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1 Introduction

Throughout this article, let Q be a bounded domain with smooth boundary 4 in the Euclidean n-space R".
Consider the Neumann eigenvalue problem of the Laplacian A as follows:

-Au=pyu in Q,

(WD)
% =0 on 09,
ov

where % is the outward normal derivative on the boundary 0Q w.r.t. the outward unit normal vector v. The
system (1.1) can be used to describe the vibration of membrane and is also called the free membrane problem. It
is well known that this problem has discrete spectrum {u;};z; diverging to infinity and satisfying

0= 1y(R) < y(Q) < Us(R) S+ 1 + 0o,
In [1], Ashbaugh and Benguria conjectured that
c 1
2 2 :
i=1 .ui+1(g) .uz(BSZ)

with equality if and only if Q is a ball, (1.2)
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where By is the ball of same volume as Q, (1,(Q) is the ith Neumann eigenvalue on Q, and u,(Bg) is the first
nonzero Neumann eigenvalue on Bg. In [21], Wang and Xia proved that

n-1 1 n-

2 2 ;

i=1 tui+1(9) :uz(BQ)
which supports the above conjecture of Ashbaugh and Benguria.

On the other hand, corresponding to the Li-Yau’s classical result for Dirichlet eigenvalues of the Laplacian
[15], Kroger [14] obtained the following inequality for the sum of the Neumann eigenvalues:

with equality if and only if Q is a ball, (13

EI

1
wn|Q|

n k%z
n+2

k
2 14(Q) s (1) . k21, (14)

Jj=1

and the upper bound estimate for the (k + 1)th Neumann eigenvalue

(@) < ()] 222 ] ;

20,9 ke, k=0,

where w, denotes the volume of the unit ball in R" and |Q| represents the volume of Q.
Consider a Neumann-type eigenvalue problem of the biharmonic operator A? as follows:

Nu - tAu = Au in Q,
o%u B
a- G)W +0Au=0 on 0Q, (1.6)
ou ) oAu
e (1 - 0) divae(D?u - V)ag — - 0 on 09,

where7 2 0 and g € (-1/(n - 1), 1) are two constants, and divyg denotes the tangential divergence operator on
09Q, D?u is the Hessian matrix of u and (D%u - v)yq stands for the projection of D?u - v to the tangent bundle of
0Q. In this setting, problem (1.6) has discrete spectrum and all the eigenvalues in the spectrum can be listed
non-decreasingly as follows (e.g., [8, Proposition 4.1]):

0 = Ay(Q) < AQ) < Ag(Q) S-S+ 1+ o,

This problem is called the eigenvalue problem of free plate under tension and with nonzero Poisson’s ratio,
which for n = 2 can be used to describe the deformation of a planar material under compression, 7, g denote a
parameter related to the tension and a Poisson’s ratio of the material, respectively. By the Rayleigh-Ritz
characterization, the Neumann-type eigenvalues (if exist and with the abuse of terminology) of (1.6) are given
by (e.g., [8,16] while [2,7] for the case g = 0)

A@ = int IQ[(l - 0)|D%uf? + a(Au)® + 7 |Vup]
W(Q) =

0+uEHX(Q) Ig”z

Jug=0, =1, k-1, %)
Q

where V is the gradient operator, u; is an eigenfunction corresponding to the eigenvalue Ay(Q), and

2

2

|D?uf? = Z?j=1[%] . For convenience, without specification, in the sequel we will drop the integral measure
\ 0%

for all integrals.

Remark 1.1.
(1) In[7,8,16], the authors therein used the operator Proj aQ[(Dzu)v] to denote the projection of (D*u)v onto the

space tangent to 0, which obviously has the same meaning as (Du - v),q here.
(2) As before, let Bo C R"™ be the ball of same volume as Q. When 7 > 0, g = 0, Chasman [7] proved the
following isoperimetric inequality:

M(Q) £ My(Bg), with equality if and only if Q is a ball.
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When 7> 0, 0 € (-1/(n - 1), 1), Chasman [8] conjectured that the above isoperimetric inequality is still
true and successfully proved a weaker version of it. Moreover, she also gave numerical and analytic
evidence to support this conjecture — see [8, Section 8] for details.

