ISSN 1995-0802, Lobachevskii Journal of Mathematics, 2022, Vol. 43, No. 3, pp. 709-719. (© Pleiades Publishing, Ltd., 2022.

What is the Bochner Technique and Where is it Applied

S. E. Stepanov'* and J. Mikes2"

(Submitted by M. A. Malakhaltsev)

' Finance University, Moscow, 125468 Russia

?Palacky University, Olomouc, 77146 Czech Republic
Received August 31, 2021; revised January 27, 2022; accepted February 5, 2022

Abstract—In the present article we consider the generalized Bochner technique that is a natural
development of the classical Bochner technique. As an illustration, we prove some Liouville-type
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INTRODUCTION

In mathematics, subharmonic and superharmonic functions are important classes of functions
widely used in partial differential equations, complex analysis, and potential theory. A special place is
occupied by the geometric theory of such functions on complete Riemannian manifolds. Since Huber’s
1957 paper [19], mathematicians have been interested in the relationship between the geometry of a
complete Riemannian manifold—primarily the curvature—and the global behavior of its subharmonic
and superharmonic functions. In particular, an important question is what subspaces of subharmonic
and superharmonic functions consist of constants. All such results are called Liouville-type theorems
or, in other words, Li-Liouville theorems and belong to the generalized Bochner technique (see, for
example, [34]).

Here, we discuss this analytical method of differential geometry. The article is intended to geometers
studying Riemannian geometry in the large (following [19], we omit the quotes) of manifolds and
submanifolds: it will acquaint them with the generalized Bochner technique, which, in contrast to the
classical Bochner technique ([33, pp. 333—364]; [42]; [43]), has not yet become widespread. In the
first section, we give a brief survey of advances in the geometry of subharmonic and superharmonic
functions on complete Riemannian manifolds. In the other three sections we prove some Liouville-
type theorems for the Killing and Killing—Yano tensors on complete Riemannian manifolds, as well
as Liouville-type theorems for projective and conformal mappings of complete Riemannian manifolds,
using L9-Liouville theorems for subharmonic and superharmonic functions. In conclusion, note that
Liouville-type theorems on harmonic mappings of complete manifolds have been known for a long time
(see[34, pp. 127—146]).

This article is based on a plenary lecture given at the International Conference on Algebra, Analysis
and Geometry 2021 (August 22—28, 2021, Kazan Federal University, Kazan, Russia).
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I. LIOUVILLE-TYPE THEOREMS FOR SUBHARMONIC
AND SUPERHARMONIC FUNCTIONS

The oldest result on applications subharmonic functions to differential geometry in the large is due
to A. Huber [19], who proved that a complete two-dimensional Riemannian manifold with nonnegative
curvature does not admit a non-constant negative subharmonic function. This research was continued
by S. T. Yau [48], who was looking for conditions under which the Poisson equation Af = u for
smooth functions f and u > 0 has only trivial solutions on a complete Riemannian manifold, and proved
Liouville-type theorems on harmonic and subharmonic functions, which later became widely known.
According to [48], the main reason to study the Poisson equation is an attempt to generalize the familiar
Bochner’s method to non-compact manifolds. As a result of the study of several mathematicians, a
new direction of research in differential geometry appeared, which is now called generalized Bochner
technique|34]for complete Riemannian manifolds, in contrast to the classical Bochner technique (see,
for example, [18, 28, 29, 35, 42, 43] and [33, pp. 333—364]) for closed manifolds.

