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Abstract

We consider Riemannian n-manifolds M with nontrivial «-nullity “distribution” of the cur-
vature tensor R, namely, the variable rank distribution of tangent subspaces to M where R
coincides with the curvature tensor of a space of constant curvature « (k € R) is nontrivial.
We obtain classification theorems under diferent additional assumptions, in terms of low
nullity/conullity, controlled scalar curvature or existence of quotients of finite volume. We
prove new results, but also revisit previous ones.

Mathematics Subject Classification 53C20 (Primary) - 53C25 - 53C30 - 22E25 (Secondary)

1 Introduction

Several important classes of Riemannian manifolds M are defined by imposing a certain
condition on its Riemann curvature tensor R, such as spaces of constant curvature, Einstein
manifolds, locally symmetric spaces, etc. In a somehow different sense, it is a stimulating
problem to define a class of Riemannian manifolds by imposing a certain form on their
curvature tensors. More specifically, let T be an algebraic curvature tensor. A Riemannian
manifold M is said to be modelled on T if its curvature tensor is, at each point, orthogonally
equivalent to T'. Here the size of the orbit of 7" under the action of the orthogonal group plays
a certain role; for instance, curvature tensors of spaces of constant curvature are fixed points
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of that action, and in this case a manifold modelled on 7 will obviously also have constant
curvature. On the other hand, if T is only required to be the curvature tensor of a homogeneous
Riemannian manifold M, there are continuous families of examples of complete irreducible
Riemannian manifolds M modelled on 7 which are not locally isometric to M (see e.g. [24]
for examples and a discussion of related results, which originate from a question of Gromov).

If a Riemannian manifold M is modelled on an algebraic curvature tensor T, then clearly it
is also curvature homogeneous, in the sense that the curvature tensors at any two of its points
are orthogonally equivalent. The totality of curvature homogeneous manifolds (for varying 7')
obviously include locally homogeneous spaces, but contains strictly more manifolds. The
first examples were constructed by Takagi [41] and Sekigawa [36], in response to a question
by Singer (these were later generalized, see [3] for the full range of generalizations).

In a different vein, a Riemannian manifold is called semi-symmetric if its curvature tensor
is, ateach point, orthogonally equivalent to the curvature tensor of a symmetric space; the sym-
metric space may depend on the point (in particular a curvature homogeneous semi-symmetric
space is a Riemannian manifold modelled on the curvature tensor of a fixed symmetric
space). In 1968, Nomizu conjectured that every complete irreducible semi-symmetric space
of dimension greater than or equal to three would be locally symmetric. His conjecture was
refuted by Takagi [40] and Sekigawa [35], who constructed counterexamples (see [3] for
further developments). The complete classification of semi-symmetric spaces is the work of
Z. 1. Szabd [39]. On the other hand, Florit and Ziller have shown that the Nomizu conjecture
holds for manifolds of finite volume [19].

Itis remarkable what all of the examples above (and others) have in common, namely, their
curvature tensor has a large nullity. This leads us to the class of Riemannian manifolds that we
consider herein; loosely speaking, we say a Riemannian manifold has non-trivial k-nullity,
where « € R, if the variable rank tangent distribution where its curvature tensor behaves like
that of a space of constant curvature « is non-trivial (as an extrinsic counterpart to the above
examples, recall that, owing to the Beez-Killing theorem, a locally deformable hypersurface
in a space form of curvature «, without isotropic points, has precisely two nonzero principal
curvatures at each point, and hence has a x-nullity distribution of codimension 2).

The idea of nullity was introduced in case x = 0 by Chern and Kuiper in [11], and for
general k by Otsuki [30], and later reformulated and studied by different authors (see e.g.
[20, 25] and, for more recent work, [14, 15, 19] and the references therein). Each sign of «
(positive, negative or zero) yields results of a different flavor. In this paper we consider the
three cases, and note that the concept of nullity has connections with diverse areas such as
Sasakian manifolds, solvmanifolds, and non-holonomic geometry. Our main tool is the so
called splitting tensor (cf. section 2). We prove new results, but we also aim to extend, unify
and simplify existing results in the literature.

More precisely, let M be a connected Riemannian manifold, and consider the curvature
tensor R of its Levi-Civita connection V with the sign convention

R(X,Y)Z =VxVyZ —VyVxZ —Vix v1Z,

for vector fields X, Y, Z € I'(T M). For « € R, the «-nullity distribution of M is the variable
rank distribution ;. on M defined for each p € M by

Nelp={ze€TpM : Rp(x,y)z = —k((x,2)py — (¥, 2)px) forall x,y € T,M}.

The number v (p) := dim N |, is called the index of k-nullity at p.
In case k = 0 we obtain trivial examples of manifolds with positive vy simply by taking
a Riemannian product with an Euclidean space, but similar product examples do not occur
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if k # 0. It is easily seen that v, (p) is nonzero for at most one value of «. For general M, v,
is nonnecessarily constant if nonzero, but it is an upper semicontinuous function, so there is
an open and dense set of M where v, is locally constant, and there is an open subset Q2 of
M where v, attains its minimum value. It is known that A/ is an autoparallel distribution on
any open set where v, is locally constant and, in case M is a complete Riemannian manifold,
its leaves in €2 are complete totally geodesic submanifolds of constant curvature « [25].

We call the orthogonal complement of N, the k-conullity distribution of M, and its dimen-
sionatapoint p € M the index of k-conullity at p, or simply, the k-conullity at p. For obvious
reasons, the minimal nonzero value of the k-conullity is 2. Riemannian manifolds with O-
conullity at most 2 have pointwise the curvature tensor of an isometric product of Euclidean
space with a surface with constant curvature and hence are semi-symmetric. Conversely, a
complete irreducible semi-symmetric space is either locally symmetric or has 0-conullity at
most 2 in an open and dense subset [39].

In our study we apply a homothety and assume that « is equal to +1, —1 or 0. Gener-
ally speaking, the results below give characterizations/classifications of manifolds in terms
of low conullity/nullity, controlled scalar curvature and/or existence of quotients of finite
volume. Some terminology: in general we shall say an n-manifold has minimal «-nullity d
(resp. maximal k-conullity n — d) to mean that v, > d everywhere and the equality holds at
some point.

1.1 Results with ¥ = +1

The following theorem gives a lot of rigidity in the case of constant (41)-conullity 2 and con-
stant scalar curvature. It should be compared with the examples constructed in [38] of certain

—

inhomogeneous conformal deformations of left-invariant metrics on SU (2), SL(2, R), and
Nil3, which posses (+1)-conullity 2 and nonconstant scalar curvature.

Theorem 1.1 Let M be a simply-connected complete Riemannian n-manifold with constant
(41)-conullity equal to 2, and constant scalar curvature. Then M is a 3-dimensional Sasakian

space form, that is, isometric to one of the Lie groups SU (2) (the Berger sphere), SL(2, R)
(the universal covering of the unit tangent bundle of the real hyperbolic space), or Nil> (the
Heisenberg group). In all cases, the (+1)-nullity distribution is orthogonal to the contact
distribution.

Corollary 1.1 A complete Riemannian manifold modelled on one of the left-invariant metrics
listed on Table 1 is locally isometric to the corresponding model.

