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Abstract

For Riemannian submersions with fibers of basic mean curvature, we compare the
spectrum of the total space with the spectrum of a Schrédinger operator on the base
manifold. Exploiting this concept, we study submersions arising from actions of Lie
groups. In this context, we extend the state-of-the-art results on the bottom of the
spectrum under Riemannian coverings. As an application, we compute the bottom of
the spectrum and the Cheeger constant of connected, amenable Lie groups.
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1 Introduction

The study of the spectrum of the Laplacian on a Riemannian manifold has attracted
much attention over the last years. In order to comprehend its relations with the geom-
etry of the underlying manifold, it is reasonable to investigate its behavior under maps
between Riemannian manifolds that respect the geometry of the manifolds to some
extent. In this paper, we study the behavior of the spectrum under Riemannian sub-
mersions.

The notion of Riemannian submersion was introduced in the 1960s as a tool to
express the geometry of a manifold in terms of the geometry of simpler components,
namely, the base space and the fibers. Of course, by geometry of the fibers, we mean
both their intrinsic and their extrinsic geometry as submanifolds of the total space.
Bearing this in mind, it is natural to describe the spectrum of the total space in terms
of the geometry and the spectrum of the base space and the fibers.
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To set the stage, let p: M, — M) be a Riemannian submersion and denote by
Fy := p~!(x) the fiber over x € M. The spectrum of (the Laplacian on) M» has been
studied in the case where M is closed (that is, compact and without boundary) and the
submersion has totally geodesic, or minimal fibers, or fibers of basic mean curvature
(cf. for example the survey [6]). However, the situation is quite more complicated and
yet unclear if M5 is not closed.

Recently, in [23], extending the result of [10], we established a lower bound for the
bottom of the spectrum Ag(M3) of M», if the mean curvature of the fibers is bounded
in a certain way. More precisely, according to [23, Theorem 1.1], if the (unnormalized)
mean curvature of the fibers is bounded by || H|| < C < 2./Ag(M}), then the bottom
of the spectrum of M> satisfies

ro(M2) = (v/ao(My) = C/2) + inf 2o(Fy).

Moreover, if the equality holds and Ag(M1) ¢ oess(M1) (thatis, Ag(M7) is an isolated
point of the spectrum of the Laplacian on M), then Ag(Fy) is equal to its infimum
for almost any x € M;. Recall that, in general, Ao(F) is only upper semi-continuous
with respect to x € M (cf. [23, Lemma 2.9]).

In the second part of [23], following [4], we studied Riemannian submersions
with closed fibers. In this context, we introduced a Schrodinger operator on M, with
potential determined by the volume of the fibers, and compared its spectrum with
the spectrum of M. It should be noticed that if the submersion has fibers of infinite
volume, then we are not able to define that operator, at least in the way we did in [23].

In this paper, motivated by the aforementioned results, we introduce a Schrodinger
operator on the base space of a Riemannian submersion with fibers of basic mean
curvature (see Sect. 2.1) and compare its spectrum with the spectrum of the total
space. To be more specific, let p: M> — M be a Riemannian submersion with fibers
of basic mean curvature, and consider the Schrédinger operator

1 |
S = A+Z||p*H||2—5dwp*H (1)

on My, where A is the (non-negative) Laplacian on M. It is worth to point out that
S is non-negative, that is, Ag(S) > 0. Furthermore, it is evident that S coincides with
the Laplacian, if the submersion has minimal fibers. Our first result relates the bottom
of the spectrum of this operator with the bottom of the spectrum of M>.

Theorem 1.1 Let p: My — M, be a Riemannian submersion with fibers of basic
mean curvature, and consider the Schrodinger operator S as above. Then

ro(M2) = Ao(S) + inf Ao(Fy).
xeM,

If, in addition, the equality holds and Ao(S) ¢ 0ess(S), then Ao(Fy) is almost every-
where equal to its infimum.
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It should be emphasized that no assumptions on the geometry or the topology of
the manifolds are required in this theorem. In particular, the manifolds do not have
to be complete. This, together with the decomposition principle, allows us to derive
a similar inequality involving the bottoms of the essential spectra, if the fibers are
closed.

It is worth to mention that in some cases, Ao (S) can be estimated in terms of Lo (M).
For instance, if the mean curvature of the fibers is bounded by || H|| < C < 24/Ao(M)),
then the bottoms of the spectra satisfy

20(8) > (VAo(My) — C/2)%.

Thus, Theorem 1.1 provides a sharper lower bound for Ag(M>) than [23, Theorem
1.1] in the case where both of them are applicable.

It is noteworthy that if the submersion has closed fibers, then the operator S defined
in (1) coincides with the Schrodinger operator introduced in [23], and there is a remark-
able relation with the work of Bordoni [5] on Riemannian submersions with fibers of
basic mean curvature. Given such a submersion p: M, — M with M> closed, Bor-
doni considered the restrictions A, and A of the Laplacian acting on lifted functions
and on functions with zero average on any fiber, respectively, and showed in [5, The-
orem 1.6] that the spectrum is written as o (M>) = o (A.) Uo (Ap). In this setting, the
spectrum of the operator S coincides with the spectrum of A.. It should be observed
that expressing the latter one as the spectrum of an operator on M7 allows us to relate
it more easily to the spectrum of M. For Riemannian submersions with closed fibers,
we obtain the following consequence of Theorem 1.1 (compare with [23, Theorem
1.2]), where we denote by Ag* the bottom of the essential spectrum of an operator.

Corollary 1.2 If p: My — M is a Riemannian submersion with closed fibers of basic
mean curvature, then Ao(Mz) = Lo(S) and A§*®(M2) = A (S). In particular, M has
discrete spectrum if and only if the spectrum of S is discrete.

This corollary generalizes [4, Theorem 1(ii)], which asserts that if p: M, — M,
is a Riemannian submersion with closed and minimal fibers, then M has discrete
spectrum if and only if M has discrete spectrum. This equivalence has been extended
in [23, Corollary 1.4] under the weaker assumption that the fibers are closed and of
bounded mean curvature. Corollary 1.2 characterizes the discreteness of the spectrum
of M> in terms of S instead of the Laplacian, which, nonetheless, is very natural. More
precisely, for warped products of the form M x ., F with F' closed, this characterization
coincides with [1, Theorem 3.3] of Baider.

If, in addition, the manifolds involved in Corollary 1.2 are complete, then we know
from [23, Theorem 1.2] that the spectra and the essential spectra satisfy o (S) C o (M>)
and oegs(S) C 0ess(M>). This, together with Theorem 1.1 and Corollary 1.2, shows
that it is very reasonable to compare the spectrum of S with the spectrum of M>, if the
submersion has fibers of basic mean curvature.

In the second part of the paper, we study Riemannian principal bundles. To be more
specific, let G be a possibly discrete Lie group acting smoothly, freely and properly on
a Riemannian manifold M, via isometries, where dim G < dim M;. Such an action
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induces on M| = M3 /G the structure of Riemannian manifold. If G is non-discrete,
the projection p: M> — M, is a Riemannian submersion with fibers of basic mean
curvature. We then say that p is a Riemannian submersion arising from the action of
G. The behavior of the spectrum under such submersions has been studied for instance
in [13].

In the case where G is a discrete group, its action gives rise to a normal Riemannian
covering. In this context, there are various results establishing relations between prop-
erties of the deck transformation group and the behavior of the spectrum. To be more
precise, let g : M> — M be a normal Riemannian covering with deck transformation
group I". Then the bottoms of the spectra satisfy Lo(M3z) > Ao(M1) (cf. for instance
[2] and the references therein). Brooks was the first one to investigate when the equal-
ity holds. In [8], he showed that if M| is closed, then I' is amenable if and only if
Ao(M3) = 0. It is apparent that in this setting, we also have that Ao(M7) = 0. In [2],
we proved that if I" is amenable, then Ao(M>) = Ao(M), without any assumptions on
the topology or the geometry of M. It was established in [22] that if, in addition, M is
complete, then o (M) C o (M>). Conversely, according to [21], if Ag(M2) = Ao(M})
and Ag(M1) ¢ gess(M1), then I' is amenable.

