1W1:—2—b—W1, VW1U1:7Z;WI;

where A=—23b.

Proor. Since M is 3-dimensional, we have either »=1 and s=0 or »=0
and s=1. In the first case, the result follows immediately from
In the second case, we use the apolarity condition for W, to obtain that
h(vwlwl, Wl):O- ]

LEMMA 3.12. Let M* be a locally strongly convex, locally homogeneous,
proper quasiumbilical hypersurface in R°. Assume that rank (S)>1. Then either
(1) there exists a local h-orthonormal frame E,, U, V., V, on M such that

Yy, E, = bE,, Ve, E: = 26U, YV, = 266U,
Yy, E, =0, Ve,V =0, Ve, U, =0,

2 1 2 2
VUi = (26455 )0s Vo Vi=5(26455)V0 W Ui= Vi

where A=—5b%
(2) there exists a local h-orthonormal frame E,, U, V,, W, on M such that

leEl — bEl, VE'IEI - 2bU1, viVI — 2bU1 5
Vw By =VeW,=0,  Vy,E,=Y5V,=0, Ve U, =0,

2 1 2 2
T U= (245 )0 Vo Vi=(2+55)Ve  Tnli= Vs,



Quasi-umbilical, locally strongly convex hypersurfaces 499

A

VU1W1 = leUl = %Wl )
A
VW1W1 = ‘2_bU1_CW1, VW1V1 = CVl, VV1W1 - 2CV1,

where 2=—(16/5)b* and c¢ is a positive number with ¢*=(24/25)b?,

(3) with respect to the affine metric h, M is a product manifold M,XM,,
where M, is a space of constant sectional curvature —3b®. Moreover E, and U,
locally span TM\(=T,) and for W, and W, tangent to M,, we have

A

Vo, Ei = U, =0, g E, =0bU,, Ve U= —bE,
Kz ,Ey = bU,, Ko Uy = (2445)0,,  KslUy=bE,,
1 1 Zb 1
B 2 _s Ay
KegW,=0, Ky W= _2?Wi; Ky W;= 5ij‘2_b 15

where A=—2b% or
(4) there exists a local h-orthonormal frame E., Uy, W, W, on M such that

VUIEI — bE1, vElEl — 2bU1, VU1U1 = (2b+”22—b)U1 ’

A A
vWIVV'I = -2—b_U1+aW1y VWZVVZ = %Ul—awly VE1U1 = O)

A
VW1W2 = VW2W1 = —aWz, VW,;EI = VEIWi = 0, VUIWi = vWiUl = %‘Wz ’

where A=—2b% and a is a positive number with a*=(3/2)b°.

ProoF. First, we consider the case that r=2 and s=0. Applying
3.10, immediately completes the proof in this case.
Next we consider the case that r=1=s. From [Lemma 3.10, we obtain that
there exist local functions w and ¢ such that
A

VV1V1 = 2bU1, VW1W1 - %Ul_i_wwl

Vlel == CVl, VVIWI == 2CV1.
The apolarity condition for W, then implies that w=—¢ and since a; is constant

on M, we get that ¢ is a constant. Also, if necessary by changing the sign of
W,, we may assume that ¢ is positive. The Gauss equation then gives us that

1 2
V.= RV, WOW, = (%) Vi—6¢tV,.

Since 2=-—(16/5)b?, now completes the proof in this case as well.
Finally, we consider the case that »r=0 and s=2. In this case, we get from
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Lemma 3.10 that
@W1U1 = ﬁUIWi = ﬁWiE1 = €7E1VVi =0.

Let peM. Denote by M, the integral manifold through p corresponding to
the distribution 7,, a=0, 2. The above formula implies that, as a Riemannian
manifold, M is the product of M, and M,. It also follows that W, and W, can
be interpreted as tangent vector fields to M,. Further,

KgE, = bE,,
KeUi= KW, =0,
A
KU1U1 - (2b+§5‘>U1 ’
ys
KUIWi = ‘Q‘b—W; .

We now restrict ourselves to the integral manifold M, Clearly, we have

that
A

2
DW':WJ' = kgl wlf;jWk +51]<—2_b-U1+E)

A A \2
Dy (55 Ust+8) = ((5) —4)We.

By we get that the image of M, lies in a 3-dimensional affine space,
which we will denote by R3. By the apolarity condition of M, the affine normal
is given by (4/2b)U,+&. Since the distribution T, is determined in an affine
invariant way, the local homogeneity of M implies that also the leaves of T,
are homogeneous hypersurfaces. So M, is a locally strongly convex, locally
homogeneous 2-dimensional hyperbolic affine sphere. Applying then the clas-
sification theorem of [NS], we then see that either M; is a hyperboloid, with
curvature —3b®> and K* vanishes identically or we can choose Ai-orthonormal
W, and W, on M, in such a way that V"pffinzo, 7, 7=1, 2 and moreover

K#VlIvl = an, K)‘l;’zWZ = —an,
K;flez = K;kvzwl = —aW,,

where a is a positive number satisfying 2a*=21—(1/2b)* and V* (resp. K*) is
the restriction of V (resp. K) to the T,-component.
We now extend in a parallel way W, and W, to local vector fields on M,

X M,. Since, from and it follows that
Uih(Kw W;, Wi) = E«(h(Kw W;, Wi)) =0,
we obtain (3) and 4). O
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Using the two previous lemmas by introducing suitable coordinates and
integrating explicitly the following theorems follow immediately.

THEOREM 3.1. Let M?® be a locally strongly convex, locally homogeneous,
proper quasiumbilical hypersurface in R'. Assume also that rank (S)>1. Then
M is affine equivalent to the convex part of ome of the following hypersurfaces:

(y— —é— ch)s1j2w2 =1,

where (x, v, z, w) are the coordinates of R*.

THEOREM 3.2. Let M* be a locally strongly convex, locally affine homogeneous,
proper quasi-umbilical hypersurface in RS. Assume also that rank (S)>1. Then
M is affine equivalent to the convex part of one of the following hypersurfaces:

(y—%xZYu”vzw3 =1,

3 e,

y= z 4

(=7
o d s
(-5 )<z —wun) =1,

where (x, y, z, w, u) are the coordinates of R°.

Combining the above two theorems with the main theorem of [DV1] then
completes the proof of Theorems 2 and 3.

REMARK. To obtain a complete classification of quasi-umbilical homogeneous
hypersurfaces seems to be much more complicated. One of the reasons is
technical. In dimensions 3 and 4, we immediately get from Lemma 3.7 that
[Kw, Kw]T:=0, where W, WeT,. For higher dimensions this condition is not

satisfied automatically.
Also, the number of different examples increases rapidly with the dimension

of M. For example

(== BRI+ e

5 _
(-7 8(EG

i

2 22384 2 pea)
) )) F(er '“’zp> (rrni :1)

where F is the homogeneous function of degree d associated with a homo-
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geneous hyperbolic affine sphere (see [DV2]), is an example of a proper quasi-
umbilical affine homogeneous hypersurface. Its dimension is equal to n, where

n=p+q+1+ g}:(si+n)-

It can be checked that all of the above examples satisfy the technical condition
mentioned earlier. One could ask whether these are all the quasi-umbilical
homogeneous hypersurfaces which satisfy that condition.
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