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Abstract We establish inequalities for the eigenvalues of the sub-Laplace operator associ-
ated with a pseudo-Hermitian structure on a strictly pseudoconvex CR manifold. Our inequal-
ities extend those obtained by Niu and Zhang (Pac J Math 208(2):325-345, 2003 [26]) for the
Dirichlet eigenvalues of the sub-Laplacian on a bounded domain in the Heisenberg group and
are in the spirit of the well known Payne—Pélya—Weinberger and Yang universal inequalities.

Mathematics Subject Classification 32V20 - 35H20 - 5850

1 Introduction

The sub-Laplacian A, associated with a pseudo-Hermitian structure on a strictly pseudocon-
vex CR manifold M is prototypical of a class of subelliptic operators which appear naturally
in several geometric situations that could be gathered under the concept of “Heisenberg man-
ifolds”. The recent work of Ponge [29] provides a detailed discussion and a fairly compre-
hensive presentation of the spectral properties of such operators, including Weyl asymptotic
formulae and heat kernel expansions.

The sub-Laplacian A, plays a fundamental role in CR geometry, similar to that played by
the Laplace—Beltrami operator in Riemannian geometry (e.g., CR Yamabe problem). Several
works published in recent years are devoted to the study of this operator and the investigation
of its spectral properties, see for instance [3-5,8,17,24,26,29]. In particular, it is known that
Ay is subelliptic of order %, that is for each x € M, there exist a neighborhood U C M and
a constant C > 0 such that, V u € C5°(U),
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438 A. Aribi, A. El Soufi

luliF02 < CU=Ap + D u, u)p2.
This a priori estimate leads to the proof of the hypoellipticity of A, and the discreteness of its
spectrum when M is a closed manifold (see [4,5,25]). Since the pioneering work of Greenleaf
[17], many recent contributions aim to extend to the CR context some of the spectral geo-
metric results established in the Riemannian setting such as Li—Yau or Lichnerowicz—Obata
inequalities (see, for example, [4,3,8,24]). It is worth noticing that the determination of the
eigenvalues of the sub-Laplacian on the standard CR sphere S**! remains an open problem,
except likely for n = 1 according to [28].

In this article, we focus on finding bounds on the eigenvalues in the same vein as Payne—
Pdlya—Weinberger universal inequalities [27]. These inequalities, established in the 1950s
for the eigenvalues of the Dirichlet Laplacian in a bounded domain of the Euclidean space
R”, were first stated as follows: for every k > 1,

41 &
Ak+1—xksn(kzl‘,xi], (1.1)
1=

before being improved by several authors (see for instance [1,23,30]). For example, the
following inequality due to Yang [30] implies (1.1) :

k

4 k
DOt = 2% = = D ARyt = ha). (12)

i=1 i=1

Extensions of universal inequalities to bounded domains in Riemannian manifolds other than
the Euclidean space have also been obtained. Let us mention, for example, the following
Yang’s type inequality obtained by Ashbaugh [1] for domains of the unit sphere " c R*+!
(see also [10]):

k 4 k I’l2
D Okt = 2% = = > (e — i) (xi - Z) . (13)
i=1

i=1

It is a remarkable fact that the equality holds for every k in this last inequality when the
A; are the eigenvalues of the Laplace—Beltrami operator on the whole sphere. This fact was
observed by El Soufi et al. [16] in their paper where inequality (1.3), as well as many other
inequalities in the literature, are recovered as particular cases of the following inequality
which applies to the eigenvalues of the Laplace—Beltrami operator of any n-dimensional
compact Riemannian manifold M, with Dirichlet boundary conditions if dM # @,

k k
4 1
D Okt = )% = = 3 (kg = ) (Az- + Z”H”io) , (1.4)

i=1 i=1

where H is the mean curvature vector field of any isometric immersion of M into a Euclidean
space R"T7_ Notice that inequality (1.4) had also been found independently by Chen and
Cheng [9] for the Dirichlet eigenvalues on a bounded domain of a Riemannian manifold.
Niu and Zhang [26] were certainly the first to address this issue for subelliptic operators.
They obtained Payne—Pdlya—Weinberger and Hile—Protter type inequalities for the Dirichlet
eigenvalues of the sub-Laplacian on a bounded domain of the Heisenberg group H" of real
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Eigenvalues of the sub-Laplace operator 439

dimension 2n + 1. The following Yang type inequality has been obtained in this context in
[16] as an improvement of Niu—Zhang results:

Z(ml —a)? <= Zk (k1 = 4. (1.5)

i=1

In what follows (see Corollary 4.1 below), we will prove that inequality (1.5) remains
valid for any strictly pseudoconvex CR manifold M of real dimension 2n + 1 provided it
admits a Riemannian submersion over an open set of R*" which is constant along the charac-
teristic curves of M (i.e. the integral curves of the Reeb vector field). Of course, the standard
projection H" — R?" satisfies these assumptions.

As for the CR sphere S?**! and domains of S*"+!, we will obtain the following inequality
(Corollary 3.1):

2

k k
z M1 — *Z Ak+1 — )\ +n )
i=1

i=1

S

which is sharp for k = 1.

All these results are actually particular cases of a more general result (Theorem 3.1) that
we establish in Sect. 3 for an arbitrary strictly pseudoconvex CR manifold M of real dimen-
sion 2n 4 1 endowed with a compatible pseudo-Hermitian structure 6. Indeed, we prove that
the eigenvalues of the sub-Laplacian Ay in a bounded domain 2 C M, with Dirichlet bound-
ary conditions if 2 # M, satisfy inequalities of the form (see Theorem 3.1 for a complete
statement): for every integer k > 1 and every p € R,

k

k
2, -~ 1
S it = 20)” mia"{n r} > et — AP ‘(x,- + Z||Hb(f)||§o), (1.6)

i=1 i=1

k
2\ 1 1
2 <1772A4—H 2 1.7
k+1_(+n)ki=1 z+2n|| b ()llzo (1.7)

2 1 1 2 1 2
A1 < (1 + *)k")vl + - ((1 + *)k" - 1) 1 Hp ()50 (1.8)
n 4 n

where f is any C? semi-isometric map from (M, 0) to a Euclidean space R”, and where
Hy(f) is a vector field defined similarly to the tension vector field in the Riemannian case
(see Sect. 2 for definitions).

Besides the CR sphere and Heisenberg groups, many other cases in which one has an
explicit expression for || Hy(f) |l are given in a series of corollaries in Sect. 4.

In Sect. 5 we prove that the inequalities (1.6), (1.7) and (1.8) remain true when f is a
semi-isometric map from (M, 6) to a Heisenberg group H™” which sends the horizontal dis-
tribution of M into that of H™. This can also be seen as a generalization of what was known
about the Dirichlet eigenvalues of the sub-Laplacian in a bounded domain of the Heisenberg
group, since the identity map of H" obviously satisfies Hp(Iyn) = 0.

When M is compact without boundary, one has A; = 0 and the inequality (1.8) leads to
a relationship between the eigenvalues A; of the sub-Laplacian of (M, 6) and the invariant
Hy (f) of any semi-isometric map f from (M, ) to a Euclidean space. For the first positive
eigenvalue Ao, we even have the following inequality:

and
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1 2
A (—=Ap) < m/ [Hp(f)|gm, (1.9)
M

where V (M, 0) is the volume of (M, 6). Section 6 deals with these Reilly type inequalities
and the characterization of equality cases. For example, we show that the equality holds in

(1.9) if and only if f(M) is contained in a sphere S"™=1(r) of radius r = _/ Az( Ab) and f is
a pseudo-harmonic map from M to §"~!(r).