If G is non-discrete, then from the above discussion, it makes sense to compare
the spectrum of the Laplacian on the total space with the spectrum of the Schrédinger
operator S on the base manifold, defined in (1). Theorem 1.1 implies that Ag(M3) >
Ao (S). In the following theorem, we extend the aforementioned results to Riemannian
submersions arising from Lie group actions, where we denote by G the connected
component of the identity element of G.

Theorem 1.3 Let p: My — M, be a Riemannian submersion arising from the action
of a Lie group G. Then

(1) If G is amenable and G is unimodular, then Ao(M3) = Lo(S).
(ii) If, in addition, My is complete, then o (S) C o (M>).
(iii) Conversely, if Ag(M32) = Ao(S) and Lo(S) ¢ 0ess(S), then G is amenable and G
is unimodular.

Recall that there exist connected Lie groups that are amenable but not unimodular
(because any solvable group is amenable), and connected Lie groups that are unimod-
ular but not amenable (since any connected, semisimple Lie group is unimodular).

It is notable that if G is compact, then Corollary 1.2 compares the spectra and the
essential spectra of the operators. Even though Theorem 1.3 is formulated in terms of
spectra, it also provides information about the essential spectra. This follows from the
fact that if G is non-compact, then o (M3) = 0ess(M>) (cf. for example [22, Theorem
5.2]).

As in the context of Riemannian coverings, it is plausible to wonder if the assump-
tion Lo (S) ¢ 0ess(S) can be weakened in Theorem 1.3(iii). We will construct a wide
class of examples demonstrating that this assumption is essential. Namely, let M be
any Riemannian manifold with Ao(M) € oess(M). We will show that there exists
a Riemannian submersion p: My — M| := M with minimal fibers, arising from
the action of a connected, non-unimodular Lie group G, such that Ag(M2) = Ao(M}).
Since the submersion has minimal fibers, it is clear that S coincides with the Laplacian
on M.
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In the case where the base manifold is closed, we derive another analog of Brooks’
result, which is slightly different. This is because in Theorem 1.3, we investigate the
validity of Lo(M>) = Ao(S), while the following corollary characterizes the stronger
property Ao(M>2) = 0.

Corollary 1.4 Let p: My — M| be a Riemannian submersion arising from the action
of a Lie group G, where My is closed. Then G is unimodular and amenable if and
only if \o(M3) = 0.

Finally, exploiting Theorems 1.1 and 1.3 , we study quotients of Lie groups by
normal subgroups. In this setting, we obtain some relations between the mean curvature
of the subgroup and the bottom of the spectrum of the group, the subgroup, and the
quotient.

Theorem 1.5 Let G be a connected Lie group endowed with a left-invariant metric and
N be a closed (as a subset), connected, normal subgroup of G with mean curvature
H. Then

1 1
20(G) = 20(G/N) + ho(N) — ZIIHII2 + 5 tr(ad H).
Moreover, N is unimodular and amenable if and only if
1 5 1
20(G) = 2o(G/N) = Z|IH|I" + 7 tr(ad H).

As an application of this theorem, we compute the bottom of the spectrum and the
Cheeger constant of connected, amenable Lie groups. This extends the result of [20]
in various ways.

Corollary 1.6 Let G be a connected, amenable Lie group endowed with a left-invariant
metric. Then the bottom of its spectrum and its Cheeger constant are given by

1 1
10(G) = —h(G)> =~ max (tr(ad X))
4 4 Xeg,|X|=1

If G is not unimodular, then the maximum is achieved by the unit vector in the direction
of the mean curvature (in G) of the commutator subgroup [S, S| of the radical S of G.

The paper is organized as follows: In Sect. 2, we discuss some basic properties
of Schrodinger operators, Riemannian submersions and Lie groups. In particular, we
provide a spectral theoretic characterization for connected, amenable, and unimodular
Lie groups, which is well known for simply connected Lie groups. In Sect. 3, we study
Riemannian submersions with fibers of basic mean curvature and prove Theorem 1.1
and Corollary 1.2. In Sect. 4, we focus on submersions arising from Lie group actions
and establish Theorem 1.3 and Corollary 1.4.In Sect. 5, we discuss some consequences
of our results to Lie groups and show Theorem 1.5 and Corollary 1.6.
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2 Preliminaries

Throughout this paper, manifolds are assumed to be connected and without boundary,
unless otherwise stated, except for Lie groups. Consider a possibly non-connected
Riemannian manifold M. A Schrodinger operator on M is an operator of the form
S = A+ V, where A is the Laplacian on M and V € C° (M), such that there exists
¢ € R satisfying

(S Frzan = el f 1720
for any f € C2°(M). Then the operator
S: CX(M) C L*(M) — L*(M)

admits a Friedrichs extension, being densely defined, symmetric and bounded from
below. Itis worth to point out that if M is complete, then this operator is essentially self-
adjoint; that is, its closure coincides with its Friedrichs extension (cf. [23, Proposition
2.4]).

The spectrum and the essential spectrum of (the Friedrichs extension of) S are
denoted by o (S) and o (S), respectively, and their bottoms (that is, their minimums)
by A0(S) and A§*®(S), respectively. In the case of the Laplacian (that is, V = 0), we
write 0 (M), 0ess(M) and Lo(M), A5** (M) for these sets and quantities. We have by
definition that A% (S) = +o0 if S has discrete spectrum, which means that oegs(S) is
empty. If oess (M) is empty, we say that M has discrete spectrum.

The Rayleigh quotient of a non-zero f € Lip.(M) with respect to S is defined by

Sy (I grad fII* + Vf2)
R =
s(f) 2

The Rayleigh quotient of f with respect to the Laplacian is denoted by R(f), or by
R (f) if the Riemannian metric g of M is not clear from the context. According to
the next proposition, the bottom of the spectrum of S can be expressed as an infimum
of Rayleigh quotients (cf. for example [21, Sect. 2] and the references therein).

Proposition 2.1 Let S be a Schrodinger operator on a Riemannian manifold M. Then
the bottom of the spectrum of S satisfies

ro(8) = il},fRs(f),

where the infimum is taken aver all f € CZ°(M)~{0}, oroverall f € Lip.(M) ~{0}.

A remarkable property of the essential spectrum of S follows from the decomposi-
tion principle, which states that

Oess(S) = 0ess (S, M N K)

@ Springer



Spectral Estimates for Riemannian Submersions 9957

for any compact domain K of M with smooth boundary. This is well known in the
case where M is complete (compare with [12, Proposition 2.1]), but also holds if M is
non-complete (cf. for instance [3, Theorem A.17]). The next proposition summarizes
the properties of the bottom of the essential spectrum that will be used in the sequel.

Proposition 2.2 Let S be a Schrodinger operator on a Riemannian manifold M and
consider an exhausting sequence (Ky),eN of M consisting of compact domains with
smooth boundary. Then the bottom of the essential spectrum of S is given by

AS(S) = lim Ao(S, M~ Kn).

Inparticular, there exists (fn)nen C CZ°(M)~{0} withsupp f, pairwise disjoint, such
that Rs(fn) — AG*(S). Furthermore, for any sequence (fp)pen C C2°(M) ~ {0}
with supp f,, pairwise disjoint, we have that

)\SSS(S) < ]imninf Rs(fn)-

Proof The third assertion may be found for example in [23, Proposition 2.2]. From
this and Proposition 2.1, it is not hard to see that

267 (8) < limag(S, M~ Ky),

while the decomposition principle gives that A§* (S) = A® (S, M \ K,) >
M(S, M \ K,) for any n € N, as we wished. The proof is completed by the first
part and Proposition 2.1. O

For A € R, asequence (f)neny C C°(M) {0} is called a characteristic sequence
for S and A if

(S =) fall 2w
I full L2

— 0, asn — 4o0.

If M is complete, then S is essentially self-adjoint, which allows us to characterize
the spectrum of S in terms of compactly supported smooth functions as follows.

Proposition 2.3 Let S be a Schrodinger operator on a complete Riemannian manifold
M and consider A € R. Then ). € o (S) if and only if there is a characteristic sequence
for S and A.

