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UNIVERSAL INEQUALITIES FOR THE EIGENVALUES
OF A POWER OF THE LAPLACE OPERATOR

SAID ILIAS AND OLA MAKHOUL

ABSTRACT. In this paper, we obtain a new abstract formula re-
lating eigenvalues of a self-adjoint operator to two families of sym-
metric and skew-symmetric operators and their commutators. This
formula generalizes earlier ones obtained by Harrell, Stubbe, Hook,
Ashbaugh, Hermi, Levitin and Parnovski. We also show how one
can use this abstract formulation both for giving different and sim-
pler proofs for all the known results obtained for the eigenvalues of
a power of the Laplace operator (i.e. the Dirichlet Laplacian, the
clamped plate problem for the bilaplacian and more generally for
the polyharmonic problem on a bounded Euclidean domain) and
to obtain new ones. In a last paragraph, we derive new bounds for
eigenvalues of any power of the Kohn Laplacian on the Heisenberg

group.

1. INTRODUCTION

Let 2 be a bounded domain of an n-dimensional Euclidean space R"”
and consider the following eigenvalue problem for the polyharmonic
operator :

(=A)u = A\u in Q,

ou o1y (1.1)
25 ~-:W200n69,
where A is the Laplace operator and v is the outward unit normal.

It is known that this eigenvalue problem has a discrete spectrum,

O<)\1<)\2§§)\k§—>+00

u

In this paper we will be interested in ”Universal” (i.e. not depending
on the domain) inequalities for the eigenvalues of such a polyharmonic
problem and especially we will show how to derive them from a general
abstract algebraic formula in the spirit of the work of Harrell, Stubbe,
Ashbaugh and Hermi.

Let us begin by giving a short and non-exhaustive presentation of
the known results in this field.
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The first result concerns the Dirichlet Laplacian (i.e. when [ = 1).
In this case, Polya, Payne and Weinberger (henceforth PPW) proved
in 1955 the following bound (see [26] for dimension 2 and [27] for all

dimensions), for k = 1,2, ...

k
4
At = M < — ;)\ (1.2)

This result was improved in 1980 by Hile and Protter [20] (henceforth
HP) who showed that, for k = 1,2, ...

— < _ 1.3
1= ; Nert — A (13)
In 1991, H.C.Yang (see [29] and more recently [12]) proved

k k
4
A —\)P< = (A — N\ 1.4
Zzl( k+1 Z) = nlzl Z( k+1 2)7 ( )

which is, until now, the best improvement of the PPW inequality. From
inequality (1.4), we can infer a weaker form

Aesr < (1 + (Z by ) (1.5)

We shall refer to inequality (1.4) as Yang’s first inequality (or simply
Yang inequality) and to inequality (1.5) as Yang’s second inequality.
The comparison of all these inequalities (see [2]) can be summarized in

Yang 1 = Yang 2 =— HP — PPW

When [ = 2, the eigenvalue problem (1.1) for the bilaplacian is the
clamped plate problem. In the same paper as before [26], Polya, Payne
and Weinberger proved the following analog of the formula (1.2)

k
8(n+ 2
Aps1 — A < 8(n+2) > (1.6)

And as was noticed by Ashbaugh (see [1] inequality (3.56)), there is a
better inequality which was implicit in the PPW work,

n+2
Ner1 — A, < (ZA)

In 1984, Hile and Yeh [21] extended the approach used for the Laplacian
in [20] and proved the sharpest bound

n+2 (ZAk+1_ )(ZA> : (1.7)
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Then in 1990, Hook [22], Chen and Qian [7] proved independently the
following stronger inequality which was again implicit in the work of

Hile and Yeh (see also [1], [8], [9] and [6])

n+2 (ZAk+1_ )(ZA) (1.8)

Using Chebyshev inequality, Ashbaugh (see [1] inequality (3.60)) de-
duces from the preceding inequality (1.8), the following HP version
which is weaker and more esthetically appealing,

1.
”+2 Z)\k+1_ ‘ (1.9)

Recently, Cheng and Yang [11] established the following Yang version

Zk:()\kﬂ —A) < [W] : zk: [Ai()\kﬂ — )\i)] : (1.10)

For any [, the PPW inequality is given by

k
412l + n — 2) 1 =1
g1 — g < —————= pCYE) ( )\l)<§ )\il)
i=1

Its HP improvement was proved independently by Hook [22] and Chen
and Qian [7], it reads

Np-‘

n2k? koo

k
R — AT 1.11
(20 +n —2) EAM 2N (L11)

i=1

As in the case [ = 2 (inequality (1.9)), this reduces to the weaker form

S 1.12
l(2l—|—n— ZAM— (1.12)

In 2007, Wu and Cao [28] generalized the inequality (1.10) of Cheng
and Yang to the polyharmonic problem and obtained

k

D> (k1= i) < (1.13)