These Reilly type results are also extended to maps f from (M, ) to a Heisenberg group
H™ which sends the horizontal distribution of M into that of H” (see Theorem 6.2).

The last part of the paper deals with Carnot groups which constitute a natural general-
ization of Heisenberg groups. A Carnot group is equipped with a natural operator called
“horizontal Laplacian”. We give PPW and Yang type inequalities for the eigenvalues of the
horizontal Laplacian in terms of the rank of the horizontal distribution of the group.

2 Preliminaries

Let M be an orientable CR manifold of CR dimension n. This means that M is an orient-
able manifold of real dimension 2n + 1 equipped with a pair (H(M), J), where H(M) is a
subbundle of the tangent bundle 7'M of real rank 2n (often called Levi distribution) and J
is an integrable complex structure on H (M). The integrability condition for J means that,
VX, Y e '(H(M)),

[X, Y]-[JX, JY]| e '(H(M))
and
X, Y]+ [X,JY]|=J (X, Y]|-[JX, JY)).

Since M is orientable, there exists a nonzero 1-form 6 € I'(T*M) such that Kerf = H(M).
Such a 1-form, called pseudo-Hermitian structure on M, is of course not unique. Actually, the
set of pseudo-Hermitian structures that are compatible with the CR structure of M consists
in all the forms f6 where f is a smooth nowhere zero function on M.

To each pseudo-Hermitian structure 6 we associate its Levi form Gg defined on H (M) by

Go(X,Y)=—-dO(JX, Y)=0(JX, Y]

(note that a factor % is sometimes put before d0 so that in the case of the sphere S**+! ¢ ¢!,
the Webster metric defined below coincides with the standard metric).

The integrability of J implies that G is symmetric and J-invariant. The C R manifold M
is said to be strictly pseudoconvex if the Levi form Gy of a compatible pseudo-Hermitian
structure 6 is either positive definite or negative definite. Of course, this condition does not
depend on the choice of 6. It implies that the distribution H (M) is far from being integrable.

In all the sequel, a pair (M, ) will be called strictly pseudoconvex CR manifold if M is a
strictly pseudoconvex CR manifold endowed with a compatible pseudo-Hermitian structure
0 with positive definite Levi form. The structure 0 is then a contact form which induces on
M the following volume form

Pg = 56 A (d0)".

271
We will denote by V (M, 6) the volume of M with respect to .
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Eigenvalues of the sub-Laplace operator 441

A pseudo-Hermitian structure 8 on a strictly pseudoconvex CR manifold determines a
vector field &, often called characteristic direction or Reeb vector field of 6, defined to be the
unique tangent vector field on M satisfying 6(§) = 1 and & |d0 = 0. Therefore, L¢f = 0
and [H(M), §] C H(M).

The Tanaka—Webster connection of a strictly pseudoconvex CR manifold (M, 6) is the
unique affine connection V on T M satisfying the following conditions:

(1) VO =0,VdO =0and VJ = 0 (hence the distribution H (M) and the vector field & are
parallel for V)
(2) The Torsion Ty of V is such that, VX, Y € H(M),

Tv(X,Y)=—-0(X, YD and Ty (&, JX)=—-JTv(&, X) € H(M).

Basic examples: Standard models for CR manifolds are given by the Heisenberg group and
real hypersurfaces of complex manifolds. The Heisenberg group will be discussed in Sect.
5. 1f M is an orientable real hypersurface of C"*!, then the sub-bundle H (M) defined as
the orthogonal complement of Jv in T M, where v is a unit normal vector field and J is the
standard complex structure of C"*!, is stable by J. The pair (H (M), J) endows M with a
CR structure whose compatible pseudo-Hermitian structures are represented by

1
0(X) = _§<X’ Jv),
where (, ) is the standard inner product in C"*!. A straightforward calculation gives
1
Go(X, X) = 5 (B(X, X)+B(JX, JX)),

where B is the second fundamental form of the hypersurface. Thus, M is strictly pseudocon-
vex if and only if the J-invariant part of its second fundamental form is positive definite on
H(M).

Since the second fundamental form of the sphere S>**! ¢ C"*! coincides with the stan-
dard inner product, the above construction endows S>**! with a strictly pseudoconvex CR
structure whose Levi form is nothing but the restriction of the standard inner product to
the horizontal bundle H (S*"*') where, for every x € S*"*1, H, (S?"*1) is the orthogonal
complement in C"*! of the complex line passing through x.

Sub-Laplacian: A Strictly pseudoconvex CR manifold (M, 0) is equipped with a natural sec-
ond order differential operator A, commonly known as the “sub-Laplacian”. This operator
is defined in terms of the Tanaka—Webster connection V by:

Apu = traceg,Vdu.

Given a local Gy-orthonormal frame {X1, ..., X2,} of H(M), one has

2n 2n
Apu =D (X; - Xi-u— (Vx, X)) = D (Vx, VU, Xi)g,,

i=1 i=1

where VHy € H(M) is the horizontal gradient of u defined by, VX € HM), X - u =
Go(X, VHy). Integration by parts yields for every compactly supported smooth function u

on M,

_ H 2

/uAhuﬂg ——/|V M|Ggl99.
M M
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When (M, 0) is strictly pseudoconvex, the Levi form Gy extends to a Riemannian metric
gp on M, sometimes called the Webster metric, so that the decomposition TM = H (M) ®RE
is orthogonal and the vector £ has unit length, thatis,VX, Y € TM,

g0 (X, Y)=Go(X", YH) +0(X)0(Y),

where X = 7y X is the projection of X on H(M) with respect to the decomposition
TM = H(M) & RE. Notice that the Riemannian volume form associated to gy coincides
with 9 (see [7, Lemma 1]). On the other hand, the Levi—Civita connection V8¢ of (M, gg)
is related to the Tanaka—Webster connection V by the following identities (see for instance
[13, p. 38]): for every pair X, Y of horizontal vector fields, VxyY = (V’;}" Y)H and, moreover,

1 1
V§"X —VeX = 5JX, VVE —VxE =VYE = (EJ + r) X,

86 1 86
VEY = Vx¥ =—((57+7)X.¥) & and Vs = Vek =0,
86

where T : H(M) — H(M) is the traceless symmetric (1,1)-tensor defined by tX =
Tv (&, X) = VeX — [§, X]. Notice that T = 0 if and only if £ is a Killing vector field wrt
the metric gg (and then the metric gy is a Sasakian metric on M).

If we denote by div,, the divergence with respect to the metric gg, one easily gets

Apu = divg, V¥ u, 2.1
which immediately leads to the following relationship, known as Greenleaf’s formula:
Ap = Ag, — &
where A, is the Laplace—Beltrami operator of (M, gg).