When 7 2 0, 0 < g <1, for the eigenvalue problem (1.6), we can obtain the following:

Theorem 1.2. Let Q, |Q| and w, be defined as before, and let A{(Q) be the jth eigenvalue of system (1.6).
(i) Whent2>0and0 < o <1, we have

4 2
n n

k
n n+d n n+2 1
A(Q) < 2m)* k' + 7(21)? ] , k=1, (1.8
,zl ! (n+4)" (wilQl (n+2)" (wlQl
(ii) Whent=0and0 < o<1, it holds
4
n+4 |
Nen(@) < @0\ e kr, k=0 (1.9)
n
(iii) Whent> 0and0 < ¢ <1, we have
el )
Ax+1(R) £ min o0l - k@O k=0. (1.10)
r>2n[w179|]n

Remark 1.3.

(1) Recently, when 7 = 0, o = 0, Brandolini et al. [2] have already obtained upper bounds for the sum of the
first k eigenvalues Ay(Q) and for the (k + 1)th eigenvalue Ax+1(R). Inspired by this fact and our Theorem 1.2
here, together with the coercivity argument for the sesquilinear form shown in [8, Section 4], the corre-
sponding author, Prof. J. Mao, and his another collaborator can also obtain the estimates (1.8)-(1.10) under
a more general setting that 7 2 0, 0 € (-1/(n - 1), 1) — see [16, Theorem 1.1 and Corollary 1.2] for details.
Although [16] has been published formally recently, we still prefer to remain Theorem 1.2 to emphasize
and embody the origin and continuity of our thought.

(2) One might find that Theorem 1.2 can be seen as a generalization of those related eigenvalue estimates
shown in [5, 19].

(3) Clearly, if 7 = 0 and ¢ = 1, then (1.6) degenerates into

Nu = Au in Q,

oAu (1.11)
Au=——=0 on 0Q.

ov

At the end of [8, Section 4], Chasman showed that for the eigenvalue problem (1.11), all H%(Q) harmonic
functions are eigenfunctions with eigenvalue zero, and one has at least an eigenvalue of infinite multi-
plicity. Based on this fact, we need to expel 7 = 0, 0 = 1 in Theorem 1.2 here.

We also consider the following Steklov-type eigenvalue problem of the biharmonic operator

D>u-tAu=0 in Q,
o%u
a- G)W +0Au=0 on 09, 1.12)
o] oA
ra—’: - (1 - o) diveg(D%U - V)ag - a—v” = Au on a2,

where 7,0 € R and other same symbols have the same meanings as those in (1.6).
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Remark 1.4.

(1) Li and Mao [17, Theorem 2.1] showed clearly that if 7 > 0 and o € (-1/(n - 1), 1), the eigenvalue problem
(1.12) has the discrete spectrum and its elements (i.e., eigenvalues) can be listed non-decreasingly as
follows:

0= 4(Q) < 1(Q) < A(Q) £+ A(Q) <+ 1 o0,

By means of variational principle, the Rayleigh-Ritz-type characterization of the kth eigenvalue Ax(Q) is
given by
[l - oD% + a(awy? + 7 |Vup]

A(Q) = inf {2 =0,j=1,...k-1, 113
k(L) OWIEHHZ(Q) _[aguz 5[2uu, 0,j=1,..k (113

where u; is an eigenfunction corresponding to the eigenvalue A;(Q). Besides, the eigenfunction u; of
A(R) = 0 should be nonzero constant function.

(2) Whent > 0,0 = 0, Buoso and Provenzano [6] proved an isoperimetric inequality for the fundamental tone
A(Q) of system (1.12) which states that

A(R) < A(By),

with equality if and only if Q is a ball. Here, as before, B, C R" is the ball of same volume as Q. Recently, Li
and Mao [17, Theorem 1.1] showed that the above isoperimetric inequality is still true for 7 > 0 and
o € (-1/(n - 1), 1), and moreover, the inequality can be achieved when Q is the ball Bg.

(3) For some other estimates for A;’s, see, e.g., [3,4,6,12,22].

Our next result is a sharp lower bound for the sum of the reciprocals of the first n nonzero eigenvalues of
problem (1.12).