=1

%(4l(n+ ol — 2))} (zk:(x,m Y )%A;Tl)%(zk:(ml — )2 )

i=1 =1

-

This inequality is sharper than inequality (1.11)(see [28]).
Very recently, Cheng, Ichikawa and Mametsuka [10] derived the follow-
ing Yang type inequality for the polyharmonic operator (i.e. such that
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for [ = 1, we have the Yang inequality (1.4))

k k
3 i = A)* < ‘”(2”—;‘_2) 3" it — M)A (1.14)

n
i=1 i=1

All the classical proofs of these inequalities are based on tricky and
careful choices of trial functions. For a more comprehensive and general
approach, it is important to see if all these inequalities can be deduced
using purely algebraic arguments involving eigenvalues and eigenfunc-
tions of an abstract self-adjoint operator acting on a Hilbert space. In
the case of the Laplacian (i.e. [ = 1), this was done by Harrell [14, 17],
Harrell and Michel [16, 15], Harrell and Stubbe [19], and Ashbaugh and
Hermi [4].
For the polyharmonic problem (i.e. general [), Hook [22] generalized
the argument of Hile and Protter [20] in an abstract setting. Later,
this abstract formulation of Hook was simplified and improved by Ash-
baugh and Hermi [3]. In fact, they obtained the following inequality
relating eigenvalues of a self-adjoint operator A, to two families of sym-
metric operators B;s, skew-symmetric operators 7’ I;s, p=1,...,nand
their commutators (for a precise statement with detailed assumptions,
see Theorem 2.2 of [3]),

2
1 (Zf:l ZZ=1 <[Bp7 Tp]uia Uz>> n <Tpuia Tpui>
4 Ef:l EZ=1<[Aa ByJui, Bpu;) i1 p=1 Akp1 = Ai

But this abstract inequality, as was observed by Ashbaugh and Hermi
in the end of the third paragraph of their article [3], could not recover
more than the HP version of the universal inequalities (i.e. inequalities
(1.11) and (1.12)).

The main goal of the present paper is to prove the following abstract in-
equality (with the same assumptions as those for the Ashbaugh-Hermi
inequality (1.15))which generalizes (1.15) and fills this gap

k n 2
(sz()‘i)<[TpaBp]uivui>) (1.16)

i=1 p=1

<4(Zig ABul,Buz)<in i)g oL H),

i=1 p=1 z:lp:lg 1_

(1.15)

where f and ¢ are two functions satisfying some functional conditions
(see Definition (2.1)). The family of such couples of functions is large
and particular choices for f and g give many of the known universal
inequalities. For instance, in the case of the polyharmonic problem,
if we take f(z) = g(x) = (Ary1 — x)?, then we obtain the Yang type
inequality (1.14) proved by Cheng, Ichikawa and Mametsuka and when
we take f(z) = (g(x))* = (Ag11 — ), we obtain the Wu-Cao inequality
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(1.13).

On the other hand, we observe that by taking 7, = [A, B,], we obtain
the following new formula (see Corollary 2.1), where only one family
of symmetric operators B, is needed

[}:E;f A81%8u42

i=1 p=1

3

< [iigui (4, B,)] u,,Bul}{Z D (AH)I)QM [A, B, u

=1 p= =1 p

(1.17)

Using this last inequality, with particular choices of f and g as before,
one can recover many of the known universal inequalities for eigenval-
ues of Laplace or Schrodinger operators.

In the last section of this paper, we show how one can use the inequal-
ity (1.16) to derive new universal bounds, of Yang type, for eigenvalues
of the Kohn Laplacian on the Heisenberg group, with any order. These
bounds are stronger than the earlier bounds obtained by Niu and Zhang
in [25].

2. The abstract formulation

Before stating the main result of this section, we introduce a special
family of couples of functions which will play an important role in our
formulation.

Definition 2.1. Let A > 0. A couple (f,q) 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,

(ﬂﬂ:i952+(mﬁ@»2'+ U@D2><M@—g@»<w.

T —y r)A—x)  gly)(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:

kmﬂ@ﬁ2§f§#my@y
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This last condition helps us to find many couples (f, g) satisfying the
conditions 1) and 2) above. Among them, we mention { (1, (A — :E)O‘) o> O},

{(0-a.0-7) 823} {(A -2 (0= 2)) Jo<b <2},
and {(()\—x)o‘,()\—:c)ﬁ) /a<0,1<p3, anda? gﬁ}

Let ‘H be a complex Hilbert space with scalar product (.,.) and
corresponding 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 < Ao < Az.... Let {T, : D — H}p_, be a collection of
skew-symmetric operators, and { B, : Ty(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,

k. n 2
(Z > FON(T,, Bylus, Ui>) (2.2)

<4(iZg ABuZ,BuZ)<Z 50 )\i)HTpuH2).

i=1 p=1 i=1 p=
Proof of Theorem 2.1. For each i, we consider the vectors ¢, given by

k
po__ L P, .
¢; = Bpu; E ;U
j=1

where a’i’j = (Byu;,uj), p=1,...,n. We have

(07, u5) =0, (2.3)

for all j = 1,...,k. Taking ¢ as a trial vector in the Rayleigh-Ritz
ratio, we obtain

(AT, ¢7)

A R 2.4
k1 S Ty (24)
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Since B, is symmetric, for all p =1, ..., n, we have a’i’j = a_?i. Moreover,
using the orthogonality conditions (2.3), we obtain

19711 = (&7, Byui — Z%U] 5> Bpui)
k k
= (Byu; — Y aluj, Byws) = ||Byuil|* = > aby(Byus, uy)
=1 =1

= || Byuil|* - Z ja [ (2.5)

and
(A¢P, ¢P) = (AByu; — ZAJ aluj, oF)

k
= (AB,u;, Byu;) Za_f] (AByu;, uj)
7j=1
k
2
= ([A, B,Ju;, Byus) + (ByAug, Byug) — Y A; ||

k
2
= ([A, ByJus, Byug) + Ml Byual> = >N lali|". (2.6)