In this section, we briefly survey advances in geometry in the large of subharmonic and superhar-
monic functions on a complete Riemannian manifold. Let (M, g) be a closed (i.e., complete without
boundary) n-dimensional Riemannian manifold with the Levi-Civita connection V of metric g. Recall
that Laplace—Beltrami operator A on any open subset U C M is given in its local coordinates
zt, ..., 2" by the formula A = 1//det g 9;(v/det g ¥/ 9;), where 9; = 8/0x7, and the components of
Riemannian metric tensor are denoted by g;; = ¢(8;,9; ) and (¢%) = (¢*/)~*!, and summation here is
assumed over pairs of repeated indices. On the other hand, for any smooth real-valued function f on
an open subset U C M with local coordinates x!, ..., 2", the gradient V£ is a vector field of the form
(Vf)i = ¢%0;f. Therefore, the action of the Laplace—Beltrami operator on a C2-function f is defined
by equalities

Af =div(Vf) = trace,Vdf,

where Vdf is the Hessian of f.

The theory of subharmonic functions on Riemannian manifolds can be approached at various levels
of generality. The equation of a subharmonic function f € C?(M) has the well-known form Af > 0

on an open subset U C M. Moreover, the equation of a harmonic function f € C?(M) has the form
Af = 0. The classical Liouville theorem asserts that a subharmonic (or a harmonic) function defined
over R™ with Euclidean metric and bounded above is constant. An important question: what subspaces
of subharmonic and superharmonic functions on complete Riemannian manifolds contain only constant
functions and, in particular, identically equal to zero.

Throughout the article, integrals are always computed with respect to the Riemannian measure (the
volume form)

dvoly = \/det(gij) dzt Ao Adx™.

Moreover, the L?-norm of a function or a tensor, say, ¢ is denoted by [, || ¢ [|[7dvol, being understood
that it is referred to the whole manifold M, where to simplify the notation, we write |[¢| = 1/g(¢p, ¢) .

The next most famous Liouville-type theorem for subharmonic functions on complete Riemannian
manifolds belongs to S.T. Yau.

Theorem 1[48]. Let f be a nonnegative smooth subharmonic function on a complete Riemannian
manifold (M, g). Then [, fidvoly = oo for ¢ > 1, unless f is a constant.
The next wonderful theorem is a generalization of Theorem 1.

Theorem 2 [50]. Let f be a smooth function on a complete Riemannian manifold (M, g) such that
f>0and (q—1)f Af >0, where q is a positive number. Then for q # 1, either [,, fdvol, = oo
or f = const.

We end our Yau’s citation with the following statement.
Theorem 3 [48]. If a subharmonic function f on a complete Riemannian manifold (M, g) satisfies
Sy IV flldvoly < oo, then f is harmonic.
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Remark 1. In contrast to Theorems | and 2, the Hopf maximum principle shows us the following (see
[43, p. 30]): any subharmonic function on a compact Riemannian manifold is constant.

For a long time, mathematicians were interested in the relationship between the curvature of a
complete Riemannian manifold and the existence of subharmonic functions on it (see, for example, [34]
and [42]). Recall that a complete manifold with nonnegative Ricci curvature does not admit a non-
constant positive harmonic function, [47]. As a generalization of these assertions, we formulate the
following Liouville-type theorem, which we will quote several times in our paper.

Theorem 4 [25]. a) A complete simply connected Riemannian manifold of nonpositive sectional
curvature does not carry a non-constant nonnegative subharmonic Li-function for ¢ > 0. b) A
complete Riemannian manifold of nonnegative Ricci curvature does not carry a non-constant
nonnegative subharmonic Li-function for ¢ > 0.

Corollary 1. A complete non-compact Riemannian manifold of nonnegative Ricci curvature does
not carry a non-zero nonnegative subharmonic Li-function for q > 0.

Proof. By Theorem 1, if f is a nonnegative subharmonic L9-function for ¢ >0 on a complete
Riemannian manifold, then f is constant. In this case, we have Vol(M, g) < oo for the volume of (M, g),
because f € Li(M) for ¢ > 0. On the other hand, any non-compact complete Riemannian manifold of
nonnegative Ricci curvature has an infinite volume, see [48, p. 667]. In this case, f = 0.

