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Abstract

In this work, we study foliations of arbitrary codimension § with integrable normal bundles on complete
Riemannian manifolds. We obtain a necessary and sufficient condition for § to be totally geodesic. For this, we
introduce a special number & that measures when the foliation ceases to be totally geodesic. Furthermore, apply-
ing some maximum principle we deduce geometric properties for §. We conclude with a geometrical version of
Novikov’s theorem (Trans. Moscow Math. Soc. (1965), 268-304), for Riemannian compact manifolds of arbitrary
dimension.

1. Introduction

The study of foliations by codimension one hypersurfaces on Riemannian or Lorentzian manifolds has
been carried out by many authors. For the purpose of this paper, we point out [1, 3, 7, 10, 14, 9]. These
works are focused on the geometry of the leaves in order to answer if they are totally geodesic, umbilical,
or stable hypersurfaces, among other results. The totally geodesic foliations were studied in [1, 3, 10].
The analysis of umbilicity can be found in [7, 14].

The interest in foliations of arbitrary codimension on a Riemannian manifold is well known at works
[12, 19, 21, 17]. In 1986, Brito and Walczak [4], studied totally geodesic foliations with integrable nor-
mal bundles on Riemannian manifolds. They showed that the manifold ambient is locally a Riemannian
product of orthogonal leaves, provided that each leaf is totally geodesic. In 1994, Rovenski in [18] also
studied the relation between the curvature and topology of totally geodesic foliations. Almeida et al.
[2], in 2017, have given a characterization of totally umbilical foliations on a constant curvature space.
They proved that on odd-dimensional unit spheres, there is no umbilical foliation with integrable normal
bundle and divergence free mean curvature vector.

Based on the above discussion, the following questions arise naturally:

(1) For a given arbitrary codimension foliation with integrable normal bundle on a Riemannian
manifold, which conditions should be imposed on the leaves to be totally geodesic?

(2) Are there obstructions for the existence of a totally geodesic foliation on a Riemannian
manifold?

In this work, we analyze and answer the questions above.
In Section 2, we state some preliminaries.
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In Section 3, we use a key equation that relates the principal curvatures of the leaves and the curvature
of the ambient space. We define the number &%, foralla € {n+1,--- ,n+ p} by

NN Lo
& = 1Ef - ;Hsi (€ar Ve, — [eas e]") + ;tr(Ki,.) - ;leg(Veaea) ,

where {e;, - - - , €, €,41, - - , €,4,} is an adapted frame in a neighborhood of a point. By using the method
of matrix Riccati ODE, we answer Question (1). That is, with this number we estimate the mean cur-
vature function and we characterize totally geodesic foliations with the integrable normal bundle on
Riemannian manifolds. More precisely, we prove the following result.

Let § and §*+ be orthogonal foliations of complementary dimensions on a complete Riemannian
manifold M. If §* is parallelizable, then for all

&% <0,

and
§ is totally geodesic < &% =0.

The following corollary gives us a result of obstruction to the existence of umbilical foliations on
Riemannian manifolds of positive curvature. Precisely,

Let § and §* be orthogonal foliations of complementary dimensions on a complete Riemannian
manifold M with constant sectional curvature c. Assume that * is parallelizable and totally umbilical.
If the vector fields V, e, are divergence free, then

(1) e=<0;
@ (MY <c.

In Section 4, we create a differential equation that is crucial for answering Question (2) and other
related questions. Assuming that &% is finite, and using a maximum principle due to Yau, we prove the
following result.

Let § be a foliation on a manifold M of codimension p with integrable parallelizable normal bundle.
If M has Ricci curvature bounded from below, then there exists a sequence of points {p;} € M such that

) klim Hi(pi) = sup Hy;
—> 00 M

2) I}Lllolo IVHS ()l =0;

(3) lim AH(p) <0.

Furthermore, we give a sufficient condition for an umbilical foliation with integrable normal bundle
on an orientable Riemannian manifold to be totally geodesic.

Let § and §*+ be two orthogonal foliations of complementary dimensions on a complete Riemannian
manifold M. Suppose that §* is parallelizable and totally umbilical. If § has a complete leaf L such that
tr(K,_,";) > 0 on L and the mean curvature of L is constant and satisfies

Hi=(=9%)"
then § is totally geodesic.

