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Abstract: Gray has presented the invariant orthogonal irreducible decomposition of the space of
all covariant tensors of rank 3, obeying only the identities of the gradient of the Ricci tensor. This
decomposition introduced the seven classes of Einstein-like manifolds, the Ricci tensors of which
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1. Introduction

Let (M, g) be an n-dimensional Riemannian manifold with the Levi—Civita connec-
tion V. If H is the vector bundle over (M, g) of all covariant tensors of rank 3 satisfying only
the identities of the covariant derivative V Ric of the Ricci tensor Ric, then H decomposes
into the pointwise orthogonal sum H = A @ B & S of its three subbundles, A, B, and S
(see [1,2] (pp. 432-433). Moreover A, B, and S are pointwise irreducible under the action of
the orthogonal group O(n). Therefore, the Riemannian manifold is called an an Einstein-like
manifold of type A (respectively, B or S) if VRic € C®A (respectively, VRic € C*B or
VRic € C*S). In the first case Ric is called the Killing—Ricci tensor (see [3]), while in the
second case Ric is called the Codazzi—Ricci tensor (see [4]) and in the third case Ric is called
the Sinyukov—Ricci tensor (see [5-7]).

A discussion of the geometry of the above and other types of Riemannian Einstein-like
manifolds can be found in the paper [1] and the monograph [2] (pp. 432-455). In turn,
the application of such manifolds in general relativity can be found in [7,8]. For example, it
is well known that the scalar curvature s = tracegRic is constant for an arbitrary Einstein-
like manifold (M, g) belonging to either class A or B. Moreover, an arbitrary manifold
belonging to A N B must have a parallel Ricci tensor. An example of this type of Einstein-
like manifold is a Riemannian locally symmetric space (see [9], p. 369).

In turn, we use the Bourguignon Laplacian (see [10]) and the Sampson Laplacian
(see [11-13]) to study the global geometry of the above three classes of Einstein-like mani-
folds. Both of these Laplacians admit Weitzenbock decompositions (see [2], p. 53). We recall
here that a Laplace operator D permits a Weitzenbick decomposition if D = A + R, where
R is the Weitzenbock curvature operator, which depends linearly on the curvature R and
the Ricci tensors of (M,g) and A = V*V is the Bochner Laplacian (see [2], pp. 52-53).
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Weitzenbock decompositions are important because (see [2], p. 53) there is a method, per
Bochner [14], of proving vanishing theorems for null space of a Laplace operator that allows
a Weizenbock decomposition.

For example, several fundamental results formulated in various theorems are based
on the Bochner technique, which usually shows that the assumption of positive or negative
sectional curvatures of compact Riemannian manifolds yields the vanishing of certain
geometric and topological invariants (such as the Betti numbers), geometrically interest-
ing tensor fields (such as the Killing—Yano tensors), and mappings (such as harmonic
mappings); see for example [9] (pp. 333-364), [15-17].

However, we have already entered the era of geometric analysis and its applications
in studying geometric and topological properties of complete Riemannian manifolds (see
for example [18]). Therefore, in this article we discuss the global geometry of Einstein-like
complete manifolds using a generalized version of the Bochner technique (see for exam-
ple [19]). Furthermore, in the three sections below we demonstrate the application of
various methods of the generalized Bochner technique (see for example [20]) to the study
of the above-mentioned three classes of complete Einstein-like manifolds. In particular,
the results obtained in our paper generalize well-known results on Einstein-like compact
manifolds to the case of Einstein-like complete non-compact manifolds.

2. A-Spaces and the Sampson Laplacian

A Riemannian manifold (M, g) is said to be Einstein-like of type A if its Ricci tensor
Ric is cyclic parallel, that is, if (VxRic)(X,X) = 0 for all X € TM (see [21]). In particular,
from [2] (p. 451) it is known that if (M, g) is a compact (without boundary) Einstein-like
manifolds of type A with nonpositive sectional curvature, then VRic = 0. If, in addition,
there exists a point in M where the sectional curvature of every two-plane is strictly
negative, then (M, g) is Einsteinian, i.e., its Ricci tensor satisfies Ric = p g for some constant
p (see [2], p. 451).