Recall that the Riemannian symmetric space is a Riemannian manifold (M, g), such that for each its
point z there is an involutive geodesic symmetric s, such that x is an isolated fixed point of s,.. Further,
(M, g) is said to be Riemannian locally symmetric if its geodesic symmetries are in fact isometries.
A Riemannian locally symmetric space is called a Riemannian (globally) symmetric space ii, in
addition, its geodesic symmetries are defined on all (M, g). A Riemannian symmetric space is complete
(see[23, p. 244]). Moreover, a complete and simply connected Riemannian locally symmetric space is a
Riemannian symmetric space (see [23, p. 244]). Riemannian symmetric spaces can be classified using
their isometry groups. The classification distinguishes three basic types of such spaces: spaces of so-
called compact type, spaces of so-called non-compact type and spaces of Euclidean type (see, e.g.,
[23, p. 252]). In turn, a Riemannian symmetric space of non-compact type has nonpositive sectional
curvature. Therefore, we formulate another corollary of Theorem 1.

Corollary 2. A Riemannian symmetric space of non-compact type (M, g) does not carry a non-
constant nonnegative subharmonic Li-function for any q > 0.

Remark 2. Recall that a Riemannian symmetric space of compact type is a compact manifold. The
Hopf maximum principle shows the following: any subharmonic function is constant on a Riemannian
symmetric space of compact type.

Consider one application of the concept of a subharmonic function. Recall that a scalar function
f € C?(M) is convex if its Hessian Vdf is positive semidefinite at every point of M. In differential
geometry the existence of convex functions on a (M, g) is a long standing problem. The first solution of
this problem can be found in the article [5] of R.I. Bishop and B. O’Neill. They proved that if (M, g) is
complete and has finite volume, then it does not possess a non-constant smooth convex function. Let
us modify their result and state the following.

Corollary 3. A complete Riemannian manifold does not possess any non-constant nonnegative
smooth convex Li-function for ¢ > 1.

Proof. If a scalar function f € C2(M) is convex, then Af >0, i.e., f is a subharmonic function. In
turn, we known from Theorem 1 that on any complete non-compact Riemannian manifold (M, g) there
are no non-constant nonnegative L4-subharmonic functions for any ¢ > 1. In our case, this means that
f = const.
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Remark 3. Many other results on subharmonic functions and their applications on complete Rieman-
nian manifolds have been obtained by many authors (for example, R. Greene and H. H. Wu [15, 16],
A. Huber[19], L. Karp [21, 22], S. T. Yau [45—49], L. O. Chung[11], S. Pigola at al. [34]; P. Li[26], etc).

In the second part of this section, we will look at superharmonic functions. In contrast to the Yau’s
problem [48] mentioned above, we can consider the Poisson equation Af = u for u < 0 on complete
Riemannian manifolds. In accordance with this problem, recall that a function f € C?M is called
superharmonic it Af < 0on an open subset U C M or, in particular, on (M, g). It is easy to see that a
function f is superharmonic if —f is subharmonic. Thus, the theory of superharmonic functions is dual
to the theory of superharmonic functions in many of its aspects.

Nonetheless, the theory of superharmonic functions has its own peculiarities, which we consider
below. The Hopf maximum principle shows us the following (see [43, p. 30] and also Remark 1):
any superharmonic function on a compact Riemannian manifold is constant. The following statement
belongs to S. R. Adams.

Theorem 5 [2]. A complete Riemannian manifold of finite volume does not carry non-constant
positive superharmonic functions.

Let us formulate and prove several assertions about superharmonic functions that follow from the
corresponding propositions of S. T. Yau [48, 50].

Corollary 4. Let f be a nonnegative superharmonic function on a complete Riemannian manifold
(M, g), then either [,, fldvoly = oo for 0 < q < 1 or f = const.

Proof. Due to Theorem 2, we can assume that ¢ may even be less than one in this statement (see also
[48, p. 664]). In this case, the inequalities 0 < ¢ < 1, f > 0 and Af < 0 satisfy the conditions of the
theorem. In particular, the inequality (¢ — 1) fAf > 0is valid. By Theorem 2, we conclude that either
fM fidwvoly = oo or f = const.