Assume now that ¢ € C°°(M) is a positive solution of S¢ = A¢ for some A € R.
Denote by Lé (M) the L?-space of M with respect to the measure ¢>d vol, where d vol
is the volume element of M induced by its Riemannian metric. It is straightforward to
verify that the isometric isomorphism m,, : Lé(M ) — L%(M), defined bymy,f =of,
intertwines S — A with the diffusion operator

L :=m;lo(S—A)om(p = A —2gradIlne.
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The operator L is called renormalization of S with respect to ¢. The Rayleigh quotient
of anon-zero f € C2°(M) with respect to L is defined by

(L Nz [y Nl grad £17¢?
N R

RL(f) =

Lemma 2.4 For any non-zero f € C°(M) and c € R, we have that

(i) Re(f) =Rs(ef) -
() L = fllizn = 1S =2 =)@ 2m)-

Proof Follows immediately from the definition of L and the fact that m,, is an isometric
isomorphism. O

2.1 Riemannian Submersions

Let M; and M, be Riemannian manifolds with dim M; < dim M,. A surjective
smooth map p: My — M; is called a submersion if its differential is surjective at
any point. The kernel of p.y, is called the vertical space at y € M, and its orthogonal
complement in 7, M> is called the horizontal space at y. These spaces are denoted
by (TyM>)" and (TyM2)h, respectively. It is evident that the fiber F, := p~ ()
over x € M is a possibly non-connected submanifold of M, and (T, M;)" is the
tangent space of F, at y € Fx. The submersion p is called Riemannian submersion if
the restriction pyy : (TyMz)h — Tp(y)M is an isometry for any y € M. For more
details, see [14] or [15].

Given a Riemannian submersion p: My — Mj,asmoothmaps: U — M, defined
on an open subset U of My, is called section if (p o s)(x) = x forany x € U. We
say that a section s: U C M| — M, is extensible if it can be extended to a section
s U Cc M| — MywithU Cc U'.

A vector field Y on M> is called horizontal (vertical) if Y (y) belongs to the hor-
izontal (vertical, respectively) space at y for any y € M. It is easily checked that
any vector field ¥ on M, can be written as ¥ = Y + Y with Y horizontal and Y
vertical. Moreover, any vector field X on M has a unique horizontal lift X on M2,
that is, X is horizontal and p*X X. A vector field Y on M is called basic if Y =
for some vector field X on M.

The (unnormalized) mean curvature vector of the fibers is defined by

k
H(y):=) a(X;, X)),

i=1

where «(-, -) is the second fundamental form of the fiber F () and {X; } _; is an
orthonormal basis of (T, M>)". It should be observed that H is a horlzontal vector
field. We say that the Riemannian submersion p has minimal fibers or fibers of basic
mean curvature if H = 0 or H is basic, respectively.
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We now discuss some basic examples of Riemannian submersions. It is worth to
mention that the manifolds involved in following examples are not assumed to be
compact.

Example 2.5 (i) The warped product M = M X F is the product manifold endowed
with the Riemannian metric gy, X V2gr, where € C%°(M)) is positive. Then
the projection to the first factor p: M> — M is a Riemannian submersion with
fibers of basic mean curvature

H = —kgradIn,

where k := dim F. It should be noticed that surfaces of revolution are warped
products of the form R x,, S'.

(i) Another generalization of surfaces of revolution was introduced by Bishop
motivated by a result of Clairaut involving such surfaces. A Riemannian sub-
mersion p: My — M is called Clairaut submersion if there exists a positive
f € C°(My), such that for any geodesic ¢ on My, the function (f o ¢)sin#é is
constant, where 6(¢) is the angle between ¢’ (¢) and (T () M), Bishop proved that
a Riemannian submersion p: My — M of complete manifolds with connected
fibers is a Clairaut submersion if and only if the fibers are totally umbilical with
mean curvature

H = —kgradIn

for some positive ¥ € C°(M;), where k is the dimension of the fiber (cf. for
instance [14, Theorem 1.7]).

(iii) Let G be a Lie group acting smoothly, freely, and properly via isometries on a
Riemannian manifold M», where dim G < dim M,. Then M := M5 /G is a Rie-
mannian manifold and the projection p: M, — M| is a Riemannian submersion
with fibers of basic mean curvature. In this case, we say that p: M» — M;isa
Riemannian submersion arising from the action of a Lie group G.

Given a Riemannian submersion p: M — Mj, the lift of a function f € C*(M;)
on M, is the smooth function f := fo p. The next lemma provides a simple expression
for the Laplacian and the gradient of a lifted function.

Lemma 2.6 Forany f € C®(M,) and its lift f on Ms, we have that

(i) grad f = grad j:,_\/
(i) Af = Af + (grad f, H).

Proof Both statements follow from elementary computations, which may be found
for example in [4, Sect. 2.2]. |

2.2 Lie Groups

In this subsection, we recall some basic definitions and results about Lie groups, and
discuss some consequences of the Cheeger and Buser inequalities in this setting.
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For a Borel subset A of a Riemannian manifold (M, g), we denote the volume
of A by |Alg, or simply by |A| if the Riemannian metric of M is clear from the
context. Similarly, for an m-dimensional submanifold N of M, we denote by |N| the
m-dimensional volume of N. The Cheeger constant of a Riemannian manifold M is
defined by

|0K]|
K|’

h(M) := inf
K

where the infimum is taken over all compact domains K of M with smooth boundary.
It is related to the bottom of the spectrum via the Cheeger inequality (cf. [11])

h(M)?
Ao(M) > 1

Buser [9] established an inverse inequality for complete manifolds with Ricci curvature
bounded from below. In particular, if M is such a manifold, then Ag(M) = 0 if and
only if h(M) = 0. For our purposes, we also need the following lemma from his work,
where A" stands for the r-tubular neighborhood of a subset A of M.

Lemma 2.7 (Compare with [9, Lemma 7.2]; see also [22, Corollary 6.3]). Let M be
a non-compact, complete Riemannian manifold with Ricci curvature bounded from
below. If h(M) = O, then for any ¢,r > 0, there exists an open, bounded W C M
such that

[OW)| < e|lW ~ @W)].

Throughout this paper, Lie groups are assumed to be non-discrete and possibly
non-connected, unless otherwise stated. A possibly discrete Lie group G is called
amenable if there exists a left-invariant mean on L°°(G); that is, a linear functional
u: L°°(G) — R such that

essinf f < u(f) <esssup f and u(f o Ly) = n(f),

forany f € L°°(G) and x € G, where L, stands for multiplication from the left with
an element x € G. Here, L°°(G) is considered with respect to the Haar measure. If
G is non-discrete, then its Haar measure is a constant multiple of the volume element
of G induced from a left-invariant metric. If G is discrete, then its Haar measure is a
constant multiple of the counting measure. For more details, see [16].

Lemma 2.8 If N is a normal subgroup of a possibly discrete Lie group G, then G is
amenable if and only if N and G/N are amenable.

It is not hard to verify that abelian and compact Lie groups are amenable. Therefore,
so are compact extensions of solvable groups. As a matter of fact, a connected Lie
group is amenable if and only if it is a compact extension of a solvable group (cf. for
example [19, Lemma 2.2]).
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Let G be a connected Lie group with Lie algebra g. The radical s of g is the largest
solvable ideal of g. The radical S of G is the connected subgroup with Lie algebra s.
Then S is a closed, normal subgroup of G and the quotient G/ is semisimple. In this
case, we have that G is amenable if and only if G /S is compact (cf. [17, p. 724f] and
the references therein).

A Lie group is called unimodular if its Haar measure is also right-invariant. For a
connected Lie group, this property may be reformulated in terms of its Lie algebra as
follows.

Lemma 2.9 [17, Proposition 1.2]. A connected Lie group G is unimodular if and only
iftr(ad X) = 0 for any X in the Lie algebra of G.

It is worth to point out that connected, nilpotent Lie groups are unimodular and
amenable. In addition, compact extensions of connected, unimodular Lie groups are
unimodular (cf. [18, Proposition 8]).

Although the aforementioned properties are group theoretic, they are characterized
by the spectrum of the Lie group according to the next theorem, which is well known
for simply connected Lie groups.

Theorem 2.10 A connected Lie group G is unimodular and amenable if and only if
r0(G) = 0 for some/any left-invariant metric on G.

