ANNALES DE L’INSTITUT FOURIER

TARO ASUKE

On the real secondary classes of transversely
holomorphic foliations

Annales de institut Fourier, tome 50, n° 3 (2000), p. 995-1017
<http://www.numdam.org/item?id=AlF_2000__50_3_ 995 0>

© Annales de I’'institut Fourier, 2000, tous droits réservés.

L’accés aux archives de la revue « Annales de l’institut Fourier »
(http://annalif.ujf-grenoble.fr/) implique I’accord avec les conditions gé-
nérales d’utilisation (http://www.numdam.org/conditions). Toute utilisa-
tion commerciale ou impression systématique est constitutive d’une in-
fraction pénale. Toute copie ou impression de ce fichier doit conte-
nir la présente mention de copyright.

NuMDAM

Article numérisé dans le cadre du programme
Numérisation de documents anciens mathématiques
http://www.numdam.org/


http://www.numdam.org/item?id=AIF_2000__50_3_995_0
http://annalif.ujf-grenoble.fr/
http://www.numdam.org/conditions
http://www.numdam.org/
http://www.numdam.org/

Ann. Inst. Fourier, Grenoble
50, 3 (2000), 995-1017

ON THE REAL SECONDARY CLASSES
OF TRANSVERSELY HOLOMORPHIC FOLIATIONS

by Taro ASUKE

1. Introduction.

Characteristic classes of foliations are studied by many people. It
seems however that the relation between the real and the complex sec-
ondary classes has been rarely studied, and as far as the author knows,
there is only a Rasmussen’s paper [24]. In it, some relations between these
classes are slightly indicated but not discussed very much. We will first
write explicitly a map A from WO, to WU, that induces a map [A] from
H*(WOg,) to H*(WU,) which corresponds to forgetting the transverse
holomorphic structure. We will then define a class [£] in H?3t1(WU,) that
represents the imaginary part of the Bott class (Proposition 3.4). As the
first fruits we show the following relation between the class [£] and the
Godbillon-Vey class.

THEOREM A.— The class [¢] factors the Godbillon-Vey class as

2q)!
GV = _—(q!q)! [€] - Chern; (F)?,
where Chern;(F) denotes the first Chern class of the complex normal
bundle Q(F) of F.

We remark that the Bott class is well-defined only if the first Chern
class of Q(F) is trivial. This theorem implies that if the first Chern class
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996 TARO ASUKE

is trivial, then the Godbillon-Vey class of the foliation is trivial. There are
some typical cases where this condition arises. One is where the foliation
is defined by a C-valued g¢-form satisfying certain integrability conditions.
Another is where the second cohomology group of the ambient manifold is
trivial. For example, the Godbillon-Vey class of a transversely holomorphic
foliation of S x S* is always trivial. This contrasts with the case of real
foliations because there is a family of real foliations of S* x S§* that are of
real codimension two and whose Godbillon-Vey class varies continuously
(see Example 4.5). On the other hand, there is a transversely holomorphic
foliation of complex codimension one whose Godbillon-Vey class is non-
trivial. We review such an example by following Rasmussen [24]. See
Example 4.6 for details. In Example 3.5 by examining Baum-Bott’s example
[5], [8] we also see that the class [{] is non-trivial and varies continuously.

In general the maps A and [\] are neither injective nor surjective.
Hence, in particular, there appear some relations among the elements of
H*(WO2,) when mapped into H*(WUy,). In the case where the complex
codimension is equal to one, we will show the following:

THEOREM B.— If ¢ = 1, then we have the relation \(hic?) =
2XA(hicg) as elements of WU;. Moreover,

(1) the kernel of the mapping [A] is spanned by the classes [c2] and
[hicf] = 2[hica],

(2) the image is spanned by the class [t v177]
(3) the cokernel is spanned by the classes [v1] and [41(v1 + 71)].

It is worth noting that the class [@;v,77] is the image of the Godbillon-
Vey class up to multiplication by a constant. Thus, we can regard the
Godbillon-Vey class as the only real secondary class of a transversely
holomorphic foliation of complex codimension one.

We will also show a similar relation for higher codimensional cases in
Corollary 4.2; moreover, Theorem B can be partially generalized for higher
codimensional cases and the image of the mapping [A] can be determined
in the case where ¢ = 2 or ¢ = 3. It is done in the paper [3].