Let M be a compact 3-manifold such that the fundamental group (M) is finite. It follows from
classical Novikov’s theorem [16] that there is no foliation on M by closed curves with integrable normal
bundle. In particular, there is no foliation of S* by circles with integrable normal bundle (for more details,
see [2]).

However, this theorem does not apply to S**!, k > 2. In [2], the authors prove that on odd-dimensional
unit spheres there is no umbilical foliation with integrable normal bundle and divergence free mean
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curvature vector. In Section 5, we conclude this paper with a geometric version of the Novikov’s theorem
and a generalization of [2] for compact manifolds and arbitrary dimensions.

On a compact manifold M, there is no umbilical foliation with an integrable and parallelizable normal
bundle, condition tr(Kj;) > 0 and a divergence free mean curvature vector field.

2. Preliminaries

We shall now present the main tools we use in this work.

Let M be a (n+ p)-dimensional manifold equipped with a Riemannian metric (,). Denote by V
the Levi-Civita connection and by R the curvature tensor of M. Let § be a foliation of codimension p
on M and F* be an orthogonal foliation to §. Consider an adapted frame {ey, ..., €,, €11, ..., ey} in a
neighborhood of a point x € M. We shall make use of the following convention on the range of indices

1<A,B,C<n+p,
15i5j5k§n’

n+1<a,B,y <n+p.

Let L be a submanifold of M and let A, be the shape operator of L defined by an arbitrary normal
vector v. Note that A, and II are related by

(HI(v,w),v) = (A, (v), w).

The submanifold L is said to be totally umbilical if the second fundamental form is I = 71(~, -} which
is equivalent to say that the shape operators are always multiple of the identity /. In this case, for each
normal vector v, A, = §,1, where &, = (h, v).

We define the second fundamental form of § in the direction e, by

Hy(ei, ) = (—V,eq, €)).
Analogously, we define the second fundamental form of F* in the direction of e; by
H%L(eav eﬂ) = <_veo,ei9 eﬁ>'
The Weingarten operators of Hy and Héi are given, respectively, by
A (e)=—(Voe,) and A, (e)=—(Voe) .

We define the mean curvature vector of § and F*, respectively, by

h= Z(Ve,.e,-)L and It = Z (Veuea)T,

and finally, the mean curvature function in direction e, is defined by

1-
H = —(h, e,).

n

We define the norms of the second fundamental form H‘é and H' ’3 . of § and F*, respectively, by

1/2
1HE] = (Z (=Veiea, e,>2>
ij

and

1/2
1H | = (Z (= Ve e5>2> :

a.p
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We say that §* is totally umbilical if the mean vector field 2+ is

;ll = Z Alx, ee,

where A : T+ — R is the eigenvalue of the Weingarten operator
AT —> T

defined in the smooth field TF* of p-planes tangent to the leaves of TF+. Note that A(x, v) = (;H, V).
For each fixed «, we denote by (K;) the n x n matrix with entries given by R(e,, e;, ¢;, e,). The trace
of the matrix (K}) is then given by

(K=Y Rlea. e e €,).

The following theorem was proved in [11] where the authors find an differential equation that relates the
foliations with the ambient manifold.

Proposition 2.1. Let § and §+ be complementary foliations of dimensions n and p, respectively, on a
(n + p)-dimensional Riemannian manifold. Then, for all o

e, (;l, ea> — ||H§“2 — tr(Ki‘J’f) = Z H, (e Ve, — e, e]") — divg (V..e)
i=1

where

(i) h represents the mean curvature vector of §,
(ii) ||H5 || is the norm of the second fundamental form of §;
(iii) divg(V,e,) =Y " (en V.V, e.).

Corollary 2.1. Let § and §*+ be two orthogonal foliations of complementary dimensions on a
Riemannian manifold M. Suppose that §* is totally umbilical. Then,

> > 12 -
n(Vehsen) = |H5 | = or(K5) = 2]+ divsit =o.
Using the Cauchy-Schwarz inequality, it follows that:

Proposition 2.2. Let § and §*+ be complementary foliations of dimensions n and p, respectively, on a
(n + p)-dimensional Riemannian manifold. Then,

1 ) 1
ea(’Hg) > - H, (ea, Vj,_ea —[ey, e,-]l) + Z”(K;)

_%divg(vene(,) +(H2),

wheren+1 <o <n+p.