Levi tension vector field Let (M, ) be a strictly pseudoconvex CR manifold of dimen-
sion 2n + 1 and let (N, h) be a Riemannian manifold. The energy density of a smooth
f: (M, 8) — (N, h) with respect to horizontal directions is defined at a point x € M by

2n

1
en(f)x = trace, (T f*h)x = 5 Zl df (X)),

where {X1, ..., X2,} is alocal Gg-orthonormal frame of H (M). According to [6, Theorem
3.1], the first variation of the energy functional

Eh(f)Z/eh(f)ﬁe

M

is determined by the vector, that we will call “Levi tension” of f,

Hy(f) = traceg, By,

where B is the vector valued 2-form on H (M) given by
Br(X. ¥) = Vgdf(¥) = df (Vx¥),
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Eigenvalues of the sub-Laplace operator 443

V/ is the connection induced on the bundle f~!T N by the Levi—Civita connection of (N, k),
and V is the Tanaka—Webster connection of (M, ). That is,

2n
Hy(f) = D V. df (X;) —df (Vx, X;).
i=1
Mappings with H,(f) = 0 are called pseudo-harmonic by Barletta et al. [6]. In the case
where (N, h) is the standard R™, it is clear that

Hy(f) = (Apfi, ..oy Db fin)- (2.2)
Since Vx V¥ = (V¥ V) = VY — (37 + 1)X, Y)g,& for every pair (X, Y) of horizontal
vector fields, one has

Br(X,Y)=Bs(X, Y)+<(%J+r) X, Y> df (&)

G

and
Hy(f) = H(f)— Bs(§, §) =H(f)—ngdf($)

where By (X, Y) = V)/;df(Y) - df(V)g(H Y) and H(f) = traceg, By is the tension vector
field (see [14]). In the particular case where f is an isometric immersion from (M, gg) to
(N, h), By coincides with the second fundamental form of f and H(f) coincides with its
mean curvature vector.

For the natural inclusion j : $?" 1 < C"*1of §2+1, the form g; is givenby, B, (X, ¥) =
—(X, Y)on+1 T+ (JX, Y)onr J X, where ¥ isthe position vector field (here W(X)=-%
and £(X) = 2JX). Thus,

Hp(j)=-2n7%. (2.3)

In the sequel we will focus on maps f : (M, ) — (N, h) that preserve lengths in the
horizontal directions as well as the orthogonality between H (M) and &, thatis, VX € H(M),

ldf (X)|n = |X|g, and (df(X), df(E))n =0,

which also amounts to f*h = gg + (u — 1)02 for some nonnegative function x on M. For
convenience, such a map will be termed semi-isometric. Notice that the dimension of the tar-
get manifold N should be at least 2n. When the dimension of N is 2n, then a semi-isometric
map f : (M, ) — (N, h) is noting but a Riemannian submersion satisfying df (§) = 0.
Important examples are given by the standard projection from the Heisenberg group H” to
R?" and the Hopf fibration S*'*+! — CP".

Lemma 2.1 Let (M, 0) be a strictly pseudoconvex CR manifold and let (N, h) be a
Riemannian manifold. If f : (M, ) —> (N, h) is a C? semi-isometric map, then the
form By takes its values in the orthogonal complement of df (H(M)). In particular, the
vector Hy(f) is orthogonal to df (H(M)).

Proof Let X, Y and Z be three horizontal vector fields. Since the Levi—Civita connection of
(N, h) is torsionless, one has V‘)};df(Y) — V')):df(X) =df([X, Y]). From the properties of
the torsion of the Tanaka—Webster connection V, one has VxY — Vy X = [X, Y] Thus,

Br(X, Y) = Br(Y, X) =0([X, YDdf(§).
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444 A. Aribi, A. El Soufi

Since df (£) is orthogonal to df (H(M)), we deduce the following symmetry property:
(Br (X, Y), df (Z2))n = (Br (Y, X), df (Z))n. 24
On the other hand, we have,
Z-Adf(X), df ¥ =2-(X, Y)g,- (2.5)

Since Gy is parallel with respect to the Tanaka—Webster connection V and / is parallel with
respect to the Levi-Civita connection V", one gets

Z - (df Q0. df () = (V1df (X, dF (D) +(df (X), V5df ()
and

Z-(X, Y)g, = (VzX, Y)g, + (X, VzY)g,
= (df(VzX), df (Y¥))n +(df(X), df (VZY))n

where the last equality comes from the fact that VzX and VzY are horizontal. Replacing
into (2.5) we obtain

(VLdf(X) —df (VzX), df (V) + (VLdf(Y) = df (V2Y). df (X))y = 0.
Therefore, VX, Y, Z € HM),
(BF(Z, X), df (V)i + (Bf(Z. Y). df (X)) = 0. (2.6)
Taking X = Y in (2.6) we obtain, VX, Z € H(M),
(Br(Z. X). df (X)) = 0. @.7)
Now, taking Z = X in (2.6) and using (2.4) and (2.7), we get, VX, Y € H(M),
(Br(X. X). df (V) =0.

The symmetry property (2.4) enables us to conclude. O

A direct consequence of Lemma 2.1 is the following

Corollary 2.1 If f : (M, 0) —> (N, h) is a Riemannian submersion from a strictly
pseudoconvex CR manifold (M, 0) to a Riemannian manifold (N, h) with df (§) = 0, then
Br =0and Hy(f) =0.

3 Eigenvalues of the sub-Laplacian and semi-isometric maps into Euclidean spaces

Let (M, 0) be a strictly pseudoconvex CR manifold and let 2 be a bounded (relatively com-
pact) domain of M. In the case where M is a closed manifold, we allow €2 to be equal to the
whole of M. We are interested in Schrodinger-type operator —Aj; + V where V is a function
on 2. We assume in all the sequel that the spectrum of — A, + V in €2, with Dirichlet bound-
ary conditions if 92 # @, is discrete and bounded from below. We will always denote by
{A;};>1 the non decreasing sequence of eigenvalues of —Aj, + V and by {u} ;> a complete
orthonormal family of eigenfunctions in € with (—=Ap, + V)u; = Aju;.
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Eigenvalues of the sub-Laplace operator 445

Theorem 3.1 Let (M, 6) be a strictly pseudoconvex CR manifold of real dimension 2n + 1
and let f : (M, 0) —> R™ be a semi-isometric C*> map. The sequence of eigenvalues
{Aj}j>1 of the Schrodinger-type operator —Ap + V in a bounded domain Q C M, with
Dirichlet boundary conditions if Q # M, satisfies for every k > 1 and p € R,

k k
max{2, p} _ 1
D G = AP = = e — AP (A + 5D 3.1
“ n < 4
i=1 i=1
with
D; =/(|Hb(f)|§w —4V) utdy.
Q
Moreover, if V is bounded below on 2, then for every k > 1,
2\ 1< 1
A <{l1+-)- Ai +—D 3.2
k+l_(+n)k;z+2noo (3.2)

and

2 1 1 2 1
M1 < |1+ —=)knar+— | {1+ =)k —1) Dy (3.3)
n 4 n
with Dog = supg, (|Hp(f) 3 —4V).

Applying this result to the standard CR sphere whose standard embedding j : S?'*+! —
C*1 satisfies | Hp (/)| = 4n® (see (2.3)), we get the following

Corollary 3.1 Let Q2 be a domain in the standard CR sphere S***1 ¢ C"*1. The eigenvalues
of the operator —Ap + V in Q, with Dirichlet boundary conditions if Q@ # S, satisfy,
foreveryk > 1and p € R,

k k
2, _
Z M1 — Ai)’ MZ(MH—M)'] I(Ai+n2—Ti)
i=1

n
i=1

with T; = fQ Vu?z?g. Moreover, if V is bounded below on 2, then, for every k > 1,

2\ 1 & 2
Mea1 < (1+n)k21:)»i+2n—nir§12fv
i=
and

2
Ayt < (1 + *) k%kl +Cn, k, V)
n

with C(n, k, V) = (1 + 2)ki — 1)(n® — infq V).