Proof We know from [17, Theorem 3.8] that a simply connected Lie group G is uni-
modular and amenable if and only if (G) = 0 with respect to some/any left-invariant
metric. By the Cheeger and Buser inequalities, this gives the assertion for simply con-
nected Lie groups. To show its validity for a connected Lie group G, letg: G — G
be the universal covering of G. It follows from Lemma 2.9 that G is unimodular if
and only if G is unimodular, since their Lie algebras are isomorphic. Furthermore,
71(G) is abelian and isomorphic to the kernel of ¢ as a Lie group homomorphism.
Therefore, G is an extension of G by an amenable group, and Lemma 2.8 yields that G
is amenable if and only if G is amenable. Taking into account that 771 (G) is amenable,
we conclude from [2, Theorem 1.2] that AQ(G) = 1(G). O

By virtue of Buser’s lemma, we derive the following consequence of the preceding
characterization.

Corollary 2.11 Let G be a non-compact, connected, unimodular, and amenable Lie
group endowed with a left-invariant metric. Then for any €,r > 0, there exists an
open, bounded W C G such that

AW | < e|W ~ @W)"].

3 Submersions with Fibers of Basic Mean Curvature

The aim of this section is to prove Theorem 1.1. Let p: M> — M be a Riemannian
submersion with fibers of basic mean curvature, and consider the Schrodinger operator

1 |
S=A+ an*an — 5 divp.H
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on M. Asin [4,5,23], the average of a function f € CZ°(M>) is the smooth function

fun) = /F 5

on M with gradient given by

(erad fuy (), X) = f (grad f — fH, X) @)

X

for any x € Mj and X € Ty M, where X is the horizontal lift of X on F,. The
push-down of f is the function

1/2
h(x) =/ (fDay(x) = ( /F f2>

on M. Then [23, Lemma 3.1] states that & € Lip.(M). Hence, its gradient is defined
almost everywhere and vanishes (if defined) in points where 4 is zero.

Proposition 3.1 Let h € Lip.(M1) be the push-down of a function [ € CZ°(My) with
I fllz2(ay) = 1. Then their Rayleigh quotients are related by

R(f) st(h)Jr/ Xo(Fy)h?(x)dx.

M,

Proof For any x € M7 with h(x) > 0, we readily see from formula (2) that

_ )
gradh(x)—zh(x) /Fx(p*gradf o p«H)

1

1
“he) /Fx Sp«grad [ — Eh(X)P*H(X)

In view of this, the fact that [|A;2(y,) = 1, the divergence formula, the Cauchy-
Schwarz inequality and that

1
5 {grad h2(x), p«H (x)) =h(x)( grad h(x), p+H (x))

1o 2
=/. flgrad £, H) = Sh™(0) | p«H (x)

for any x € M, we compute

1 1 .
R = [ (eradhl? +  Ip.HIPH = 12 div p. )
M 4 2

-/ (iH/ fpoemad 4 02p P~ [ flama s, H>>
iy N2, 4 Fe
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1o 2, ] 2
+ 2P HI™ + S (grad A7, p.H)

M,
< / / I (grad f) 2 = / I Gerad f)" 2. 3)
My JFy M

Since at any point of M5, the tangent space of M splits into the orthogonal sum of
the horizontal and the vertical space, it is easily checked that (cf. [23, Formula (6)])

R(f) = / Il grad £)"]|* + / I (grad f)"]|*
M»> My

> f I(grad f)! | + / ho(Foh(x).
M M,

The proof is now completed by formula (3) and Proposition 2.1. O

Proof of Theorem 1.1 From Propositions 2.1 and 3.1 , itis immediate verify the asserted
inequality. Suppose now that the equality holds. Then there exists ( f,)neny C C°(M2)
with || f,, ||L2(M2) = land R(f,) — Ao(M3), as follows from Proposition 2.1. Denote
by h, € Lip.(M7), the push-down of f,, n € N. Arguing as in the proof of [23,
Theorem 1.1], using Proposition 3.1 instead of [23, Proposition 3.2], we obtain that

Rs(hy,) — ro(S) and / (Ao (Fy) — inng[ )\O(Fy))h%(x)dx — 0. “4)
M, yeEM|

Since Ag(S) ¢ 0ess(S), we deduce from [21, Proposition 3.5] that after passing to a
subsequence if necessary, we may assume that i, — ¢ in L?(M) for some function
@ € C®(M) with Sp = %0(S)¢. Then ¢ is positive, by [21, Proposition 3.7]. Arguing
as in the proof of [23, Theorem 1.1], we conclude from (4) that

Ao(Fy) = inf ro(Fy)
YEM)

for almost any x € Mj. O

Proof of Corollary 1.2 1f the submersion has closed fibers of basic mean curvature, then
S is written as follows:

AV
s—n_ VYV
vV

where V (x) is the volume of F, (cf. [23, Sect. 4]). Thus, we may consider the renor-
malization L of S with respect to V. Then Lemmas 2.4 and 2.6 imply that for any
non-zero f € C°(My), its lift f € C2°(M>) satisfies

RGP = S N grad FI2._ Joy, I grad f12V

— =R = Rs(fVV). 5
szfz fleZV L(f) s(fVV) (5)
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We derive from Proposition 2.1 that Lo(M2) < Xo(S), while the inverse inequality is
a consequence of Theorem 1.1.

About the second statement, choose an exhausting sequence (K;),en of M
consisting of compact domains with smooth boundary. Then (p_l(Kn))neN is an
exhausting sequence of M, consisting of compact domains with smooth boundary,
because the submersion has closed fibers. Applying Theorem 1.1 to the restriction of
p: Mo~ p~Y(K,) = M~ K, over any connected component of M| ~. K, together
with Proposition 2.2, gives the estimate

AGS (M) = Tim Ao(Ma  p~ ! (Ky)) = lim Ao (S, M1\ Ky) = A5°(S).

From Proposition 2.2, there exists a sequence ( f;,)nen C C2°(M1) {0} with supp f;,
pairwise disjoint, such that Rg(f,) — A§*(S). It is immediate to verify that the lifts

hy of hy, := f,/~/V also have pairwise disjoint supports. Then Proposition 2.2 and
formula (5) yield that

25" (Mp) < lim inf R(hy) = liminf Rg(f,) = 252 (S),
n n

as we wished. O

It should be noticed that if the submersion has minimal fibers, then S coincides
with the Laplacian on M. Therefore, [23, Example 3.3] is an example of a Rieman-
nian submersion p: M> — M; with minimal fibers, where M is closed and M> is
complete, such that

0= Ao(M2) = Ao(S) + inf Ao(Fy)
xeFy,

and there is x € M| with Ag(Fy) > 0. It is evident that (Ao(S) ¢ oess (S), M1)being
closed. Hence, in general, the asserted equality in the second part of Theorem 1.1
holds almost everywhere, but not everywhere.

According to the next lemma, the Schrodinger operator S defined in (1) is always
non-negative. Moreover, it demonstrates that Theorem 1.1 provides a sharper lower
bound for Ao (M>) than [23, Theorem 1.1] in the case where both of them are applicable.

Lemma 3.2 Let X be a smooth vector field on a Riemannian manifold M. Then the
operator

1 1
S:A+Z||X||2—§divX

is non-negative. Furthermore, if | X|| < C < 2/Ao(M), then

20(S) > (vao(M) — C/2)*.
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Proof Forany f € C2°(M) with || ]l .2¢p) = 1, observe that its Rayleigh quotient is
given by

1
Rs(f) =/M (n grad f* + Z||X||2f2 + (grad f, fX>>

2 (6)
-1,

where we used the divergence formula. From Proposition 2.1, we readily see that S is
non-negative.

Suppose now that | X || < C < 2y/Ao(M) andlet f € CZ°(M) with || f |l L2¢p) = 1.
An elementary calculation shows that

grad f + gX

Il
2

2
_ fM (1 grad £17 + T 102 — 1 grad £ 711X1)

1 1/2
> R(f)+1/ FAIXIP = R(HV? (/ f2||X||2)
M M

Rs(f) = fM (I zrad 71 — Lyxp)?