J=1

Hence, inequality (2.4) reduces to
k
P12 2 p |2
Ml @717 < ([A, Bylus, Byus) + Mil| Bywil|* =Y Az |aly*. (2.7)
j=1

On the other hand, we observe that, forp=1,---

17 -

<T uza¢p> = <T uzaB uz +2 Tu“ ajuj>
7j=1
k _
= 2(u;, T, Bpu;) + 2 Z ag (Tpui, uj)
j—l
2(“27TBuz "—QZCL i (28)
7j=1

where c; = (T,u;, uj).
Note that since T}, is skew-symmetric, we have cf g forl1 <p<n.
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Therefore, using (2.3) and taking the real part of both sides of (2.8),
we obtain, for any constant «; > 0,

k
2Re(T, Byus,u) +2Y  Re (a_fjcp) — —2Re(d?, Tyu:)

)
j=1

= 2Re( TuZ+Zcpu]

=

1
< allfl* + — I = Tui + >l

J=1

k
=+ 3 (ol = 32 1)

"29)

(A1 — Ni)g(\i)
()

« is a positive constant and i < k, we infer from (2.7)

Multiplying (2.9) by f()\;) and taking «; = , where

2(\) (Re(Tpoui, ) + zk: Re () )

j=1

1 k
< af QI + (%) (nTpuiHZ -2 }cfﬁ)
1 ]:1

PP SN 000 ISR STy
00hesr = Mg + 5 75 W(HTP | Z)cﬁ}\)

1= Ai)g
< agO) {4, Bylus, Byus) + agM)Adl| Byual|* — ZA a5 -
l (f()\z))Q wl? — - 2
" @ (Aps1 — Ai)g(N) (HTp i ; }ij‘ ) (2.10)

DAillof ]
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Summing over ¢ = 1,--- | k and using (2.5), we get
k k -
23" F(N)Re(Ty Byus, ) +2 Y f()Re (afjcg;)
i=1 ij=1

< aZg ([A, Bplu;, Byu;) +a2)\zg )| Bpus?

—QZ/\JQ |a”|2—042&9 )lg7]I”

i,j=1
k 2 k
1 (f (M) < > )
+ — Tyui||” — Cf 2
k k
=a>  gN){A Bylui, Byuw) +a Y (A — A)g(A)|a]”
i=1 ij=1
k 2 k
1 (f()‘l)) < 2 2)
4+ = Tou;||* — cf . 2.11
a — ()\k—l—l _ )\z)g()\z) || p || ]Zl| ]| ( )
Since aj; = @ and ¢f; = —cfz, we have

k k
e (37 iy ) = me((S 00 - 1) 212

i,j=1

Using that |c};|* = |¢};|*, we find

e () sl (fw)’ ()’ )
(6% Z’le g()\z)()\k-{-l - )‘z) ‘Cf]‘ a 20 i1 |:g()\z)()\k+1 — )\z) g()\j)()\k+1 — )\j)} ‘Cf]‘ '
(2.13)
Moreover,
k a k
@ D7 g = Al =537 (9(h) = 9(0) (h = Al
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Thus we infer from (2.11),(2.12), (2 13) and (2.14)

2Zf ) Re(T,Byu;, u;) + Z ( - fO‘j))Re (a_lz‘)jc?j)

=0 2B Bt 2 v =g ]
+ % ZZI (Q(Ai) - g()\j))()\z Ik
- k (f<>\z))2 (f(AJ))Q 2
20 Jz_l [g<)\i>()\k+1 A) gy e AJ)] i (2.15)

@
&
Il

-
-
&
Il

—

1< (fO‘j) - f<)\i)>2 i — A P
202 O AP a0y) g0
(2.16)

From the condition (2.1) satisfied by f and g, we infer

i(fw)—fm) e () < Qi(guj)—g(xi))(xi Al

=1 i,7=1

L (0w () :
2o 22 (ot =3 * T s =4

Lj=

(2.17)

Hence, taking sum on p, from 1 to n, in (2.15), we find

(2.18)
Since B, is symmetric and 7}, is skew-symmetric, we have for all p < n,
2Re(T, Byus, w;) = (T, Byu;, u;) + (T, Bpus, u;)
= (T, Bpu;, u;) — (u;, ByTyu;)
= ([Tp, Bplus; us)
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and inequality (2.18) becomes

Z FO[Ty, Bplui, uz)

n

< az Zg()\i)([A, Byu;, Byu;) + é Z (f@\z))g : 1Ty,

i=1 p=1
(2.19)
or equivalently
k n
a’ Z Z 9(X)({[A, Bylui, Bpus)
i=1 p=1
E n E n 2
_QZZf()‘i)<[Tpv plui, wi) +ZZ )H puil[* > 0.
i=1 p=1 i=1 p=1
(2.20)

To prove inequality (2.2), it suffices to show that

n

>~ 9O(A, ByJus, Byus) > 0. (2.21)

i=1 p=1

In fact, if this is the case, the discriminant of the quadratic polynomial
(2.20) must be nonpositive, i.e.