Theorem 1.5. Let Q and || be defined as before, and let A;(Q) be the jth eigenvalue of system (1.12). Whent > 0
and g € (-1/(n - 1), 1), we have

1 oo
4@ Q[ HP

1.14)

||M.:

where H is the mean curvature vector of 9Q inR",|0Q| denotes the area of Q. Equality in (1.14) holds if and only
ifQis a ball

Using the monotonicity of eigenvalues A;’s and Theorem 1.5 immediately, we obtain

i |oQf
Az(Q) =REON T|Q|I69|H|2’

which directly implies the following Reilly-type eigenvalue estimate.

Corollary 1.6. Under the assumptions in Theorem 1.5, we have

12 2
<
(@) < neoon [,
oQ
with equality holding if and only if Q is a ball.

Remark 1.7. Clearly, when the Reilly-type eigenvalue estimate in Corollary 1.6 attains the equality case, one
also has 4(RQ) = A(R) == A141(Q).

Let M be an n-dimensional compact submanifold without the boundary, and the so-called closed eigen-
value problem of the Laplacian A on M is actually to find all possible real numbers such that
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Au+ngu=0 inM

has non-trivial solutions. It is well-known that in this setting, A only has discrete spectrum and all the elements
(i.e., eigenvalues) in this discrete spectrum can be listed non-decreasingly as follows:

0= @) < ny(M) < ng(M) << (M) <= 1 00,

The eigenspace of ;(M), which consists of all the eigenfunctions of n,(M), has finite dimension, and moreover,
each n;(M) in the above sequence should repeat according to its multiplicity (i.e., the dimension of its eigen-
space). It is easy to know that the eigenfunctions of the first trivial eigenvalue n,(M) = 0 are nonzero constant
functions. By using the variational principle (i.e., essentially, Rayleigh’s theorem and Max-min theorem - see,
e.g.,, [9, Chapter I]), one knows that the kth closed eigenvalue 1, can be characterized as follows:

Jyvu?
nM) = inf
0ucHXM) IMuZ

Jug =0, j=1, k-1,
M

where y; is an eigenfunction corresponding to the eigenvalue 7,(M), and as usual, by the abuse of notations,
is the gradient operator.

Our final result is a sharp lower bound for the sum of the reciprocals of the first n nonzero eigenvalues of
the Laplacian on a closed submanifold immersed in a Euclidean space. Namely, we have:

Theorem 1.8. Let M be an n-dimensional compact submanifold without the boundary isometrically immersed in
RN and let 1;(M) be the jth closed eigenvalue of the Laplacian on M. We have

§ 1w
j=1 ’7]'+1(M) IM|ﬁ|2 ’

(1.15)

where H is the mean curvature vector of M in RY. Moreover, whenn = N - 1, equality holds in (1.15) if and only
if M is a hypersphere of RN, and when n < N - 1, if the equality holds in (1.15), then M is a minimal submanifold
of some hypersphere of RN,

Using the monotonicity of nonzero closed eigenvalues r;’s of the Laplacian and Theorem 1.8 immediately,
we obtain

=

n 1 M|
> J—

- > > ——
(M) 5 IM|H|2

which directly implies the following Reilly’s eigenvalue estimate (i.e., the main result of the influential
article [20]).

Corollary 1.9. Under the assumptions in Theorem 1.8, we have

n —
M) < — | |HP,
(M) |M|£| |

and moreover, the equality holds implying the rigidity described as in Theorem 1.8.

Remark 1.10.
(1) Clearly, when the Reilly-type eigenvalue estimate in Corollary 1.9 attains the equality case, one also has
n,(M) = ns(M) =---= n,.,(M), and if furthermore n=N -1, then n,, (M) > n,,,(M) = nM) for i=

2,3,...,n+1, since the multiplicity of the first nonzero closed eigenvalue of the Laplacian on any
n-sphere in R™! is n + 1 and the corresponding eigenfunctions are the restrictions (to n-sphere) of
n + 1 coordinate functions of R™*! (e.g., [9, Chapter 2] for this fact).