3. Characterization of totally geodesic foliations

Let us analyze orthogonal foliations of complementary dimensions, § and §* defined on a complete
Riemannian manifold M. We say that § is transversely parallelizable (or F* is parallelizable) if its
normal bundle is trivial, that is, there is a global frame {e,,, - - - , €,.,} on M (for more details see [13]).
Now define the number 6“; foralee{n+1,--- ,n+p} by
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1 1 ..
= 1nf{ Z €ar Ve, — e e]") + ;tr(K,‘;) — Zdwg(Vewea)

where {e|, - ,e,, €,11, - ,€,,} is an adapted frame in a neighborhood of a point. With this number,
we will estimate the mean curvature function and give a characterization of the totally geodesic folia-
tions of complementary dimensions on a complete Riemannian manifold M. In fact, we generalize for
arbitrary codimension, Theorem 4.2 in [7] and Theorem 2.4 in [10], following the steps of the proof of
the latter and using &%.

Theorem 3.1. Let § and §* be orthogonal foliations of complementary dimensions on a complete
Riemannian manifolds M. If §* is parallelizable then, for all a

&3 <0, 3.1

(Hg)' <o, (3.2)
and

§ is totally geodesic < &% = 0.

Proof. We will use a proof by contradiction. So we assume that

n

- ZH@ ea,Viea [ea,e] ZR(ea,e,,e,,ea) —dlvg(V@ea) 0,

i=1

on M. By Proposition 2.2, we have that dH3(e,) > (H%)z holds on M. Let y(s) be an integral curve
of the unit vector field e,. Since M is complete, y may be extended to all R. Thus, along y, the above
inequality has the form

(H(:o))/ (H(;m)z VseR.

We can choose the field e, of such a way that H,, > 0. Note that such choose does not change the
expression

1 |
- Z ea, A% ceu — lea, ei]L) + - ZR(%, €, €, 6y) — Zdwg(v@ea) .

i=1

Therefore, the following inequalities are valid for every s > 0,

(Ho{w)/
(Ha@)) (Ham) >0 and —=5 > 1. (3.3)
V y (H5o)
Now consider the real function G given by
G(s)=— , 5>0.

o
7 (s)

Take a fixed b > 0 and apply the Mean Value Theorem for the function G on the interval [b, s], we

obtain
O
CHio Ml (H)
where & € (b, s). Consequently, for all s > b, we have
! — 4+ L >s5—b.
Hi(r) o)
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As s tends to infinity, the right side of this inequality is unlimited, while the left side is limited, which
is a contradiction. This Proves (3.1).
To prove (3.2), suppose by contradiction that there exists a point p € M such that,

o 2 o
(Hp) > _63'

If &% = —o0, then there is nothing to be proved. By (3.1), for some a > 0 we have

where a =0 or a > 0. If a > 0, we have by hypothesis that, (7—[;‘)2 —a* > 0. Let y be an integral curve
of e, such that y(0) =p. As previously we can choose a direction, e, such that ?—l‘; = Hﬁ«)) >0 and
then,

H, =HS e > a.
By continuity, there exists a maximal interval [0, b) where
(He) —a* >0 Vsel0,b).

We claim that b = +00.
In fact, if b < 400, by continuity we should have (?’-l‘;(h))2 =a’. But, from proposition (2.2), we
have:

(H(;(s))/ > (H;

v(s)

) —a&>0, Vsel0,b).

Thus, we conclude that H‘;(x) is a strictly increasing function in [0, b], contradiction. Therefore, the

following inequality are valid for every s > 0,

(7‘[‘;(5))/ > 1.