(3300 B )

i=1 p=1

—4<;;g ([A, B,)] uBu)(Zk;pz: g ( A)>2( i)||Tpui||2) <0
(2.22)

which yields the theorem. We note that if we replace 7, by -7,
inequality (2.20) holds. Thus we can deduce that it holds for all real «
and not only o > 0 proving that the coefficient of the quadratic term,
ie. Zle > m—1 9(N)([A, Bplui, Byu;), is nonnegative. If it is equal to
zero, then Zle > pe1 FO[Ty, Bplui, ug) is also equal to 0 and the
theorem trivially holds. U

Remark 2.1. e [n the definition of Sy, the functions f and g
can be defined only on a discrete set of eigenvalues.

e One can formulate Theorem 2.1 as in [19] for z €| Ak, Apya] (it

suffices to replace, in the hypothesis and in the inequality, A1

by z).
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e The result of Theorem 2.1 can also be stated, as in [19] or [18],
in the general situation where the spectrum of A is not purely
discrete and its point spectrum is nonempty.

o Taking f =g =1 1n (2.2), we obtain inequality (1.15) of Ash-
baugh and Herma.

If the operators T), are chosen such that 7, = [A, B,], then [T, B, =
[[A, B,], B,]. Applying Theorem 2.1 in this context and using the ob-
vious identity ([A, B, u;, Byu;) = —3([[A, B,], By u;, u;), we obtain

Corollary 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 < Ay < A3.... Let {B, : A(D) — H},_, be a
collection of symmetric operators, leaving D invariant. We denote by
{w;}2, a basis of orthonormal eigenvectors of A, u; corresponding to
i If for k> 1 we have A1 > A, then for any (f,g) € Sk,

{ZZ}" (A B, ul,Bul>r

= [Zk:ig(& 4, Bolus, By ] [Z ) g0 <Ak+)1)—x)H (A, Byl il
- o (2.23)

Remark 2.2. e As for Theorem 2.1, Corollary 2.1 can be stated
in the general case where the spectrum of A is not totally dis-
crete.

o For f(z) = g(z) = (\ey1 — )%, inequality (2.23) becomes the
abstract inequality which gives the Yang type inequalities for
Laplacians and Schrédinger operators (see [4], [13], [19] and
24)).

o For f(x) = g(z) = (M\py1—x)*, with a < 2, we recover a Harrell
and Stubbe inequality ([19], [5])).

o We can easily deduce from the inequality (2.23) new universal
inequalities in many different geometric situations (Dirichlet
Laplacian on domains of Submanifolds of Euclidean (or sym-
metric) spaces as in [13], Hodge de Rham Laplacian or the
square of a Dirac operator,and more generally a Laplacian act-
ing on sections of a Riemannian vector bundle on a submanifold
of a Euclidean (or symmetric) space).

3. Application to the polyharmonic operators

In this section, using Theorem 2.1, we will show how to derive uni-
versal inequalities for the eigenvalues of a polyharmonic problem. For
a power of the Laplacian and with a particular choice of f and g, one
can derive inequality (1.13) and inequality (1.14).
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In fact, throughout this section we assume that A = @', such that Q
is a symmetric self-adjoint operator given by

Q== 1,
p=1

where T, are skew-symmetric operators for p = 1, ..., n, with [Q,T,] = 0
and [Ty, By = 6y
First we need to calculate the following expressions

n

> (A, Bylui, Byu;) (3.1)
and
> (Tous, Tyus) = (Qui, us). (3.2)

For this purpose the following two results of Hook (see proposition 3
in [22] and Theorem 1 in [23]) will be useful.
The first one is

Lemma 3.1. Under the circumstances stated above, we have
[A, B)] = [Q', B,] = —21Q"'T,

and
n

> By, [A, B = 21(2l +n—2)Q"".

p=1
And the second one is the following

Theorem 3.1. Let V' be a real or complex inner product space with
inner product (.,.). Let D be a linear submanifold of V' and let Q) :
D — V be a linear operator in V. Suppose | is a positive integer and
u s a fized vector such that for all0 <r < q <,

[(Q7u, u)| = (Q""u, Q).
Then, for all integers 0 < r < q <[, when q is even, we have
Q" u, w)] < [(Qu, w) "/, u)' =774, (3-3)
This inequality is satisfied for q odd and 0 < r < q <, if in addition
to the above, there is a family of operators {T,},_, such that

(QUu,u)| = | ) (T,Q" " u, T,Q" u)]
p=1

holds for all 0 <r < q <.
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Applying Lemma 3.1, we obtain

n n

Z([Aa Bylui, Byu;) = Z([Bpa [A, BplJui, us)

p=1 p=1
=120 +n — 2)(Q"  uy, w;).

Therefore, if [ is odd, then we have

N —

(A BJus, Byu) = 1020+ n = 2)[|Q'F wi|
p=1
and if [ is even, then
n n s
D (A Bylus, Byui) =121 +n=2) Y | T,Q 7 wil)®
p=1 p=1
The conditions of Theorem 3.1 are satisfied by our operator ). So
inequality (3.3) is valid for all 0 < r < ¢ <[ without parity condition
on q. Applying this inequality (3.3) with r = [—1 and ¢ = [, we obtain
> (A, ByJu, Byus) = 120+ 1 — 2){Q" Huy, i)

p=1
l7

[un

-1

<ui7 ui>17 !

