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1. Introduction

In 1873, Clifford-Klein space forms made their way into mathematics history with a talk given by
W. K. Clifford at the British Association for the Advancement of Sciences meeting in Bradford in
September 1873 and a paper he published in June of the same year. Clifford’s talk was titled on a
surface of zero curvature and finite extension, and this is the only information that is available in the
meeting proceedings. However, we have further information about it because to F. Klein, who attended
Clifford’s discussion and provided various versions of it [11]. In the context of elliptic geometry—
which Clifford conceived in Klein’s way as the geometry of the part of projective space limited by a
purely imaginary quartic—Clifford described a closed surface which is locally flat, the today so-called
Clifford surface (this name was introduced by Klein [11]). This surface is constructed by using Clifford
parallels; Bianchi later provided a description by moving a circle along an elliptic straight line in such a
way that it is always orthogonal to the straight line. So Clifford’s surface is the analogue of a cylinder;
but since it closed - it is often called a torus.

Let (M, g) be a compact minimal hypersurface of the unit sphere S"*! with the immersion ¢ :
M — S™!. Then we have the immersion y = t oy : M — R™? in the Euclidean space R"*?,
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where 1 : §"! — R"?2 is the inclusion map. The problem of finding sufficient conditions for the

hypersurface M of the unit sphere S™*! to be the Clifford hypersurface S ( \/g) X §™( \/%), where
t,m € Z*,£ + m = n or the unit sphere S” is one of an by the interesting questions in the differential
geometry and specifically in the geometry of the hypersurfaces in a sphere. Many authors including
the author of the article with others studied this problem in various ways (cf. [1,4-8]). For notation
and background information, the interested reader is referred to [2, 3].

We denote by A = Ay and Ay; = -1 the shape operators of the immersion  and i corresponding to
the unit normal vector field N € ¥(S"*') and N € ¥(R™*?), respectively, where X(S"*') and ¥(R"*?) are
the Lie algebras of smooth vector field on S"*! and R"*2, respectively.

Note that we can express the immersion i as

$=v+fﬁzu+pN+fN,

where v is the vector field tangential to S"*!, u is the vector field tangential to M, p =< ¥, N >,
f =<y, N > and <, > is the Euclidean metric.

In [7], we obtained the Wang-type inequality [12] for compact minimal hypersurfaces in the unit
sphere S?"*! with Sasakian structure and used those inequalities to characterize minimal Clifford
hypersurfaces in the unit sphere. Indeed, we obtained two different characterisations (see [7,
Theorems 1 and 2]).

In this paper, our main aim is to obtain the classification by imposing conditions over the tangent
and normal components of the immersion. Precisely, we will prove that if p>(1—8)+¢*(a—1a) > 0 and
Z(p) = {x € M : p(x) = 0} is a discrete set where « and 3 are two constants satisfies (n — 1)a < Ric <

B, < 1, then M isometric to the Clifford hypersurface S ¢( \/%) X S"(\/®), where £,m € Z*,{+m = n
(cf. Theorem 3.1). Also, in this paper, we will show that if M has constant scalar curvature S with
u is a nonzero vector field and Vvp = AV f, 1 € R*, then M isometric to the Clifford hypersurface

S \/%) X §"(\[E), where £,m € Z*,{ + m = n (cf. Theorem 5.2). Also, we will study the cases:

(i) when v is a nonzero vector field normal to M or tangent to M,
(i1) if u is a nonzero conformal vector field,
(iii) the case if v is a nonzero vector field with p is a constant or f is a constant.

2. Preliminaries

Let (M, g) be a compact minimal hypersurface of the unit sphere S"*!, n € Z* with the immersion
M — S™'andlety = toy : M — R™. We shall denoted by g the induced metric on
the hypersurface M as well as the induced metric on S"*!. Also, we denote by v , N and D the
Riemannian connections on M, S™*! and R"*2, respectively. Let N € X(S"*!) and N € X(R™*?) be the
unit normal vector fields on S"*! and R™*?, respectively and let Ay and Ay; = —I be the shape operators
of the immersions ¢ and ¥, respectively.