)2 —a*>>0 and R >
(H%)) —a

Hiw >0 (Ht;@))/ > (H;

14 y(s)

Considering the function G defined by

1 My, —a
Gs)=—In|——"—], s>0.
2a Hy +a

For b > 0 fixed and by the Mean Value Theorem, we have that there exists c € [b, s] such that
1 In <—%Z® — a) L In (Hz(b) — a) = (H[;(zl)) (s —b).
2a Hyo ta 2a Hiw +a (H‘;@) —

Consequently, for all s > b, we have

iln Hyy—a —iln Hiw —a ~s_p
2a « +a 2a Hep +a) ~ '

v(s)

Letting s —> 400 we have a contradiction, because the left side is limited while the right side is
unlimited. The case a = 0 is similar.
Finally, suppose

It follows from Theorem 3.1 that
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Therefore, 7—[‘% = (. By Proposition 2.2,

0> % ;:H%l (€ Viea — [ea, €]") + % ;R(ea, e, e ey) — %divg(veaea) .
Thus,

I — . 1 1.
0= - ;Hsi (ea, Viea — e, ei]L) + - ZR(eD,, €, €, 6y) — Zdlvg(venea) ,

i=1

on M. By using the Proposition 2.1, we conclude that ||H§H =0, i.e., § is a totally geodesic foliation.
The converse follows from Proposition 2.1. O

Corollary 3.1. Let § and §* be orthogonal foliations of complementary dimensions on a complete
Riemannian manifold M with constant sectional curvature c. Assume that §* is parallelizable and totally
umbilical. If the vector fields V, e, are divergence free, then

(1) ¢=<0;
() (Hy) =<c.

Proof. Since M has constant sectional curvature, it follows that tr(Kg) =ncforalln+1<a<n+p.
Then,

1 n 1 1 .
ks~ Z {(A(x, e))’ + —tr(Kj) — ;dw@(%ea)} ,

where in the last identity we use the fact that §* is umbilical and the vector field V,, e, is free divergent.
Consequently k < &%. O

4. Some Applications of the maximum principle on umbilical and minimal foliations

Suppose that one of the foliation is totally umbilical, as in [11] and [2] on a complete Riemannian
manifold M.

From now on, we assume that (’5% is finite. Then, we use some well-known results of the geometric
analysis to get further results for umbilical foliations with integrable normal bundle. First, let us apply
the maximum principle due to Yau [22].

Corollary 4.1. Let § be a foliation on a manifold M of codimension p with integrable parallelizable
normal bundle. If M has Ricci curvature bounded from below, then there exists a sequence of points
{pi} € M such that

(1) lim H5(po) = sup Hs:
— 00 M

@) lim [VH5 (ol =0;

(3) lim AH(p) <0.

Proof. From Theorem 3.1, it follows that (’;‘1("&‘)2 is bounded, since ®5 is finite. By Yau [22], we finish
the proof. O

Denote by L' (N) the space of Lebesgue integrable functions on a manifold N. In [7], the authors give
the definition of Lebesgue integrable vector fields on foliations. Precisely, a vector field X is Lebesque
integrable on a foliation §, if and only if | XT|| € L'(L) for each leaf L of §, where X" means the tangent
projection of X, on L. In this case, we will denote || X|| € L'(F).
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The following result gives a sufficient condition for an umbilical foliation with integrable normal
bundle on an orientable Riemannian manifold to be totally geodesic.

Theorem 4.1. Let § and §+ be two orthogonal foliations of complementary dimensions on a complete
Riemannian manifold M. Suppose that §* is parallelizable and totally umbilical. If § has a complete
leaf L such that tr(K;) > 0 on L and the mean curvature of L is constant and satisfies

o = (~o)"
then § is totally geodesic.

Proof. We will do the proof into two steps: the compact case and the complete non-compact case.

Compact case: Let pe M and {ey, ..., €,, €11, ..., €,4,} be a orthonormal adapted frame, in a neigh-

borhood of p. If 7z(p) # 0, choose ¢, as the mean curvature vector normalized, that is, e, = m
By Theorem 3.1 the mean curvature function H3 attains a maximum on L. Therefore, dHj(e,) =0
on L. Therefore by Corollary 2.1 we have

divo it = |He | + w(k2) + |7
on L. By the Stokes Theorem and from the fact that tr(Kg) > Oon L, we conclude Hf = 0 on L. Therefore,
L is totally geodesic and

B =0.