On the other hand, Deng (see [22]) studied the rigidity of complete .A-manifolds and
showed that (M, g) is an n-dimensional complete Einstein-like manifold of type A with a
Yamabe constant Q(M, g) > 0 and nonpositive scalar curvature, and is an Einstein manifold
if there exists a small number C depending on the dimension n and Q(M, g) such that
Ju(lIRic —s/n -gl"% + |W||"/2)dvol, < C for the Weyl curvature tensor, W. In turn,
Chu modernized this result in his article [23]. We remark here that the above results were
obtained using the methods of the classical Bochner technique.

This section studies complete Einstein-like manifolds of type .A with nonpositive
sectional curvature. As the starting point in the study of Riemannian manifolds of non-
positive curvature, we first recall the following well known Cartan-Hadamard theorem:
Let (M, g) be an n-dimensional simply connected complete Riemannian manifold of nonpositive
curvature; then, (M, g) is diffeomorphic to the n-dimensional Euclidean space R". Therefore,
a simply connected complete Riemannian manifold of nonpositive curvature is called a
Hadamard manifold or a Cartan—-Hadamard manifold, after the Cartan-Hadamard theorem (see
for example [9], p. 241; [18], pp. 391-381).

Remark 1. From the Cartan—Hadamard theorem, one can conclude, in particular, that no compact
simply connected manifold admits a metric of nonpositive curvature (see [9], p. 162). Therefore,
compact Hadamard manifolds do not exist.

Here, we recall that the function f € C*M is subharmonic if Af > 0, where A = div o grad
is the Beltrami Laplacian on functions. Then, we can formulate the following proposition.

Lemma 1. On a Hadamard manifold (M, g) any non-negative subharmonic function f € C>M
such that f € L1(M) for g € (0, c0) is equal to zero.

Proof. The following theorem holds (see [24]): on a complete simply connected Rieman-
nian manifold (M, g) of nonpositive sectional curvature, every nonnegative subharmonic
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(6% ¢) (X1, X, ..

function f € L1(M) for g € (0, 0) is a constant C. In this case, we have C - [, dvol, < +co.
We observe that Hadamard manifolds have infinite volume (see [25]); hence, from the last
inequality, we obtain C = 0. This finishes the proof of our Lemma 1. O

In turn, we introduce the Sampson Laplacian into consideration and consider sev-
eral of its properties. In order to do this, we define the differential operator 6* as fol-
lows: C®SPM — C®SPHIM of degree 1 such that 6* = (p+1) Sym o V, where Sym:
®PT*M — SP M is the linear algebraic operator of symmetrization. This means that J* is a
symmetrized covariant derivative defined by the following equation (see [2], pp. 355-356):

.,Xp,Xerl) = (Vxl QI)) (Xz, .. .,Xp, Xp+1) + -+ (vXerlq)) (Xl, Xy, .. .,Xp)

for any ¢ € C*SPM, and Xy, X3, X3,..., Xp, Xpy1 € TM. Then, there exists its for-
mal adjoint operator J: C®SPFIM — C®SPM, which is called the divergence operator
(see [2], p. 356). Notice that ¢ is nothing other than the ®”+1T*M restriction of V* to
SPHIM (see [2], p. 35).

Using the operators 0* and J, we can define the second order differential operator
Ag, C®SPM — C®SPM, by the formula Ag = §5* — 6*6. At the same time, if Agp = 0,
then the tensor field ¢ is called a Ag-harmonic symmetric tensor, as it is an analog of the
harmonic forms of the Hodge—de Rham theory (see [9], p. 335).

The Weitzenbdck decomposition formula for the Sampson Laplacian Ag: C*SPM —
C*®SP M has the form

As 9 =Agp—R(g). 1

The second component of the right-hand side of (1) is called the Weitzenbock curvature
operator of the Sampson Laplacian Ag.
Next, from (1) by direct calculation, we obtain the Bochner—Weitzenbock formula,

1
5 Allgl? = = 8(Asg. 0) + IVel* — g (R(9), 9), @

for |Vol||? = g(Ve, Vo). If p = 2, then for any point x € M there exists an orthonormal
eigenframe ey, . .., e, of TyM such that ox(e;, e]-) = U; (51-]- for the Kronecker delta, (51-]-. In this
case (see [2], p. 436, [26], p. 388), we have

(R (px), @x) =2-) sec(ei Ae) (i —pj)? €)

i<j

where sec (e; A e;) is the sectional curvature in the direction of the two-plane oy = span {e;, e;}
of Ty M at an arbitrary point x € M. In this case, the Formula (2) can be rewritten in the form

1
5 Olel* == g(Asp, @) +IVel* — 2} sec(ei Aej) (ni — pj)* @

i<j
We can now prove the following statement.