The curvature tensor field of the hypersurface M is given by the Gauss formula:

RX,V)Z = g(Y,2)X — g(X,2)Y + g(AY,Z)AX — g(AX, Z)AY, 2.1)

forall X,Y,Z € X(M).
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The global tensor field for orthonormal frame of vector field {e, ..., e,} on M" is defined as

n

Ric(X,Y) = ) {g(R(ei, )Y, e)), 22)

i=1
for all X, Y € y(M), the above tensor is called the Ricci tensor.
From (2.1) and (2.2) we can derive the expression for Ricci tensor as follows:

Ric(X,Y) = (n—1)g(X,Y) — g(AX, AY), (2.3)
If we fix a distinct vector e, from {ey,...,e,} on M, suppose which is u. Then, the Ricci curvature Ric
is defined by
Ric= " |g(Rieneew e} = (n = Dlul’ - lAul?, (2.4)
p=1,p#u

and the scalar curvature S of M is given by
S =n(n—-1) - AP, (2.5)

where ||A|| is the length of the shape operator A.
The Ricci operator Q is the symmetric tensor field defined by

0X = > R(X,ee; (2.6)
i=1

where {ey, ..., e,} 1s a local orthonormal frame and it is well known that the Ricci operator Q satisfies
g(0X,Y) =Ric(X,Y) forall X,Y € X(M). Also, it is known that

1
2, (Qene) = 5(98), 2.7

where the covariant derivative (VQ)(X,Y) = vxQY — Q(VxY) and VS is the gradient of the scalar
curvature S.
The Codazzi equation of the hypersurface is

(VA)X,Y) = (VA)(Y, X), (2.8)

for all X,Y € X(M), where the covariant derivative (VA)(X,Y) = VxAY — A(VxY). A smooth vector
field ¢ is called conformal vector field if its flow consists of conformal transformations or equivalently,

L.g =27g,

where L,g is the Lie derivative of g with respect to {.

For a smooth function k, we denote by Vk the gradient of k and we define the Hessian operator
A X(M) — X(M) by A, X = Vyx V k. Also, we denote by A the Laplace operator acting on C*(M)
the set of all smooth functions on M. It is well known that the sufficient and necessary condition for
a connected and complete n-dimensional Riemannian manifold (M, g) to be isometric to the sphere
S"(c), 1s there is a non-constant smooth function k € C*(M) satisfying A, = —ckl, which is called
Obata’s equation.

Now, we will introduce some lemmas that we will use to prove the results of this paper:

AIMS Mathematics Volume 9, Issue 10, 26951-26960.



26954

Lemma 2.1. (Bochner’s Formula) [9] Let (M, g) be a compact Riemannian manifold and h € C*(M).
Then,

f {Ric(Vh,Vh) + || AL = (ah)*} = 0.
M

Lemma 2.2. [9] Let (M, g) be a Riemannian manifold and h € C*(M). Then
D (VA(ei &) = Q(Vh) + v(ah),
i=1

where {ey, ..., e,} is a local orthonormal frame and (VA,)(X,Y) = VxA,(Y) — An(VxY), X, Y € X(M).

Lemma 2.3. Let (M, g) be a compact minimal hypersurface of the unit sphere S"™', n € Z* with the
immersion y : M — S"" and let y = 1oy : M — R™>. Then

(i) Vxu = (1 — )X + pAX forany X € X(M), Vo = —Auand V[ = u.
(ii) np = —pllA|* and Af = n(1 — f).
(iii) [lptrA® + (5 = D1 = )} =0and [ p|AIP = [ l|AulP
(iv) Let o = 1 —f. Then Vo = —u,Ap = —ny and f llul? = nfgpz, where v is the vector field tangential
10 S™', u is the vector field tangential to M, p =< ¢, N >, f =< ¢, N > and <, > is the Euclidean
metric on R"2,

Proof. (i) Note that as ¢ = u + pN + fN, for any X € X(M):

X = Dyu + X(o)N + pDxN + X(f)N + fDxN
= Vyu + g(AX, u)N — g(X,u)N + X(p)N — pAX + X(f)N + fX,

by equating tangential and normal component, we get
Vxu = (1 - )X + pAX,

Vp = —Au,

and
Vf=u.

(ii) As M is a minimal hypersurface of §"*!,
ap == 8(VeAue) = = Y [2((1 = fle; + pAe;, Ae) + g(u, V., Ae)] = —plIAIP,
and
5f =) 8(Vaue) == Y (1 = flei + pAes e)) = n(1 = f).
(111)
divA ¥ p == ) [8((1 = fe; + pAe, Ae) + g(u, Vo A%e))]

1
= —(1= PlIAI* - ptrA* + 5 v
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=1 - )S —nn - 1) - ptrA® + %divSu - gS(l "

= (1- g)a — S —nln—1)(1 = f) - ptrA® + %a’ivSu.

So, if M is a compact, we get

f{ptrA3 + (g (1= S} =0.