<2l +n-— 2)<Qlui, u;)
12— 2N (3.4)

and with » = 1 and ¢ = [, we obtain

~I=
~l=
S e

(g, u)' "1 < A (3.5)

Z 1 Tpui)* = (Qui,us) < (Quz,uy)
p=1

Since [T}, B,| = 1, one gets
<[Tp, Bp]ui, U,Z> =1. (36)

Then using inequalities (3.4), (3.5) and (3.6) together with inequality
(2.2), we obtain

nz[gmr<4l<2l+n_2>(§gw;f)(iﬂgf“ﬂfMA;)

or equivalently

iﬂwﬁ% “”*”‘”(ig“f”gl )%(iguigg:i)—xiﬁj
- - (3.7)

Now the operators A = (—A)\, Q = —A, B, =x,, p=1,...,n, where
Zi,..., T, are Euclidean coordinates, and 7, = 8%17 fit the setup of this
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2
section. Thus, taking f(x) = (g(x)) = (Mg+1 — ), we can obtain
inequality (1.13) of Wu and Cao.

Remark 3.1. For the special case l = 2 (i.e the clamped plate problem)
and the same values of f and g as above, we obtain inequality (1.10) of
Cheng and Yang. We observe that this inequality can also be obtained
easily by a simple calculation from our inequality (2.2). In fact, taking
A=A B, =z,,p=1,....nand T, = a%p, we first observe that
[T,, B,) = 1. Hence, we have

n

> T, Bylus, ui) = n, (3.8)

p=1
moreover
0
[A, B,Ju; = [A% zp)u; = 46—%Aui.
Then
0
[pr [Av Bp]]ul - 4['rp7 8—1‘1,A]ul
0 \2
——4(A+ 2(5,7) Ju
It follows that
n 1 n
Z<[A7 Bp]ui7 Bp“z) = 5 Z([pr [Av Bp]]uia uz>
p=1 p=1

=2(n+ 2)(—Au;, u;)

<2+ (dul?ul?)”  (3.9)
— 2(n+ 2)A2. (3.10)

Now
i(Tpui,Tpu» = (—Au;,u;) < A5 (3.11)

p=1

where we used the Cauchy-Schwarz inequality to derive (3.9) and (3.11).
Substituting (3.8), (3.10) and (3.11) into (2.2) and taking f(x) =

2
(g(x)) = (Agr1 — ), we obtain inequality (1.10).

On the other hand, if we take f(z) = g(z) = (M\y1 — )2, in (3.7),
we get the following inequality obtained in [10] (see inequality (2.27)
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therein)

[}f:(Ak+1-—‘k02]2

i=1

< W(i(ml - Ai)Q)\;_TI> <zk:()\k+1 C DA ) (3.12)

=1 i=1

S

Using the following variant of Chebyshev inequality (see Lemma 1 in
[10]), one can deduce a generalized Yang inequality

Lemma 3.2. Let A;, B; and C;, 1 = 1,...k, verify Ay > Ay > ... >
respectively. Then, we have

k k k k
D CAIB Y AC; <> ATY ABC
=1 =1 =1 =1

In fact if we apply this Lemma to the right side of inequality (3.12),
-1 1
with A; = \ep1 — N, Bi = A" and C; = A/, we obtain,

k
4l(n + 21 —2)
> kg1 =N < ———— Z N1 — M)A (3.13)
=1

i=1

=

which, in the case where A = (-=A), Q = —A, B, =z, p=1,...,n
and T, = 8%1?, gives us inequality (1.14) of Cheng, Ichikawa and Mamet-
suka (see inequality (1.11) in [10]).

Finally, we note that considering other choices of values for the couple
(f,9) lead to many new inequalities.

4. APPLICATIONS TO THE KOHN LAPLACIAN ON THE HEISENBERG
GROUP

In this section, we consider the 2n + 1-dimensional Heisenberg group
H", which is the space R?"*! equipped with the non-commutative group
law

1
(l‘, Y, t)(l‘/, y/7 t/) = <ZL‘ + l‘/, y+ ylv t+ t/ + 5) ((xla y>R" - <"L‘7 y/>R")7

where =, 2/, y, vy € R™ t and ' € R. We denote by H" its Lie
algebra it has a basis formed by the following vector fields T' = 8t’

Xp=5-1% 2 and Y, = —p — 222 We note that the only non-trivial
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commutators are [Y,, X,] = T9,,. Let Agn denote the real Kohn-
Laplacian in the Heisenberg group H". It is given by

2 2
p=1

_ AR L2 0?9 | d o g
= A, + 4(|x| + |y| )8752 + 5 pgl (ypaxp :Epayp) .

We are concerned here with the following eigenvalue problem:

(—Agn)'u = Au in Q,
ou oty (4.1)

Uzazzﬁzo onﬁﬁ,
where €2 is a bounded domain in H", with smooth boundary 02, v is
the unit outward normal to 02 and [ > 1 is any positive integer. We
denote by L = —Agn and Ve = (X1,..., X, Y1, ..., Y,).
We let
denote the eigenvalues of problem (4.1) with corresponding eigenfunc-
tions wy, U, ..., U, ... in SG7(€). Here S¥%(Q) is the Hilbert space
of the functions u in L*(2) such that X,u, Yyu, Xgu, Yp2u, . Xé(u),
Vi(u) € L*(9), and Si? denotes the closure of C3°(Q) with respect to
the Sobolev norm

l n n
e = | (Z (X xtul + 32 tul?) + |u|2)dxdydt.
d=1 p=1 p=1

We orthonormalize the eigenfunctions u; so that; Vi, 7 > 1,

(ui, uj>L2 = /ﬂuzu]da:dydt = 52J

In all this paragraph, our results can be stated in a general form

using functions f and g € Sy, as in the first part of this paper, but
we limit ourselves to the case f(z) = g(x) = (Agy1 — 7). This gives
us new bounds of the Yang type for eigenvalues of problem (4.1) which
improve earlier ones obtained by Niu and Zhang [25].
We also note that we must treat the three following cases indepen-
dently: the case when [ = 1, the case when [ = 2 and the case when
[ > 3. This is essentially due to the difference of the calculations in
these three cases.