Theorem 1. Let (M, g) be a Hadamard manifold and ¢ a Ag-harmonic symmetric 2-tensor on
(M, g) such that [, ||¢||7 dvoly < +oo for at least one g > 1; then, ¢ = 0.

Proof. Let ¢ be a non-zero Ag-harmonic symmetric 2-tensor on a Riemannian manifold
with non-positive sectional curvature; then, from Formula (4), we obtain

1
5 Mlol? =1Vel* =2 ) sec (e Aey) (i — ) ®)

i<j
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On the other hand, we have § A|¢|?> = ||¢| - All@| + [ V| ¢||||>- Then, from the last
formula and (5), we obtain

lpll - A llgl = Vol =2 - Y sec(e; Aej) (i —p)* = Vgl (6)

i<j

where || Vgl > [V [g]| | due to the Kato inequality ||V o]l > Vgl ||

Moreover, if we suppose that (M, ) is a manifold with nonpositive sectional curvature,
then from (6) we obtain the inequality ||¢|| Al|¢|| > 0. It is known from [27] that if the
inequality (§ — 1) f - Af > 0 holds for a nonnegative function f € C?(M) defined on a
complete Riemannian manifold, then either [, fldvol, = +co for all g # 1 or f = const.
In particular, g may even be less than one here (see [27]). In this case, the inequality
f M fidvolg < co becomes C17 - f M dvolg < co. At the same time, we know that a Hadamard
manifold (M, g) has an infinite volume; hence, from the last inequality we obtain C = 0.
This completes our proof. [

On the other hand, let SgM be the bundle of traceless symmetric p-tensors on (M, ).
Then, the fact that sec < 0 implies the negative semi-definiteness of the quadratic g(R(¢), ¢)
for any p > 2, while ¢ € C°°Sg M is proven in [28]. For this case, the following proposi-
tion holds:

Theorem 2. Let (M, g) be a Hadamard manifold and ¢ a Ag-harmonic traceless symmetric p-
tensor (p > 2) on (M, g) such that [, ||¢[|7dvoly < +oo for at least one q > 0; then, ¢ = 0.

Let (M, g) be a Riemannian Einstein-like manifold (M, g) of type A. Then, its Ricci
tensor, Ric, satisfies the equations 0*Ric = 0 and has a constant trace, i.e., the scalar
curvature s = tracegRic is a constant function. This means that dRic = 0. Therefore, Ric is
a Ag-harmonic symmetric 2-tensor. Then, we can formulate the following lemma.

Lemma 2. A Killing—Ricci tensor is a Ag-harmonic symmetric 2-tensor.

In this case, the following proposition is an immediate consequence of Lemma 2 and
Theorem 1.

Corollary 1. Let an n-dimensional Riemannian Einstein-like manifold (M, g) of type A be
a Hadamard manifold. If [, ||Ric||7dvoly < oo for at least one q > 1, then (M,g) is
isometric to R".

Proof. We know that a Killing—Ricci tensor of (M, g) is a Ag-harmonic symmetric 2-tensor.
Moreover, if (M, g) is a Hadamard manifold and || Ric|| € L1(M) for atleastone g € (1, +o0),
then Ric = 0 per Theorem 2. Next, we need to prove one obvious statement. If the sectional
curvature is non-positive and the Ricci curvature is zero, then the Riemannian manifold
is flat; that is, let X € TyM be a unit vector. We can complete it on an orthonormal basis,
{X, e, ..., en}, for TyM at an arbitrary point x € M; then, (see [9], p. 86):

n
Ric(X,X) =) sec(X Ae,).
a=2

In this case, from the conditions Ric = 0 and sec < 0 we obtain sec = 0, i.e., the
sectional curvature vanishes identically. In this case, (M, g) is a flat Riemannian mani-
fold. If (M, g) is simply connected, it follows that (M, g) is isometric to the Euclidean
space R". [

We now consider a three-dimensional Riemannian Einstein-like manifold (M, g) of
type A. In this case, the following corollary holds.
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Corollary 2. Let (M,g) be a three-dimensional simply connected Riemannian Einstein-like
manifold (M, g) of type A. If its Ricci tensor Ric satisfies the conditions Ric > 1sg and