Recall that a Sasakian space form is a Sasakian manifold of constant ¢-sectional curvature,
where the ¢-sectional curvature plays the role accorded to the holomorphic sectional curvature
in Kéhler geometry. We refer to [4] for a discussion of Sasakian geometry. In particular the
spaces in Theorem 1.1 have the structure of Lie groups and thus are homogeneous contact
metric manifolds. A straightforward computation using [26] shows that the admissible metrics

with 1-conullity 2 are given as follows. The groups SU(2), SL(2, R), Ni 13 are unimodular,
so there is an orthonormal basis ey, e>, e3, where e; is tangent to the 1-nullity and

[e1, e2] = Azes, [ez, e3] = Aieq, [e3,e1] = Azer. (1.1)

By changing e; to —ej, we may assume A > 0, and then the possibilities for left-invariant
metrics are given in Table 1.
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According to Perrone [31], there is an additional, non-unimodular Lie group structure
on the Sasakian space form of ¢-sectional curvature < —3, that is, the simply-connected
solvable Lie group with Lie algebra

[e1, e2] = aer + 2§, [e1,E] = [e2,6] =0,

where « # 0, £ is the characteristic veﬂc\)r/ﬁeld and spans N, and ey, e, & is orthonormal,
is isometric (but not isomorphic) to SL(2, R) if o = —26.

Riemannian manifolds with non-trivial (+1)-nullity are also considered in [12, 29]
under different assumptions. As an application of the results in [29], the authors obtain
the classification of simply-connected complete Riemannian manifolds M with non-trivial
(+1)-nullity with the condition that M is the total space of a Riemannian submersion whose
fibers are the integral leaves of N'|; the cases of index of conullity 2 in [29, Table 3] cor-
respond to having the base of the Riemannian submersion to be two-dimensional. In [12]
is introduced a closely related class of Riemannian manifolds M, called n-Sasakian, which
means that M is foliated by totally geodesic equidistant n-manifolds such that the leaves are
contained in the (41)-nullity of M (see [13, Definition 13]); some examples are provided,
coming from circle quotients of certain focal sets of isoparametric submanifolds in spheres,
and they in general have large (+1)-conullity.

1.2 Results with k = 0

The 3-dimensional case of the following theorem is proved in [1, Thm. 3], and a simple proof
in the case of arbitrary dimension is sketched in [19, Remark, p. 1324]. For the convenience
of the reader, we provide an alternate, and as well simple, argument in subsection 3.2.

Theorem 1.2 Let M be a simply-connected complete Riemannian n-manifold with maximal
0-conullity 2. Assume the scalar curvature function scal is positive and bounded away from
zero. Then M splits as the Riemannian product R"=2 x X, where ¥ is diffeomorphic to the
2-sphere.

The splitting in Theorem 1.2 ceases to be true if scal attains negative values, as the
examples constructed by Sekigawa [36] show. Recently, a complete description of the metrics
on complete simply-connected locally irreducible 3-manifolds with constant O-nullity 1 and
constant negative scalar curvature, as well as the topology of their quotients in case the
fundamental group is finitely generated, has been obtained [8]. In view of Theorem 1.2 and
[7, Thm. 1], the following question seems interesting:

Question 1.1 Is there a simply-connected complete irreducible Riemannian n-manifold with
constant 0-conullity 2 and nonnegative sectional curvature?

Table 1 Left-invariant Riemannian metrics on 3-dimensional Lie groups with nontrivial (+1)-nullity

A A2 A3 M scal @-sect curv Condition

0+1/0 0 1/6 SU2) 2 -1 6 >0
SU2) 6 >0

2 ) 0 SLC,R) 2440 —3420 0 <0
Nil? 6=0
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Table 2 Left-invariant

Riemannian metrics on M A2 3 M scal Kp Condition

3-dimensional Lie groups with —

nontrivial (—1)-nullity -1 -1/ ¢  SLQR) -2 1 0<6 <1
E(L,1) 6 =1

In[7, Thm. 3] it was claimed that complete 4-manifolds with O-nullity 1, non-zero splitting
tensor, and finite volume do not exist. Whereas we believe this statement to be true, we found
a fatal slip in the calculations in the proof. To compare, in dimension one higher we show:

Theorem 1.3 There exists a compact irreducible locally homogeneous Riemannian 5-
manifold with O-nullity 1.

The manifold in Theorem 1.3 is in fact an almost Abelian Lie group. The idea of con-
struction follows the example in [14, §9]. Other examples of compact locally homogeneous
spaces with non-trivial nullity are given in [15].

1.3 Results with ¥ = —1

In the 3-dimensional case, the following result is closely related to [37, Thm. 1.1].

Theorem 1.4 Let M be a Riemannian n-manifold (n > 3) with maximal (—1)-conullity 2.

(a) If the scalar curvature is constant and D = N- fl is integrable on an open subset U
of (—1)-conullity 2 then U is locally isometric to the group of ridig motions of the
Minkowski plane, E(1,1) = SOy(1, 1) x R2, with a left-invariant metric.

(b) Assume M is complete and has finite volume. Assume, in addition, that either n = 3
or the scalar curvature is bounded away from —n(n — 1) (that is |scal +n(n — 1)| is
bounded away from zero). Then the universal covering of M is homogeneous. o

(c) If M is homogeneous and simply-connected, then M is isometric to E(1, 1) or SL(2, R)
with a left-invariant metric.

The left-invariant metrics in Theorem 1.4(c) can also be described following [26]. The
groups listed are unimodular and we use the above notation to write (1.1). By switching
ey and e3, and changing e; to its opposite, if necessary, we may assume 0 < A3 < 1, and
then the possibilities are given in Table 2 (K'p denotes the sectional curvature of the 2-plane
orthogonal to N'_1).

Note that SL(2, R) and E(1, 1) are both modelled on the same algebraic curvature tensor.

The following theorem deals with a situation of least non-trivial nullity. We may assume
n > 4 as the case n = 3 is covered by Theorem 1.4.

Theorem 1.5 Let M be a complete Riemannian n-manifold (n > 4) with constant (—1)-
nullity 1 and finite volume. Then n is odd and the universal Riemannian covering of M is
isometric to the solvable (almost-Abelian, unimodular) Lie group G = RxR™ (m =n—1),
where R™ is Abelian, and the adjoint action of a certain element of R on R™ is given in an

. . I 0
orthonormal basis by the matrix  ™"/*
0 _Im/2

According to formulae (4.17) below, if we replace the matrix in the statement of Theo-
rem 1.5 by (I(’)‘ _I?H{ ), where k = 1,...,m — 1, we get a homogeneous (hence complete)

Riemannian n-manifold R x R with constant (—1)-nullity 1, but it will not have quotients
of finite volume, as it will not be unimodular, unless k = m /2.
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1.4 Complete non-integrability of the conullity distribution

In the last part of this work, we give a simpler and unified proof of the following results due
to Vittone [43] and Di Scala, Olmos and Vittone [14].

Theorem 1.6 Let M be cither:

(a) a connected complete Riemannian manifold of with nonzero constant index of k -nullity,
where k > 0; or

(b) a connected simply-connected irreducible homogeneous Riemannian manifold with
nonzero index of 0-nullity.

Then any two points of M can be joined by a piecewise smooth curve which is orthogonal to
the distribution of «-nullity at smooth points.

We wish to thank Wolfgang Ziller for helpful comments and the referee for valuable advice
and for calling to our attention the papers [12, 29].