The existence of a linear relation between the classes [hic?], and
[h1ca]x, where [Rici]y = [A([hic?]) and [hico)x = [A([hic2]), is not
unexpected. The following explanation is due to S. Morita [21], who kindly
allowed the author to quote the details. The author would like to express
his gratitude to him.
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REAL SECONDARY CLASSES 997

The continuous cohomology of Bf(lc is identified with that of real
homotopy type of S x S3 via the Bott class. The latter space is the complex
homotopy type of K(C, 3) = S2, and its real part corresponds to the Chern-
Simons class, which transgresses to v in the following fibration by the Bott
vanishing:

BTY - BIt - BGL(1,C) = K(Z,2).
Thus the first approximation of this fibration is the real homotopy type of
S3x 8% 5 8% x 8 K(Z,2)

tensored by Q. Consequently the continuous cohomology of BI'C is the
same as that of S? x S3. Here S? corresponds to v; and S® corresponds
to the imaginary part of the Bott class. In particular H3(BI'C;C) = C,
where we denote by H, the continuous cohomology. On the other hand,
it is known that H2(BT2;C) = C @ C. Since we are considering the map
BF{C — BI5, we can expect that there is a linear dependence between
[h1c2]x and [hica)y, which is determined by Theorem B.

It is an important question whether the secondary classes of foliations
are C'-invariant or not. It is known that the Godbillon-Vey class is C!-
invariant (23], [1]. Though we know nothing about the remaining classes,
we have the following.

CoroLLARY C.— Let (M;,F;), i = 1,2, be transversely holomor-
phic foliations of complex codimension one. Suppose that there is a C!-
diffeomorphism f from My to My which preserves the foliations. Then

fr(hica(F2)) = hica(Fr).

A similar question can be posed when we consider the complex sec-
ondary classes. It is easy to see that such classes are invariant under trans-
versely holomorphic concordance (resp. cobordism, foliation preserving dif-
feomorphism) of transversely holomorphic foliations. We can ask now if
the complex secondary classes defined by H*(WU,) are invariant under
C"-concordance (resp. cobordism, foliation preserving diffeomorphism) of
transversely holomorphic foliations. Example 3.5 is related to this question.
See also Question 4.10.

It is also important to determine whether the secondary classes under
consideration vary continuously or not. After Heitsch [11], we show the
following.

TOME 50 (2000), FASCICULE 3



998 TARO ASUKE

THEOREM D.— Let F5, s € [0,1] be a differentiable family of
transversely holomorphic foliations of complex codimension q. We denote
by [xo] and [xi] the characteristic mappings defined by Fo and Fi,
respectively. Then [xo]([e]) = [x1]([@]) if [@] is one of the secondary classes
in H*(WUj,) defined by a cocycle o = @yv ;U of WU, with iy +|J| > g+1
and iy + |K| > g+ 1, where i, is the smallest entry of I.

There is a similar result for H* (Wg:) (see Theorem 3.6).

The meaning of the mapping [A] can be explained as follows. First,
the image of the mapping [)\] consists of the complex secondary classes
which are in fact the real secondary classes. Secondly, the cokernel of the
mapping [A] : H*(WOy,) — H*(WU,) plays the role of purely complex
secondary characteristic classes. Finally, the elements of the kernel of the
mapping [A] can be viewed as obstructions for foliations to be transversely
holomorphic. In this paper, by showing that certain real secondary classes
do not vanish, we will show that some examples can never be transversely
holomorphic (Corollary 3.8 and Example 4.3).

This paper is organized as follows. First we introduce the secondary
classes after Bott [8] and we then define a mapping [\] from H*(WOq,)
to H*(WU,). In the third section we give the proofs of the main results.
We also show that the mapping A has always an extension to a certain
subalgebra WO;q of Wy, (Corollary 3.11). In the final section we examine
some known examples. We will show that Heitsch’s and Rasmussen’s
examples [12], [25] cannot be transversely holomorphic. On the other hand,
we show after Rasmussen [24] that there is a complex codimension one
transversely holomorphic foliation of a closed manifold whose Godbillon-
Vey class is non-trivial.

This paper is based on a part of the author’s thesis [2] and the author
would like to express his gratitude to Professors T. Tsuboi, S. Morita and
D. Lehmann for their comments and helpful suggestions. The author also
appreciates the referee’s comments which helped him to improve the paper.

2. Definitions.

First we briefly recall the notion of the secondary classes and some
facts that can be found for example in Bott [8], Pittie [22] or Godbillon
(10] with more details. In the last part of this section we will define the
mapping A mentioned in the introduction.

ANNALES DE L’INSTITUT FOURIER
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We denote by M a differential manifold and by F a transversely
holomorphic foliation of M whose codimension over C is equal to q. We
set Q = Q(F) = TM/TF. Then Q@ is naturally a complex vector bundle,
which we call the complex normal bundle of . When we regard F as a
real foliation of codimension 2¢, its normal bundle is denoted by Qg. Thus
Qr ®C = Q ® Q. A complex Bott connection V on Q is a connection
satisfying VxY = n[X,Y] for X € I'TF and Y € I'Q, where 7 denotes
the natural projection from TM to Q and Y is a lift of Y to T M. We also
consider a real Bott connection on Qg, which satisfies the same condition
as a complex Bott connection, having @ replaced by Qg. It is easy to see
that if Vg is a complex Bott connection on Q, then Vo @ V, defines a
complexified real Bott connection on Qg ® C. In this paper, we will always
choose Bott connections on @ and Qg ® C simultaneously in this way.