S IRic||9 dvolg < +oo for at least one g > 1, then (M, g) is isometric to R3,

Proof. In dimensions up to three, Einstein-like manifolds of type A have been classified
in [29]; in particular, they are homogeneous (see [30]). Therefore, a three-dimensional
Einstein-like manifold of type A is complete, because any homogeneous Riemannian
manifold is complete (see [2], p. 181). Moreover, it is well known (see [9], p. 86 and [31])
that

sec (Xy ANYy) = % s(x) — Ric(Zy, Zy) 7)

for unit orthogonal vectors Xy, Yy, Zy € TxM at any point x € M such that Z, is orthogonal
to the plane o = span { Xy, Yy }. In this case, the condition sec < 0 can be rewritten in the
form Ric > % s g. Then, from Theorem 1 and Corollary 2, we can conclude that if the Ricci
tensor Ric satisfies the two conditions Ric > }sgand | um || Ric [|7dvolg < oo for at least
one g > 1, then (M, g) is a Ricci-flat manifold, and hence is a flat manifold due to equality
(7). In this case, (M, g) is isometric to the Euclidean space R®. [

3. B-Spaces and the Bourguignon Laplacian

A Riemannian manifold (M, g) is said to have a harmonic curvature tensor if § R = 0
(see [9], p- 362). This happens if and only if the Ricci tensor Ric is a Codazzi—Ricci tensor,
ie., (VxRic)(Y,Z) = (VyRic)(X,Z) for any X,Y,Z € TM. This means that (M, g) is an
Einstein-like manifold belonging to class B. There exist numerous examples of compact
Riemannian manifolds with this property (see [2], pp. 443—447; [4]). On the other hand,
the following classical Berger—Ebin theorem is well known. If (M, g) is a compact (without
boundary) Einstein-like manifold of type B with non-negative sectional curvature, then
V Ric = 0. If, in addition, there exists a point in M where the sectional curvature of every
two-plane is strictly positive, then (M, g) is Einsteinian (see [2], p. 445). Based on the results
obtained above, we can supplement this theorem as follows: a three-dimensional compact
Einstein-like manifold of type B with Ric < s - ¢ has constant positive sectional curvature.

In this section, we generalize this result to the case of a complete Riemannian manifold.
In order to do this, we use the Bourguignon Laplacian (see [10]).

Here, we consider a symmetric tensor ¢ € C*S?>M as a one-form with values in the
cotangent bundle T*M on M. This bundle is equipped with the Levi-Civita covariant
derivative V; thus, there is an induced exterior differential dV: C°S?M —» C°°(A2M ®
T*M) on T* M-valued differential one-forms such as

dVe(X,Y,Z) = (Vx) (Y,Z) — (Vyo) (X, Z)

for any tangent vector fields X,Y,Z on M and an arbitrary ¢ € C®S?>M (see [2],
pp. 133-134, 355; [9], pp. 349-350; and [32]). In this case, ¢ € C®S2M is a Codazzi ten-
sor if and only if av ¢ = 0 (see [9], p. 350). The formal adjoint of dV is denoted by 5V (see [2],
p- 134). Moreover, Bourguignon proved in [33] (see p. 271) that

6V ¢ = — d(traceg) 8)

for an arbitrary Codazzi tensor ¢ € C®S?M. At the same time, he defined a harmonic
symmetric 2-tensor as a tensor ¢ € C*®S>M such that ¢ € Kerd" (Ker sV (see [9], p. 350
and [33] p. 270). Next, Bourguignon defined the Laplacian Ag: C®S?M — C®S?M by
the formula Ag := 6VdY 4+ dVéV (see [33], p- 273). Then, the symmetric harmonic 2-
tensors belong to the kernel of the Bourguignon Laplacian Ag. The converse is true in the
compact case as well; namely, if (M, g) is a compact manifold (without boundary), then
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L?(M) denotes the usual Hilbert space of functions or tensors with the global product
(with respect to the global norm)

Jw) = [ g(u,w)dvol,.
(u, w) '/Mg(u w) dvolg
Then, by direct computation, we obtain the following integral formula (see [10]):

(A, ) = (dV g, d" ) + (6V 9,6 @) €)

Next, an easy computation yields the Weitzenbdick decomposition formula (see [2], p. 355
and [33], p. 273)
App=Ag+R(p). (10)

The second component of the right-hand side of (10) is called the Weitzenbock curva-
ture operator of the Bourguignon Laplacian Ag (see [2], p. 356).