2 Preliminaries

The splitting tensor of the nullity distribution was introduced by Rosenthal in [32] under the
name ’conullity operator’; it plays a key role in this work. Let M be a connected Riemannian
manifold, and let D be a smooth distribution on M. Consider the orthogonal splitting TM =
D @ D= . It will be convenient to call the D-component (resp. D+-component) of tangent
vectors the horizontal (resp. vertical) component, and, for a vector field X € I'(TM), we
shall write X = X" 4+ XV. Now we can define the splitting tensor of D+ as the map

C:T(DY) x T'(D) - I'(D)
given by
C(T,X)=—(VxT)' =CrX

(see [16, p. 186]). It is clear that C is C°°(M)-linear in each variable. Note that in case D is
integrable, C is nothing but the shape operator of the leaves; further, this is the case if and
only if Crp : D, — D), is a symmetric endomorphism for all T e ['(D1) and all pEM,
since

(CrX,Y)—(X,CrY) = —(VxT.,Y)+ (X, VyT)
=(T,VxY) —(VyX,T) (2.2)
=(T,[X,Y]),
forall X, Y e I'(D). Of course, C vanishes identically if and only if D is autoparallel.
In the remainder of this section, we assume that v, (p) > 0 for some x € R and for all

p € M, and we let A C N, be a nontrivial autoparallel distribution. In [33, Lem., p. 474]
the following Ricatti-type ODE for the splitting tensor is used (see also [17, Lem. 1]).

Proposition 2.1 The splitting tensor C of A satisfies

VrCs = CsCr + Cyps + (T, S) 1 (2.3)
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forall S, T € T'(A). In particular, the operator C,,1, along a unit speed geodesic y in a leaf
of A, satisfies

) = C)%, +xl, 2.4)
where the prime denotes covariant differentiation along .
In general, we shall use the name «-nullity geodesic to refer to a geodesic contained in a

leaf of k-nullity.
Following the ideas of [10], we can provide an explicit solution of equation (2.4).

Proposition 2.2 Let y : [0,b) — M be a nontrivial unit speed geodesic with p = y(0)
and y'(0) € A, so that y is a geodesic of the leaf of A through p. Assume that y ([0, b)) is
contained in an open subset of M where v, is constant. Then the splitting tensor C,, sy = C(t)
of A at y(t) is given, in a parallel frame along y, by

C(t)=—Jy)Jo)™", 2.5)
where
cos(Vxt) I — Si“yg’) Co ific >0,
Jo(t) = cosh(v=x0)1 — %Co ific <0, (2.6)
I —1tCy ific =0,

and Co = C(0). In particular Jo(t) is invertible for t € [0, b).

Proof The formula (2.5) is obtained by integration of (2.4). To see that Jy(¢) is invertible
for ¢ € [0, b), note that Jy is the solution of the Jacobi equation J” + xJ = 0, and so is
the vector field U along y given by the solution of U’ + C(¢)U = 0 with initial condition
U (0) = I. Note that Jp and U have the same initial conditions at t = 0, so they coincide.
On the other hand, U satisfies a first order differential equation from which one easily sees
that ker U is parallel along y. It follows that Jo(t) = U (¢) is invertible for ¢ € [0, b). O

Recall that the maximum number of linearly independent smooth vector fields on §”~!
is given by p(m) — 1, where p(m) is the mth Radon-Hurwitz number, defined as 2¢ + 8d,
where m = (0dd)2T* ford > 0and 0 < ¢ < 3. The invertibility of Jo(¢) in Proposition 2.2
implies:

Corollary 2.1 Let y : [0, b) — M be as in Proposition 2.2, where b = oo.

(a) Ifk > 0, then the splitting tensor C,, has no real eigenvalues. It follows that p(n —d) >
d + 1, where n = dim M and d = dim A
(b) If k <0, then any real eigenvalue A of C, satisfies |L| < /—k.

Proof The assertion about the Radon-Hurwitz number in (a) goes as follows (cf. [17,
Thm. 1]). Fix an orthonormal basis 71, ..., Ty of A. For every unit X € AL, the list X,
Cr, X, ..., Cr,X must be linearly independent, for otherwise C7 would have a real eigen-
value for some T € A. Now Cr, X, ..., C1, X projects to a global frame on the unit sphere
of AL O

Recall that a smooth distribution D on M is called bracket-generating if the iterated Lie
brackets of smooth sections of D eventually span the whole T M. More precisely, we identify
D with its sheaf of smooth local sections, and define D! = D and

D =D 4+ [D, D] =[D, D] 2.7
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for r > 1, where
[D,D'1={[X,Y]:XeD, YeD}

Note that D" for r > 2 in general has variable rank. We say that D is bracket-generating of
step r if, for some r > 2, we have D" = TM and r is the minimal integer satisfying this
condition.

Corollary 2.2 IfM is complete, k > 0and v, is constant, then D := N KL is bracket-generating
of step 2.

Proof The calculation (2.2) shows that C T, is symmetric for T,, L D% and p € M, and thus
has all eigenvalues real. Now Corollary 2.1 implies 7, = 0. O

Remark 2.1 The above arguments also easily imply Theorem 4 in [34], which states that for
a compact 2n + 1-dimensional Sasakian manifold M with constant v, > 0 for some « > 0
either v, < n or M has constant curvature «. Indeed, assume M has not constant curvature
and apply Corollary 2.1(a) to it to obtain

pCn+1—v) >y + 1.
Now the desired result immediately follows from the trivial estimate m > p(m) for all m.

The case k = 0 of (2.9) below can be found in [6, ch. 4, §4.1].

Lemma2.1 Let y : [0,b) — M withy’ = T € A be as in Proposition 2.2. Denote the
scalar curvature of M by scal, and put n = dim M and d = dim A. Then

1d
5 g5l =~k —d = Cr + D (R(CrXi X)X, Xi), 2.8)
i#]

where {X; };’:_ld is a parallel orthonormal frame of A+ along y.
In particular, in case A = Ny, and v, = n — 2 along y, we have

1d
Eascal =trCr(Kp — k), 2.9)

where Kp denotes the sectional curvature of the 2-plane distribution D = Nt
Further, if in addition scal is constant, then tr Ct = 0 and det Ct = k along y.

Proof Let {T = Ty, T, ..., Ty} be an orthonormal frame of A which is parallel along y.
We compute
scal = Y (R(Ti, THT;, Ti) + ) _(R(Xi, THTj, Xi) + ) (R(Xi, X)X, Xi).
i#]j i,J i#]

Since the first two sums on the right-hand side are constant along y, we get

d
—seal = > (VrR(Xi, X)X, Xi)

i#]
== > (Vx,R(Xj. T)X}, Xi) + (Vx,;R(T, X)X, Xi)
i#]
=2 (Vx,R(T. X)X, X;). (2.10)
i#]
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where we have used the Bianchi identity and other symmetries of R.
Next, since T € N, we can write

Vx;R(T, X))Xj = —Vx, (T ANXi)Xj) — R(Vx;T, Xi)X;
+ k(T A VXin)Xj + k(T A X,‘)VXij
= K(CTX./', Xj)X,' + R(CTXJ', Xl)Xl
Substituting into (2.10) yields (2.8).
In case d = v, = n — 2 we have
(R(CT X1, X2) X2, X1) + (R(CT X2, X1) X1, X2)) = (R(X1, X2) X2, CT X1)
+(R(X2, X1) X1, Cr X2)
= (r Cr)Kp,
and (2.9) follows.
Since v, = n — 2 along y, we have Kp # « along y. Therefore, in case scal is con-

stant, equation (2.9) yields tr Ct = 0 along y. Finally, take the trace in (2.4) and use the
characteristic polynomial C% + (det C7)I = 0 to obtain det C7 = k along y. O

Lemma 2.2 Assume k < 0, y is a complete k-nullity geodesic, v, = n — 2 and Kp is
bounded away from k along y. Then tr C(t) = 0 and det C(¢t) = « for all t € R, where
C(t) = C)/’(t)-

Proof Note that %scal = Kp + mk, where m = "277" — 1. Using equations (2.5), (2.9) and
Jacobi’s formula, we obtain

d
—(Kp — 1) = tr(—J3Jg N (Kp — k)

d
detJO
dt
=_44a " (KnH— .
det Jy (KD =)