Theorem 3.1 also applies to the Heisenberg group H” endowed with its standard CR struc-
ture. The corresponding sub-Laplacian is nothing but the operator Ay = 41 > j<nX 3 + Y,Z)
(see Sect. 5 for details). Since the standard projection H” — R is semi-isometric (up to a
dilation, see (5.3) below) with zero Levi tension (see Corollary 2.1), Theorem 3.1 leads to the
following corollary which improves the results by Niu—Zhang [26] and El Soufi—Harrell-Ilias
[16].
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Corollary 3.2 Let Q2 be a domain in the Heisenberg group H". The eigenvalues of the oper-
ator —Ap + 'V in Q, with Dirichlet boundary conditions, satisfy, for everyk > 1 and p € R,

k max{2, p} k
D (i =) = TS (i = 0a)" (10— T)

: n :
i=1 i=1

with T; = [ Vul.zﬂg. Moreover, if V is bounded below on 2, then, for every k > 1,

k
2\ 1 2.
Ayl = (1+n)kzll)»,-—nu§12fv
=

2\ 1 2\ 1 .
A4l = (1 + *)kﬂ)»] - ((1 + 7) kn — l)me.
n n Q

The proof of Theorem 3.1 relies on a general result of algebraic nature using commutators.
The use of this approach in obtaining bounds for eigenvalues is now fairly prevalent. Pioneer-
ing works in this direction are due to Harrell, alone or with collaborators (see [16,18-22]).
For our purpose, we will use the following version that can be found in a recent paper by
Ashbaugh and Hermi [2] (see inequality (26) of Corollary 3 and inequality (46) of Corollary
8 in [2]).

and

Lemma 3.1 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 A1 < Xy --- < Aj < ---. Let
B : A(D) — 'H be a symmetric operator which leaves D invariant. Denoting by {u;};>1
a complete orthonormal family of eigenvectors of A with Au; = Aju;, we have, for every

k>1land p € R,

k
> (s = 20) (1A, Blus, Bui) = max {1, }Z(Akﬂ—mp VA, Bluil,

i=1

Proof of Theorem 3.1 Let f : (M, 6) — R™ be a semi-isometric map and let f1, ..., fi
be its Euclidean components. For each « = 1,...,m, we denote by f, the multipli-
cation operator naturally associated with f;. Let us start by the calculation of ([—Ah +
V. falui, faui)y2 and [[=Ap + V. folui|7,. One has,

[Ap +V, folui = —Dp(foui) + fa(Dpu;)
= —(8p f)ui =2V fo. Vui)g,

Thus,
1
([=Ap + V. fului. fuui)ys = — / fulBo fod =5 / VA2 V)G, (34)
Q

Q

Here and in the sequel, all the integrals over M are calculated with respect to the volume
form ¥y or, equivalently, the Riemannian volume element induced by the Webster metric
gp- The integration over the eventual boundary is calculated with respect to the Riemannian
metric induced on 9$2 by the Webster metric gg. Integration by parts leads to (see (2.1))

/<vaa, V)G /(Abfa)u +/u?<va£, Ve

Q oM
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Eigenvalues of the sub-Laplace operator 447

where v is the unit normal vector to the boundary with respect to the Webster metric gg.
Since u; vanishes on 92 when 02 # ), we get

[z vmd) == [ (aor2)ud

Q Q

-2 /fa(Abfa)uH/WHfa%gu?
Q Q
Substituting in (3.4) we obtain

([=Ap+V, folui, faui)p> :/|VHf0‘|2G9uf2'

Q

Thus

m

D U=Ap+ V. faluin faui)y Z/IVHfalée”%

a=1

Now, since f preserves the Levi form, one has with respect to a Gg-orthonormal frame {e; }
of Hy(M),

m m 2n 2n m
DV fale, = DD UV far e)g, = D D AV fas €5,
a=1 a=l1i=1 i=1 a=1

2n 2n

=D ldfe)lin = D _leilg, = 2n.
i=1 i=1

Therefore,

m

D U=Ap+ V. falui, fuui Lz—Zn/ u? =2n. (3.5)

a=1 Q
On the other hand, we have

2
Il=8p+ V. faluillfz = / (@ fodus +209% for, Vi), )

Q

= [t +4 [ (97 s T},
Q

Q

+2 / (A f) (V! for. VUG,
Q
Using (2.2), we get

S [ / () i

alg
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Using the isometry property of f with respect to horizontal directions, we get

m m

DV fo, VHuNG, =DV fu, Vi), = mea(v”unw

a=1 a=1 a=1
= 1df (VHup) g = V7 uilg,.
Thus,

Z/ (VH fo, VAU, = /|vHu G, = Hi —/

aIQ Q

Finally, denoting by {E,} the standard basis of R” and using Lemma 2.1, we get,

m m m

3 [ sonfon o), =(3 s (o ), R

o GG o o Ge
Q

- <Hb(f), df (vHu,?)>Rm —0.

RrRm

Using all these facts, we get

m
D=t + V. faluills =4 (0= [ vid) + [ 1R,
Q

a=1 Q
(3.6)

Applying Lemma 3.1 with A = —A, + V and B = f,, summing up with respect to
o =1,...,m, and using (3.5) and (3.6), we get the inequality (3.1).

To prove the inequality (3.2), we consider the quadratic relation that we derive from (3.1)
after replacing p by 2 and D; by Do, thatis, Vk > 1,

L , 2« Do
D Ot =27 = = 3 G = 1) (M+T) 3.7

i=1 i=1

which leads to
2 2 1 2 1
Ml — Mt 24+ — |\ My+ —Doo )+ {1+ —) Ok + — DMy <0
n 2n n 2n

with My = % Zle A and Qf = % ZLI 2. Using Cauchy-Schwarz inequality M7 < Qx,
we get

32— A (2+% M+ 2D )+ 1+ 2) M2+ Lpom <0
k+1 k+1 n k m o0 n k m ool =
which can also be written as follows:
2 1
A1 = M) | Ak+1 — 1+ = )My — —— Do ) <0.
n 2n

Since Ay — My is clearly nonnegative, we get Ax+1 < (1 + %)Mk + ﬁDoo which proves
(3.2).
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Now, if we set A; 1= A; + %Doo, then the inequality (3.7) reads

k k

_ _ 2 _ _
D Gt =3P < = > G = M)

1 1

Following Cheng and Yang’s argument [11, Theorem 2.1 and Corollary 2.1], we obtain

_ 2\ - 1
Akl = (1+7)Mk"
n

which gives immediately the last inequality of the theorem.

4 Applications to Riemannian submersions over submanifolds of the Euclidean space

Let (M, 6) be a strictly pseudoconvex CR manifold and let f : (M, 8) — N be a Riemann-
ian submersion over a Riemannian manifold N of dimension 2n. The manifold N admits
infinitely many isometric immersions into Euclidean spaces. For every integer m > 2n we
denote by Z(N, R™) the set of all C? isometric immersions from N to the m-dimensional
Euclidean space R™. Thanks to the Nash embedding theorem, the set U,,enZ(N, R™) is
never empty, which motivates the introduction of the following invariant :

H"(N) = inf I1H (@)l
$€UeNZ(N, R™)

where H (¢) stands for the mean curvature vector field of ¢.