1 12\ 2
- <\/R(f)—§( /M fZIIXIIZ) ) . ™

By the assumption that || X|| < C < 2/Ao(M), the fact that || f| 25y = | and
Proposition 2.1, we obtain that

| 12
VR(f) — 5( /M f2||X|I2) > /ao(My) — C/2 > 0.

The proof is completed by Proposition 2.1 and formula (7). O

We end this section by discussing the application of Theorem 1.1 and Corollary 1.2
to the submersions described in Examples 2.5.

Example 3.3 (i) Consider the warped product M> = M| xy F and the projection to
the first factor p: M> — M. In this case, the operator S defined in (1) is written
as follows:

and Theorem 1.1 says that

Ro(M2) = ho(S) + inf Ao(F) = Ao(S) + 20(F) inf 42(x),
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If, in addition, F is closed, then we deduce from Corollary 1.2 that Ao (M2) = Xo(S)
and AG* (M2) = A (S). In particular, M has discrete spectrum if and only if the
spectrum of § is discrete (compare with [1, Theorem 3.3]). It is not difficult to
establish analogous statements for Clairaut submersions.

(i) Let p: M> — M, be a Riemannian submersion arising from the action of a
Lie group G. In view of Theorem 1.1, the bottoms of the spectra are related by
Ao(M2) = Ao(S). According to Corollary 1.2, if G is compact, then ro(M32) =
Ao(S).

4 Submersions Arising from Lie Group Actions

Throughout this section, we consider a Riemannian submersion p: My — M arising
from the action of a Lie group G. For convenience of the reader, we provide a brief
outline of the section and the proof of Theorem 1.3.

In Sect. 4.1, we show that identifying the fiber with G along a section of the sub-
mersion gives rise to a smooth family of left-invariant metrics on G. This remark plays
a quite important role in our discussion. More precisely, from this and Theorem 1.1,
we obtain Theorem 1.3(iii).

The other assertions of Theorem 1.3 are first proved in the case where G is con-
nected. If G is compact, then they follow from Corollary 1.2 and [23, Theorem 1.2].
Thus, we have to focus on the case where G is non-compact and connected. In Sect. 4.2,
we construct cut-off functions on such G closely related to the open sets W from
Corollary 2.11. In terms of these functions, for a section s: U C M| — M>, we
define cut-off functions in p~!(U) with uniformly (that is, independently from the
corresponding W) bounded gradient and Laplacian.

We begin Sect. 4.3 with the proposition that establishes this auxiliary result. The
main idea is that given an f € CZ°(M;), we may write it as a sum of functions
supported in domains admitting sections. Using cut-off functions as above, we are
able to pull up these functions, and for suitable choices of W, the sum of these pulled
up functions coincides with the lift of f in a relatively large part of its support. In the
rest of its support, its gradient and its Laplacian are bounded independently from W.

The proof of Theorem 1.3 is completed after observing that such a submersion p
is expressed as the composition of the submersion arising from the action of G with
the covering arising from the action of G/Gy.

4.1 Induced Metrics on the Lie Group

Let p: M, — M be a Riemannian submersion arising from the action of a (possibly
non-connected) Lie group G. Given asection s: U C M| — M>, itis easily checked
thatthe map ®: G x U — p~!(U) defined by ®(x, y) := xs(y) is a diffeomorphism,
and so is its restriction ®, := ®(-, y): G — Fy. Denote by g,(y) the metric induced
on G via @y, that is, the pullback via ®,, of the restriction of the metric of M5 on F).
It is straightforward to see that the metric gg(,) depends only on s(y) and not on the
behavior of s in a neighborhood of y.
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Proposition4.1 Let s: U C M| — M, be a section. Then the Riemannian metric
8s(y) IS left-invariant and depends smoothly on'y € U.

Proof For x1, xp € G, it is immediate to verify that
X1 Dy (x2) = x1x25(y) = Dy (x1x2),

and therefore, x1,®y, = ®, Ly, . Bearing in mind that G acts on M; via isometries,
givenx € Gand X, Y € T,G, where ¢ is the neutral element of G, it is now elementary
to compute

gs(y)(Lx*Xa Ly, Y)(x) = (qDy*Lx*X, cI:’y*Lx*Y)<Dy()c) = (x*q)y*X, x*qDy*Y>xd>y(e)
= (CDy*X, q>y>,<Y>'<I>y(e) = gs(y)(Xv Y)(e),

which yields that the induced metric on G is left-invariant.

Choose a left-invariant frame field {X i}f | on G. After endowing G with a left-
invariant metric and G x U with the product metric, it is evident that the projection to
the first factor g: G x U — G is a Riemannian submersion. Consider the horizontal

lift X ; of X; on G x U. Notice that {X' i}f.‘zl is a G-invariant, smooth frame field, and
hence, so is {(ID*)N(,-}f.‘:l. Then for y € U and x € G, we deduce that

8500 (Xiy, X)) () = gsn (X1, Xj)(e) = (PuXi, PuXj)s(y)-
Since (P, X;, CID*XJ-)Z is a smooth function (with respect to z) in p~ L (U), so is its
composition with s, as we wished. O

Corollary 4.2 Lets: U C M| — M be a section and fix a left-invariant metric g on
G. Then there exists Vg € C°(U) such that for any y € U, the volume element of the
induced metric satisfies

dvolgj(y) = Vs(y)dvolg.

Proof Follows immediately from Proposition 4.1 and the local expression of the vol-
ume element. O

For y € My and z1, z2 € F), consider the diffeomorphisms ®; : G — F), defined
by ®;(x) = xz;, and the induced metrics g; := g, on G, i = 1,2. Because G acts
transitively on F), there exists xo € G such that xoz; = z2. Then it is apparent that

Do (x) = xzp = xx021 = (P10 Ry (x).
In particular, if G is unimodular, then we have that
dvoly, = @;(dvole) = R;“O(@’f(dvolpy)) = R;‘O (dvolg,) = dvolg,, )
where d volf, is the volume element of F'y with respect to the induced metric from M5.

This implies that the function V from Corollary 4.2 is independent from the section
s and can be defined globally.
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Corollary 4.3 Suppose that G is unimodular and fix a left-invariant metric g on G.
Then there exists V. € C°°(My) such that for any section s: U C M; — M; and
y € U, the volume element of the induced metric satisfies

dvol = V(y)dvoly.

8s(y)

Moreover, the gradient of V is given by
gradV =—-Vp,H.

Proof The existence of the function V is a consequence of Corollary 4.2 and formula
(8). About the second statement, let y € My and s: U C M; — M> be a section
defined in a neighborhood U of y that is horizontal at y, which means that s, 7y M
is the horizontal space of M> at s(y). Let X € TyM; and c: (—¢,&) — M be a
smooth curve with ¢(0) = y and ¢/(0) = X. Denote by F: (—¢,¢) x G — M the
smooth variation of the isometric immersion F (0, -): (G, gg(y)) — M> defined by
F(t,x) = xs(c(t)), and observe that its variational vector field is the horizontal lift
X of X on F y. The asserted equality follows now from the first variational formula.0

It is well known that if p: M> — M is a Riemannian submersion and M is
complete, then so is Mj. According to the next corollary, if the submersion arises
from the action of a Lie group, the converse implication is also true.

Corollary 4.4 Let p: My — M be a Riemannian submersion arising from the action
of a Lie group G. If M| is complete, then M» is complete.