Integration of this equation yields
Kp(t) =i = (Kp(0) — )| det Jo(1)| "
Now det Jo(t) equals
1 — (tr Co)t + (det C)r?

where Cy = C(0), if « = 0, and
1 det Co 1 det Co rCo\ o 1 det Co trCo\ _o
—(1 (1= —— —(1-
2(+ K )+4< K «/—K)e +4 K +«/—K ¢

if « < 0. Since Kp is bounded away from «, and the initial point is arbitrary along y, the
desired result follows. O

Lemma 2.3 Let M be a complete Riemannian n-manifold of finite volume and minimal (—1)-
nullity 1. Then div T = 0, where T is a unit vector field, tangent to the nullity, defined in the
open set of minimal nullity.
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Proof Let y be an integral curve of 7', a complete unit speed (—1)-nullity geodesic, and put
C(t) := Cyr(). According to (2.5),

C(t) = (—sinhtI + coshtCp)(coshtl — sinh tCo)’l, (2.11)
where Cy = C(0). Now Jacobi’s formula yields

% det(cosh ¢l — sinh tCy)
det(coshtl — sinhtCp)

P&

0@

trC(t) = —

where & = tanh ¢t and

P& =) (=1 — jE" + j&/ oy,

j=0

and
Q) =) (-1)i&loj;

here m = n — 1 and 0; = 0;(Cp) denotes the j-symmetric function of the eigenvalues of
Cy. Note that Q is nothing but the characteristic polynomial of Cp.

In order to compute the limits of tr C(¢) as t — 00, note thatif (1) = Q'(1) = --- =
Q(k’l)(l) = 0 for some k = 0, ..., m, then the alternate sums

i(_l)jaj:i(_l)jjaj = i —1y/ j1g; = 0.
j=0 =0 =

Therefore

POM) =" (=1)7j( = 1)+ (= k+2)[m — 2k)j +m + k> — klo;
j=0

=Y =G =1 (= k+2)m —2k)jo;
j=0

=(m—26)Y (=17 j(j =1 (j —k+2)(j —k+ Do
j=0

= (m —2k)Q® (1),
and L Hopital rule yields

hm tr C(t) = lim _P®) = —(m — 2k).
t~1 Q)
In a similar vein, if —1 is a root of multiplicity k of the polynomial Q, we compute that
lim; oo tr C(¢t) = m — 2k.
Next, we use the above calculation to prove the following claim: the eigenvalues of Cy
are —1 and +1, each with multiplicity m /2. In particular, m is even and the divergence
divT =t VT = —tr Cr = 0 everywhere.
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Suppose the claim is not true at p € M. Let y : R — M be a nullity geodesic with
y(0)=p,C@) = C),/([). Now

lim trC(t) = —(m —2ky), lim trC(t) =m — 2k_,
t—>+00 t——00

where k4 is the multiplicity of £1 asan eigenvalue of Cy. If k4 < m/2thenlim,, o divT =
m — 2k4 > 0. Since k4 is an upper semicontinuous function, we have m — 2k, > O on a
neighborhood of p in M. Now we can find a (compact) m-disk transversal to N_|, containing
p in its interior, and tp, L > 0 such that divT|,, ) > L forall ¢t > #p and x € D; here yy
denotes the nullity geodesic with y, (0) = x, y.(0) = T. Put

U(t) :={y(s) | x € D,s > t}, vy :=vol(U(ty + 5)).

Note that vy > 0 since U (¢) has non-empty interior, and vy < 0o by our assumption. For
0 < s1 < s2 we have U(tg + s2) C Ut + s1) and thus vy, < vy,. On the other hand, the
Divergence Theorem and the First Variation of Volume imply

d
—vy = / divT > 0,
ds Ulto+s)

a contradiction. This proves that k4 > m /2.

It k- < m/2, we replace T by —T, so that Cy is replaced by —Cp and ky and k_
are interchanged. Now k4 < m/2 and the argument above leads to a contradiction. Hence
k_ > m/2. Since k4 + k_ < m, we finally deduce that ky = k_ = m/2.

O

3 Manifolds with k-conullity 2

In this section, we obtain results in case M has maximal «-conullity 2.

3.1 Thecasek = 1

We now prove Theorem 1.1. Note that, owing to Corollary 2.1(a), 2 > p(2) > (n —2) + 1,
son=3andv; = 1.

Forany T € N, Cr is a 2 x 2 real matrix without real eigenvalues, again by Corol-
lary 2.1(a), thus with a pair of complex conjugate eigenvalues. Moreover Lemma 2.1 says

trCr = 0 and det Cy = 1if ||T|| = 1, so that the eigenvalues of C7 must be +i. Since
C% = —1, equation (2.4) implies that C, is constant along a unit speed nullity geodesic
y with respect to any parallel orthonormal frame of D := N3, therefore we can write

Cr = (? _01 ) for T = y’, with respect to a parallel orthonormal frame of D along y.
Since C7 is skew-symmetric, the distribution D is non-integrable. A nowhere integrable
rank 2 distribution in a 3-manifold must be a contact distribution. For X € D, we have

1
(L1X,T) = (=VxT,T) = —- X - IIT|1* = 0.

Now the flow of T preserves D, so T is the Reeb (or characteristic) vector field of D [4, § 3.1].
Further, VT = —C7 is skew-symmetric, so T is a Killing field. This says M is a K-contact
distribution [4, § 6.2], which in dimension 3 is equivalent to Sasakian [4, Cor. 6.5].

A 3-dimensional Sasakian manifold with constant scalar curvature is locally ¢-symmetric
[44, Thm. 4.1]. Since M is assumed complete and simply-connected, it is a globally ¢-
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symmetric space [42, Thm. 6.2]. By the classification of Sasakian globally ¢-symmetric
spaces in dimension 3 [9, Thm. 11], we finally deduce that M is a Sasakian space form, that
is, those listed in the statement of Theorem 1.1.

3.2 Thecasek =0

Now we deal with Theorem 1.2.

Since scal # 0 everywhere, the conullity equals 2 everywhere. For each p € M, consider
the linear map C, : Ny|, — M(2,R). Lemma 2.2 says that tr Cs = 0 and detCs = 0
for § € Ny, so the image of C, is at most one-dimensional. Let U be the set of points
p € M such that C, # 0. On U we choose a unit vector field T € N spanning the
orthogonal complement to ker C in N. It follows from equation (2.3) that V7 S € ker C for
all § € ker C. Therefore V7T = 0.

Since det C7 = 0 and the real eigenvalues of C7 can only be zero, due to Corollary 2.1(b),
the endomorphism C7 is nilpotent. Now for each p € U we can find an orthonormal basis
Xy, Ypof D), = N&lp such that Cr X[, = 0 and C7Y|, = a(p)X, for some a(p) # 0;
on a connected component of U, we may assume a(p) > 0 for all p. Also, it follows from
equation (2.4) that X and Y can be taken parallel along a nullity geodesic, and then also the
function a is constant along y. By passing to the Riemannian universal covering of U, if
necessary, we may define the orthonormal frame X, Y of D globally. Now the Levi-Civita
connection satisfies:

VT =VrX =VrY =0,
VxT = (VxT)' LT, VyT = —aX + (VyT)",
VxX =aY, VyY =BX, Vx¥ = —aX, VyX = —-BY +aT,

for some smooth functions «, 8 on U. We compute that
R(X,Y)X = (X(a) —aP)T + (@® + B> — X(B) — Y (@)Y +a(VxT)",
and
R(Y,X)Y = —aaT + (&> + % — X(B) — Y (@) X.