Based on the last two formulas, we conclude that the Bourguignon Laplacian Ag is a
non-negative operator and its kernel is the finite dimensional vector space of harmonic
symmetric 2-tensors (or, in other words, Codazzi tensors with constant trace). Therefore,
the harmonic symmetric 2-tensor will be called the Ag-harmonic tensor.

Using (10), the Bochner-Weitzenbock formula (see [10]) can be obtained:

1
5 Allgll* = — 8850, 9) +3(R(0), @) + Vol (11)

where
g(R(9), @) =Y _sec(ei Aej) (i — 1j)?
i#]
for an arbitrary ¢ € C* $2M and an orthonormal eigenframe ey, ..., e, of TyM such that
¢x(ej,ej) = pid;j atany point x € M. Let ¢ € C*®S?M be a Ag-harmonic; then, (11) can be
rewritten in the following form:

1
5 Dlol? = Yosec(ei Aep) (i — p)* + || Vel (12)
=

The following theorem supplements the Berger—Ebin theorem for the case of Ag-harmonic
tensors on a complete noncompact Riemannian manifold.

Theorem 3. Let (M, g) be a connected complete and noncompact Riemannian manifold with
nonnegative sectional curvature. Then, there is no non-zero Ag-harmonic tensor ¢ € C*®S?M such
that [, ||¢||9dvoly < +oo for any q > 1.

Proof. Let (M, g) be a connected complete and noncompact Riemannian manifold with
nonnegative sectional curvature, and let ¢ € C*S?M be a non-zero Ag-harmonic symmetric
2-tensor; then, g(R(¢), ¢) >0. Therefore, from (12), we can obtain the inequality

ol Allgll = [V l* + Y _sec(ei Aej) (i — pi)* = IVl 1> = 0.
i#]

where ||[Vg||?> > ||V|l¢| ||* due to the Kato inequality | V| > ||V| ¢l ||. Then, we can
conclude that ||¢|| Alj¢|| > 0 on a connected complete and noncompact Riemannian
manifold with nonnegative sectional curvature. For g > 1, then, either [, ||¢[|7 dvolg = co
or ||¢|| = const (see [27]). In a case where (M, ) has infinite volume, all of the constant
functions hold while zero is in L7(M); that is, if the function f € L7(M) for some positive
number 4 is a constant function, C, then the inequality [,, |f|7dvol, < co becomes |C |1 -
Jydvoly < 4o0. If in addition (M, g) has an infinite volume, then we can obtain C = 0
from the last inequality. It must be recalled that a complete Riemannian manifold of non-
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negative sectional curvature has an infinite volume (see [27,34]). This remark completes
the proof. O

We are now able to formulate the following lemma.
Lemma 3. The Codazzi—Ricci tensor is a Ag-harmonic symmetric 2-tensor.

Proof. Let (M, g) be a Riemannian Einstein-like manifold (M, g) of type B. Then, its
Ricci tensor Ric satisfies the equations 4V Ric = 0 and has a constant trace, i.e., the scalar
curvature s = tracegRic is a constant function. This means that 8V Ric = 0; therefore, Ric is
a Ap-harmonic symmetric 2-tensor. [J

In this case, the following proposition is an immediate consequence of the above
Lemma 3 and Theorem 3.

Corollary 3. Let (M, g) be a connected complete and noncompact Einstein-like manifold (M, g)
of type B with non-negative sectional curvature. If [, ||Ric||7dvolg < +oco for some q > 1, then

(M, g) is flat.

Proof. If (M, g) is a connected complete and noncompact manifold with non-negative
sectional curvature, and [, || Ric||7 dvol, < 4o for some g > 1, then (M, g) is Ricci-flat per
Lemma 3 and Theorem 3. Next, we need to prove one obvious statement: if the sectional
curvature is nonnegative and the Ricci curvature is zero, then the Riemannian manifold
is flat. That is, let X € TxM be a unit vector which we complete on an orthonormal basis,
{X,ey,...,en}, for TyM at an arbitrary point x € M; then, (see [9], p. 86)

n
Ric(X,X) =) _sec(X Ag;).
i=2

In this case, from the conditions Ric = 0 and sec > 0 we obtain sec = 0, which com-
pletes the proof. [

In conclusion, we formulate one more obvious corollary.