Proof Fix a left-invariant metric g on G and let (z,,),,eNny C M3 be a Cauchy sequence.
Then (p(z,))nen is a Cauchy sequence in Mj, and hence, p(z,) — y for some
y € My.Lets: U C My — M> be a section defined in a neighborhood U of y, and
consider the corresponding diffeomorphism ®: G x U — Mp>, as in the beginning
of this subsection. Without loss of generality, we may assume that z, € p~!(U) for
any n € N. Writing z, = ®(x,, p(z,)), it remains to prove that (x,),en converges.
Given a precompact neighborhood Uy, of y with l_/y C U, it is simple to see that for
any sufficiently small ¢ > 0, there is ng € N, such that for any n, m > ng, there
exists a smooth curve ¢, ;, from z, to z,, of length less than ¢, with image contained in
p~ (U y). Denoting by g : G x U — G the projection to the first factor, it is clear that
Com *=q 0 o lo Cn,m is a smooth curve from x,, to x,,. Since Uy, is precompact, we
derive from Proposition 4.1 that there exists C > 0 such that £, (¢, ) < C€(cp,m) for
any n, m > ng, where £(-) stands for the length of a curve. This shows that (x,),eN is
Cauchy in (G, g) and, thus, converges. O

4.2 Cut-Off Functions
The aim of this subsection is to construct some special functions on the Lie group that
will be used in the sequel to obtain cut-off functions on M>. Throughout this subsection,

we consider a non-compact, connected Lie group G endowed with a left-invariant
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metric. Given r > 0, choose a sequence (x,),eny C G such that d(x,, x,,) > r for
any n # m and the open balls B(x,, r) cover G.

Lemma 4.5 There exists n(r) € N such that any x € G lies in at most n(r) of the balls
B(xy,2r), withn € N.

Proof Letx € G and set Ey := {n € N: x € B(x,,2r)}. Notice that forn € E,, we
have that B(x,,r/2) C B(x,5r/2) and the balls B(x,, r/2) are disjoint. Bearing in
mind that G is a homogeneous space, we compute

|B(x,5r/2)| = Y |B(xy, r/2)| = |E(||B(x,r/2)],

neky

where | E,| is the cardinality of E,. Since the Ricci curvature of G is bounded from
below (say by (k — 1)C, where k is the dimension of G), the Bishop-Gromov volume
comparison theorem gives the estimate

[BCx, 5t/ _ |Bsrpal _

|Ex| < =< =:
|B(x,r/2)| — |Brl

n(r)7

where B, is a ball of radius p in the k-dimensional space form of sectional curvature
C. o

Fix ¢, € C2°(G) with 0 < ¢, < 1, supp ¥, C B(e,3r/2) and ¢, = 1 in B(e, r).
Forn € N, the function ¥, := weoL;nl satisfies 0 < ¥, < 1, supp ¥, C B(xp, 3r/2)
and ¥, = 1 in B(x,, r). We know from Lemma 4.5 that the cover { B(x,, 3r/2)},eN
is locally finite, which implies that the function ¥ := )" _ ¥, is well defined and
smooth. It is evident that ¢ > 1, G being covered by the balls B(x,, r). The smooth
partition of unity on G consisting of the functions ¢, := v, /¥ with n € N is called
a partition of unity corresponding to r. Clearly, any point of G lies in at most n(r) of
the supports of ¢,, where n(r) is the constant from Lemma 4.5. The cut-off function
corresponding to a subset E of N is defined by

XE ‘= Z Cn-

nek

Let p: M> — M be a Riemannian submersion arising from the action of a non-
compact, connected Lie group G. Consider arelatively compact, opendomain U C M,
that admits an extensible section s: U — M>, and the corresponding diffeomorphism
:GxU— p_l(U) defined by ®(x, y) := xs(y). For a function f: G — R, we
denote by f;: p~!(U) — R the function satisfying

[s(@(x, ) := f(x)

forany x € G and y € U. Given a left-invariant metric on G and r > 0, we consider
a partition of unity on G corresponding to r and the functions xg for E C N.
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Lemma4.6 Lets: U — M> be an extensible section defined on a precompact domain
U of My. Then there exists a constant C independent from E C N, such that

|A(xE)s (2)] = C and | grad(xE)s(2)|| = C

forany z € p~1(U).

Proof Since U is precompact and s is extensible, it is easily checked that the Laplacian
and the gradient of () are bounded. Since (V,)s(z) = (Ye)s(x,, I2) forany n € N
and z € p~!(U), we obtain uniform estimates for the Laplacian and the gradient of
()5 foralln € N. Then Lemma 4.5 yields a uniform bound for the Laplacian and the
gradient of the functions ), (¥,,), for all subsets E C N. The proof is completed
after observing that

ZneE (Wn)&
2 nen(Wn)s

and that )", (¥ > 1. O

The purpose of considering this partition of unity becomes more clear in the next
proposition, where we combine this construction with Corollary 2.11 in the case where
G is unimodular and amenable.

(XE)S =

Proposition 4.7 Let G be a non-compact, connected, unimodular and amenable Lie
group endowed with a left-invariant metric. Consider r > 0 and a partition of unity
{¢n}nen corresponding to r/2. Then for any ¢ > 0, there exists an open, bounded
W C G and a finite E C N, such that xg = 1in W ~. (dW)", supp xg C W'/? and

[(OW)?| < g|W ~ (aW)*"|.

Proof Asaconsequence of Corollary 2.11, forany & > 0, there exists an open, bounded
W C G such that the desired inequality for the volumes holds. Consider the finite set
E:={neN:x, € W~ (W) /4. Itis elementary to verify that if x € W ~ (dW)",
thenn € E foranyn € Nwithx € B(x,, 3r/4), and therefore, xg = lin W~ (0W)".
From the fact that supp ¢, C B(x,, 3r/4), it follows that supp xz C W'/2. O

4.3 Pulling Up

Suppose now that G is unimodular and let V be the function from Corollary 4.3. A
straightforward calculation shows that

AVV

1 1
S=A+Z||p*H||2—§divp*H=A——

JV

This allows us to consider the renormalization
L=moSomyy=A—gadlnV=A+p.H
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of § with respectto v/V, where we used again Corollary 4.3. According to Lemma 2.6,
the Laplacian of the lift f of any f € C°°(M)) is given by

Af =Lf. &)

Proposition4.8 Let p: M — M be a Riemannian submersion arising from the
action of a non-compact, connected, unimodular, and amenable Lie group G. Then
forany . € R, e > 0and f € CZ°(M) \ {0}, there exists h € CZ°(M>) \ {0}, such
that

. 2
1A =2y BT

712 -

LZ(M) ”f”iZ (M) +8.
2 IV 1

Proof Cover supp f with finitely many open, precompact domains U; that admit exten-
sible sections s;: U; — M>,i = 1, ..., k, and choose non-negative ¢; € C°(U;)
with Zle @i = linsupp f.Denoteby x;;: U;NU; — G the transition maps defined
by s;(y) = x;;(y)si(y) forally € U; NUj, and by ®;: G x U; — p_l(Ui) the
diffeomorphisms defined by ®; (x, y) = xs;(y).

Fix a left-invariant metric g on G. Since U, is precompact and s; is extensible, notice
that there exists » > 0 such that x;;(U; NU;) C Bg(e,r) foranyi, j =1,...,k. Let
{¢n}nen be a partition of unity on G corresponding to r /2, as in Sect. 4.2. For a finite
subset E of N, consider the compactly supported, smooth function

hi == (XE)s @i f

in p_l(Ui), i=1,...,k. Settingh = Zi'(:l h;, we derive from Lemma 4.6 that there

exists a constant C independent from E, such that |(A —X)h(z)| < C forany z € M.
We know from Proposition 4.7 that for any ¢ > 0, there exists an open, bounded

W C G and a finite E C N, such that xz = 1 in W ~. (dW)", supp xz C W'/? and

I£11%
[W{lg _ ! L2 (M)
Wolg €2 Juupp s V

(10)

where Wy := W~ (9W)?, Wy = (0 W)?" and tubular neighborhoods are considered
with respect to the background metric g. Denote by W;(y) and W/(y) the images of
Wo and W(j via ®; (-, y), respectively. Bearing in mind that

Di(x,y) = Dj(xxji (y),y)

forany y € U; N U; and x € G, it is not difficult to see that h(z) = f(z) for any
z € W;(y) and that supph N F, C W;(y) U Wi’(y) forany y e U;,i = 1,...,k. In
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view of Corollary 4.3, it is now simple to compute

k k
W1, = /@-hzz f / Fihdy
o = 2 [, =L P

(6]

k
=) / 0 (1) 29| Wolg, ,dy
i=1 /Ui

k
= |Wo fw»f2V=|Wo|||f||2z :
g; U; ! L7 (M)

Furthermore, it is apparent that

k
1A = DAz, =D / i ((A = 1h)?
i=1 v M2
k
=y / / @i (A — Mh)>dy

i=1 i Y Wi(y)
k

+ / / Fi((A — 1))y,
; i YW/ (y)