From T € Ny we deduce that

a =0, X(a) =aB, scal = 2(X(B) — ). (3.12)

In particular any integral curve n of X in U is a geodesic. By completeness of M, the curve n
can be extended to a complete geodesic. We claim that 7 is entirely contained in U. Indeed
the second equation (3.12) yields that

d
ai loga(n(1)) = B(n(1)),

and hence
a(n()) = a(n(0))elo PnENdE
The third equation in (3.12) says that X (8) = %scal +8250,50

a((t)) = a(n(0))eP1O 5 o
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for t > 0. In particular a is bounded away from zero along n for positive time. Repeating
the argument for negative time yields that 7 is contained in U. By assumption scal > 28 for
some § > 0, so X(B8) > 82 + /32. After integration, we can write

arctan(8 ' B(n(1))) > 8¢ + arctan(8~' B(1(0)))

for all # € R. This is a contradiction, since the right-hand side is unbounded. Hence U = &,
which is to say C = 0, and this implies that M splits.

3.3 Thecase Kk = —1

In this subsection, we prove Theorem 1.4.

We will first consider parts (a) and (c) of the statement. Note that the scalar curvature
is constant under the assumptions there. For each p € M, consider the linear map C), :
N_ilp = M(2,R). Since the scalar curvature is constant, Lemma 2.1 says that tr Ct =
0 and detCy = —1 for unit T € N _y, so C, is injective and its image lies in the 3-
dimensional subspace of traceless matrices. Moreover, C,, cannot be onto the subspace of
traceless matrices, as this subspace contains singular matrices. Therefore dim A/ _| p <3,
and hence n < 5.

We next rule out the case n = 4. By dimensional arguments the image of C;, meets
the subspace of symmetric endomorphisms of D, for each p € M. Take the trace of
equation (2.3) throughout, and use that tr C; = 0 for all T € N_; and that the trace
commmutes with the covariant derivative, to obtain

tr(CsCr) =2(T, S)

forall S, T € N'_i. Now we can find local orthonormal frames T}, 7> of N'_1 and X, Y of
D such that Cr; and Cr, are respectively represented by the matrices

10y (00D
0-1) ™ \1ipo)

where b is a nowhere zero locally defined smooth function on M. We refer again to equa-
tion (2.3) to write

VTZ CT] = CT] CT2 + CVTZ Ty

and identify the endomorphisms with their matrices to obtain

0 b 0 b

which clearly is impossible.

Nown =3.LetT € N_y,||T|| = 1. We already knowendomorphisms with their matrices
to obtainendomorphisms with their matrices to obtainendomorphisms with their matrices to
obtain that tr C7 = 0 and det C7 = —1, so the eigenvalues of Cy are +1. Since C% =1,
equation (2.4) implies that C, is constant along a nullity geodesic y with respect to any
parallel orthonormal frame of D := N/%,. Then we can write C7 = (') along 7 =y’
with respect to a parallel frame of unit vector fields X, ¥ of D along y. Note that this frame is
orthogonal at p if and only if C7, is a symmetric endomorphism if and only if D is integrable
at p.
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In any case we have a locally defined frame 7', X, ¥, where we put f := —(X, Y), and
we orthonormalize it to get

X

1 ~ ~
— (X Y),
==X+ s7)

Y=Y.

~10
Cr= <2F 1)’

where we have set F := f//1 — f2. Note that f is constant along y, so X, Y are parallel
along y and T (F) = 0. Hence we can write the Levi-Civita connection as follows:

With respect to X, Y we have

VT =VrX=VrY =0, VxT =X —2FY, VyT =-Y,

VxX =-T+aY, VyY =T+ B8X, VxY =2FT —aX, VyX = —-8Y, G-13)
for some locally defined smooth functions «, 8. The bracket relations follow:
[X,Y]=2FT —aX +B8Y, [T,X]=—-X+2FY, [T,Y]=Y. (3.14)
Next, the curvature relations
(R(X,Y)X,Y)=—Kp,
where Kp is the sectional curvature of the plane spanned by X, Y, and
(RIX, V)X, T)=(R(T,Y)X,Y)=(R(X, Y)Y, T)=0,
yield the equations
oa=—pF,
rH=r (3.15)

Y(F) = -1+ F?,
X(B)— FY(B) = Kp — 1.

With these equations at hand, we can finish the proofs of parts (a) and (c). In view of (3.14),
D is integrable on an open set U if and only if F vanishes identically on U. Assume this is
the case. Equations (3.15) then imply « = 8 = 0 and Kp = 1. Now (3.14) reduces to

[X,Y]=0, [T,X]=—-X, [T,Y]=Y.

In other words, we have a local orthonornal frame of vector fields whose Lie brackets have
constant coefficients in this frame. Owing to Lie’s third fundamental theorem, (see also [21,
(1.4)] or [45, Lem. 2.5]), U is locally isometric to a Lie group with left-invariant metric; in
this case, E(1, 1) = SOy (1, 1) x R2. This proves part (a).

Assume now M is simply-connected and homogeneous as in (c). Then F is constant,
and the equations (3.15) say that, again, « = 8 = 0 and Kp = 1. Lie’s third fundamental

theorem yields that M is isometric to E(1, 1) incase F = 0,and to S m) incase F' # 0.
This proves (c).

Finally, we deal with (b). We assume M is complete and has finite volume. Fix a complete
unit speed nullity geodesic y in the open set of minimal (—1)-nullity €. If the scalar curvature
of M is bounded away from —n(n — 1), then we apply Lemma 2.2 to deduce that the splitting
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tensor Cyy = C(t) satisfies tr C(t) = 0 and detC(t) = —1 for all + € R, and the
argument follows as in the beginning of the proof to show that we must have n = 3. Then
we can construct the locally defined orthonormal frame 7', X, Y as above, and we have
equations (3.15). Note that M has (—1)-nullity 1, so Lemma 2.3 says that div 7 = 0.

We follow an argument in [37]. Let y be again a complete (—1)-nullity geodesic in €2,
parameterized so that T = y’ along y. The second equation in (3.15) implies that

By () = B(y0)e'. (3.16)

Let D be a compact 2-disk transversal to y at y(0). By our assumption that the volume is
finite and the Poincaré recurrence theorem, y meets D infinitely many times as ¢ +— =00.
Since B is bounded on D, equation (3.16) says that 8 vanishes identically along y. Since y
is any nullity geodesic in €2, now B = 0 on 2. The third equation in (3.15) gives Y (F) = 0
and we also have T'(F) = 0. Finally, apply the second bracket relation in (3.14) to F to get
TX(F) = —X(F). The same argument using the Poincaré recurrence theorem implies that
X(F) =0.Now B and F are constant on 2. In particular the scalar curvature is constant on
the closure , namely, equal to 2(2k + Kp) = —2. The complement M \ Q is a closed set
consisting of isotropic points of M, namely, where all sectional curvatures are —1 and hence
the scalar curvature is —6. By connectedness of M, 2 = M. Now f and F are constant on M
and this implies that the universal covering of M is homogeneous, via Lie’s third fundamental
theorem. This completes the proof of Theorem 1.4.

4 Almost Abelian Lie groups

An almost Abelian Lie group G is a non-Abelian (real connected) Lie group whose Lie
algebra g has a codimension one Abelian ideal V (it is equivalent to require the existence
of a codimension one subalgebra [2]). Hence we can write its Lie algebra as a semidirect
product g = R x4 V, where V is an Abelian ideal and the action of R on V is determined by
the adjoint action of a fixed generator £ € R, which we represent by an operator A € gl(V),
so that [£, X] = AX forall X € V. Note that G = R x,4 V, G is unimodular if and only if
tr A =0,and A # 0 as G is non-Abelian.