(2) Except Reilly’s estimate for the first nonzero eigenvalue of the Laplacian (see [20] or Corollary 1.9 here) and
our Reilly-type estimate for the first nonzero eigenvalue of (1.12) - the Steklov-type eigenvalue problem of
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the biharmonic operator (Corollary 1.6), some interesting Reilly-type estimates for the first nonzero eigen-
value of other type have also been obtained. For instance, Ilias and Makhoul [13] have obtained the Reilly-
type estimate for the first nonzero Steklov eigenvalue of the Laplacian on compact submanifolds (with
boundary) isometrically immersed in a Euclidean space; Du and Mao [11] have obtained the Reilly-type
estimate for the first nonzero closed eigenvalue of the nonlinear p-Laplacian (1 < p < +%) on compact
submanifolds (without boundary) isometrically immersed into a Euclidean space, a unit sphere, or even a
projective space.

For convenience, in the sequel, we prefer to simplify the notations for four types of eigenvalues discussed
in this article, that is, we separately write A(Q), A;(Q), and n;(M) as A;, A; and ;. We also make an agreement
that these notations would be written completely if necessary.

This article is organized as follows. In Section 2, we will prove Li-Yau-Krdger-type estimates for lower-
order eigenvalues of the Neumann-type eigenvalue problem (1.6) of the biharmonic operator. Two sharp
extrinsic lower bounds for the sum of the reciprocals of the first n nonzero eigenvalues of the Steklov-type
eigenvalue problem (1.12) and for the sum of the reciprocals of the first n nonzero closed eigenvalues of the
Laplacian will be separately proven in Section 3.

2 Li-Yau-Kroger-type estimates

In this section, inspired by [2,14,15], and using the method of Fourier transformation, together with the
Rayleigh-Ritz type characterization (1.7), we can give the proof of Li-Yau-Kroger-type estimates (for the bihar-
monic operator) by appropriately constructing trial functions.

We have:

Proof of Theorem 1.2. Let {l/)j}}‘;1 be the set of orthonormal eigenfunctions of system (1.6), that is,

Azl/}j - TAY; = A in Q,
azwj
a- U)W + aAzpj =0 on 92,
oY ANY;
Ta_v] -(1-0) diVag(Dzl/)j “V)aa — 0_\/] =0 on 0Q,
Jvu=o.
Q
Define
k
O, y) = Y YOV, X,y € Q,
j=1
and let
N 1 .
®(z,y) = = | ®(x, y)eX Zdx
(2,y) (271)2!; (x,y)

be the Fourier transform of ® in the variable x, where we have used the same definition (for Fourier trans-
form) as that in Li-Yau’s article [15]. Since one can check that

k
@Rz, y) = Y hn[0ei2dx
j=1 Q

is the orthogonal projection of the function h,(y) = e¥°Z onto the subspace of L2(Q) spanned by ¥;,..., §,, we
can use 9(z,y) = h,(y) - @n)ed(z, y) as a trial function for Ax.; to obtain
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Arsalo(z, y)Pdydz < I[(l - 0)|Do(z, ) + alldyg(z, I + 7 Vo2, y)Pldydz.

Q Q

Integrating both sides of the above inequality over B, = {z € R"||z| < r} yields

J L1~ oIDie y)E + oliase I + < %otz )P ldydz

.[B,Ig|¢(2,y)|2dydz

>

Apsq < inf
r

ES

where r > Zn[ﬁ] .

Noticing [h,(y)| = 1 and &(z,y) = ¥}_115(»)¥;(2), we have

IIIw(z,y)IZdde = H
B.Q

hy(y) - Qm)Ed(z, y)‘2 dydz

B.Q
= I IP - 207): Re| [ [R()B(z,y)dydz| + )z, y)IF
B.Q
k —
= walQlr™ - 22m)iRe| Y [ [e82(y)P(2)dydz
J=1p,.0

k S
+ o Y [ 4o @b @aydz

J=1p o

k
= walelr - ey [1@)Pdz,

j=1p,

where ||f|[> = J'Brfglﬂzdydz.
Let

P = [[1a - 0)IDZp(z, )P + ollye@ WIF + T %0z y)P1dydz = Py + Py + Ps,
B.Q

where

P = (@ - DO + 0 IO + 7 %R 0)Pdydz,

B.Q

P, = =20 Re{ [ [ (1 - D3, DIFE,Y) + o,h )BT, Y) + THRO) T F(z, y)dydz],

B,Q

Py = [[(@ - OD2EE Y + 0188z Y + 7 9%z, y)P)dydz.