By Theorem 3.1 we conclude the result. _
Now if p is a singularity of the field A*, using the same equation (2.1), we get the equation for the
leaf that passes through p say L, and the same argument is valid.

Complete and non-compact case: Letp € M and {e,, . . ., e,, e,,1, . . ., €,1,} be aorthonormal adapted
frame, in a neighborhood of p. If A(p) # 0 choose e, as the mean curvature vector normalized, that is,
h
ey = ——.
Al

By Theorem 3.1, the mean curvature function of L attains its maximum on L. Thus, d#(e,) =0 on
L. By Corollary 2.1 we have the equation

divet = [Hy |+ k) + |7
on L. Since L is a complete non-compact and oriented leaf of § and divjzL does not change signal on
L, we can apply Proposition 1 in [6] to obtain
0=div, i = | HY | +w(®?) + | a* .
By the same argument above, we conclude that H, =0 on L. Therefore, L is totally geodesic and
&5 =0.
Again by Theorem 3.1, the result follows. O

Corollary 4.2. Let § and §*+ be two orthogonal foliations of complementary dimensions on a complete
Riemannian manifold M. Suppose that - is parallelizable and totally umbilical. If H5 is subharmonic

1
and there is p € M such that H(p) = (—Qi‘é) > then § has constant mean curvature. Furthermore, the
leaves have the same mean curvature.

Proof. The proof follows directly from Hopf-Calabi’s maximum principle in [5] and the fact that
1
Hi(p) = (~@5) . =
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5. Umbilical foliations with integrable normal bundle

Lemma 5.1. Let F be a foliation of codimension p on a compact Riemannian manifold M and f : M —>
R be a continuous function, non-constant on M, and constant along the leaves of F. Then, the set
A={xeM:f(x)=maxy,{f(x)} has at least one leaf L of F.

Proof. Sincef: M — R is continuous defined on a compact Riemannian manifold M, then, there is
a maximum and a minimum point. Let x € M be a point of maximum of /. Denote by L, the leaf through
x. As f is constant along L,, we have that f(y) = max,,{f(x)} for any y € L,. Therefore, L, C A. ]

Theorem 5.1. Let § and §* be orthogonal foliations of complementary dimensions on a compact
Riemannian manifold M with tr(Kj) > 0. If F has constant mean curvature and div Fht < tr(K;j. ) for
each a, then F is totally geodesic foliation.

Proof. LetpeM and {ey, ..., €,, €,11, ..., €,4,} an orthonormal adapted frame in a neighborhood of

p. If h(p) # 0 choose e, as the normalized mean curvature vector, that is, e, = \T:ﬂ The mean curvature

function H5 : M — R is constant on M or there exists a leaf L € § having the property that
Hy = max H(x). (5.1

First, assume that H3 is not constant on M. This implies that e, (H7) = 0 along L. Then, it follows from
Corollary 2.1 that

ne,(HY) = | He |* + (k) + [h*])" — div, . (5.2)
Since tr(K7) — div f;H > 0, we have:
|E; | <o.

Therefore, L is totally geodesic, in particular, 2 = 0. From (5.1), we conclude that ’H‘é <0.
Similarly, considering the function ( — 'H%‘) we conclude 7—[% > 0. Therefore, 7—[% = 0. Contradiction.
Hence, H% is constant along M. Since ea(H‘é) =0, it follows from (5.2) that

divgh* = | He | + (k) + | 2. (5.3)
If L is compact, applying Stokes’ theorem we obtain
HZ=0,t(K?)=0 and h* =0.

If L is complete and non-compact, note that div, h* does not change sign and since || ht H € L'(F) then
div it = 0. Therefore by equation (5.3), we have

H;=0.

Finally if p is a singularity of the field ;zl, using (2.1) we get the equation for the leaf that passes
through p and the same argument is valid. O

As an immediate consequence of our results, we obtain a geometric version of Novikov’s
theorem [16].

Corollary 5.1. On a compact manifold M, there is no umbilical foliation with an integrable and
parallelizable normal bundle, condition tr(K;}) > 0 and a divergence free mean curvature vector field.