Secondary, we get the following corollary, which is a modification of Theorem 3.

Corollary 5. Let f be a superharmonic function on a complete non-compact, oriented Riemannian
manifold such that ||V f| € L*(M), then f is a harmonic function.

Proof. If X is a smooth vector field on a complete and oriented Riemannian manifold (M, g) such
that || X| € LY (M) and div X < 0 (or div X > 0), then div X = 0 (see [6]; [7]). On the other hand,
if X =V fiorf € C?M),thendiv X = Af; hence, the condition div X < 0 can be rewritten the form
Af <0. In this case, f is a superharmonic function. Then from the condition |V f|| € L'(M) we
conclude that Af =0, i.e., f is a harmonic function.

It is known that any harmonic function f € L9(M) for some 0 < ¢ < oo on a complete Riemannian
manifold of nonnegative Ricci curvature is constant (see [25]). At the same time, any complete
non-compact Riemannian manifold of nonnegative Ricci curvature has an infinite volume (see [48]).
Thus, any harmonic function f € L9(M) for some 0 < ¢ < oo on a complete non-compact Riemannian
manifold of nonnegative Ricci curvature is zero. Using Corollary 5, we can state the following L4-
Liouville statement.

Corollary 6. Let f be a superharmonic Li-function for some 0 < q < oo defined on a complete
non-compact, oriented Riemannian manifold (M, g) of nonnegative Ricci curvature. Moreover, if
IVfll € LY(M), then f = 0.
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2. PROJECTIVE MAPPINGS OF COMPLETE RIEMANNIAN MANIFOLDS

The theory of projective (or geodesic) diffeomorphisms and pointwise projectively equivalent metrics
has a very long and fascinating history, presented in more detail in a voluminous monograph [30].

Let (M, g) and (M, ) be smooth Riemannian manifolds of the same dimension n > 2 with the Levi-
Civita connections V and V, respectively. A diffeomorphism F : (M, g) — (M, g) is called projective
if it maps the unparameterized geodesic of the metric g to a geodesic of the metric g. A diffeomorphism
F: M — M is called affine if it maps V to V. In this case, the metric tensor g is parallel (with respect to
V,),i.e.,, Vg = 0. The converse is also true.

[fU Cc M and U = f(U) C M are connected open subsets with local coordinates (x!,...,2") and
(z!,...,2"), then the diffeomorphism F: (M,g) — (M,g) can be defined by the equations z! =
a!,..., 2" = 2™ In this case, the tangent map F.p: T, M — Ty(,) M is represented by a unit matrix in
local coordinates at any point z € U. Moreover, in a common coordinate system z!, ..., 2™ with respect
to the projective diffeomorphism F': (M, g) — (M, g) the Levi-Civita connections V and V are related
by the equation (see [13, p. 132],[30, p. 292])

V=V +Idry @ dy + dip @ Idry (1)
for the scalar function (see[13, p. 132],[30, p. 292])
1
Y= n4l In(dwvoly/dvolg),
where
dvoly = \/det(gij) dz' A--- Ada™ and dvoly = \/det(gij) dz' Ao+ A dx"

are Riemannian measures of (M,g) and (M, g), respectively. Further, a projective diffeomorphism
F: (M,g) — (M,g)is called trivial if dip = 0, i.e., F'is affine.

Theorem 6. Let F: (M, g) — (M, g) be a projective diffeomorphism between Riemannian mani-
folds, then

f = (dvoly/dvoly)n+ (2)
is an eigenfunction of the Laplace—Beltramioperator Af = Xy f corresponding to the eigenvalue
Ap = (n —1)"'(s — tracey Ric), (3)

which is generally non constant.
Proof. Using equation (1), we obtain (see[13, p. 135], [30, p. 299])
Ric = Ric+ (n—1)(V,dy — dy @ di)) (4)

for the Ricci tensors Ric and Ric of (M, g) and (M, g), respectively. Next, we define the scalar function
f by the equality ¢ = —1In f, then (2) is valid. In this case, (4) can be written in the following form

1
ViV, f= o1 (Ric — Ric) f. (5)
From (5) we obtain the following equation
Af = . i ) (s — traceq Ric) f, (6)

where f is an eigenfunction of the Laplace—Beltrami operator corresponding to the eigenvalue (3), which
is generally not constant.