The most significant property of Bott connections is the following [8].

BoTT VANISHING THEOREM. — Consider a transversely holomorphic
foliation of complex codimension q and let Vg be a complex Bott connec-
tion. We denote by v;(Vg), ¢ = 1,---,q, the Chern forms calculated by
using the connection V g. Then any monomial of v;(Vp) whose degree as
a differential form is greater than 2q vanishes as a differential form. Sim-
ilarly, if we consider a real foliation of real codimension q and denote by
Vs a Bott connection, then any monomial of the Pontryagin forms c;(Vs),
i=1,---,q, whose degree is greater than 2q vanishes as a differential form.

By virtue of this theorem, we can define the secondary characteristic
classes of the foliations. First of all, we define the degree of v; in Cluy, - - -, vg]
as 2 and set I, as the ideal of C[vy, - - -, v4] generated by the monomials of
degree greater than 2q. We set

Clvr, -+, vg] = Clo, -+, vl /I

and define C,[o1, - - -, U] as the quotient of C[v7, - -, 7] by I, where I is
defined in the obvious manner. For real foliations we define the degree of
¢; as 24, and define Rog[cr, - -+, c24) as the quotient of Rlei, - - -, c2q4] by the
ideal generated by the monomials in ¢; whose degree is greater than 4q.

DEFINITION 2.1.— We define differential graded algebras WU, and
WOy, by setting

WU, = Cqlvr,+,vg] ® C[TT, -+, Tg] ® A\ldin, -+, ig],
W03 = Rogler, -+, c2q] ® Nlha, s, -+ hag1].

TOME 50 (2000), FASCICULE 3



1000 TARO ASUKE

We equip these algebras with an exterior differential determined by dii; =
v; — Ui, dv; = dv; = 0, dh; = ¢; and dc; = 0, respectively. We define the
degree of the elements i; and h; as 2i — 1, respectively.

The meanings of WU, and WO, are the following. The element v;
of WU, corresponds to the i-th Chern form calculated by using a complex
Bott connection. Since the Chern classes are real, we can find elements ;
such that di; = v; — U; by using the foliation. On the other hand the Bott
vanishing theorem shows that any element of Clvy, - - -, v4] of degree greater
than 2q vanishes as a differential form. By writing down these two facts we
obtain the algebra WU,.

Definition of the characteristic mapping

The characteristic mapping
[xcl : H*(WU,) — H*(M),

is given as follows. First of all, let V be a connection on the complex normal
bundle @ of F and denote by R(V) its curvature. We define differential
forms v;(V) by the formula

R(V)
2v/—1nw

Let Vo be a complex Bott connection associated with F, and let V;
be a Hermitian connection. Then by setting xc(vi) = v:i(Vo) and
xc(T7) = vi(Vo), we obtain a map xc naturally defined on Clvy,---,v4] ®
C[1,---,Tq). Now the Bott vanishing theorem for transversely holomor-
phic foliations asserts that the mapping xc annihilates the ideals I, and
1,. Thus the mapping xc defines in fact a mapping from Cgylvy, -, ve] ®
Cq[v1, - - -, T4), which we denote again by xc.

det (tI - ) =t 4+ tq—l’Ul(V) + tq_Z’UQ(V) +---+ 'Uq(V).

Now we set V; = Vo +t(V1— V) and write v;(V:) = a+BAdt, where
a does not involve the term dt. We define a differential form v;(Vg, V1) by
the formula

1
Uz‘(vo,vl):] Bdt,
0

then it is easy to see that dv;(Vo,Vi) = v;(Vo) — v;(V1). Noticing
that v;(V1) = v;(Vy1) (because Vi is Hermitian), we define xc(%;) =
v:(Vo, V1) — v:(Vo, V1). Then d(xc(@:)) = xc(vi) — xc(77) and hence
we can extend the mapping xc to the whole WU,. Finally, we denote by

[xc] the mapping induced between the cohomology algebras by x¢. For

ANNALES DE L’INSTITUT FOURIER
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simplicity we denote the image [xc]([e]) also by a(F), where we denote by
[a] the class of H*(WU,) determined by a cocycle a of WU,.

The real characteristic mapping [xg] : H*(WOzq) — H*(M;R) is
defined in a similar way, namely, for a connection w of the real normal
bundle of F we denote by R(w) its connection and set

det <tI - %) =174+t ey (w) + 177 2o (w) + -+ + cq(w).