B.Q

Since |hz()’)yp| = |zy| and |hz()’)ypyq| = |zp||zgl, then [Ayh,(y)] = |z, [Vyh,(¥)| = |z], and
n

n
DR E = Y Wy = 2 12P 1z = Izl

p.q=1 p.q=1

So, we have

Py = nw,|Q|

n+4 2 ]

+7T
n+4 n+2

Integrating by parts and noticing ¥(z, y) = lef:lzpj(y)@(z), it follows that

2.1

2.2)

2.3)
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P, =-20m) el [ [(( - ORBB(z, ) + ch(EFE,Y) - thi(y)D,F(z, y))dydz
5,2 2.4)

=-22m Y A, [ 1§(2)Pdz
j=1 B,

and

Py = _”((1 - (I)|D§‘if(z,y)|2 + 0|0 ¥(z, Y + 7 [V ¥(z, y)P)dydz
B,Q

= [[¥@ )@ = 8,)%(, y)dydz 05

B,

k
= @y o, [1@)kdz.
J=t B,

Combining (2.1)-(2.5), we have

wn|9|[n+4 ,’;"jz] - @Y it l(2)Pdz
B,

A € inf - . 2.6)
. Wl @I = QT [ ()P dz
wn|Q| B,

Setting ¢; = IB |lﬁj(z)|2dz, j =1,..., k. By Plancherel’s theorem, one has

<1 forj=1,..,k, 2.7
and we deduce from (2.6) that
k phrd n+2 k
Ajert| ] Q™ = (z;z)";c,- <ol -+ T 2] - (z:z)n;Ajc,-,
which by (2.7) implies that
phra P2 k
Apr1n|Q(r™ = nwy|Q| nia s 2] < @2m)" Z(AM Ay

1

with r > 271[ k ] . Hence,
wn | Q
n+4 rn+2
2m) ) Ai £ nwy|Q +7 + (k2" = wy|QIr'YHAk+1, T > 21
()121, @l -~ n+2](() QI oGl
1
Since r > 27 II(Q I] we infer from the above inequality that
k 1
z it ‘e ™2 | nwy|Q| o "
=] n+4 n+2| @or’ wn|Q|
1
. . . k|
One obtains (1.8) directly by letting r - 27 m] .
Combining (2.6) and (2.7), we have
rn+4
nea ¥ Tn+2 WnlQ g 2.8)
A1 < , Vr>2m
L QI = k) 0@

Consequently, we have



DE GRUYTER Estimates for eigenvalues of the Neumann and Steklov problems = 9

n+4 n+2

n+4 n+2
nw,,|§2|[r + 70 ]

Ai(®) < inf , k=z0.
1(@) mk 1w |QIr" - k(2"
’>2”[ wn|9|]
For the case 7 = 0, solving F'(r) = 0 yields
1
(n+ k|
r=2m-——".
4wnlQ
Taking the above value of r into (2.8), we have (1.9). O

3 Reilly-type estimates

In the last section, by using the QR-factorization theorem and the variational principle, we can give the proofs
of two sharp extrinsic lower bounds for the sum of the reciprocals of the first n nonzero eigenvalues (given in
Theorems 1.5 and 1.8) by constructing appropriately trial functions. In fact, we have already used the method
of QR-factorization (together with other approaches) to try to obtain estimates for the sum of the reciprocals of
the first n nonzero eigenvalues of prescribed eigenvalue problems (see, e.g., [18]).