Since this holds for compact manifolds with no restriction on dimension, the above is a generalization
of the result for odd-dimensional unit spheres, proved in [2].

https://doi.org/10.1017/S0017089522000179 Published online by Cambridge University Press


https://doi.org/10.1017/S0017089522000179

Glasgow Mathematical Journal 137

Acknowledgments. The authors would like to thank the referee for his/her valuable suggestions and useful comments to improve
the paper.

References

(1]
[2]
[3]
[4]
[5]
(6]
[7]

[8]
[9]

[10]
(1]
[12]
(13]
[14]

[15]

[16]
(17]
[18]
[19]
[20]
(21]

(22]

K. Abe, Applications of a Riccati type differential equation to Riemannian manifolds with totally geodesic distributions,
Tohoku Math. J. (2) 25 (4) (1973), 425-444.

S. C. Almeida, F. G. B. Brito and A. G. Colares, Umbilic foliations with integrable normal bundle, Bull. Sci. Math. 141
(2017), 573-583.

J. L. M. Barbosa, K. Kenmotsu and G. Oshikiri, Foliations by hypersurfaces with constant mean curvature, Math. Z. 207
(1991), 97-108.

F. G. B. Brito and P. G. Walczak, Totally geodesic foliations with integrable normal bundles, Bol. Soc. Bras. Mat. 17
(1986), 41-46.

E. Calabi, An extension of E. Hopf’s maximum principle with an application to Riemannian geometry, Duke Math. J. 25
(1957), 45-56.

F. Camargo, A. Caminha and P. Sousa, Complete foliations of space forms by hypersurfaces, Bull. Braz. Math. Soc. 41
(2010), 339-353.

R. M. d. S. B. Chaves and E. C. da Silva, Foliations by spacelike hypersurfaces on Lorentz manifolds, Results Math. 75,
36 (2020).

D. Ferus, Totally geodesic foliations, Math. Ann. 188 (4) (1970), 313-316.

E. Ghys, Classification des feuilletages totalement géodésiques de codimension un, Comment. Math. Helv. 58 (1983),
543-572.

A. O. Gomes, The mean curvature of a transversely orientable foliation, Results Math. 46 (2004), 31-36.

A. O. Gomes and E. C. Silva, Orthogonal foliations on riemannian manifolds, arXiv:Math/1711.05690.

D. L. Johnson and L. Whitt, Totally geodesic foliations, J. Differ. Geometry 15 (1980), 225-235.

1. Moerdijk and J. Mrcun, Introduction to Foliations and Lie Groupoids, (Cambridge University Press, Cambridge, 2010).
S. Montiel, Stable constant mean curvature hypersufaces in some Riemannian manifolds, Comment. Math. Helv. 73 (1998),
584-602.

S. Montiel, Uniqueness of spacelike hypersurfaces of constant mean curvature in foliation spacetimes, Math. Ann. 314
(1999), 529-553.

S. P. Novikov, Topology of foliations, Trans. Moscow Math. Soc. (1965), 268-304.

G. Oshikiri, A remark on minimal foliations, Tohoku Math. J. 33 (1981), 133—137.

V. Rovenski, Totally geodesic foliations close to Riemannian foliations, J. Math. Sci. 72 (4) (1994), 114-118.

V. Rovenski, The integral of mixed scalar curvature along a leaf of foliation, Diff. Geom. Appl. 26 (1996), 357-365.

E. C. Silva, Folheacdes ortogonais em variedades Riemannianas, PhD Thesis (University of Sdo Paulo, Sao Paulo, 2017).
P. Walczak, An integral formula for a riemannian manifolds with two orthogonal complementary distributions, Colloquium
Mathematicum 58 (1990), 243-252

S. T. Yau, Harmonic functions on complete Riemannian manifolds, Commun. Pure Appl. Math. 28 (1975), 201-228.

https://doi.org/10.1017/S0017089522000179 Published online by Cambridge University Press


https://doi.org/10.1017/S0017089522000179

	Introduction
	Preliminaries
	Characterization of totally geodesic foliations
	Some Applications of the maximum principle on umbilical and minimal foliations
	Umbilical foliations with integrable normal bundle