Theorem 4.1 Let (M, 0) be a strictly pseudoconvex CR manifold of real dimension 2n + 1
and let f : (M, 8) — N be a Riemannian submersion over a Riemannian manifold of
dimension 2n such that df (§) = 0. The eigenvalues of the operator —Ap + V in a bounded
domain Q C M, with Dirichlet boundary conditions if Q2 # M, satisfy for every k > 1 and
pER,

k k
Z M1 — Ai)" < max{2. p} Z (Mg — A,-)P‘l()\,- + %H”‘C(N)z -T) (1)

n
i=1 i=1

with T; = fQ Vu?z?g. Moreover, if V is bounded below on 2, then, for every k > 1,

k
2\ 1 1 2
Mt < (1+2) =2 "0+ —H“(N)Y? = Zinf Vv 4.2
k+1_(+n)k§z+2n (N) Py 4.2)
and
2\ 1
M1 < (1 + —)kml +C 4.3)
n

with C = ((1+ Dkt = 1) (JHU(N)? ~ infq V).

ProofALet ¢ : N — R™ be any isometric immersion. It is straightforward to check that the
map f =¢o f: (M, 0) - R" is semi-isometric and that, VX, Y € H(M),

Bp(X, Y) =dp(Bs(X, Y))+ By(df(X), df (Y)) = By(df(X), df(Y)),
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where By stands for the second fundamental form of ¢ and where the last equality follows
from Corollary 2.1. Now, from the assumptions on f, the differential of f induces, for each
x € M, an isometry between H, (M) and Ty N. Thus, if Xy, ..., X2, is a local orthonor-
mal frame of H(M), then df (X1), ..., df(X2,) is also an orthonormal frame of 7 N. This
leads to the equality

Hy(f) = H(¢).

Therefore, it suffices to apply Theorem 3.1 to f and then take the infimum with respect to ¢
to finish the proof. o

For example, when N is an open set of R?" or, more generally, a minimal submanifold in
R™, then H*“(N) = 0 and the theorem above gives a class of pseudoconvex CR manifolds
including domains of the Heisenberg group, for which the following holds:

Corollary 4.1 Let (M, 0) be a strictly pseudoconvex CR manifold of real dimension 2n + 1
which admits a Riemannian submersion f : (M, 8) — N over a minimal submanifold N
of dimension 2n of R™ such that df (§) = 0. The eigenvalues of the operator —Ap + 'V in
a bounded domain Q2 C M, with Dirichlet boundary conditions if Q # M, satisfy for every
k> 1land p € R,

k

k
2, .
> it — i) < WP S G g — T (44)
n

i=1 i=1

with T; = fQ Vuizﬁg. Moreover, if V is bounded below on 2, then for every k > 1,

2\ 1 <& 2
Mesl < (1 + ;) . lexi — ~inf v (4.5)
1=

2 2
A1 < (1 + 7) ki — ((1 + 7) ki — 1) inf V. 4.6)
n n Q

The natural embedding j : S — R?"*! of the sphere into the Euclidean space satisfies
|H(j)I25,41 = 4n?. Thus, Theorem 4.1 leads to the following

and

Corollary 4.2 Let (M, 0) be a strictly pseudoconvex CR manifold of real dimension 2n + 1.
Assume that (M, 0) admits a Riemannian submersion f : (M, 0) — D C S¥ over a
domain D of the standard sphere with df (§) = 0. The eigenvalues of the operator —Ap +V
in a bounded domain 2 C M, with Dirichlet boundary conditions if @ # M, satisfy for
everyk > 1and p € R,

s )P < MR S s
> (k1 = 1) 2 (e = )" (i + 0 = )
i=l i=1

with T; = fQ Vul.zﬂg. Moreover, if V is bounded below on 2, then for every k > 1,
k
2\ 1 2.
i=
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and
2\ 1
Akl = (1 + *)k”)&l +C
n

with C(n, k, V) = ((1+ 2)kin — 1)(n® —infg V).
In the particular case of a manifold M without boundary that satisfies the assumptions of
Corollary 4.2, one has, with V. = 0, A2(—Ap) =0,

Aa(—Ap) < 2n

and, for every k > 1,
A1(—=Ap) <n(n+ 2)k% —n’.

We denote by FP™ the m-dimensional real projective space if F = R, the complex pro-
jective space of real dimension 2m if F = C, and the quaternionic projective space of real
dimension 4m if F = Q. The manifold F P™ carries a natural metric so that the Hopf fibration
7 : SEm+D—1 - pm+l _y Fpm g 3 Riemannian fibration, where dp = dimp F.

Let Hypt1 (F) = {A € My (F)|A* = TA = A} be the vector space of (m+1) x (m+1)
Hermitian matrices with coefficients in IF, that we endow with the inner product

1
(A, B) = Etrace(A B).

The map v : SEM+TD=1 « pntl 5 94 | (F) given by

201 z0Z1 -+ 20Zm
oo = [ e
ZmZ0 ZmZ1 * |Zm|2
induces through the Hopf fibration an isometric embedding ¢ from F P™ into H,,+ (F). More-
over, ¢ (FP™) is a minimal submanifold of the hypersphere S(m%rl, %) of Hyy1(F)

of radius _/ % centered at m%rl One deduces that the mean curvature H (¢) satisfies

|H(9)? = 2m(m + 1)d2.
Therefore, He“(FP™)% < 2m(m + l)dI% and Theorem 4.1 leads to the following
Corollary 4.3 Let (M, 0) be a strictly pseudoconvex CR manifold of real dimension 2n + 1
which admits a Riemannian submersion f : (M, 0) — D C FP"™ over a domain of the pro-
Jective space FP™ of real dimension 2n (i.e. m = 2n/dy) with df (§) = 0. The eigenvalues

of the operator —Ap + V in a bounded domain Q2 C M, with Dirichlet boundary conditions
if Q # M, satisfy for everyk > 1 and p € R,

k k
max(2, p) .
> Gt = 2" = =SS G = 207 (g 40 @0+ dp) = T))

i=1 i=1
with T; = [ Vul.zﬂg. Moreover, if V is bounded below on 2, then for every k > 1,

2\ 1< 2.
T %;)&i‘f‘z(Znﬁ-dF)—;lng
1=
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and
2\ 1
Akl < (1 + *)k”)»l +C
n

with C(n, k, V) = (1 + 2)kr — 1) (n(2n + dg) — infq V).

5 Eigenvalues of the sub-Laplacian and semi-isometric maps into Heisenberg groups

A model for the Heisenberg group is given by H” = R>"+! = C™ x R endowed with the
group law

(z, 1) (w, s) =(z4+w, t+s+2Im(z, w)),

where (z, t) = (zl,...,z”, 1), (w, s) = (w],...,w", s) € C" x R, and (z, w) =
Zj <m z/w/ is the standard complex scalar product in C™. A natural basis of the correspond-
ing Lie algebra is given by the family of left invariant vector fields { X1, ..., X,,, Y1, ..., Y,
T} that coincides with the standard basis of R2+1 gt the origin. Thatis, T = % and,Vj < m,
X 9 2 9 Y 9 2 9
I e Ty T

The Levi distribution H (H™) is spanned by the vector fields {X;, Y;};<;. The complex
sub-bundle 70 of TH™ ® C spanned by

0 .0 1 . .
Z1=£+ZZJEZE(X]—ZYJ), j=1,...,m

is such that H(H™) = Re ("0 @ T%!), with

70! :span‘Z- S A (Xj+iY)), j=1 m]
779z j Tor — 2\ /e Y ’
This endows H (H™) with an almost complex structure J (so that 710 = ker(J — i) and
79! = ker(J + i)) which is actually integrable since [Z;, Zx] = O for all j, k < m.
Moreover, we have forall j <m, JX; =Y.
The standard pseudo-Hermitian structure on H"™ is

m m
Opn =dt +i Y (/dz) —Zdzd)y =dr+2 (dyl — yldx), (5.1
j=1 j=1
whose differential is dfg» = 2i Z,}:I dz/ A d7z/ and characteristic direction is T = %.