First we compute the curvature of an almost Abelian Lie group G, equipped with a left-
invariant Riemannian metric that makes £ unit, and £ and V orthogonal. Koszul’s formula
for the Levi-Civita connection immediately yields:

VeE =0, VeX = A X, Vx& = —AVX, VxY = (AVX, Y)E,

forall X, Y € V, where A = A% + AF is the decomposition of A into its symmetric and
skew-symmetric components. This easily gives expressions for the curvature tensor and the
sectional curvatures as follows:

R(X,Y)Z = —(AVY, Z)A X + (AV X, Z)AYY,
R(X,Y)E =0,
RE X)Y = (A, AY] — (A"))X, Y)E,
R, X)E = ([AY, A+ (A X,

4.17)

for X, Y, Z € V. In particular, the sectional curvatures are given by:

K, X) = —[|AYX|* — ([A%, A*X, X),
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and

K(X,Y) = —det <<A”X, X) (AVX, y>> |

(AYY, X) (AVY,Y)

forall X,Y e V.
Let X1, ..., X,, be an orthonormal basis of V consisting of eigenvectors of A, with
corresponding eigenvalues Ay, ..., A,. Now we can express the Ricci curvature as:

Ric(¢,6)=—) A3, Ric(& X;) =0,
j=1
Ric(X;, X;) = —A; Z)»j, Ric(Xi, Xj) = (b — A{A X, X;) (G # J).
j=1

Finally, the scalar curvature is

m m 2
scal:—Z)»iz— (Z)") .
i=I i=1

Lemma4.1 If G = R X4 V is not flat, then its O-nullity distribution is the left-invariant
distribution defined by the subspace

ker A% N (A**) ! (ker A®Y). (4.18)
of V.
Proof We use the notation above and formulae (4.17). Suppose apé + Z:n=1 a;X; € Ny for

some ao, di, - . . , &, € R. The nonflatness assumption implies that A*Y is nonzero, so there
is an index j such that A ; # 0. Now

m
0= R(aok + Y _aiXi, X))X;
i=1
=aRE X)X+ Y aiR(Xi. X))X;
i#]
= —aph3E —Aj Y aikiXi.
i#]
We deduce that ag = 0 (so that Ng C V), and @; = O for all i # j with A; # 0. If there
is k # j with A # 0, then we repeat the above argument with k in place of j to arrive
at a; = 0. If, on the contrary, all i # j have A; = 0, we use the following argument for
X = Zia,-X,- € No:
0=R(, X)§
— AsyAst _ AskAst + (Asy)ZX
sk sk 2
= (A X, Xj))thj - (,lj)\jAA Xj —i—aj)Lij.
Since A‘Yka L X, the second term gives that a; = 0 or A*X; = 0. In the latter case,

the first term vanishes, and hence the last term gives again a; = 0. In any case a; = 0, so
Ny C ker A%Y. Finally, if X € Ngand Y € V then

0= (R, X)E, Y) = (AKX, AVY).
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Therefore A*X e (im A*Y)L = ker A®Y, proving that g is contained in (4.18). The con-
verse inclusion is clear from (4.17), and this finishes the proof. O

We are now prepared to prove Theorem 1.3. Consider an almost Abelian group G =
R x,4 V, where

0-b 0 —c
b0 0 O
A= 00 —a O
c 0 0 a
with respect to a basis X1, ..., X4 of V. Note that G is unimodular.
Take the left-invariant metric on G obtained by declaring the basis &, X1, . .., X4 orthonor-

mal. Choose the coefficients a, b, ¢ of the matrix A to be all nonzero. Thanks to Lemma 4.1,
we immediately see that the nullity distribution is spanned by X>. Now G has O-nullity 1.

Suppose G splits as a Riemannian product. Then the conullity splits accordingly. It follows
that either one of the factors is flat, or both have conullity 2. In the former case, one of the
factors coincides with the O-nullity, but this contradicts the fact that the splitting tensor
Cx,& = —(VeX 2)" = —bX is nonzero. Therefore we must be in the latter case. The factors
are of O-conullity 2, therefore they are semi-symmetric. We note that the left-translations of
G are isometries, and thus must preserve the factors. Now the factors are homogeneous; by
[39, Prop. 5.1], they must be symmetric, and hence G is symmetric, a contradiction. Hence
G is irreducible.

Finally, G has quotients of finite volume if, in addition, e can be represented by a
matrix with integral coefficients in some basis of V, in view of the following result (see [18,
Cor. 6.4.3]; here it is worth mentioning that every finite volume quotient of a solvable Lie
group by a discrete subgroup is automatically compact, a result due to Mostow [28]).

A

Lemma4.2 (Filipkiewicz’s criterion) Suppose G = R X,a V is unimodular and non-
nilpotent. Then there is a discrete subgroup I" of G with I'\G compact if and only if there
exists . € R, A # 0, such that e has a characteristic polynomial with integral coefficients.

In order to find A satisfying the condition of Lemma 4.2, consider the standard 4 x 4
matrix with two real eigenvalues and two complex conjugate ones:

-y 0 00
B— 0 y—2x0 O
0 0 a-p
0 0 B «
As claimed in [22] (see also [5, Prop. 3.7.2.5]), there exists «, 8, y € R such that
e’ 0 0 0
B 0 eV 2 0 0

0 0 e%cospB —e*sinf
0 0 e“sinf8 e“cospf

is conjugate to

1001
1202
0130
0010
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The approximate values are
a ~ 0.308333405, B~ 0.511773474, y ~ 1.861109547.

Now it suffices to find a, b, ¢ € R\ {0} such that A and B are conjugate. The eigenvalues of
B are pairwise distinct, so it is enough to know that the characteristic polynomials p4 and
pp of A and B, resp., are equal.

We have
pa(x) = x4 (—a2 +b%+ cz)x2 +ac’x — a’b?,
and
pp(x) = t+ox?+ Ux + v,
where

o=-202+ 8%~ (@—p)? p=2a(@—yp)+p,
v=(a*+pHyQa—y).

Clearly n > O and v < 0. It follows that we can solve a*+oa®—pa+v = 0forreala > 0.
Now a, b = /—v/a, c = /ju/a yields a matrix A such that py = pp. This completes the
proof of Theorem 1.3.

5 Manifolds of (—1)-nullity 1

In this section we prove Theorem 1.5.

By Lemma 2.3, div 7 = 0 for any unit vector field 7 in the nullity NV_;. It also follows
from the proof of that lemma that m = n— 1 is even and the eigenvalues of C7 are —1 and +1,
each with multiplicity m /2. Fix p € M. Since Cr, has real eigenvalues, it is triangularizable
over R, hence it is triangularizable in an orthonormal basis. Choose an orthonormal basis
of \V- _ll |p with respect to which the matrix of Cr, is lower triangular. Let y be a nullity
geodesic with y’(0) = T),. Parallel translate that basis to an orthonormal frame along y.
Equation (2.11) shows that C(t) = C,/(; is lower triangular in that frame, with eigenvalues
+1, each with multiplicity m /2, and off diagonal entries given by polynomials in ¢, e ™.
The assumption of finite volume together with the fact that 7' is divergence-free implies,
via the Poincaré Recurrence Theorem, that y must come back arbitrarily close to p, and
infinitely often. We deduce that such off diagonal polynomials entries must be constant. Now
0 = C'(r) = C(t)* — I, thanks to (2.4). In particular C := C(¢t) = C(0) is conjugate
to a diagonal matrix with entries 1, each repeated m /2 times. Since C is diagonalizable,
dimker(C £ I) = m/2, and so C has the block form