Remark 4. On the application of the classical Bochner technique to the theory of geodesic mappings,
V. S. Matveev wrote the following (see [27, p. 405]): In the theory of geodesically equivalent metrics,
the standard way to use the Bochner technique is to apply tensor calculus to canonically obtained
nonconstant function f such as Af = constf, where const> 0, which cannot exist on a closed
Riemannian manifold. The first application of this technique in the theory of geodesically equivalent
metrics is associated with the geometric school of Yano, Tanno, and Obata.
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From (6) we conclude that if F': (M, g) — (M, g)is a non-trivial projective diffeomorphism Ric >
Ric at each point z € M, then f is a non-constant positive convex function. Recall the following result
in [46]: If (M, g) is a complete Riemannian manifold, on which there exists a non-constant convex
function, then the volume of (M, g) is infinite. Thus, the following theorem holds.

Theorem 7. Let F : (M, g) — (M, g) be a non-trivial projective diffeomorphism between Rieman-

nian manifolds such that Ric > Ric for the Ricci tensors of (M, g) and (M, g), respectively. Then
(M, g) has an infinite volume.

Next, we consider the conditions under which the Poisson-type equation (6) has only trivial solutions,
that is the function f from (2)is a positive constant. From (5) we conclude that if

s < tracey Ric, (7)

then the function (2) is superharmonic. In this case, using Theorem 5 and Corollary 4, we obtain the
following Liouville-type theorem.

Theorem 8. Let F: (M,g) — (M, g) be a projective diffeomorphism between Riemannian man-
ifolds such that the scalar curvature s of g and the Ricci tensor Ric of g satisfy the inequality
(7). Then f given in (2) is a positive superharmonic function. Therefore, if (M, g) is a complete
manifold and one of the following statements holds: (M,g) has finite volume or f € L1(M)
for some 0 < q < 1, then F is an affine mapping. Moreover, if (M,g) is irreducible, then F is a
homothetic mapping.

Remark 5. Recall that a Riemannian manifold (M, g) is irreducible if it cannot be represented as a non-
trivial Riemannian product. It is irreducible if and only if its holonomy group Hol(g,) acts irreducibly on
T, forany z € M. In this case, if p € C*°(S2M) is parallel (with respect to the Levi-Civita connection
of g), then ¢ = C g forsome C' € R.

On the other hand, from (5) we conclude that if
s > tracey Ric, (8)

then the function from (2) is subharmonic. Therefore, by Theorem 1, if (M,g) is complete and
f e LY(M) for some g > 1, then f = const and, hence, ¢ = const. In this case, the projective
diffeomorphism F : (M, g) — (M, g) is an affine mapping, because in this case V =V, see (1). In
turn, if the holonomy representation of Hol(g) is irreducible, then the metric tensor g is proportional to
g; hence, F' is a homothetic mapping. We proved the following L4-Liouville theorem.

Theorem 9. Let F: (M, g) — (M, g) be a projective diffeomorphism between Riemannian mani-
folds such that the scalar curvature s of g and the Ricci tensor Ric of g satisfy the inequality (§).
Then f given in (2) is a positive subharmonic function. Therefore, if (M, g) is a complete manifold
and f € LY(M) for some q > 1, then F is an affine mapping. Moreover, if (M, g) is irreducible, then
Fis a homothetic mapping.

Theorems 8 and 9 generalize a similar result [9, Theorem 1.3], which was proved for compact
Riemannian manifolds by the classical Bochner method.