Since, forall j <mandk < m,onehas [X;, Yi] = —46;T and [X;, Xi] =[Y;, Yx] =0,
the Levi form Ggy,, on H (H™) satisfies

Gogm (Xj, Xi) = Goygn (Yj, Yr) =48 and Goy, (X, Yi) = 0.

We will denote by gy the corresponding Webster metric.
For a vector W € T, »H™, if we denote by {v|, wi, ..., vy, wy, s} its components with
respect to the standard basis of R2"*1, ie.,

a a

m
)
W= vj—— +wj—— s,
< ox; Wiy T
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then
ad
W=D i X;+w¥p)+{s+2D> wx; - vivity,
J J
= (W Xj +w;¥;) + Oan (W)T. (5.2)
J
Hence, the coordinates of W with respect to the basis (X1, Y1, ..., X, Y, T) of T ) H™,
are {vy, wi, ..., Uy, Wy, Ogn(W)}. Thus,
n
gun (W, W) = 4D (v} + w}) + b (W)? (53)
J
= 4|W [2ai1 — 45 + O (W)7. (5.4)
In particular, if W is horizontal, then ggm (W, W) = 4|W|]§2m - 452,

Theorem 5.1 Let (M, 0) be a strictly pseudoconvex CR manifold of dimension 2n + 1 and
let f: M — H" bea C? semi-isometric map satisfying df (H(M)) € HH™). Then
the eigenvalues of the operator —Ayp + V in any bounded domain Q@ C M, with Dirichlet
boundary conditions if Q # M, satisfy for everyk > 1 and p € R,

k max(2, p} < 1
Z (M1 — AP < f Z Ouet — A)P 1 ()»i + ZDi) (5.5)

i=l1 i=1

with

D; = / (IHp(f)Fm — 4V) ulog.

Q

Moreover, if V is bounded below on M, then for every k > 1,

A 1
v <(1+2)=Sn+—>D 56
k+1_(+n)k§,+2n o (5.6)

2 1 1 2 1
Aer1 < (l—i-f)knkl +f(<1+7)k'1 — 1) Dy 5.7
n 4 n

with Dog = supg (|Hp(f)|5m — 4V).

and

In the particular case where (M, 0) is the Heisenberg group H" endowed with the standard
CR structure, this theorem provides an alternative way to derive Corollary 3.2

The following observation will be crucial for the proof of Theorem 5.1.
Proposition 5.1 Let (M, 0) be a strictly pseudoconvex CR manifold and let
f:M,0) — H">~C" xR

x — f(x)=(Fi1(x), ..., Fu(x), a(x))
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be a C? map such that df(H(M)) C H(H™). Then

Hy(f) = D (Mg X + Apy;Y))
j=1

where ¢ (x) = ReFj(x) and ¥ j(x) = ImF;(x).
In particular, Hy(f) is a horizontal vector field and

|Hy () =4 D _[(Ap0))” + (Apr)?].
j=1

Proof One has, for any vector W € T M,
df (W) = (do; (W)X + dyr;(W)Y}) +6(df (W)T.
j=1

For W € H(M),df (W) € H(H™) and, then,

df (W) = > (doj(W)X; +dy;(W)Y;). (5.8)
j=1

Let {e;} be a local orthonormal frame of H (M), then
Brlei e) = Vddf(er) — df (Vee:).
Since e; and V,, e; are horizontal and that df (H(M)) C H(H™), we have

Brlei. ei) = D Vi(dpj(e)X;+dyje)Y)) — D [dpj(Vee) X +dvrj(Vee)Y;]
j=1 Jj=1

with

Vi (dpj(en X)) = ei - dpj(en) X +dpj(e) Vi X
and

VE@Yi(enY)) = ei - dyj(e)Y; +dy;(e)Vire, Y.
Therefore,

m

Brlei, e) = D lei-dpj(er) —dpj(Vee)] Xj + D [ei - dvrjler) — dyrj(Ve,en] Y

j=1 j=1
+ > [dei(en Vi, X, + dvi @V, v (5.9)
j=1

Recall that the Levi—Civita connection of H™ is such that

m

Ve X;=Vy Y, =Vi T =0,
Vi Y= -284T, Vi T=2Y, Vi T=-2Xg,
VI X =265T, Vi X =2Yi, Vi Yi=-2X.
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Thus,
Vzi}’];’Ze,-)Xj = Z(d(pk(ei)vXka +dy(ei)Vy, X ;)
k
=dyj(ei)Vy; Xj =2dy;(e)T.

and

v Y. = —2doi(e))T

dfenY) = —2dgj(e)T.

Replacing into (5.9) and summing up with respect to i, we get

2n m
Hy(f) = DD (lei - dgj(er) — dgj(Ve,e)]Xj + [ei - dyrj(ei) — dr (Ve en)]Y))

i=1 j=I

(Ab(ijj + Ablﬂij) .

I
M5

1

~.
I

m}

Proof of Theorem 5.1 As in the proof of Theorem 3.1, we will use the components of the
map f as multiplication operators. Let us write f(x) = (F1(x), ..., Fn(x), a(x)) € C" xR
and Fj(x) = ¢;(x) +iy;(x). The main difference with respect to the Euclidean case is that
here, only the C”* components of f come in. All along this proof we will use the fact that,
VW € H,(M), the vector df (W) is horizontal and (see (5.8))

m

ldf (W)ign = 4D (Idp;(W)I* + |dy; (W) ) . (5.10)
j=1

Repeating the same calculations as in the proof of the Theorem 3.1, we get

m
D U=y + V. @jlui, gjui) 2 + ([=Ap + V. Yrilui, ¥jui) 2
=1

~.

m
=3 [ (970t + 19" i
i=lg

Let {¢;} be a Gy-orthonormal basis of H, (M), then

m m 2n
DIV il + 1V i1E, = D D (Ve edg, + (VY. e,
j=1 j=li=1
2n m
=2 D (Voj. eilg, + (V. eg,
i=1 j=I
2n 2m
= > D (dgj(e) +dy;(e)?)

i=1 j=1
2n

1 n
= 1 2 ldfelim =3

i=1
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Thus,
z n
Z([—Ab + V., ojlui, gjuip2 +{[=Ap + V, ¥jlui, Yjui)2 = % (5.11)
j=1

On the other hand,

2
=80+ Ve gl = [ (s + 297, Tua,)
Q

= /(Ab¢j>2u%+4/<vf’¢j, VHug,

Q Q

2 / (Do) (Ve V)G,

Q

We have a similar formula for [[[-Ap, + V, ¥ ]u; ||iz. Since VA u; € H(M), one has

m
>V Vg + (Vs Vg,

j=l1
m
= > {de; (VT u)? + dy (Vi
j=1
1 H 2 1 H 2
= Jldf (VM ui)pn = 21V i,
Therefore,
m
Z/( 0 V9uig, + (v, viu; /|vHu,|G(,
]:1
1
=—(n —/VM,.Z
4
Q