Lu,n O
c=(" . 5.19
( D —Im/2> o1
Let T, X1, ..., X,, be alocally defined orthonormal frame of M, with respect to which

Cr has the form (5.19), which is parallel along nullity geodesics. Then V7T = VrX; =0,
and Vx, X; = Z;{"ZI F,ijk +(CrX;, X;)T forall i, j = 1,...,m. We claim that all
“Christoffel symbols” Fl].‘j @i, j, k=1,..., m)vanish.
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In order to check the claim, we compute

R(T, X)X; = ) (T(T) + T3 Xe
k

fori < m and

R(T. Xy)Xpw =Y (T(Th,)+Th, )Xk —T.
k

Using that T € N _j, we get T(ani) = —I‘fni. Poincaré recurrence now gives that I‘fm. =0
fori,k =1, ..., m. Next, assume by induction that Ffj =0fori =iy, ..., m, for some i,
and for j,k =1, ..., m. Since

[T, Xiofl] = CTXiofl = :|:X,'0,1 + lin. comb. of Xio’ o X,
we get

R(T, Xiofl)Xj = VTVXiO—IXj + VX Xj + lin. comb. of VXiOXj’ ey VX Xj,

in—1 m

multiple of T

SO

0= (R(T. Xip-D X, Xa) = T(C_y ) £ T3y

and we use Poincaré recurrence again to get Fﬁ) _1,; = 0. This proves that Fl].‘j =0fori, j,
k=1,..., m;in particular, [X;, X ;] can only have component in T, if any.

Let f be a locally defined smooth function on M representing an off diagonal entry of
Cr. We already know that 7 (f) = 0. Now

TXm(f) = [T, Xm](f) = CTXm(f) = _Xm(f)a

so X, (f) = 0 by Poincaré recurrence. Suppose now, by induction, that X,,(f) = --- =
Xiy+1(f) = 0 for some iy. Then

TX;,(f)=IT, Xi,](f) = CrX;,(f)
= £X;,(f) + (lin. comb. of X;41,..., Xn)(f). (5.20)

=0

Therefore X;,(f) = 0, by Poincaré recurrence. It follows that X;(f) = 0 for all i and
hence f is locally constant. This already implies that the real vector space spanned by the
locally defined frame 7', X1, ..., X, is closed under commutators, and hence M is locally
isometric to a Lie group with a left-invariant metric, due to Lie’s Third Theorem.

We identify the Lie group. Note that, going along directions other than A/_j, the frame
X1,..., Xy is defined up to a transformation (1(; 8), where P € O(m/2) (resp. Q €
O(m/2)) acts on the +1-eigenspace of Cr (resp. —1-eigenspace of Cr). On one hand, since
we have shown the entries of Cr to be locally constant, the matrix (5.19) has D constant. On
the other hand, (5.19) satisfies

Pty 0 \(I O\(P®) 0\ ' (I 0
0 Q) \D -1 0 Q@0 “\D -1
for all smooth curves P(t), Q(t) € SO(m/2), with P(0) = Q(0) = I;;;/2, along a smooth

curve ¢ : (—€,€) = M with ¢(0) = p, ¢'(r) ¢ N_i1l,«). Hence D = 0, as m/2 > 2. This,
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together with the vanishing of the Christofell symbols Ffj fori, j,k =1,..., m, means the
Lie group is G = R x ¢ R"”, where C = (1,%/2 71(;/2 )

Since M is complete, its universal covering is isometric to G. Finally, we show that G
indeed admits quotients of finite volume, using Filipkiewicz’s criterion (Lemma 4.2). In fact

3445 _ LB+ 5 up 0
exp ((log > ) C) =3 ( 0 3 - \f5)1m/2)

is conjugate to

This finishes the proof of Theorem 1.5.

6 Bracket-generation of the x-conullity distribution

Let M be a connected complete Riemannian manifold with nontrivial «-nullity distribution
N, of constant rank, for some fixed ¥ > 0. In this section, we revisit some results related to
the following question: When can two points in M be joined by a piecewise smooth curve
always orthogonal to the «-nullity distribution? An answer is given by Theorem 1.6, which
We NOW prove.

6.1 Thecasex >0

This is part (a) of the theorem and the answer is easy. By Corollary 2.2, D = N- is bracket
generating of step 2, and hence, owing to the Chow-Rashevskii theorem [27, Thm. 2.1.2],
any two points in M can be joined by a piecewise smooth curve which is tangent to D at
smooth points.

6.2 Thecasex =0

Next we deal with part (b). We put D = N, é and recall the distributions D" introduced
in (2.7). We also set & = (D")* forr > 1.

Lemma6.1 LetT € 2, X e DandY € TM. Then (VyT, X) = 0.
Proof Since T L D?, the calculation (2.2) says that C7 is a symmetric endomorphism of D
and hence all of its eigenvalues are real. Now Corollary 2.1 implies that C7 = 0. Finally, we

decompose ¥ = Y" 4+ Y according to TM = D @& N and recall that Ny is totally geodesic
to obtain
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(VyT, X) = —(C7Y", X) + (V. T, X) =0,

as wished. ]
Lemma6.2 Let T € £ Y € D" and X € D, for some r > 1. Then (VxT,Y) = 0.

Proof We compute

(VxT,Y)=—(T,VxY)
= —(T,VxY)—(VyT, X) (by Lemma6.1)
={(T,[Y, X])
=0 (since[Y, X] e D',

as desired. O

For a point p € M, consider the integers n;(p) = dim D! |p and note that the non-
decreasing sequence ni(p), n2(p), ... obviously stabilizes, say at r = r(p). The growth
vector of D at p € M is the integer list (n1(p), ..., n,(p)). The distribution D is called
regular at p if the growth vector is locally constant at p. The subset M, of regular points
for D is open and dense, and consists precisely of the points of M where all the D'’s are
genuine distributions. Since the growth vector is a lower semicontinuous function, M, in
particular contains the open set where the growth vector is maximal (with respect to the
lexicographic order starting at np).

Let y be a nullity geodesic. Since D is parallel along y and the parallel transport along
y is an isometry, we deduce that the growth vector is constant along y. It follows that the
connected components of M, are foliated by the leaves of NVg. Fix such a component, say
U, with growth vector (ny, ..., n;).

Note that £" # 0 if and only if D is not bracket-generating on U. By the argument above,
E™ is parallel along a nullity geodesic. Moreover £+ = £ so, owing to Lemma 6.2,
VxT € &" forall X € Dand T € &". We have shown that £"" is a parallel distribution
in M. Note that the leaves of £ are isometric to a flat Euclidean space R* for some s > 0
(s = 0 corresponds to the case in which D is bracket-generating in U). By the de Rham
decomposition theorem and the Chow-Rashevskii theorem [27, Thm. 2.1.2], and shrinking U
if necessary, U splits as a Riemannian product Uy x R, where s > 0 (compare [23, Prop. 5.2
of Ch. IV]), and any two points of Uy x {0} can be joined by a piecewise smooth curve
in Uy x {0} tangent to D[y, x (o} at smooth points.

If M is homogeneous and simply-connected then U = M. The irreducibility of M implies
s = 0. This proves (b) and finishes the proof of the theorem.