3. CONFORMAL MAPPINGS OF COMPLETE RIEMANNIAN MANIFOLDS

Conformal mapping is one of the important concepts of Riemannian geometry. Conformal mappings
of Riemannian (or, pseudo-Riemannian) manifolds have been investigated by many authors (see the
reviews in [30], [24] and [37]). In general relativity, conformal mappings are important, because they pre-
serve causal structure up to time orientation and light-like geodesics up to parametrization. Liouville’s
theorem made it clear back in the 19th century that conformal mappings are more rigid in dimensions
n > 3 than in dimension 2. Moreover, more than forty five years ago, Yau [45] showed the effectiveness of
the Liouville-type theorems in the theory of conformal mappings of an n-dimensional (n > 3) complete
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Riemannian manifold. In turn, conformal mappings of complete Riemannian manifolds were studied
using the generalized Bochner technique in [34].

A diffeomorphism F : (M, g) — (M, g) between n-dimensional (n > 3) Riemannian manifolds is
called conformal if their metric tensors in a common coordinate system !, ..., z™ with respect to the

diffeomorphism F are related by the equation § = €27 g for some smooth scalar function o (see[13, p. 89,
(4, p. 58]).

Theorem 10. Let F: (M,g) — (M,g) be a conformal diffeomorphism between Riemannian
manifolds such that § = €*°g. Then

f — e(n—2)o’/2 (9)
is an eigenfunction of the Laplace—Beltrami operator Af = Ay f corresponding to the eigenvalue
n—2
A — 202 10
f 4(n _ 1) (8 e 8)7 ( )

which is generally not constant.

Proof. From the definition of conformal diffeomorphisms, we obtain (see, for example, [4, p. 59]; [30,
p. 271]) the following equation

Ao = ! (s — €%75) —

n—2
2(n—1) 2

Vol (11)

for the scalar curvature 5 = traces Ric of g. Next, we define the scalar function f by the equality
o =2/(n—2)In f, then (9)is valid. In this case, (11) can be written in the form

n—2

(n—l) (8_6205)]07 (12)

Af =

/ 4
where f is an eigenfunction of Laplace—Beltrami operator A corresponding to the eigenvalue Ay, see
(10), which generally is not constant.

We are looking for conditions under which the Poisson-type equation (12) has only trivial solutions.
This means that the function f, given in (9), is a positive constant on (M, g). In this case, the conformal
diffeomorphism F' : (M, g) — (M, g) is a homothetic mapping. From (11) we conclude that if s < €273,
then f is a positive superharmonic function. This fact allows us to state the following.

Theorem 11. Let F: (M,g) — (M,g) be a conformal diffeomorphism between Riemannian
manifolds such that § = €2? g and the scalar curvatures of g and g satisfy the inequality s < e*°5,
then (9) defines a superharmonic function. If (M,g) is a complete non-compact manifold with
one of the following conditions: (M, g) has finite volume or f € LY(M) for some 0 < q < 1, then
Fis a homothetic mapping.

On the other hand, from (12) we find that if €2°5 < s, then the function from (12) is positive
subharmonic. In this case, we state another L9-Liouville theorem.

Theorem 12. Let F be a conformal diffeomorphism of a complete Riemannian manifold (M, g)
onto a Riemannian manifold (M, g) such that g = €** g and scalar curvatures of (M, g) and (M, g)
satisfy the inequality €** 5 < s. If f € LY(M) for some q > 1 and f given in (9), then F is a
homothetic mapping.
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4. KILLING TENSORS ON COMPLETE RIEMANNIAN MANIFOLDS

Symmetric and skew-symmetric Killing p-tensors (or, in other words, Killing p-forms, see [1]),
introduced into physics by Penrose et al. in the early 1970s (see[20, 32, 41]), play an important role in the
development of mathematical physics and differential geometry. For example, such tensors find a wide
range of applications in classical and quantum physics [8], in studying various integrability properties of
black holes (see [ 14, 44]), naturally arise in relativistic electrodynamics [31] and in the string theory [10].
We present here some applications of the results on subharmonic functions to the geometry of symmetric
and skew-symmetric Killing p-tensors on complete Riemannian manifolds.

