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"UNIVERSAL” INEQUALITIES FOR THE
EIGENVALUES OF THE BIHARMONIC OPERATOR

SAID ILIAS AND OLA MAKHOUL

ABSTRACT. In this paper, we establish universal inequalities for
eigenvalues of the clamped plate problem on compact submanifolds
of Euclidean spaces, of spheres and of real, complex and quater-
nionic projective spaces. We also prove similar results for the bi-
harmonic operator on domains of Riemannian manifolds admitting
spherical eigenmaps (this includes the compact homogeneous Rie-
mannian spaces) and finally on domains of the hyperbolic space.

1. INTRODUCTION

Let (M, g) be a Riemannian manifold of dimension n and let A be
the Laplacian operator on M.
In this paper, we will be concerned with the following eigenvalue prob-
lem for Dirichlet biharmonic operator, called the clamped plate prob-
lem:
A’y= X u inQ

U = gZ—O on 02,

where € is a bounded domain in M, A? the biharmonic operator in M
and v is the outward unit normal. It is well known that the eigenvalues
of this problem form a countable family 0 < A\ < Ay < ... — 4o00.

For the case when M = R", in 1956, Payne, Polya and Weinberger
[16] (henceforth PPW) established the following inequality, for each
kE>1,

(1.1)

8(n+2
Akl — A < !Z)\z

Implicit in the PPW work, as noticed by Ashbaugh in [1], is the better
inequality

Nest — M < ”*2 (ZA) (1.2)
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Later, in 1984, Hile and Yeh [12] extended ideas from earlier work on
the Laplacian by Hile and Protter [11] and proved the better bound

(zm_ SIOME

Implicit in their work is the stronger inequality

(zm_ J(30),

which was proved mdependently by Hook [13] and Chen and Qian [3]
in 1990 (see also [2], [4] and [5]).
In 2003, Cheng and Yang [9] obtained the following bound

k 1k 1
8(n+2)|?2 2
Z;W“ —N) < [%] 2 [)\Z-()\kﬂ - )\i)] . (1.3)
Very recently, Cheng, Ichikawa and Mametsuka [8] obtained an inequal-
ity for eigenvalues of Laplacian with any order [ on a bounded domain
in R™. In particular, they showed, for [ = 2,
k k
8(n + 2)
D (1= N)* < Z Aos1 — . (1.4)
i=1 i=1
For the case when M = S", Wang and Xia [17] showed
k 1Tk 1k
;(Akﬂ — )% < - [;(AM - w(n? + (2n + 4))\5)} X
k ) 1
[Z(Ak—f—l —Ai) (”2 + 4>\f)} , (1.5)
i=1
from which they deduced, using a variant of Chebyshev inequality,
k 1 L L
> =) < — Z(Akﬂ—xi)@(nmwm )(4A§+n ) (1.6)
i=1 =
This last inequality was also obtained, by a different method, by Cheng,
Ichikawa and Mametsuka (see [7]).
On the other hand, Wang and Xia [17] also considered the problem
(1.1) on domains of an n-dimensional complete minimal submanifold
M of R™ and proved in this case

k

Z()\kﬂ - i)’
< (er2) : (Z(A ) % (iwﬂ ) )

i=1
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from which they deduced the following generalization of inequality (1.4)
to minimal Euclidean submanifolds
k

:
Z()‘k-i-l — i) < w D> (k1 = M)A (1.8)

Recently, Cheng, Ichikawa and Mametsuka [6] extended this last in-
equality to any complete Riemannian submanifold M in R™ and showed

k

k
SOk =2 < o5 3 Oar = A (w26 + 2(n + 27 (26 + 40F)),

i=1 i=

(1.9)
with § = Supg|H|?, where H is the mean curvature of M.
The goal of the first section of this article is to study the relation
between eigenvalues of the biharmonic operator and the local geometry
of Euclidean submanifolds M of arbitrary codimensions. The approach
is based on an algebraic formula (see theorem 2.1) we proved in [14].
This approach is useful for the unification and for the generalization
of all the results in the literature. In fact, using this general algebraic
inequality, we obtain (see theorem 2.2) the following inequality

sz;f()\i) < % sz;g()\i) (Q(n + 2N 4 m)] x

3 ()] o

i=1

NI

where f and ¢ are two functions satisfying some functional conditions
(see Definition 2.1), § = Supg|H|* and H is the mean curvature of
M. We note that the family of such couples of functions is large. And
particular choices for f and g lead to the known results. For instance,
if we take f(x) = g(z) = (Agy1 — x)?, then (1.10) becomes