4.1. The case when [ = 1. In this subsection, we are concerned with
the case where [ = 1. The result we obtain is a result proved earlier
by the first author, El Soufi and Harrell in [13] and for which we give
here a different proof, more easily adapted to the other cases [ = 2 and
[ > 3.
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Theorem 4.1. For any k > 1

k k

SOk = A7 € 2 3 (eer = M)A (4.2)

i=1 i=1

Proof. We will prove this theorem by applying inequality (2.2) with
A=1L= —AHn, Bl = ZEl,...,Bn = xnaBn—l—l = ’yl,...,BQn = Yn,
T =Xy,....,7, = X;,,Th1 =Y1,...., 15, =Y, and f(z) = g(z) =
(A1 — )%, namely,

[zn: zk:(/\kﬂ - ) (([Xp, Tplti, ui) 2 + {[Yp, yplus, Uz‘>L2>] 2

p=1 i=1

< 4[i S O - 0? ({1 phs, ) 2 + (L gyl ypum)] x

{ZZ Mo = 2) (1%, u@HL2+HYuZHL2)]. (43)

p=1 i=1

By a straightforward calculation, we obtain [L,x,Ju; = —2X,u; and
[L, yplui = —2Yu;.
Hence

([L, xplus, xpui) 2 = —2/ Xpu;.xpu; = 2/ ;. Xp(xpu;)

_2/u +2/3:puZ Ui

(L, yplus, ypui) 2 = —Q/Yuz YpUi = 2/ i Yp(ypui)
_2/u +2/ypuZYuz,

([L, zplui, wpui) 2 = ([L, Yplui, ypus) 2 = 1. (4.4)
On the other hand, we have

and

then

[Xp, plui = [V, yplui = u; (4.5)
and
Sl + > IVl = / Viuwl =A.  (46)
p=1 p=1 Q

Thus incorporating (4.4), (4.5) and (4.6) in (4.3), we obtain (4.2). O
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Remark 4.1. Inequality (4.2) improves the following inequality proved
by Niu and Zhang in [25] (see Remark 5.1 in [13])

k
2
< = E N
)\k:Jrl )\k = nk £ )\Z

4.2. The case when | = 2. In this subsection, we will derive the
following

Theorem 4.2. We have, for each k =1,2,...,

K ! 1ok 1
2vn+1 12 1] 2
D e =) < — [Z()\kﬂ - Ai))\f] [Z()\kﬂ - Ai)Q)\f} :
i=1 i=1 i=1
(4.7)

Proof. The key observation here is to apply Theorem 2.1 with A =
L? = (—=Agn)?, and as before By = x1, By = @3, -+ , B, = ¥y, Bpy1 =
yi, s Bon =y, Ty = Xy, 1T = Xy, Topr = Y1, -+ [ To, = Y, and
f(x) = g(x) = (Ag11 — x)?. Thus we have

[ii()‘lﬁ—l - 2( s Tp|Uiy Ui) 2 + <[Y;77yp]uivui>L2):| 2

p=1 i=1

n k
< 4[2 Z()\k—i-l — 2( iy Tpus) 2+ ([L2 yplus, ypu,)Lzﬂ
p=1 i=1
n k
<30S e = 20 (1l + ¥l

p=1 =1
(4.8)
but
SOl + 3 Vw2 = / Vimugl? = / Lusu
p=1 p=1 @ @
% 2 % 1
< (/uz) (/ (L) ) Y
Q Q
thus
n k k .
ST O = A (Xl 22 + 1Yuil122) =3 (Mer — A)A?. (4.10)
p=1 i=1 i=1

Using (4.5), we get

([Xp, wplus, wi) 2 = ([Yp, Yplui, wi) 2 = 1. (4.11)
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Thus,

n k 2
35 ks = AP (X o + (ol )| (012)
p=1 =1
k 2
n’ [Z Aky1 — ] :
i=1
On the other hand

(L2, x,)ui = L*(zpu;) — 2, LPu; = Lz, Lu; — 2Xu;) — o, L%y,

and the same identity holds with y, and Y.
We infer, using identities (4.5) and (4.13)

([L?, wp)us, pui) 2 = —Q/QXpLui.xpui — Q/S)L(Xpui).:cpui

= —2/XpLui.xpul-—Q/Xpul-.xpLul-—l—ll/Xpui.Xpui
Q Q Q

:Z/Lui.Xp(:ppui) —Q/prpui.Lui—él/X;ui.ui
Q Q Q
=2 / Lu;u; — 4 / XZuj.u;. (4.14)
Q Q

Similarly, we have

([L?, yp)ui, ypui) 2 = Q/QLUM% —4/§2Y;)Zu,~.ui. (4.15)

Since

n n n n
DI E-TRIES By R TR SESUAES w2
p=1 "9 p=1 "9 p=1 p=1

Q
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we have

|35 O = AL s + (22T )|

=4(n+1) Z(Akﬂ — )2 /Q Lu;.ug

<4(n+1) Z;:(A/m - Ai)2</ﬂ“’2) 5 (/Q <Lui>2) 5

i=1
k

=4(n+1)Y (App1 — A)ZAZ. (4.16)

i=1

Incorporating (4.10), (4.12) and (4.16) in (4.8), we get the result. [

We can easily obtain from inequality (4.7) of Theorem 4.2 an in-
equality of Yang-type.