A symmetric Killing p-tensor is defined by the equation §*p =0, where §*: C®°(SPM) —
C>°(SPTLM) is the differential operator of degree 1, defined on the bundle of symmetric p-tensors SP
by the formula §*p = (n + 1)~ 'Sym(V) for the standard symmetry operator Sym: T*M ® SPM —
SPHLM and any function ¢ € C*°(SPM). Next, we shall consider a traceless symmetric Killing p-tensor
pon (M, g), determined by conditions §*¢ = 0 and ¢ = 0 (see[38]). In this case, set ||¢|| = \/g(go, ©).
Then we get the classical Bochner—Weitzenbdck formula for any tensor ¢ € C°°(SPM) (see also [38])

LAl = V6l — g(Ry (). ), (13)

where R,,: SPM — SPM is an algebraic symmetric operator that depends linearly in a known way on
the curvature tensor R and the Ricci tensor Ric of the metric g. On the other hand, a direct calculation
yields the second inequality of Kato[3, p. 380] ||d ||T|| || < [|[VT|, which can be rewritten in the form

1
o AITI* < ITIAITI + (VT (14)

for any tensor field T € C*°(®PT* M) and, in particular, for any ¢ € C*°(SPM). From (13) and (14) we
obtain the inequality —g(R,(¢), ¢) < |l¢|l Alpl|. We rewrite it in the following form

FAf>—gR(),0) (15)

for f = |||, which allows us to use Theorem 2.

It is possible to prove that non-positive sectional curvature implies g(R,(¢), ) <0 for any ¢ €
C>®(SPM) and p > 1. The proof of this fact follows from [17]. Using this condition on sectional
curvature of (M, g), we conclude from (15) that f A f > 0. Then, based on Theorem 2, from (13) and
(15) we obtain Vo = 01if f = ||¢| is a L9-function for some ¢ > 1 on a complete Riemannian manifold
(M, g). In particular, if p = 2 and (M, g) is irreducible, then ¢ = 0. As a result, we have the following
Li-Liouville theorem.

Theorem 13. Let ¢ be a symmetric, traceless Killing p-tensor ¢ on a complete Riemannian
manifold of nonpositive sectional curvature (M,g). If ||¢| € LY(M) for some q > 1, then ¢ is
parallel. In particular, if p =2 and (M, g) is irreducible, then ¢ = 0.

If ¢ has no zeros on M then we can use Theorem 5, because in this case the inequality ||¢|| All¢|| > 0
is equivalent to the inequality Al|¢|| > 0. Thus, we state the following.

Theorem 14. Let ¢ be a symmetric, traceless Killing p-tensor on a complete Riemannian
manifold (M, g) of nonpositive sectional curvature. If ¢ has no zeros on M and ||¢|| € LY(M, g)
for some q > 0, then ¢ is parallel. Moreover, if p = 2 then (M, g) is not irreducible.

A Cartan—Hadamard manifold is an n-dimensional Riemannian manifold (M, g) that is complete
simply connected and has non-positive sectional curvature (see, for example, [26]). Recall that by
Cartan—Hadamard theorem all Cartan—Hadamard manifolds are diffeomorphic to the Euclidean
space R™.  Globally symmetric spaces of non-compact type are examples of Cartan—Hadamard
manifolds. In the case of Cartan—Hadamard manifolds, the following holds.

Corollary 7. Let ¢ be a symmetric, traceless Killing p-tensor ¢ on a Cartan—Hadamard manifold
(M,g) and, in particular, on a Riemannian symmetric spaces of non-compact type, then the
scalar function ||| is subharmonic. If additionally ||| € LY(M) for some q > 1, then ¢ is
parallel. In particular, if p =2 and (M, g) is irreducible, then ¢ = 0.
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Remark 6. If the rank r of a symmetric space is greater than 2, then it contains a totally geodesic r-
dimensional flat submanifold. So its sectional curvature attains zero at some tangent plane. Therefore,
one can formulate a consequence from Corollary 7 for any symmetric, traceless Killing p-tensor ¢ on a
Riemannian symmetric space of non-compact type of rank r.