For the two remaining terms, we have thanks to Proposition 5.1 and the identity (5.3),
m
Z / ((App)* + (Apyrj)?) u; / | Hy () g 1s}

and

m
Z/ (Abgol,'(VH%‘, VAU, + Apr (V. VHM!'Z)GH>
Q

j=1

- l/<Hb(f), id% (VFu?) X, +id¢fj (V¥u?) Yj>
-

a j=1 j=1

-lk\»—‘

/ Hy(f), df (Vi) = 0,
Q
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where the last equality follows from the fact that Hy, ( f) is orthogonal to df (H (M)) (Lemma
2.1). Finally,
1= b+ V. @ihuilPa 4 1=p + V. il = 2 4~ [ (1Hp () — V) u?
b » jluill 2 b s Yiluilly, = A + (| b () g )”i'

4
Q

(5.12)

Applying Lemma 3.1 with A = —A, + V and B = ¢; then B = v, summing up with
respect to j and using (5.11) and (5.12), we obtain the inequality (5.5).

As in the proof of Theorem 3.1, we derive the inequalities (5.6) and (5.7) from (5.5) with
p=2.

6 Reilly type inequalities for CR manifolds mapped into the Euclidean space or the
Heisenberg group

Let (M, 6) be a compact strictly pseudo-convex CR manifold. If f : (M, ) — R™isa
semi-isometric C2 map, then Theorem 3.1 (i.e. inequality (3.1) withk = 1 and p = 1) gives,

2 1 ) )
I(=Ap+V) < (1 + ;) M(=Ap+ V) + %/ (1Hp(f)lgm — 4V) uy.
M

When M is a compact manifold without boundary and V = 0, one has 11 (—Ajp) = 0 and
u% = m. Therefore, the following Reilly type result holds (see [15] for details about
Reilly inequalities)

M(=Ap) < Hy(f) |-

1
2nV (M, 0) /'
M

This result can be obtained in an independent and simpler way, in the spirit of Reilly’s
proof, under weaker assumptions on f. Moreover, the equality case can be characterized.
Indeed, we first have the following

Theorem 6.1 Let (M, 6) be a compact strictly pseudoconvex CR manifold of dimension
2n + 1 without boundary. For every C2 map f : (M, ) —> R™ one has

1
M- ADES) = 5 / | Hy () 6.1)
M

where the equality holds if and only if the Euclidean components fi, ..., fm of f satisfy
—Ap fo = 2 (—=Ap) (fu — $fa) for every o < m.

Proof Replacing if necessary f, by fo — f fo We can assume without loss of generality that
the Euclidean components f1, ..., f,; of f satisfy f u JaPo = 0 so that, we have

Ja(—Ap) / f2 < / V£ 2, 6.2)
M M
Summing up with respect to o, we get

A.z(—Ah)/lfh]zgm S/Z'VHf(X'ég
M

M o=l
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Denoting by {€} the standard basis of R™ and by {X;} a local orthonormal frame of H (M),
we observe that

2n 2n m

2ep(f) = D 1df XD = D D (df (Xi), €a)fn
i=1 i=1 a=1

m  2n

- ZZ \d fo (X) 2 = Z IV fulG, -

Therefore,

ha(—Ap) / 2 < / wa’fucg = 2E,(f). (6.3)
M o= 1

On the other hand, we have

2 2
A1) = Z/W”fm (X[ futote
a= 1M ot:lM
2

/ <f<x), Z(Abfa)ea>

m

/ 0O Hy(F)e / |1 / Ho (f) B

Combining with (6.3), we get

4B < 3 (bg))/mb(fmém

which gives the desired inequality.
Now, if we have, for every o < m, —Apfy = *a(—Ap) fu, then Hy(f) = (Ap f1,
<o Db fn) = =22(=Ap) f and [y [Hp(f)Fn = 22(=Ap)* [/ | fIfm- On the other hand,
Ep(f) = [y et IV fulG, = 22(=Ap) [y |f|fn which implies that the equality holds
in (6.1). Reciprocally, if the equality holds in (6.1) for a nonconstant map f, then it also
holds in (6.2) for each «. Thus, the functions f, ..., f, belong to the A, (—Ap)-eigenspace
of —Ap. m}

Ifamap f: (M, 8) — R™ preserves the metric with respect to horizontal directions
(i.e., [df (X)|rm = |X|g, for any X € H(M)), then its energy density e,(f) is constant
equal to n and

Ep(f) =nV (M, 6).

Inequality (6.1) becomes in this case
1 2
M(=Ap) < — | |H, . 6.4
2(=Ap) < VM. 9)/| b (H)r (6.4)
M

The characterization of the equality case is the last inequality requires the following
Takahashi’s type result.
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Lemma 6.1 Let (M, 0) be a strictly pseudoconvex CR manifold of dimension 2n + 1 and
let f: (M, 0) —> R" be C? map.

(i) Assume that f(M) is contained in a sphere s"m=1(r) of radius r centered at the ori-

gin. Then f is pseudo-harmonic from (M, 0) to 8™~ (r) if and only if its Euclidean
components f1, ..., fm satisfy,Va < m,

_Abfa = ,ufot
with p = Sep(f) € C®(M).

(i) Assume that f is semi-isometric. If the Euclidean components fi, ..., fm of f satisfy,

Yo < m, —Apfo = Afy, for some A € R, then f(M) is contained in the sphere
sm=1(r) of radiusr = ,/ 27" and f is a pseudo-harmonic map from (M, 0) to Sm=Lp).

Conversely, if f(M) is contained in a sphere S"~'(r) and if f is a pseudo-harmonic
map from (M, 0) to S"=L(r), then, Voo < m, —Ap fo = %fa

This lemma is to be compared with Example 5.3 of [6] in which a sign mistake in Greenleaf’s
formula led to an incorrect characterization of pseudo-harmonic maps into spheres.
Proof of Lemma 6.1

®

(i)

For convenience, let us write /' = j o f where J: §" 1) — R™ is the standard
embedding and f : M — S"~!(r) is defined by f(x) = f(x). It is straightforward to
observe that, VX, Y € H(M),

Br(X, Y)=B;(df(X), df(Y)) +dj(B;(X, Y))

where Bj (W, W)=— %2 4 h%m x is the second fundamental form of the sphere S™ ().
Taking the trace, we obtain

2e(f)
}’2

Hence, if f is pseudo-harmonic from (M, ) to §"™=1(r), then Hp( f ) = 0 and, con-

sequently, Hy(f) = =220 f with Hy(f) = (Apfi. ... Apfm) (see (2.2)). Thus,

Ya <m, =Apfo = r%eb(f)fa-
Reciprocally, if there exists a function u € C*°(M) such that — A, f, = pf, for every
o < m, then

0=4, (Z fj) =21 > f2 42D IV fulg, = —2ur” + dep(f).
a=1

a=1 a=1

2ep(f)

72

Hy(f) = — f+djHy(f) =— f+dj(Hy(f)).

Hence, u = %, Hy(f) = —%f and, then, H,(f) = 0, which means that f is
pseudo-harmonic from (M, 6) to Sm=L(r).