zk:()\ M) < {iu )\)2(2( F AR 4 25)}%
k+1 — Ai) S — k+1 — Ad n i Tn X
i=1 ) S
k ) i
lZ(AkH —\i) (4A§ + n%)] ;o (1.11)
i=1
which gives easily (see remark 2.1) inequality (1.9) of Cheng, Ichikawa
and Mametsuka.
In the second section, we consider the case of manifolds admitting
spherical eigenmaps and obtain similar results. As a consequence, we
obtain universal inequalities for the clamped plate problem on domains
of any compact homogeneous Riemannian manifold.
In the last section, we show how one can easily obtain, from the al-
gebraic techniques used in the previous sections, universal inequalities
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for eigenvalues of (1.1) on domains of the hyperbolic space H".

We also observe that all our results hold if we add a potential to A?
(i.e A? + ¢ where ¢ is a smooth potential). For instance, in this case
instead of inequality (1.10), we obtain

sz;f()\z’) < % sz;g()\i) <2(n + 2))\_1'% + nzéﬂ X

{é;sﬂhgiii?—u&)<4gé+"f5)}2, (1.12)

where \; = \; — infq q.
Finally, note that the case of the clamped problem with weight :

A’u=Apu in Q

1.13
U= % =0 on 09, ( )
ov

can be easily treated with minor changes.

NI

2. EUCLIDEAN SUBMANIFOLDS

Before stating the main result of this section, we introduce a family
of couples of functions and a theorem obtained earlier in [14], which
will play an essential role in the proofs of all our results.

Definition 2.1. Let A > 0. A couple (f,g) of functions defined on
10, A[ belongs to I provided that
1. f and g are positive,
2. f and g satisfy the following condition,
for any x, y €]0, \[ such that x # y,

2 2
(f(x) - f(y)>2 +( (V@) (W) ) (g(x) - g(y)> -0
x =y g@)(A—x)  gy)(A—y) T —y
(2.1)
A direct consequence of our definition is that ¢ must be nonincreas-
ing.
If we multiply f and g of &) by positive constants the resulting func-
tions are also in &. In the case where f and g are differentiable, one
can easily deduce from (2.1) the following necessary condition:

“mfwning (Ing(z))".

This last condition helps us to find many couples (f, g) satisfying the

— X

conditions 1) and 2) above. Among them, we mention { (1, (N — :L’)a) /o> O} :

{(0-a.0-2) /82 4} {(0 -2 (0 -2)) o< s <2f.
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Let ‘H be a complex Hilbert space with scalar product (.,.) and cor-
responding norm ||.||. For any two operators A and B, we denote by

[A, B] their commutator, defined by [A, B] = AB — BA.

Theorem 2.1. Let A : D C H — H be a self-adjoint operator defined
on a dense domain D, which is semibounded below and has a discrete
spectrum Ay < Xy < As.... Let {T, : D — ’H}Zzl be a collection of
skew-symmetric operators, and { B, : T,(D) — H}}_, be a collection
of symmetric operators, leaving D invariant. We denote by {u;};—, a
basis of orthonormal eigenvectors of A, u; corresponding to \;. Let
k> 1 and assume that A1 > A Then, for any (f,g) in Sy,

(35 By 22)

i=1 p=1
2

(S pinsinon) (EE it i)

i=1 p=1

Our first result is the following application of this inequality to the
eiganvalues of the clamped plate problem (1.1) on a domain of a Eu-
clidean submanifold :

Theorem 2.2. Let X : M — R™ be an isometric immersion of an
n-dimensional Riemannian manifold M in R™. Let Q) be a bounded
domain of M and consider the clamped plate problem (1.1) on it. For
any k > 1 such that A1 > A, and for any (f,g) in Sy, we have

gf()\i) < % {gg()\l) (Z(n + Q)Ai% + n25)] "

[zk: g(Aigzk(:ji)i ) (A * %25)] %, (2.3)

=1

where § = supq|H|* and H is the mean curvature vector field of the
immersion X (i.e which is given by %trace h, where h is the second
fundamental form of X ).

Proof. To prove this theorem, we apply inequality (2.2) of Theorem
2.1 with A = A% B, = X, and T, = [A, X,], p = 1,...,m, where

Xq,...,X,, are the components of the immersion X. This gives
k. m 2
(Z SR X s, ) 1o ) (2.4)
i=1 p=1

2

(iig s, Xpui) ) (zk:zm: 0 Akﬂ - )\_)H[A,Xp]uiH%g).

i=1 p=1 i=1 p=1
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where u; are the L?-normalized eigenfunctions. First we have, for any
p=1,....m,

(A2, X, Ju; =A2X,u; + 2VAX,. Vu; + 2A(VX,.Vu,)
+ 2AX, Au; + 2V X,V Au,.