First, we have:

Proof of Theorem 1.5. Let X,..., X, be the coordinate functions in R". Since Q is a bounded domain in R", we
can regard 0Q as a closed hypersurface of R" without boundary.
Let u; be an eigenfunction corresponding to the eigenvalue 4; such that {w;}}.; is an orthonormal basis of

I12%(8Q), that is,

Ay - TAu; = 0 in Q,
Ozuj
a- G)W + oAy =0 on 909,
6uj X " aAuj
TE - (1 - 0)divee(D*U; - V)ag — v = -Au; on 09,
Iu,—uj = 611
e

Observe that u; = 1/,/|0Q]| is a constant. By translating the origin appropriately, we can assume that
IX,- =0,i=1,..,n, 3.1
oQ
that is, x; L uy. Next, we will show that a suitable rotation of axes can be made so as to insure that
I)(;ui+1 =0, (3.2)
9

for j=2,3,..,nand i=1,2..,j - 1. To see this, define an n x n matrix Q = (qji), where q; = Iag)gui+1, for
i,j=1,2,..,n. Using the orthogonalization of Gram and Schmidt (i.e., QR-factorization theorem), we know
that there exist an upper triangle matrix T = (Tj;) and an orthogonal matrix U = (a;;) such that T = UQ, i.e,,

n n
Tﬁ = foqui = I Zaijkui+1 =0, 1<i <j <n
k=1 s0k=1

Letting y; = Yj-@Xk, We obtain
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n
Iy] Uis1 = I Zajkxkum =0, 1<i<js<n 3.3)
k=1

Since U is an orthogonal matrix, y;,y,,..., y, are also coordinate functions on R™. Therefore, denoting these
coordinate functions still by x, x,..., X,, one can obtain (3.2). From (3.1) and (3.2), one sees that
X L {w, Uy, ...,uj-1, w;} in LA(9Q).

It follows from the variational characterization (1.13) that

,ﬂj J(|D2)9|2+r|v)<,|2>-r|sz| j=1.

which implies that

Z Loz 3 [x= [

j A e b
Multiplying both sides of the above inequality by Janglz, and using the Schwarz inequality, we obtain

2

Jom| = 10ar, (3.4)

oQ

i%fIQIIIHIZ > [t [ 1B 2

oQ oQ

which gives (1.14).

If equality holds in (1.14), then all the inequalities in (3.4) should be equalities, which implies that x = kH
holds on 9Q for some constant k # 0. Thus, for any tangent vector field V on 0Q, we have V(|x|*) = 2(V,x) = 0
and so |x| and |H| are constants on Q. Since 9% is a closed hypersurface of R", we conclude that 92 is a round
sphere. This completes the proof of Theorem 1.5. O

At the end, we also have:

Proof of Theorem 1.8. As before, by the abuse of notations, A and V denote the Laplacian and the gradient
operator on M, respectively. Without loss of generality, we can assume that M does not lie in a hyperplane of
RY. Let x = (x, ...,xy) be the position vector of M in RY, and let u; be the normalized eigenfunction corre-
sponding to the jth nonzero eigenvalue y; of the Laplacian of M. By a similar discussion as in the proof of

Theorem 1.5, we can assume that x; L {uy, Uy, ...,Uj-1, U;} in L*(M). Then, one has

B[ < [I0x, j= 1,8,
M M
which implies that

Z v 2 ZI 7= J|x|2

j=1 ]+1M
By the derivation of (2.2) in [10], it is easy to know that

N

Vil <1, Y |VxP =n,
j=1
and then we have
N 1 n 1 N
2 — W< ) — |[Vxf + 2 1V
j=11l+1 j=11li+1 h+2 A=n+1
1 n
= Vx2 + ——|n = X [V
11+1 n+2 i=1

(3.5

n
1
— |2 + Y —( - [VxP)
i=1"li+1

_

$
3
X

IA
M= \ﬁ‘M: T'M:
H

-
n
KA
=
T ‘H
—_
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which gives
n

1
Y —IM| > [ (356)
M

j=1 r]j+1

Multiplying both sides of the above inequality by IM|H|2, and using the Schwarz inequality, we have

2
n
1 — — —
Y — M [IER > [ixe[IER > | [ B = 1M, 37
Al gy M M M
which implies that (1.15) is true.
If equality holds in (1.15), then equalities hold in all of the above inequalities, which implies that

,]2 R rlN = ,’N+1 = C,
Axj = -Cxj, j=1,..,N, on M,

and x = kH hold on M for some constant k # 0. From these facts, we know that |x| and [H| are constants on M.
Therefore, when n = N - 1, M is a hypersphere, and when n < N - 1, M is a minimal submanifold of some
hypersphere of RV, O
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