Also, note that
1
5 20" = =pIAI” + llAulP.

f/OZIIAII2 = fIIAullz-

Vo=—-V f=-u

So, since M is a compact, we get

(iv) Let o = 1 — f. Then,

Also,

Ap=—Af=-nyp

Also, note that

1
38 ¢ = —ng® + ||ul*.

f||u||2=nf<ﬁ2~

Since M is a compact, we get

O

Note that as Af = n(1 — f), f 1s a constant if and only if f = 1. In Section 3, we study the case
when Z(p) = {x € M : p(x) = 0} is a discrete set and p>(1 — B) + ¢*(@ — 1) > 0, where @ and 8 are
two constants satisfying (n — 1)a < Ric < (n — 1)B, B < 1. In Section 4, we study the cases v is a
nonzero vector field with f or p is a constant, the cases v is a nonzero vector field tangent or normal
to the minimal hypersurface M and the case if u is a nonzero conformal vector field. In Section 5, we

study the case under the restriction Au = Au, A € R.
3. Minimal hypersurface with Z(y) is a discrete set
Note that on using Lemma 2.3(iii), we get

0= f{/OZIIAII2 — [l AulP).

Combining Lemma 2.3(iv) with Eq (2.2), we conclude

0= f{pz(n(n —1)-S8)+ Ric(u,u) — n(n — 1)(,02}.
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Let o and g be two constants satisfying (they exist owing to compactness of M) (n — 1)a < Ric <
(n — 1)B8, B < 1. Then, using above equation, we get

0> f (n(n = 1Y% = n(n = DB + (n — Dalulf = n(n - 1¢?)
- 1) f (021 = B) + P — D).

Assume that p*(1 — 8) + ¢*(a — 1) > 0, which in view of the above inequality implies

p* = (%)902.
Assume that Z(yp) is a discrete set, then on using (()’—;)2 = %‘; on M — Z(¢). As p and ¢ are continuous
functions and Z(y) is a discrete set we get (g)2 = II%Z on M. Sop = ke, k = \/% is a constant. Thus,
by Lemma 2.3(i), we have
IAIPp = nkg,
and hence
(AP = n) =0,

thus either k = 0 or ¢(||A||> = n) = 0. If k = 0, then @ = 1 and therefore M isometric to the unit sphere
S" and it will imply 8 = 1, which is a contradiction with our assumption 8 # 1. So ¢(||A|]* — n) = 0,
but as ¢ # 0 on M — Z(p) and Z(yp) is a discrete set we get ||A|> = n on all M, by continuity of

the function ||A|?>, and therefore M isometric to the Clifford hypersurface S ¢( \/%) X §™(\[T), where
t,m e Z*, £ + m = n. Thus, we have proved the following theorem:

Theorem 3.1. Let M be a compact connected minimal hypersurface of S"' and a and f8 be two
constants such that (n — Na < Ric < (n— 1B, B < 1. If p>(1 = B) + p* (@ — 1) > 0 and Z(p) = {x €

M : o(x) = 0} is discrete, then M isometric to the Clifford hypersurface S*( \/%) X §™( \/?), where
t,meZ, L+m=n.

4. Minimal hypersurface with v is a nonzero vector field

In this section, we study the cases v is a nonzero vector field that is either tangent or normal to the
minimal hypersurface M. Also, we will study the cases v is a nonzero vector field with f or p is a
constant, and the case if u is a nonzero conformal vector field.

Theorem 4.1. Let M be a complete minimal simply connected hypersurface of S™*'.

(i) If v is a nonzero vector field tangent to M, then M isometric to the unit sphere S".
(ii) If v is a nonzero vector field normal to M, then M isometric to the unit sphere S".

Proof. (1) As p = 0, using Lemma 2.3(i) and (iv), we get
Vx(Ve) = ¢X,
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for any X € X(M). So A X = —¢X for any XinX(M). If ¢ is a constant then u = 0 and v = 0, which is
a contradiction. So ¢ is nonconstant function satisfies the Obata’s equation and therefore M isometric
to the unit sphere S”.

(i1) Note that as u = 0 and divu = n(1 — f) (Lemma 3.2(i1)), we get f = 1, so by Lemma 3.1(1), we
have pAX = 0 for all X € X(M), but p # 0 since v is nonzero vector field. So AX = 0 for all X € X(M)
and therefore M isometric to the unit sphere S”. O

Theorem 4.2. Let M be a complete minimal simply connected hypersurface of S™'.

(i) If v is a nonzero vector field and p is a constant, then M isometric to the unit sphere S".
(ii) If v is a nonzero vector field and f is a constant, then M isometric to the unit sphere S".