Thus

([A?) X Jui, Xpug) 2 = /Q u? XpA° X, + 2 /Q X,u;VAX,.Vu,
+2/QXpul-A(VXp.Vui)+2/S)XpuiAXpAui
+2/9Xpu,~VXp.VAui (2.5)

= /Q AX,A(Xpu7) — 2 /Q div(X,u;Vu;) AX,

Q Q

—Z/div(XpuiVXp)Aui.
Q
(2.6)

A straightforward calculation gives

([A%, X, Jui, Xpu;) 2 :4/uiAXpVXp.Vui+/ (AXp)Qu?
Q Q

+ 4/ (VX,. V) — 2/ VX, |2 Aug. (2.7)
Q Q
Since X is an isometric immersion, we have

nH = (AXy, ... AX,), > wAX,VX, Vu; =0

p=1

and > (VX,.Vu;)" = [Vu]?. (2.8)

p=1
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Incorporating these identities in (2.7) and summing on p, from 1 to m,
we obtain

m

Z<[A2,Xp]uz,Xpuz>L2 :4/ \Vul\Q—Qn/uzAul—i—Tﬂ/ ‘H|2UZ2
Q Q Q

p=1

:2(n+2)/9%'(—Aui)JFTLQ/Q“L[‘Q“Z2
< 2(n+2)[/ﬂ(—Au,~)2r[/Qu§r +n2/Q|Hl2m2
(2.9)
:2(n+2)>\§+n2/Q|H|2Uz2

<2(n+ 2)A§ +n?s, (2.10)

where we used the Cauchy-Schwarz inequality to obtain (2.9) and where
§ = supq|H|?.
On the other hand, we have

[A, Xp]ul = 2VXPVUZ + UiAXp,
then

iH[A,Xp]uiH%g :i/ (2VXp.Vui+uiAXp)2
p=1 p=1 Q
:42m: / (vxp.vui>2+4i / wWAX, VX, Vu,
p=1"% p=1"%
+§:/(AXP)QU?-
p=1"%

Using identities (2.8), we obtain

SOA, X w2 =4 / Vil +n? / H P
p=1 Q Q

:4/(—Aui).ui+n2/ | H|?u?
Q Q

§4{/ﬂ(—Aui)2F{/ﬂufr +n?§

:4A§ + n29. (2.11)

A direct calculation gives

(18, X), b s = |

<A(X§ui)—QXPA(Xpui)qLX;AuZ-)ui —9 / VX, 202,
Q Q
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Therefore
(A, X)), Xp)ui, w;) 2 = 2 Z/ VX, |u? = 2n. (2.12)
p=1 p=1 Q

To conclude, we simply use the estimates (2.10), (2.11) and (2.12)
together with inequality (2.4). O

Remark 2.1. e As indicated in the end of the introduction, The-
orem 2.2 holds for a general operator A*+q, where q is a smooth
potential. Indeed, this is an immediate consequence of the fact
that [A? + q, X,| = [A% X,] and all the proof of Theorem 2.2
works in this situation. The only modification is in the estima-
tion of the term [ |Vus|*. In fact, in this case, we have

/|Vui|2 < [/(—Aui)ﬂ [/uf]
Q Q Q
= Ai—/quzzrﬁ i 57
- [ < (%)
where \; = \; — infq q.

Taking into account this modification in inequalities (2.9) and
(2.11), we obtain inequality (1.12).

o If f(x) = g(x) = (Mpy1 — )%, then inequality (2.3) extends
inequality (1.7) of Wang and Xia to any Riemannian subman-
ifolds of R™. We also observe that, by using a Chebyshev in-
equality (for instance the one of Lemma 1 in [8]), inequality
(1.9) of Cheng, Ishikawa and Mametsuka can be easily deduced
from inequality (2.3).

o If f(z) = g(x)? = (M\kt1 — @), then inequality (2.3) generalizes
inequality (1.8) of Cheng and Yang to the case of Fuclidean
submanifolds.