In the second part of this section, we consider Killing p-tensors (or, Killing—Yano p-tensors) on
n-dimensional Riemannian manifolds for 1 < p < n. By definition (see [39, p. 559]), a Killing—Yano
p-tensor w is a smooth section of the bundle of skew-symmetric p-tensors AP M on (M, g) such that
Vw € C®°(APTI M),

Denote by A: C*°(APM) — C*°(AP M) the well-known Hodge—de Rham Laplacian. Then for any
w € C°(AP M) we have (see, for example, [40])

Aw = Aw + Rp(w). (16)

In this case, we consider the scalar function ||lw|| = \/g(w,w). Then we can write the well-known
Bochner—Weitzenbdck formula for the tensor w € C°°(APM) (see also [40])

S Al = ~g(Bw, ) + [Vl + g(Ry(w), ).
By virtue of the Kato inequality (14), from (16) we obtain
lwll Alwll > g(Aw, w) — g(Rp(w),w). (17)
In turn, for any Killing—Yano tensor w € C°°(AP M) we have (see also [40])

p+1
= R, (w).
) p(w)

In this case, from (16) and (17) we obtain the inequality

Aw

Joll A, o > =P~ Ry (), ),
p
which we rewrite in the following form

fAf > —p; g(Rp(w), w), (18)

where f = \/g(w, w). The inequality (18) allows us to use Theorem 2.

Recall that the Riemannian curvature tensor R of (M, g) defines the curvature operator R, that is a
symmetric algebraic operator R: A?(T,, M) — A*(T, M) on the vector space A?(T,, M) of 2-forms over
tangent space T, M at every point z € M (see [33, pp. 82—83]). We say that a Riemannian manifold
(M, g) has a nonpositive curvature operator R if g(R(6), ) < 0 for all nonzero two-forms § € A?(TM).

Thus, if w is a nonzero Killing—Yano tensor on a Riemannian manifold with nonnegative curvature
operator, then from (16)) we obtain f A f > 0 for f = ||w|| > 0. In this case, based on Theorem 2, we
conclude that Vw = 0if f = ||w|| is a L?-function on a complete Riemannian manifold (M, g) for some
q > 1. Thus, the following L?-Liouville theorem holds.

Theorem 15. Let w be a Killing—Yano p-tensor on a complete Riemannian manifold (M, g) with
nonpositive curvature operator. If ||w|| € LY(M, g) for some q > 1, then w is parallel. Moreover, if
the volume of (M, g) is infinite, then w = 0 on M.

[fw has no zeros on M, then we can use Theorem 5, because in this case the inequality [|w]||A [|jw]| > 0
is equivalent to the following inequality A ||w|| > 0. Therefore, the following theorem holds.

Theorem 16. Let w be a Killing—Yano p-tensor on a complete Riemannian manifold (M, g) with
nonpositive curvature operator. If w has no zeros on M and ||w|| € LY(M, g) for some q > 0, then
w is parallel. Moreover, Vol(M, g) < oc.
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We will remind once again that a Riemannian symmetric space of non-compact type has nonpositive
sectional curvature. Moreover, a Riemannian symmetric space of non-compact type is a complete
Riemannian manifold. Then, based on Corollary 1, we state another corollary.

Corollary 8. Let (M, g) be a Riemannian symmetric space of non-compact type. Then the function
lwl| is subharmonic for any Killing—Yano p-tensor w on (M, g). If |w|| is a L1-function for some
q > 1, thenwis parallel. Moreover, if the volume of (M, g) is infinite, then w = 0 on M.

Remark 7. One of the authors of this article classified connected complete, irreducible Riemannian
manifolds with nonpositive curvature operator, which admit nonzero Killing—Yano L?-tensors [36].
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