Proof. (i) If p # 0, then by using Lemma 2.3(ii), we get p||A|> = 0 and therefore M isometric to the
unit sphere S”. If p = 0, then by using Lemma 2.3(i) and (iv) we get Vxu = —¢X for any X € X(M). So
A X = —pX for any X € X(M). If ¢ is a constant then # = 0 and v = 0, which is a contradiction. So ¢
is nonconstant function satisfies the Obata’s equation and therefore M isometric to the unit sphere S”.
(ii) If £ is a constant, then u = Vf = 0, so Vp = —Au = 0, so p is a constant and hence p||A|]> = 0, so
either p = 0 or M isometric to the unit sphere S”. Assume, p = 0 then u = Vf = 0 and thus v = 0,
which is a contradiction. So M isometric to the unit sphere S”. O

Theorem 4.3. Let M be a complete minimal simply connected hypersurface of S"™'. If u is a nonzero
conformal vector field, then M isometric to the unit sphere S".

Proof. Assume u is a conformal vector field with potential map o then for any X, Y € X(M):
208X, Y) = g(Vxu, Y) + g(Vyu, X) = 2(1 — g(X,Y) + 2pg(AX, Y).

SopAX = (o + f — 1)X for any X € X(M).

If p = 0, then M isometric to the unit sphere S” (by Theorem 4.2(i)).

Ifp#0,thenA = FI, F = Hf% , that is M is a totally umplical hypersurface of S"*! but M is
minimal hypersurface of §"*! so M isometric to the unit sphere S”. O

5. Minimal hypersurface with Au = Au, 1 € R

Theorem 5.1. Let M be a complete minimal simply connected hypersurface of S"™'. If Au = Au, 1 € R
and rp # 0, then
(n = DllulP® + ng?

Al = 22 .
Al n(n—Dg?* —(n—1-2)|ul?

Proof. We know that

AP =D g Aged = 223 &((1 = fle; + pAei, (1 = fle; + pAer) = Llng + plAIP].

Also,

AP =" g(Arer Age)y = Y &((1 = lei + pAes, (1 = fle; + pAer) = ng® + pPIAIP.
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By using Lemma 2.3(iii), we get
f}ozllAll2 =2 f 1A,
Using the Bochner’s Formula (Lemma 2.1) for the smooth function p:
0= f {Ric(Vp, Vp) + Al = (8,))
= f{/lz(n — 1= D)llull® + ng? + Plull® - pllAIIY)

:fbﬂn—nwW+A%¢—pmmm.

This implies
PAIANY = A2[(n = Dllul* + ng].

Now, using the Bochner’s Formula (Lemma 2.1) for the smooth function f:
0= f{RiC(Vf, V) + AP = (ap)%) = f{(n — 1 =)l + P NAIP = n(n — D).

Now as Ap # 0, p A p # 0 and hence p?||A|* # 0 and therefore

(n = Dllull® + ng?

Al = A2 .
Al nn—1¢? —(n—-1-22)|ul?

O

Theorem 5.2. Let M be a complete minimal simply connected hypersurface of S"*' with constant
scalar curvature S. If u is a nonzero vector field, Au = Au, A € R*, then M isometric to the Clifford

hypersurface S*( \/%) X S"( \/%), where E,m e Z, €+ m = n.
Proof. We notice that
D (VAN eie) == D Ve, Vo Au= =2 ) [~ e + ei(p)Aeil = A1 + Pu.
Also for any X € y(M), we have
g0V p,X) = —ARic(u, X) = —A(n — 1 — AH)g(u, X).

Thus
QVp=-An—-1-u,

and
v(ap) = =V (pllAIP) = —[p V [IAI? = Al|A|Pul.
Using Lemma 2.2, we get
AL+ Pu=-An—-1-2u—-pv A + A u.
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But ||A]]? is a constant, since the scalar curvature S is a constant (see Eq (2.2)). Thus
A1+ Py = A1+ A)u — Anu + A|Alu,

and so

A(n = ||AIP)u = 0,
since 1 # 0 and u is a nonzero vector field, ||A|> = n and therefore M isometric to the Clifford
hypersurface S ¢( \/g) X S™(\[2), where {,m € Z*,{ + m = n. o

Remark 5.1. Note that the structure of [10] can be viewed as an example of the current article’s
structure in specific cases. In other words, the structure used for the article [10] can be recovered
specifically if we select | = 1,m = 2 and n = 3. Because of this, the structure used in this article is the
generalized case of [10].
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