Using the standard emdeddings of the rank one compact symmetric
spaces in a Euclidean space (see for instance Lemma 3.1 in [10] for the
values of |H|? of these embeddings), we can extend easily the previous
theorem to domains or submanifolds of these symmetric spaces and
obtain

Theorem 2.3. Let M be the sphere S™, the real projective space RP™,
the complex projective space CP™ or the quaternionic projective space
QP™ endowed with their respective metrics. Let (M, g) be a compact
Riemannian manifold of dimension n and let X : M — M be an
isometric immersion of mean curvature H. Consider the clamped plate
problem on a bounded domain €2 of M. For any k > 1 such that
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Aet1 > A and for any (f,g) € Sy, we have

k 2

Z: fn) < %{ Zkzg()\z‘) [2(n + 2))\5 + n25’} } X

: f@\z) i n
{ ; g<)‘i§<)‘k+1)_ Ai) [)\i * Zé} } ’

where
&' = sup(|[H* + 1) if M =S™,
2+l f M =RP™
§ = sup(|H|* + d(n)), where d(n) = 2(";2) if M = CP™,
20t f M = QP™.

n

Remark 2.2. e We observe (as in Remark 3.2 of [10]) that in
some special geometrical situations, the constant d(n) in the
inequality of Theorem 2.3 can be replaced by a sharper one. For
instance, when M = CP™ and

- M is odd—dimensional, then one can replace d(n) by d'(n) =

- X(M) is totally real, then d(n) can be replaced by d'(n) =
2(n+1)

o When f(z) = g(x) = (M\p1 — )%, and M is a sphere, (2.13)
generalizes to submanifolds inequality (1.5) established by Wang
and Xia for spherical domains.

o As for Theorem 2.2, the result of Theorem 2.3 holds for a more

1

general operator A® + q, with the same modification (i.e ;>
1

instead of \?).

3. MANIFOLDS ADMITTING SPHERICAL EIGENMAPS

In this section, as before, we let (M, g) be a Riemannian manifold
and €2 be a bounded domain of M. A map X : (M, g) — S™ ! is called
an eigenmap if its components X, Xo,..., X,, are all eigenfunctions
associated to the same eigenvalue A\ of the Laplacian of (M, g). This
is equivalent to say that the map X is a harmonic map from (M, g)

into S™! with constant energy A (i.e Z;,n:1 |VXp|2 = )\). The most
important examples of such manifolds M are the compact homoge-

neous Riemannian manifolds. In fact, they admit eigenmaps for all the
positive eigenvalues of their Laplacian (see [15]).

Theorem 3.1. Let A be an eigenvalue of the Laplacian of (M, g) and
suppose that (M, g) admits an eigenmap X associated to this eigenvalue
A Let Q be a bounded domain of M and consider the clamped plate



10 SAID ILIAS AND OLA MAKHOUL

problem (1.1) on it. For any k > 1 such that A1 > A\ and for any
(f.g) € S)\Hl; we have

S () NI
= Q(Aig(ml)— ) (“4%)} . (3.2)

< {ig()\i)<)\+6)\§)r

i=1

i\t

Proof. As in the proof of Theorem 2.2, we apply Theorem 2.1 with
A=A? B,=X,and T, = [A, X,],p=1,...,m, to obtain

(ifﬁmmmx&&m%mf

i=1 p=1

g{iiWMNX%X Hii Zfﬂmmmﬂ

i=1 p=1 9 Ak =
(3.2)

where {u;}5°, is a complete L2-orthonormal basis of eigenfunctions of
A? associated to {Ai}2,. As before, we have

3 (A, X)) ul,ulL2_2Z/\VX|22
p=1
Since
Zm: IVX,|* =\, zmjxj =1land AX, = —)\X,, (3.3)
- —
we have
SIA X0 X e = 22 5.4

=
Il
—
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and

Zm: A, X, w2 :Z/ A X,u (3.5)
=4 / i(vxp.vui)u / Z(Axp)2u§+4 / ZuiAxpvxp.wi
QP P R— o —
g4/szl|vxp‘2|vui\2+A2/Q(;X§)u§—QALuiv(ng).vui

p=1

Q

co(feap) ([a)+x @

— AME 4N (3.8)

where we used the Cauchy-Schwarz inequality to obtain (3.6) and (3.7).
Similarly we infer, from identities (2.7) and (3 3),

Z1<[A2 s Xplui, Xpui)p2 =\ /u _ / ZXQ
+4Z/Q (VXP.VuZ-) +2)‘/Q(—Auz‘)ui
= A2+4/Slil‘vxp‘2|vui|2+2)\</g(_Au)2)5</gu?)é

<A 4AN? 202

=A* + 6ANZ, (3.9)
Incorporating (3.4), (3.8) and (3.9) in inequality (3.2), we get the state-
ment of the theorem. O

An immediate consequence of Theorem 3.1 is the following

Corollary 3.1. Let (M,g) be a compact homogeneous Riemannian
manifold without boundary and let Ay be the first non zero eigenvalue
of its Laplacian . Then inequality of Theorem 3.1 holds with A = ;.