Corollary 4.1. We have, for each k > 1,
k

Ed

4(n + 1)
> (k1 — Ni)? Z (Mrs1 — Ai) A (4.17)
=1 i=1
Proof. Inequality (4.7) is equivalent to
k 2 k k
4n+1 1 1
{Z(AkJrl—)\i)Q} < % |:Z()‘k+1_)\i))‘i2:| [Z()\kﬂ—)\i)z)\f]-

i=1 =1 i=1

Now applying Lemma 3.2 with A; = \py1 — \; and B; = C; = )\f,
obtain inequality (4.17). D

Remark 4.2. Inequality (4.7) is sharper than the following one found
by Niu and Zhang [25]
k 2
1) (Z 1)
A
i=1

Proof. We infer from inequality (4.7) and the Chebyshev inequality

A1 — A <

k

{Z(Akﬂ - )\iﬂ 2

i=1
k k k 9
4(n+1) , .
A SB[
or equivalently
k

3 st — A < % [i(ml > )\%]2.

i=1 =1 i=1
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Thus
k

S st — A {(A,ﬁ+1 ) n2k2 [Z A] } (4.18)

i=1 i=1
Hence, since \; < Ay, for all i < k, we can easily deduce the inequality
of Niu and Zhang from (4.18). O

4.3. The case when [ > 3. We are now concerned with the problem
(4.1) for any [ > 3. The result depends on the parity of . In fact, we
prove the following

Theorem 4.3. For any odd | > 3, we have

k 1 k 172
;(ml - M) < [;(ml - Aiw] X
b =1 = 3
{ S st — A {(%(n HI— DA +aln, l)(A A )] }
i=1
(4.19)
and for any even | > 4, we have
k 1 k 1 %
;()‘k—kl —N)7 < - [;(Aml - )\z‘))\f} X
k . 3
{Z Mer1 — [ 2In + 4(1 — 1)))\/ + ca(m, l)AT)]} )
=1
(4.20)

where c¢1(n,l) and cy(n,l) are two constants depending on n and .

Proof. If we apply inequality (2.2) with A = L' = (=Amn)', B, =
T1, ..., By =2n, Boy1 =y1,.. . Bon =Y, T1 = Xo, ... T = X, T =
Yy, ..., Ty, =Y, and f(x) = g(x) = (A\ey1 — x)?, then we obtain

n

{i (Aks1 — ( [Xp, Tplui, wi) 2 + ([Yp,yp]ui,ui)p)} 2

i=1 p=1

= 4{213 Xn:(Am—Ai)?(qu, wplui, wpus) 2 + ([L, yplui, y,,ui)p)} X

[Zi (Ar = (HX uillZz + HYu@HLQ)] (4.21)

And as before, we have

([Xp, wplus, wi) 2 = ([Yp, yplus, wi) 2 = 1. (4.22)
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On the other hand, to calculate ) (HX wil|2, + 1Y, uZHL2>, we need

the following result obtained by Niu and Zhang (see Lemma 2.3 in [25])
inspired by that of Chen and Qian [7] for the Laplacian:

Lemma 4.1. For any d > 1, we have

(/QIV%MIQ) (/W%tlu, ) i (4.23)

d . .
L2 if dis even,

here V4 = ]
wnere {anL‘T if d is odd.

And as a consequence (see Corollary 2.1 in [25]), we can easily obtain,

for any d > 1
i
(/ \anuiF) < </ |Vf{nui\2) : (4.24)
Q Q

Therefore we have

n 1
l
> (Il 1l ) = [z < ([ ) =,
Q Q

- (4.95)

S

Now we have to calculate
n

Z (<[le xp]uiv xpui>L2 + <[Lla yp]uia ypui>L2)-

p=1

For this purpose, we use the following lemma also obtained by Niu and
Zhang in [25]

Lemma 4.2. For any positive integer d, 1 < d <[, we have
d
L*(wpu;) = xp Ly — 2 T L7OX, Ly,
q=1
t=1,...,k,p=1,...,n. This is also true for y, and Y.