References

1. Aazami, A.B., Melby-Thompson, C.M.: On the principal Ricci curvatures of a Riemannian 3-manifold.
Adv. Geom. 19(2), 251-262 (2019)

2. Burde, D., Ceballos, M.: Abelian ideals of maximal dimension for solvable Lie algebras. J. Lie Theory
22(3), 741-756 (2012)

3. Boeckx, E., Kowalski, O., Vanhecke, L.: Riemannian manifolds of conullity two. World Scientific Pub-
lishing Co., Inc, River Edge, NJ (1996)

4. Blair, D.E.: Riemannian geometry of contact and symplectic manifolds, second ed., Progress in Mathe-
matics, vol. 203, Birkhduser Boston, Ltd., Boston, MA, 2682326 (2010)

5. Bock, C.:On formality and solvmanifolds, Ph.D. thesis, University of Cologne, (2009)

@ Springer



C. Gorodski, F. Guimaraes

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
. Moroianu, A., Semmelmann, U.: Clifford structures on Riemannian manifolds. Adv. Math. 228(2), 940—

30.
31.
32.
33.
34.

35.
. Sekigawa, K.:On the Riemannian manifolds of the form B x ¢ F, Kodai Math. Sem. Rep. 26, 343-347

37.
38.
39.

40.

Brooks, TG.: Riemannian geometry of the curvature tensor, Ph.D. thesis, University of Pennsylvania,
(2018)

Brooks, T.G.: Nonnegative curvature and conullity of the curvature tensor, Ann. Global Anal. Geom,
555-566 (2019)

Brooks, TG.: 3-manifolds with constant Ricci eigenvalues (A, 1, 0), E-printarXiv:2111.15499 [math.DG],
(2021)

Blair, D., Vanhecke, L.: Symmetries and ¢-symmetric spaces. Tohoku Math. J. 2(393), 373-383 (1987)
Canevari, S., de Freitas, G.M., Guimaries, F., Manfio, E., dos Santos, J. P.: Complete submanifolds with
relative nullity in space forms, Ann. Global Anal. Geom. 591, 81-92. 4198710 (2021)

. Chern, S.-S., Kuiper, N.H.: Some theorems on the isometric imbedding of compact Riemann manifolds

in Euclidean space, Ann. Math. (2) 56, 422—-430. 50962 (1952)

Dearricott, O.: n-Sasakian manifolds. Tohoku Math. J. 2(603), 329-347 (2008)

Dearricott, O.: Lectures on n-Sasakian manifolds, Geometry of manifolds with non-negative sectional
curvature, Lecture Notes in Math., vol. 2110, Springer, Cham, pp. 57-109 (2014)

Di Scala, A.J., Olmos, C., Vittone, F.: Homogeneous manifolds with nontrivial nullity. Transform. Groups
27(1), 31-72 (2022)

Di Scala, A.J., Olmos, C., Vittone, F.: The structure of homogeneous Riemannian manifolds with nullity,
E-print arXiv:2207.01746 [math.DG], (2022)

Dajczer, M., Tojeiro, R.: Submanifold theory. beyond an introduction, Universitext, Springer, New York,
(2019)

Ferus, D.: Totally geodesic foliations. Math. Ann. 188, 313-316 (1970)

Filipkiewicz, R.:Four dimensional geometries, Ph.D. thesis, Warwick University, (1983)

Florit, L., Ziller, W.: Manifolds with conullity at most two as graph manifolds. Ann. Sci. Ecole Norm.
Sup. 4(535), 1313-1333 (2020)

Gray, A.: Spaces of constancy of curvature operators, Proc. Amer. Math. Soc. 17 , 897-902. 198392
(1966)

Griffiths, P.: On Cartan’s method of Lie groups and moving frames as applied to uniqueness and existence
questions in differential geometry. Duke Math. J. 41, 775-814 (1974)

Harshavardhan, R.:Geometric structures of Lie type on 5-manifolds, Ph.D. thesis, Cambridge University,
(1996)

Kobayashi, S., Nomizu, K.:Foundations of differential geometry, vol. I, Wiley Interscience Publishers,
(1963)

Kowalski, O., Tricerri, F., Vanhecke, L.: Curvature homogeneous Riemannian manifolds. J. Math. Pures
Appl. 9(716), 471-501 (1992)

Maltz, R.:The nullity spaces of curvature-like tensors, J. Differential Geom. 7 , 519-523. 322740 (1972)
Milnor, J.: Curvatures of left invariant metrics on Lie groups, Adv. Math. 21 3, 293-329. 425012 (1976)
Montgomery, R.: A tour of subriemannian geometries, their geodesics and applications, Mathematical
Surveys and Monographs, vol. 91, p. 1867362. American Mathematical Society, Providence, RI (2002)
Mostow, G.D.: Homogeneous spaces with finite invariant measure. Ann. Math. 75(1), 17-37 (1962)

967 (2011)

Otsuki, T.: Isometric imbedding of Riemann manifolds in a Riemann manifold. J. Math. Soc. Japan 6,
221-234 (1954)

Perrone, D.: Homogeneous contact Riemannian three-manifolds, Illinois J. Math. 422, 243-256. 1612747
(1998)

Rosenthal, A.: Riemmanian manifolds of constant nullity, Michigan Math. J. 14, 469-480. 220216 (1967)
Rosenthal, A.: Riemannian manifolds of constant k-nullity. Proc. Amer. Math. Soc. 22, 473-475 (1969)
Rukimbira, P.: The I-nullity of Sasakian manifolds, Riemannian topology and geometric structures on
manifolds, Progr. Math., vol. 271, Birkhduser Boston, Boston, MA, pp. 153-159. 2494172 (2009)
Sekigawa, K.: On some hypersurfaces satisfying R(X, Y) - R = 0. Tensor 25, 133-136 (1972)

(1974/75)

Schmidt, B., Wolfson, J.: Three-manifolds with constant vector curvature. Indiana Univ. Math. J. 63(6),
1757-1783 (2014)

Schmidt, B., Wolfson, J.: Three-manifolds of constant vector curvature one. C. R. Math. Acad. Sci. Paris
355(4), 460-463 (2017)

Szabo, Z.1. Structure theorems on riemannian spaces satisfying R(X,Y) - R = 0, ii. global versions,
Geom. Dedicata 191, 65-108 (1985)

Takagi, H.: An example of Riemannian manifolds satisfying R(X, Y) - R = 0 but not VR = 0. Tohoku
Math. J. 2(24), 105-108 (1972)

@ Springer


http://arxiv.org/abs/2111.15499
http://arxiv.org/abs/2207.01746

The «-nullity of Riemannian manifolds and their splitting tensors

41. Takagi, H.: On curvature homogeneity of Riemannian manifolds. Tohoku Math. J. 2(26), 581-585 (1974)

42. Takahashi, T.: Sasakian ¢-symmetric spaces. Tohoku Math. J. 2(291), 91-113 (1977)

43. Vittone, F.: On the nullity distribution of a submanifold of a space form. Math. Z. 1-16(2968211), 2721-2
(2012)

44. Watanabe, Y.: Geodesic symmetries in Sasakian locally ¢-symmetric spaces. Kodai Math. J. 3(1), 48-55
(1980)

45. Yamato, K.: A characterization of locally homogeneous Riemann manifolds of dimension 3. Nagoya
Math. J. 123, 77-90 (1991)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of such publishing agreement and applicable
law.

@ Springer



	The κ-nullity of Riemannian manifolds and their splitting tensors
	Abstract
	1 Introduction
	1.1 Results with κ=+1
	1.2 Results with κ=0
	1.3 Results with κ=-1
	1.4 Complete non-integrability of the conullity distribution

	2 Preliminaries
	3 Manifolds with κ-conullity 2
	3.1 The case κ=1
	3.2 The case κ=0
	3.3 The case κ=-1

	4 Almost Abelian Lie groups
	5 Manifolds of (-1)-nullity 1
	6 Bracket-generation of the κ-conullity distribution
	6.1 The case κ>0
	6.2 The case κ=0

	References