Remark 3.1. As before, one can get a similar result for the operator
A? +q.

4. DOMAINS IN THE HYPERBOLIC SPACE

We turn next to the case of a domain 2 of a hyperbolic space. It is
easy to establish a universal inequality for eigenvalues of the clamped
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plate problem (1.1)on € in the vein of the preceding ones. Unfortu-
nately, until now we have not succeeded in obtaining a simple gener-
alization for the case of domains of hyperbolic submanifolds. In what
follows, we take the half-space model for H" i.e

H" = {x = (1, 29,...,2,) € R"; z, > 0}
with the standard metric
dr? + dx3 + ... + da?

2
Ty

ds® =

We note that in terms of the coordinates (z;)!, the Laplacian of H"
is given by

A:x2i > +(2—n)z 0
nA 1 &xjaxj "axn

Theorem 4.1. For any k > 1 such that \gy1 > A\, the eigenvalues
Ais of the clamped problem (1.1) on the bounded domain Q2 of H"™ must

satisfy, for any (f,g9) € Sae,ys

1
2

sz;f(A lZg (6)\2 n—l))]x

S 1
(f(\)? ) 1 ) }2
A =171, (41
{; <g<)‘i)()‘k+1 ) ( f—n=1) ) (4.1)
Proof. Theorem 2.1 remains valid for A = A2, B, — F — Ina, and

= [A, F], forallp = 1,...,n. Thus, denoting by u; the eigenfunction
corresponding to \;, we have

(sz;f@z‘M[AaF],F]ui,ui)py

< 4[2;,@)@2, Flu;, Ful->Lz} {Z (g<A)({A(j+)1)Q_ &)) A, F]uiH%Q} .

i=1
(4.2)
Let us start by the calculation of
(18 FL Flusu)oe = [ (18 F)Fw) = FIA Flu Ju
Q
_ / (A(F2u) — 2P A(Fug) + F*Au)u
Q
We note that
AF =1—-mnand |[VF]*=1. (4.3)

Thus a direct calculation gives

([A, F), Flug, wi) 2 = 2/Q IVF|*u? = 2. (4.4)
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On the other hand, using again identities (4.3), we obtain

1A, Flu;||32 :/Q(AFm + 2VF.Vu;)?

= / (AF)*u? + 4 / (VEVw;)* +4 / AFw;VF.Vu;
Q Q

Q
(4.5)
=(1—n)*+ 4/(VF.Vu,~)2 +4(1 —n) / u;VF.NVu,.
Q Q
(4.6)
But
/ w;,VF.Vu; = — / uw;VF.Nu; — / u?AF,
Q Q Q
hence
Q

Then we infer, from (4.3), (4.6) and (4.7),

NA, FluslZ < — (n— 1)? + 4 / V|V
I (n — 1)2 +4/ |Vui|2
Q

=—(n—-1)72+ 4/Quz'(—AUi)

< (n- 1>2+4( / )( / <—Aui>2)5 (4.8)

—ANF — (n—1)? (4.9)
Now,
[A?) Flu; =A%(Fu;) — FA%y,
=A(AFu; +2VF.Vu; + FAu;) — FA%u;
=2(1 — n)Au; + 2A(VF.Vu;) + 2VF.V Au,, (4.10)
thus
([A%, Flu;, Fu;) e

=2(1—n) / Fu;Au; + 2/ Fu;A(VENu;) + 2/ Fu;VF.VAu;
Q Q Q

Q Q

Q

:2/AFuiVF.VuiJrél/(VF.Vui)z—2/ |V F|Pu; Au.
Q Q Q
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We infer, from (4.3) and (4.7),
(A2, Flug, Fug) 2 < — (n— 1)2+4/ |VF|2\Vui\2+2/ui(—Aui)
0 0

:—(n—1)2+6/9u,~(—Aui)

§6< / )( / <—Aui>2)% -1y

=62 — (n— 1) (4.11)
Inequality (4.2) along with (4.4), (4.9) and (4.11) gives the statement
of the theorem. U
Remark 4.1. o [t will be interesting to look for an extension of

Theorem 4.1 to domains of hyperbolic submanifolds.

e Note that our method works for any bounded domain 2 of a
Riemannian manifold admitting a function such that |Vh| is
constant and |Ah| < C, where C is a constant.

e As before, we observe that we have the same statement as in

1
Theorem 4.1 for the operator A® + q (it suffices to replace \?
1
by \;? ).
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