By virtue of Corollary 4.3 and formula (9), we deduce that

k k
S aqa—mmray =3[ [ aa-nira
i=1 Ui JWi(y) i=1 Ui JWi(y)

k
=> /U 0 (ML = 1) F N Wolg, ,dy
i=1 i

= |Wol, [ (L—n1)*V
M,

_ _ 2

Finally, Corollary 4.3 implies that

k k
Gi (A — h)? <C?
; /Z‘Ji /W,/(,V) Z

/ @i (V) Wolgy, oy dy
i—1 Y supp fNU;

=c2|w(3|g/ V.
supp f
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From the above estimates, we conclude that

P I =217 2
ICA =Rl 2 4, - LM [Wle € Jupp s V
2 = 2 W 2 ’
||h||L2(M2) ”f”L%/V(Ml) | O|g ||f||L%/v(Ml)
which, together with (10), completes the proof. O

Similarly, exploiting the second inequality of Lemma 4.6, it is not hard to show the
following:

Proposition4.9 Let p: My — M be a Riemannian submersion arising from the
action of a non-compact, connected, unimodular, and amenable Lie group G. Then
forany e > 0and f € C°(My) \ {0}, there exists h € CZ°(M>) . {0} such that
R(h) = RL(f) +e.

Before proceeding to the proof of Theorem 1.3, we establish a part of it in the case
where G is a connected Lie group.

Proposition 4.10 Let p: M> — M be a Riemannian submersion arising from the
action of a connected Lie group G. If G is unimodular and amenable, then the bottoms
of the spectra satisfy Lo(M2) = ,o(S). If, in addition, My is complete, then o (S) C
o (M3).

Proof According to Corollary 1.2, if G is compact, then Ao(M2) = Ao(S). If, in
addition, M is complete, then Corollary 4.4 asserts that so is M>, and the second
statement is a consequence of [23, Theorem 1.2].

Suppose now that G is non-compact, unimodular, and amenable. Then for any
e > 0, there exists a non-zero f € C2°(M;) such that Rs(f) < Ao(S) + &/2, by
Proposition 2.1. From Propositions 2.4 and 4.9 , it follows that there exists a non-zero
h € C(M>) with

R(h) < RL(F/NV) +e/2 =Rs(f) + /2 < ro(S) +e.

The proof of the first assertion is completed by Proposition 2.1, ¢ > 0 being arbitrary.

Assume now that, in addition, M is complete and notice that M> is also complete,
from Corollary 4.4. Then Proposition 2.3 yields that for any A € o(S), there exists a
characteristic sequence ( fy,),en for S and 1. In view of Proposition 4.8 and Lemma 2.4,
for any n € N, there exists h, € C2°(M>) \ {0} satisfying

2
A — )‘)hn”iz(Mz) . (L — )L)(fn/ﬁ)”Lfﬁv(Ml)

h 2 - 2
A NV o

(S — 1) full? 1
— n Lz(Ml) + N 0’
n

1

1£al1Z 01,
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as n — +o0. That is, (h,),en is a characteristic sequence for A (on M) and X, and
hence, A € o (M>), from Proposition 2.3. m]

Consider now a Riemannian submersion p: M> — M arising from the action of
aLie group G. Denote by p: M, — M the Riemannian submersion arising from the
action of the connected component Gy of G. Then the action of G on M, descends
to a properly discontinuous action of G/G( on M, which gives rise to a Riemannian
covering p>: M — My, and the original submersion is decomposed as p = p» o pj.
It is immediate to verify that the Schrodinger operator

1 1 .
Swi=A+ anl*an — 5 divpiH

on M, defined as in (1), is the lift of the corresponding Schrddinger operator S on M.

Proof of Theorem 1.3 Write p = p, o p; as above, and suppose that G is amenable
and Gy is unimodular. Then Lemma 2.8 states that Go and G /G are also amenable.
From Proposition 4.10 and [2, Theorem 1.2], we obtain that

Ao(M2) = Ao(Sp) = 2o(S).
If, in addition, M| is complete, then so is M, and the spectra are related by
o (S) Co(Sy) Co(Ma),

where the first inclusion follows from [22, Corollaries 4.21 and 4.22] and the second
one from Proposition 4.10.

Conversely, assume that Lo(M2) = Ag(S) ¢ 0ess(S). By virtue of Theorem 1.1,
we have that Ag(Fy) = O for almost any x € Mj. Recall that Fy is isometric to
G endowed with a left-invariant metric, from Lemma 4.1. Taking into account that
20(G) = Ao(Gy), we derive from Theorem 2.10 that G is unimodular and amenable.
Moreover, Theorem 1.1 and [2, Theorem 1.1] show that

A (M2) = o(Sm) = Ao(S),

and thus, Lo(Sy) = Ao(S). Since Ag(S) ¢ 0ess(S), we conclude from [21, Theorem
1.2] that p is an amenable covering, or equivalently, G/G¢ is amenable. The proof
is completed by Lemma 2.8. O

Proof of Corollary 1.4 Suppose first that G is unimodular and amenable, and fix a left-
invariant metric on G. By formula (6), it is easily checked that RS(«/V ) = 0 for
the positive V € C°°(M;) from Corollary 4.3, which together with Theorem 1.3,
Proposition 2.1 and Lemma 3.2, implies that Ag(M2) = Ao(S) = 0.

Conversely, assume that Ag(M>) = 0 and write p = ps o pj as above. We readily
see from Theorem 1.1 that Ag(S) = 0. Then G is amenable and G is unimodular, from
Theorem 1.3, because Ag(S) ¢ 0ess(S), M1 being closed. We know from Corollary 4.3
that there exists V € C°°(M) with p1,H = — gradIn V, such that for any section
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s: U C M — M, the volume elements of the induced metrics on G (and on G)
satisfy

dvol = V(y)dvolg,

8s(y)
where g is a fixed left-invariant metric on G.

Observe that there exists a positive ¢ € C*°(M1) with S¢ = 0, from [21, Propo-
sition 3.7] and the fact that Ag(S) = 0 ¢ 0ess(S). Then Rs(p) = 0, which together
with formula (6), gives that p,H = —2 grad In ¢. It is now clear that V is a constant
multiple of the lift ¢ of ¢ on M, and in particular, G /Gg-invariant.

Givenz € M>andx € G,using formula (8), the definition and the G /G¢-invariance
of V, we compute

R} (d vol g.) =dvolg = V(pi1(xz))dvolg = V([x]p1(z))d vol,
=V (p1(z))dvol; =dvolg,

where [x] stands for the class of x in G/G. Therefore, g is a left-invariant metric on
G with right-invariant volume element, which means that G is unimodular. O

We end this section with a class of examples demonstrating that the assumption
Mo(S) ¢ 0ess(S) in Theorem 1.3(iii) cannot be dropped, even if the manifolds are
complete and the fibers are minimal.

Example 4.11 Let G be the simply connected Lie group with Lie algebra spanned by
two vectors X, Y such that [X, Y] = Y. Given ¢ > 0, define the left-invariant metric
gcon G by g.(X, X) = c g:(X,Y)=0and g.(Y,Y) = c. It is obvious that

1
(Vx, X2, X3) = 5 (X1, Xal, X3) — ([ X2, X31, X1) + ([ X3, X1], X2))

for any left-invariant vector fields X1, X», X3 on G, where the inner products are with
respect to g, and V stands for the Levi-Civita connection of g.. From this, it is easy
to see that (G, g.) has constant sectional curvature —c. Thus, (G, g.) is isometric to
the 2-dimensional space form of sectional curvature —c, and in particular, the bottom
of its spectrum is given by

2
20(G, g0) = CZ (11)

Bearing in mind that G is solvable, observe that G is not unimodular, from Theo-
rem 2.10.

Let M be a Riemannian manifold with Ag(M) € oess(M). For a positive function
Y € C*° (M), endow the product manifold M, := M x G with the Riemannian metric
g(y,x) = gm(y) X gy(y) (x). It is evident that G acts smoothly, freely, and properly
via isometries on M7, and the Riemannian submersion arising from this action is the
projection to the first factor p: My — M. It is noteworthy that p has minimal fibers,

@ Springer



9976 P. Polymerakis

since the volume element of g. does not depend on c. Hence, the operator S defined
as in (1) coincides with the Laplacian on M.