Corollary 4. Let (M, g) be a three-dimensional connected complete and noncompact Einstein-like
manifold of type B. If Ric < $sgand [, ||Ric||1dvoly < oo for some q > 1, then (M, g)
is flat.

Remark 2. In Corollaries 3 and 4, we proved that (M, g) is a flat Riemannian manifold. If (M, g)
is simply connected, then (M, g) is isometric to the Euclidian space, R".

4. On Compact Einstein-like Manifolds of the Type S

A Riemannian manifold (M, g) is said to be Einstein-like of type S if its Ricci tensor Ric
satisfies the condition

(VxRic) (Y, 7) = o(X)(Y,Z) + v(Y) g (X, Z) + o(Z) g (¥, 7) (13)
where 0(X) = Mw X(s)and v (X) = m X(s) for any X € TM. Riemannian

manifolds satisfying condition (13) are called Sinyukov manifolds in [5]. Besse defined these
Equations (13), but did not carry out any research for manifolds of class S. The local
properties of such manifolds were studied in [5]. In turn, the purpose of [35] was the
local classification of all three-dimensional Riemannian manifolds belonging to class S.
The application of such manifolds in general relativity can be found in [7,8].

We now prove a theorem on compact Einstein-like manifolds of type S.
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Theorem 4. If (M, g) is a compact (without boundary) Einstein-like manifold of type S with
non-positive sectional curvature, then VRic = 0. If, in addition, there exists a point in M where
the sectional curvature of every two-plane is strictly negative, then (M, g) is Einsteinian.

Proof. From (13), we can obtain

for

p(Y,2) = Ric(Y,2) ~ 2 . e(v,2) (15)

+2
for any X,Y,Z € TM. Assume that the manifold M is compact; then, from (2) we can
obtain the integral formula

(R(@), @) — (69,09) — (Vo, Vo) =0, (16)

where, by virtue of (14), we have

(As @, 9) = (6"9,0" @) — (69,0¢) = —(6¢,5¢)

and g(R(¢x), ¢x) =2 Ljjsec (e Aej) (i — ;4]-)2 for an orthonormal eigenframe e, ... ., e,
of TyM such that ¢« (e;, ¢;) = p; d;; at any point x € M. Therefore, if (M, g) is a compact
(without boundary) Einstein-like manifolds of type S with non-positive sectional curvature,
then from (16) we obtain VRic = 0. In this case, from (13) we obtain V ¢ = 0. In addition,
if there exists a point in M where the sectional curvature of every two-plane is strictly
negative, then from (15) and (16) we can conclude that (M, g) is Einsteinian. [J

All three-dimensional Riemannian manifolds belonging to class S are known from [35].
In turn, we formulate a theorem for a four-dimensional compact Sinyukov manifold.

Theorem 5. A four-dimensional compact Sinyukov manifold (M, ) with positive sectional curva-
ture is diffeomorphic to the sphere or the real projective space.

Proof. Our proof is based on three facts. First, if (M, g) is a Sinyukov manifold and dim M
<4, then (M, g) is locally conformally flat (see [5]). We recall here that a locally conformally
flat Riemannian manifold (M, g) is determined by the condition that any point x € M has
a neighborhood U, C M and a C*-function f on Uy such that the Riemannian manifold
(Uy,e*f - g lu, ) is flat (see [2], p. 60). Second, we proved in [20] that in the case of a locally
conformally flat Riemannian manifold of dimension n > 4, the conditions R > 0 and
sec > 0 are equivalent for its curvature operator, R (see [9], p. 83), and its sectional curvature,
sec, respectively. Third, it has been proven (see [36]) that the Ricci flow deforms g to a
metric of constant positive curvature, provided that (M, ) is compact and has the positive
curvature operator R. In this case, (M, g) is diffeomorphic to the sphere S* or the real
projective space RP*. [

In conclusion, we formulate a theorem supplementing the previous assertion.

Theorem 6. Let (M, g) be a four-dimensional complete Sinyukov manifold with Ric > 0; then,
(M, g) belongs to one of the following classes: either flat, or locally isometric to the product of a
sphere and a line, which are globally conformally equivalent to either R" or a spherical space form.