From the assumptions, one has H,(f) = —Af (see (2.2)). Since f is semi-isometric,
we know that Hp(f) is orthogonal to df (H(M)) (Lemma 2.1). Therefore, Vx € M
and VX € H,(M), one has (f(x), df;(X))gm = O which implies that the function
x| f (x)|D2§,,, has zero derivative with respect to all horizontal directions. Since the
distribution H (M) is not integrable, this implies that | f (x) |]%w is constant on M, that is
f (M) is contained in a sphere S§™=1(r) of radius r centered at the origin. The pseudo-
harmonicity of f from M into S”~ ! (r) then follows from (i). Moreover, one necessarily
has A = @ with e, (f) = n since f is semi-isometric. Thus, the radius of the sphere

is such that r2 = 27" ]
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Theorem 6.1 and Lemma 6.1 lead to the following

Corollary 6.1 Let (M, 6) be a compact strictly pseudoconvex CR manifold of dimension
2n + 1 without boundary and let f : (M, ) —> R™ be C? semi-isometric map. Then

1 2
(=) = s / | Hy () 3 6.5)
M

Moreover, the equality holds in this inequality if and only if f (M) is contained in a sphere
S"=Y(r) of radius r = ./ ﬁ and f is a pseudo-harmonic map from (M, 0) to the sphere
S,

Similarly, for CR manifolds mapped into the Heisenberg group, one has the following

Theorem 6.2 Let (M, 0) be a compact strictly pseudoconvex CR manifold of dimension
2n + 1 without boundary.

() Let f : M — H" = R¥ xR be any C% map satisfying df (H(M)) € H(H™). Then

1
I -ADEN) = 5 / Hy(f)
M

where the equality holds if and only if the first 2m components f1, ..., fom of f satisfy
—Ap fo = 22 (=Dp) (fu — $fa) for every a < 2m.

(i) Let f : M —> H™ be any C? semi-isometric map satisfying df (H(M)) € H(H™).
Then

M(=Ap) < Hy ().

1
2nV (M, 6) / |
M
Moreover, the equality holds in this last inequality if and only if f(M) is contained in the

product S¥"~1(r) x R ¢ H" withr = ﬁ, and i o f is a pseudo-harmonic map from

(M, 0) to the sphere S2m=1(py where  : H™ — R2" s the standard projection.

Proof (i) Let f : M —> H™ = R*" x R be a C* map satisfying df (H(M)) € H (H™)
andset f :== mo f: M — R¥" where 7 : H" — R>" is the standard projection.
One has, for every pair (X, Y) of horizontal vectors,

BH(X, ) = Bx(df (X), df (V) +dm(Br(X, Y)).

Since forany X € H(H™), |dn(X)|]§2m = %|X|ﬁm (see (5.3)) and dn(T) = 0, one can
easily check that 8, = 0 (Corollary 2.1) and, then, /3f~(X, Y) =dn(By(X, Y)). Thus,

Hy(f) = dm(Hpy(f)) and, since Hj,(f) is horizontal (Proposition 5.1), |Hy(f)|2,, =

%IH;,(f)I]%Im. On the other hand, it is clear that e;,(f) = %eb(f) and, then, Eh(f) =
%Eb( f). Therefore, it suffices to apply Theorem 6.1 to complete the proof of the first
part of the theorem.

(ii)) Assume now that the map f is semi-isometric. Using the assumption that f preserves
horizontality, i.e., df (H(M)) € H(H™), one checks that the map 27 o f is also semi-
isometric. Applying Corollary 6.1 to the latter we easily deduce what is stated in part
(i1) of the theorem.

@ Springer



Eigenvalues of the sub-Laplace operator 461

7 Eigenvalues of the horizontal Laplacian on a Carnot group

A Carnot group of step r is a connected, simply connected, nilpotent Lie group G whose Lie
algebra g admits a stratification

i=Vi®--aV,

sothat [Vi, V;]1 = V1, j=1,...,r—1land [V;, V;] C Viyj, j =1,...,r, with
Vi = {0} for k > r. We also assume that g carries a scalar product (, ), for which the
subspaces V; are mutually orthogonal. The layer V| generates the whole g and induces a
sub-bundle HG of T G of rank d; = dim V; that we call the horizontal bundle of the Carnot
group. The Heisenberg group H is the simplest example of a Carnot group of step 2.

Foreachi < r,let {eﬁ, R efi,- } be an orthonormal basis of V; and denote by {X’i, R X:ii,-}
the system of left invariant vector fields that coincides with {e’i e e;i} at the identity ele-
ment of G. We consider the Riemannian metric g on G with respect to which the family
(x',...)x }il, XD X ;lr} constitute an orthonormal frame for 7 G. The correspond-
ing Levi-Civita connection V induces a connection V# on HG that we call “horizon-
tal connection”: If X and Y are smooth sections of HG, then V;’ Y = nygVxY, where
my : TG — HG is the orthogonal projection. The horizontal Laplacian A g is then defined
for every C? function on G by

Apu = tracey V7 du = z Xi1 . (Xl.1 -u),
i<d;
where the last equality follows from the fact that V;Ii X 1’ =O0foranyi, j=1,...,d;. The

operator A g is a hypoelliptic operator of Hérmander type.

Theorem 7.1 Let G be a Carnot group and let 2 be a bounded domain in G. Let V be a
Sunction on Q so that the operator —A g + V, with Dirichlet boundary conditions if Q # G,
admits a purely discrete spectrum {A;};>1 which is bounded from below. Then, for every
k>1land p e R,

k max{4, 2p} < ool
D O =20)" = === (e = 2) " (M = Th),
i=1 i=1

where d is the rank of the horizontal distribution HG, T; = fQ Vuisz and vg is the Rie-
mannian volume element associated with gg. Moreover, if V is bounded below on 2, then
foreveryk > 1,

Mgl < ( ) Zx, 1an

and
4\ 2 .
Al < (1 + E)kd}q - Cd, k)lng

with C(d, k) = (1+ ki — 1.

Proof Let {ey, ..., ez} be an orthonormal basis of the subspace V| and denote by {X7, ...,
X4} the system of left invariant vector fields that coincides with {ey, ..., es} at the identity
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462 A. Aribi, A. El Soufi

element of G. Since the group G is nilpotent, the exponential map exp : g —> G is a global
diffeomorphism. We can define, for each i < d, a smooth map x; : G — R by

xi(8) = {exp™' (). @) -
These functions satisfy (see [12, Proposition 5.7]), Vi, j =1,...,m,
Xj-xi= 5,'.,‘ and Agx; = 0.

Again, we apply Lemma 3.1 with A = —Apg + V and B = x,, | <« < m. We need to
deal with the calculation of ([—A g +V, xolui, xqui) 2 and ||[[—Ag +V, xq]u; IIiz, where
{u;}i>1 a complete orthonormal family of eigenfunctions with (—=A, + V)u; = Aju;. We

have after a straightforward calculation:
[—Ag +V, xglu; = =2Xy - u;.

Integrating by parts we get

1 1 1 1
/(Xa'”i)xaui =§/(Xa‘u12)xa=_§/”%(Xa'xa)=_§/”i2=_§'
Q Q Q

Thus,

d d
D U=Au+V, Xalui, xqui)p2 = —ZZ/ (Xo - ui) Xqui = d.

a=l1 a=lg

On the other hand, we have

d d
D =An + V. xoluill}, = 42/ X - uil> =404 = T)
a=1

ot=IQ

Putting these identities in Lemma 3.1, we obtain the first inequality of the theorem.

The rest of the proof is identical to that of Theorem 3.1. O
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