By Proposition 2.2, there exists a sequence (f;)pen C C2°(M) . {0} such that
R(fn) = A5 (M) = Ao(M) and supp f, C U, for some precompact, open domains
U, with U, pairwise disjoint. Clearly, we may choose a positive ¥ € C* (M) with
V¥ =c¢, < 1/nin U, for any n € N. Then p~!(U,) is isometric to the Riemannian
product U, x G, where G is endowed with the Riemannian metricg.,. In view of
Proposition 2.1 and formula (11), it follows that for any n € N, there exists 4, €
CX(G) ~ {0} with R, (hy) < 1/(4n?). Setting h,(y, x) = h,(x) and f,(y,x) =
Jn(y), we have that hy, fn € C°(M>) and a straightforward calculation implies that

Rhn ) = Ry, (hn) + R(fa) = ho(M),

as n — 4o00. From this, together with Theorem 1.1 and Proposition 2.1, we deduce
that Ag(M>) = Ao(M) = Ao(S), while G is not unimodular.

5 Bottom of Spectrum of Lie Groups

In this section, we discuss some applications of our results to Lie groups. We begin
by establishing Theorem 1.5.

Proof of Theorem 1.5 Clearly, the projection p: G — G/N is the Riemannian sub-
mersion arising from the (left) action of N on G, and the fiber over p(z) is written as
is Fp;)y = Nz = zN for any z € G, N being normal. Since multiplication L, from
the left with an element x € G maps isometrically F,(;) to Fp(x;) for any z € G, it
is evident that the mean curvature H of the fibers is left-invariant, and so is p, H on
G/N. Then the operator S on G/N defined as in (1) is of the form § = A + ¢ for
some ¢ € R, and the bottom of its spectrum is Ao(S) = Ao(G/N) + c.

To determine this constant, let { X; }g”:] be an orthonormal basis of T, G with { X; }i.‘:]
spanning 7, N. Considering the left-invariant extension of X; (also denoted by X;), it
is easily checked that

k

k
1H|* :wa,.xi, H)=—Y (Vx,H, Xi)

=— (Vx, H, X;) Vx. H, X;
; X; Zk;rl( X i) (12)
m m
Z ([H, Xi] Z Vpox, PsH, piXi)

= r(adH)+ div p. H
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and the operator S is written as follows:

1
S=A—-||H|*+ 5 tr(ad H).

1 |
4

The first statement follows from Theorem 1.1, after noticing that A (Fy) = Ao(N)
for any y € G/N, Fy being isometric to N. If N is unimodular and amenable,

then Theorem 1.3 establishes the asserted equality. Conversely, as a consequence
of Theorem 1.1, if

1 1
20(G) = 1o(G/N) — Z”H”2 + 5 trad H),

then the infimum of A¢(Fy) with y € G/N is zero. Then Ao(N) = 0, since F) is
isometric to N (endowed with the induced left-invariant metric from G) and Theo-
rem 2.10 yields that N is unimodular and amenable. O

It is worth to point out that in the above setting, the assumption Ag(S) ¢ ess(S)
involved in Theorem 1.3(iii) is not satisfied in general. Indeed, if G /N is non-compact,
then o (S) = 0ess(S), S being invariant under multiplication from the left with ele-
ments of G/N (cf. for instance [22, Theorem 5.2]). However, the conclusion of
Theorem 1.3(iii) holds because the fibers are isometric.

Corollary 5.1 Let G be a connected, unimodular, and amenable Lie group endowed
with a left-invariant metric and N be a closed (as a subset), connected, normal sub-
group of G with mean curvature H. Then

20(G/N) = — | H|*.

. |
4
In particular, G/ N is also unimodular (and amenable) if and only if N is minimal.

Proof Since G is unimodular, we obtain from Lemma 2.9 that tr(ad H) = 0 and that
N is also unimodular. According to Lemma 2.8, since G is amenable, so are N and
G/N. The proof is completed by Theorems 1.5 and 2.10 . O

Recall that, in general, the quotient of a unimodular and amenable Lie group does
not have to be unimodular. The next example demonstrates this fact.

Example 5.2 Let G be the simply connected, solvable Lie group with Lie algebra g
generated by X, Y, Z satistying [X,Y] = Y, [X,Z] = —Z and [V, Z] = 0. It is
obvious that tr(ad X") = 0 for any X’ € g, and we deduce from Lemma 2.9 that G is
unimodular. Let N be the closed (as a subset), connected, normal subgroup of G with
Lie algebra the ideal generated by Z. Denoting by p: G — G/N the projection, it is
elementary to verify that tr(ad p,X) = 1. We conclude from Lemma 2.9 that G/N 1is
not unimodular, while G is unimodular and amenable.

Before proceeding to the proof of Corollary 1.6, we need some auxiliary results.
The next proposition provides a standard way of estimating the Cheeger constant of a
Riemannian manifold.
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Proposition 5.3 Let X be a smooth vector field on a Riemannian manifold M with
IX|| < 1anddiv X > c for some c € R. Then the Cheeger constant of M is bounded
by h(M) > c.

Proof Using the divergence formula, for any compact domain K of M with smooth
boundary, we compute

c|K|§/ divX:/ (X,v) < |3K],
K K

where v is the outward pointing unit normal to 0 K. O

Corollary 5.4 Let G be a connected Lie group endowed with a left-invariant metric.
Then the Cheeger constant of G satisfies

h(G) > max tr(ad X).

Xeg. | X|=1
Proof A straightforward calculation shows that tr(ad X) = —div X for any X € g,
and the assertion is a consequence of Proposition 5.3. O

Proposition 5.5 Let G be a connected, amenable Lie group endowed with a left-
invariant metric. Suppose that its radical S is not abelian and denote by H the mean
curvature (in G) of the commutator subgroup [S, S]. Then

1 1
20(G) = L—thn2 = r(@d H).

Proof Consider the universal covering ¢: S — S. Since S is simply connected and
solvable, it is known that its commutator subgroup [S, S’] is closed (as a subset of S’)
and nilpotent (cf. for instance [17, Proposition 1.6] and the references therein). This
yields that the commutator subgroup N := [S, S] = q([S’ , S ]) is a connected, closed
(as a subset), normal, and nilpotent subgroup of G. Since connected, nilpotent groups
are unimodular and amenable, Theorem 2.10 gives that

1 1
20(G) = Ao(G/N) — Z||H||2 + 5 r(ad H).

Bearing in mind that G is a compact extension of S, it is evident that G/N is
a compact extension of the abelian group S/N. In particular, G/N is unimodular
and amenable, and hence, 1o(G/N) = 0, from Theorem 2.10. Let {X;}/_, be an

orthonormal basis of g with {X; }f.‘zl spanning the Lie algebra of N. Then formula (12)
yields that
|H|? = tr(ad H) — tr(ad pyH).

We derive from Lemma 2.9 that tr(ad p.H) = 0, G/N being unimodular, as we
wished. O

@ Springer



Spectral Estimates for Riemannian Submersions 9979

Proof of Corollary 1.6 1f G is unimodular, then the statement follows from Lemma 2.9,
Theorem 2.10 and the Cheeger inequality. Suppose now that G is not unimodular and
observe that S is not abelian, since G is a compact extension of S. It follows from
Theorem 2.10 that Ag(G) > 0, and thus, the mean curvature (in G) H of the commu-
tator subgroup N := [, S] of the radical S of G is non-zero, from Proposition 5.5. In
view of Corollary 5.4, Proposition 5.5 and the Cheeger inequality, we conclude that

lh(G)2 > l(tr(adH N? = ltr(ad H) = (G) > lh(G)2
4 =3 0 4 0=y :

where Hy := |H| ' H. O

According to [7], if the Cheeger constant coincides with the exponential volume
growth, then the equality holds in the Cheeger inequality. However, this fails in Corol-
lary 1.6, since there exist unimodular and amenable Lie groups of exponential volume
growth (cf. [20, p. 1525] and the references therein).
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