Proof. We know that a four-dimensional Sinyukov manifold (M, g) is locally conformally
flat (see [5]). Moreover, the main theorem of [37] states that complete locally conformally
flat manifolds of dimension n > 3 with Ricci tensor Ric > 0 belong to one of the following
classes: either flat, or locally isometric to the product of a sphere and a line, and are globally
conformally equivalent to either R" or a spherical space form (see [38], p. 69). O
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5. Conclusions

Gray has presented the O(n)-invariant orthogonal irreducible decomposition of the
space of all covariant tensors of rank 3 obeying only the identities of the gradient of the
Ricci tensor (see above). This decomposition introduced the seven classes of Einstein-like
manifolds with Ricci tensors fulfilling the defining condition of each subspace (see [2],
pp. 432-455). In the large, the geometry of such manifolds has been studied by many
geometers using the classical Bochner technique. This technique’s scope is limited to
compact Riemannian manifolds (see [9], pp. 333-364; [14,16]; [17], pp. 322-360). However,
we have already entered the era of geometric analysis and its applications to the study
of relations between the geometric and topological properties of complete Riemannian
manifolds (see for example [17] (pp. 361-394) and [18,19]). Yau, Schoen, Hamilton, and
others initiated a particularly productive era of geometric analysis in differential geometry
in the large, which continues to this day. Most of these results are called Liouville-type
theorems, and belong to the generalized Bochner technique (see for example [19,20]). In the
present paper, we have proven several Liouville-type theorems for cetain classes of Einstein-
like complete manifolds. This paper represents an illustration of the new possibilities in
contemporary geometric analysis.

Author Contributions: Investigation, ].M., LR, S.S. and L.T. All authors have read and agreed to the
published version of the manuscript.

Funding: The work of the first and second author was supported by the Internal Grant Agency of the
Faculty of Science of Palacky University, Olomouc (grant No. 2022017 “Mathematical Structures”).
The second author was supported by the Faculty of Civil Engineering, Brno University of Technology,
research grant no. FAST-5-22-7867.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to express their thanks to Ivor Hall (BA Hons) for
his editorial suggestions, which contributed to the improvement of this paper, as well as to the
anonymous referee for his careful reading of the previous version of the manuscript and suggestions
about this paper which led to various improvements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gray, A. Einstein-like manifolds which are not Einstein. Geom. Dedicata 1978, 7, 259-280.

2. Besse, A.L. Einstein Manifolds; Reprint of the 1987 Edition; Springer: Berlin/Heidelberg, Germany, 2008.

3. Suh, YJ. Generalized Killing Ricci tensor for real hypersurfaces in complex two-plane Grassmannians. |. Geom. Phys. 2021,
159, 103799.

4. Calvaruso, G. Riemannian 3-metrics with a generic Codazzi Ricci tensor. Georn. Dedicata 2011, 151, 259-267.

5. Formella, S. On some class of nearly conformal symmetric manifolds. Collog. Math. 1995, 68, 149-154.

6. El-Sayieda, H.K.; Manticab, C.A.; Shenawyc, S.; Syiedc, N. Gray’s decomposition on doubly warped product manifolds and
applications. Filomat 2020, 34, 3767-3776.

7. Mantica, C.A.; Luca, G.M.; Young, ].S.; Sameh, S. Perfect-fluid, generalized Robertson-Walker space-times, and Gray’s decomposi-
tion. J. Math. Phys. 2019, 60, 052506.

8. Mikes, ].; Stepanov, S. Seven invariant classes of the Einstein equations and projective mappings. AIP Conf. Proc. 2012, 1460,
221-225.

9.  Petersen, P. Riemannian Geometry; Springer: New York, NY, USA, 2016.

10. Rovenski, B.; Stepanov, S.; Tsyganok, I. The Bourguignon Laplacian and harmonic symmetric bilinear forms. Mathematics 2020,
8, 83.

11. Mikes, J.; Stepanov, S.; Tsyganok, I. On the Sampson Laplacian. Filomat 2019, 33, 1059-1070.

12.  Mikes, J.; Rovenski, B.; Stepanov, S. An example of Lichnerowicz-type Laplacian. Ann. Global Anal. Geom. 2020, 58, 19-34.

13. Stepanov, S.E.; Shandra, I.G. Geometry of infinitesimal harmonic transformations. Ann. Global Anal. Geom. 2003, 24, 291-299.

14. Yano, K.; Bochner, S. Curvature and Betti Numbers; Princeton University Press: Princeton, NJ, USA, 1953.



Mathematics 2022, 10, 2208 10 of 10

15.

16.
17.