We infer, using Lemma 4.2,

l
L, wpu; = LM (wpus) — apLluy = =2 L79X, L0 My,
q=1

Therefore

!
(L}, @i, wpus) 2 = —22/ L79X, Ly apu;
Q

!
= —QZAXqu_lui.Ll_q(xpui).
q=1
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The same identities hold with y, and Y.
Hence we obtain

n

5 (sl (2 s ) 2

p=1
n !
S ([ X s [ 5t )
p=1 g=1 @ @
(4.26)
Applying Lemma 4.2 once again to (4.26), we obtain
Z <<[Ll>xp]ui>xpui>L2 + <[Ll>yp]uia?/pui>L2)
p=1
n l n -1
=230 [l e Xl 43 Y [ XL X
p=1 ¢q=1 Q p=1 ¢q=1 Q
n [—21l—q—1
+4Y >N / L7 X, Ly X, L0
p=1 ¢g=1 r=1 Q
n l n -1
=) 9 B) [LETRAZENET) 3) oY RS AZEn
p=1 g=1 Q p=1 g=1 Q

n (-2 l—qg—1

+4Y >N /Q LY, D Y, L9 . (4.27)

p=1 q=1 r=1
As in the proof of Theorem 5.1 in [25] (see the calculation of the terms
I, and 1)), we can easily obtain, for any odd [ > 3,

5 (K8l o+ (L T

p=1
=1 =2
< (2Un+1 -1\ +ei(n,l) ()\i+>\il ) (4.28)

and for any even [ > 4,
Z (<[Ll>xp]uiv wpts) 2 + (LY yplus, ypui>L2)
p=1

=1

< [(2ln +4(1 — 1)) +ca(n, l)} AT (4.29)

where ¢(n,3) = 4,

-2 lql{lqr 25n,(C's l—q—r 25(1s

c1(n,l) :22 Z Z ﬁ+ Z ﬁ} for any odd

q=1 r=1 s=1 s=2
sodd seven
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—21
[ > 5 and c3(n,l) Z Z
:1 r=1 s:db s=0
Incorporating (4.22), (4.25) and (4.28) in (4.21), we obtain (4.19).
S1m1larly, to obtain (4.20), we incorporate (4.22), (4.25) and (4.29)
n (4.21). O

{lqrzscs

l—q—r
2°5C}
l—gq—r l—q—r
(2n —1)% (2n —1)3 }

Remark 4.3. The inequality (4.19) is not homogeneous in the eigen-
values \; (i.e. it is not invariant under the change L — aL, \; — a')\;
for a > 0). Therefore, using inequality (4.19) for a'L', we obtain that
for any a > 0,

Xk:(ml —\)2 < Hi(ml — M)A } %x

i=1 i=1

S e

{i(Ak—f—l — )2 {2l(n+g_1))\ = +ein, l)(a)\ N Aﬁ)}};,
) (4.30)

for any odd | > 3.
Optimising with respect to a, we find the following improvement of the
inequality (4.19)

k ik

S s = N)” < %(21(71 Yl—1) +aln, l)) : {Z(Ak“ - Ai)Aj] X

i=1 i=1

NI

k T
{Z()\kﬂ — )N } (4.31)
i=1
which s homogeneous on the eigenvalues \;.

As for the case when [ = 2, we can deduce inequalities of Yang-type
for [ > 3.

Corollary 4.2. We have, for any odd | > 3,
k

> (k1 = Ni)? (4.32)

i=1
1 k 141 -1

and for any even | > 4
k

k
21n—|—4l—1 ) + ca(n, 1)
D> Mk — ) < ( 2 Z Aes1 — AN (4.33)
i=1

i=1

where c1(n,l) and c3(n,l) are explicit constants depending only on n
and [.
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Proof Applying Lemma 3.2 with A; = M1 — Ny, B = 2l(n+1 —
))\ T + c1(n, D)(N; +)\ ) and C; = )\l we obtain

k k
-1

{ZWH Ai Mf} { D Ak — X))’ [2l(n Fl—1)N T

i=1 i=1

k

+cl(n, l) <)\z + )\Zl):| } < Z()\k+1 — )\i)QX
i=1

k

Z(AkJrl_)\@'))\ [21(n+l_1))\7 +an, l)()\ )\;—Tz)}
=30 =0 0~ [t =08 e (37 7]
) B (4.34)

Inequality (4.32) can be deduced from (4.19) and (4.34), for any odd
[>3.
We proceed in the same way to obtain (4.33), i.e. applying Lemma

3.2 but with A; = \psy — A, By = <2ln YA = 1) + e, l)>>\ T and
O = O

Remark 4.4. Inequalities (4.19) and (4.20) are sharper than the fol-
lowing inequalities, proved by Niu and Zhang ([25]),

SoF Al 12
At = A < S {25 (n+1-1) ZA Cei(n, ) Z(Aﬁ)\i’ )}

(4.35)

if 1 > 3 is odd and

Zk )\.% K koo
Ner1 — A, < é;ll{;zl{(anjull—l Z T +@an)\@’},
= 1=1
(4.36)

if 1 > 4 is even,
c1(n,l) and cy(n,l) are as in the proof of Theorem 4.3.

Proof. By the Chebyshev inequality, we infer from (4.19), for any odd
[>3

k k

[i(m - Ai)Qr < n21k2 [Z@kﬂ - M] [Z< Ness — W] y

i=1 i=1

k

{ZA] {2ln+l—1 ZAl ) Z(A +A12)]

i=1
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or equivalently

k

D (e — ) < 7 [i (Aks1 — Az-)} [

i=1

1
l
)\z

k
.]X
=1

{25(n+l—1)iA;l +clnli< 12)]

Thus

Xk:(Am—Ai) Aist — (Z A})

1=

1

k k
(2l(n+l—1)z>\;7 +c1(n, 1) Z( TQ)) <0
=1 i=1

which implies (4.35), since A; < \; for i < k.
Similarly, we prove that inequality (4.20) is sharper than (4.36). O
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