18.
19.

20.

21.

22.
23.
24.
25.
26.

27.

28.
29.

30.
31.
32.

33.

34.
35.
36.
37.
38.

Mikesg, J.; Sandor, B.; Berezovski, V.E.; Chodorova, M.; Chudéa, H.; Formella, S.; Gavrilchenko, M.L.; Haddad, M.; Hinterleitner, I.;
Moldobaev, D.; et al. Differential Geometry of Special Mappings; Palacky University Press: Olomouc, Czech Republic, 2019.
Stepanov, S.E. Vanishing theorems in affine, Riemann, and Lorentz geometries. J. Math. Sci. 2007, 141, 929-964.

Wu, H.-H. The Bochner Technique in Differential Geometry, Classical Topics in Mathematics; Higher Education Press: Beijing,
China, 2018.

Li, P. Geometric Analysis; Cambridge University Press: Cambridge, UK, 2012.

Pigola, S.; Rigoli, M.; Setti, A.G. Vanishing and Finiteness Results in Geometric Analysis: A Generalization of the Bochner Technique;
Birkhauser: Basel, Switzerland, 2008.

Mikes, J.; Rovenski, V.; Stepanov, S.; Tsyganok, I. Application of the Generalised Bochner Technique to the study of conformally
flat Riemannian manifolds. Mathematics 2021, 9, 927.

Arias-Marco, T.; Kowalski, O. The classification of 4-dimenssional homogeneous D’Atri spaces. Czechosl. Math. ]. 2008, 58,
203-239.

Deng, Y.H. Rigidity of noncompact manifolds with cyclic parallel Ricci curvature. Ann. Polon. Math. 2014, 112, 101-108.

Chu, Y. Noncompact complete manifolds with cyclic parallel Ricci curvature. Ann. Polon. Math. 2017, 119, 1-11.

Li, P; Schoen, R. LPand mean value properties of subharmonic functions on Riemannian manifolds. Acta Math. 1984, 153, 279-301.
Bertrand, J.; Sandeep, K. Adams inequality on pinched Hadamard manifolds. arXiv 2020, arXiv:1809.00879.

Berger, M.; Ebine, D. Some decomposition of the space of symmetric tensors of a Riemannian manifold. J. Diff. Geom. 1969, 3,
379-392.

Yau, S.-T. Some function-theoretic properties of complete Riemannian manifold and their applications to geometry. Indiana Univ.
Math. J. 1976, 25, 659-670.

Heil, K.; Moroianu, A.; Semmelmann, U. Killing and conformal Killing tensors. J. Geom. Phys. 2016, 106, 383-400.

Kowalski, O. Spaces with volume-preserving symmetries and related classes of Riemannian manifolds. Rend. Sem. Mat. Univ.
Politec. Torino Fasc. Spec. 1983, 131-158.

Pedersen, H.; Tod, P. The Ledger curvature conditions and D’Atri geometry. Diff. Geom. Appl. 1999, 11, 155-162.

Schmidyt, B.; Wolfson, J. Three-manifolds with constant vector curvature. Indiana Univ. Math. ]. 2014, 63, 1757-1783.

Agricola, I; Friedrich, T.; Nagy, P.-A.; Puhle, C. On the Ricci tensor in the common sector of type II string theory. Class. Quantum
Gravity 2005, 22, 2569-2577.

Bourguignon, J.P. Les variétés de dimension 4 4 signature non nulle dont la courbure est harmonique sont d’Einstein. Invent.
Math. 1981, 63, 263-286.

Greene, R.E.; Wu, H. Integrals of subharmonic function on manifolds of nonnegative curvature. Inven. Math. 1974, 27, 265-298.
Berndt, J. Three-dimensional Einstein-like manifolds. Diff. Geom. Appl. 1992, 4, 385-397.

Hamilton, R.S. Four-manifolds with positive curvature operator. J. Diff. Georn. 1986, 24, 153-179.

Carron, G.; Herzlich, M. Conformally flat manifolds with nonnegative Ricci curvature. Compos. Math. 2006, 142, 798-810.

Wolf, ].A. Spaces of Constant Curvature; AMS Chelsea Publishing: Providence, RI, USA, 2010.



	Introduction
	A-Spaces and the Sampson Laplacian
	B-Spaces and the Bourguignon Laplacian
	On Compact Einstein-like Manifolds of the Type S
	Conclusions
	References