Then we choose a real Bott connection wg on the real normal bundle Qg and
a Riemannian connection w;. We define a mapping xg by setting xg(c;) =
ci(wo) and xr(hi) = ci(wo,w1), respectively. Then d(xr(h:)) = xr(c:)
when 7 is an odd integer. Thus by the Bott vanishing theorem we have a
mapping xg from WOy, to the space of differential forms on M. We denote
by [xr] the mapping induced on cohomology and we denote [xgr]([3]) also
as B(F), where [§] is the class of H*(WOy,) defined by a cocycle 3 of
WOy,.

In the following, we consider only the complexification Qr®C = QQ
of Qg and we denote again by xg and [xg] the complexified mapping.

Now we give a homomorphism A from WOy, to WU, which will
induce a homomorphism [A] from H*(WOz,) to H*(WU,) such that
[xg] = [xc] o [A]. First we choose a complex Bott connection V, and
a Hermitian connection Vi, and then define a (complexified) real Bott
connection wy by wg = Vo @ ¥V, and a Riemannian connection w; by
w1 = V18V, respectively. Then by comparing the above formulae defining
¢i(wo) and v;(Vy), we see that

k
ck(wo) = (V=D)¥ > (=13 (Vo)v;(Vo)
7j=0

as differential forms. Here we set vo(F) = Tg(F) = 1 and used the fact that
v;(Vo) = (=1)7v;(Vo).

In view of this we introduce the following definition.

TOME 50 (2000), FASCICULE 3



1002 TARO ASUKE

DEFINITION 2.2. — Define a mapping A from WOy, to WU, by the
formulae

k
Aex) = (V=1)* D (1) 5773,
§j=0
) 2k+1

\/—Z (=1 azk—j41(v5 +75).

A(hok+1) = -

The mapping A induces a mapping [\] between cohomology algebras. For an
element a of WOy, we denote by [a] the class in H*(WOgq) defined by [a],
and by [y the class in H*(WU,) defined by A(«), namely, [a]x = [M(a)].

By abuse of notation, we will also denote by [§] the class in H*(WUy,)
defined by a cocycle 3 of WUy,,.

We will show in the next section that the induced map [)] satisfies
[xr] = [xc] o [\] and therefore corresponds to forgetting the transverse
holomorphic structure.

In the suitable categories we can define some of the elements such
as hg;, u; and uj, so that we can extend A to certain subalgebras of W,.
Here the elements u; and u; are considered as transgressions of v; and ;.
They then satisfy the relation u; —u; = @;. The most typical case is when
the complex normal bundle of the foliation is trivial. In this case, all the
elements such as hy;, u; and u; are well-defined, and we set

Wi(]::(cq[vh e ,'Uq] ® (Cq['U_l, e »%] ® /\[UI,UQ, e ,’Ltq] A /\[ﬂLUZ_, e a:’Iq—]
Wag= Rogler, -+, 2] ® /\[hl»h27h37 <o+ 5 hag).

Notice that there are natural mappings from WU, to WE, and from WOg,
to Wy, respectively. We can define the characteristic mappings [Xg| from

H*(Wyq) to H*(M) and [Xc| from H*(W;C) to H*(M), respectively, in a
similar way as [xg] and [xc].

We extend the map A to a map X from Wy, to W;C by setting
2k
k 1

3 D (1) (ug—35 + Tyvak—),
=0

A(hak) = (~1)

where vy, T are regarded as _ 2 and ug, Uo are regarded as 0, respectively.
The map A induces a map [)\] from H*(Wqq) to H *(WC) which satisfies

the equation [Xc] o [A] = [Xg]. It is clear that [\] is an extension of [)].

ANNALES DE L’INSTITUT FOURIER
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Though the map A might not be extended to the whole Wy, in general,
we can always extend the mapping A to the subalgebra WO{Q of Wy,
defined by

WO;}, = R2q[cl7 o 'ac2q] ® /\[hlah3> o ahq’th+1» . "h2q]7

where ¢’ denotes the greatest odd integer which is not greater than ¢
(Corollary 3.11). It is worth mentioning that WO3 = W,.

Now we give the definition of the secondary classes.

DEeFINITION 2.3.— The classes in the image of [xc] or [Xxc] (resp.
[xr] or [Xr]) which involve u;, u; or u; (resp. h;) are called the complex
secondary classes (resp. real secondary classes). In particular the class
GVao(F) = [xr]([h163%)) is called the Godbillon-Vey class and similarly
the class Bottq(F) = [xc]([u1v]]) is called the Bott class when it is defined.
We call the classes GVa, = [h1¢37] and Bott, = [u;v?] themselves again
the Godbillon-Vey class and the Bott class, respectively. Here [h1c]] means
the cohomology class in H*(WOzg,) defined by the cocycle hic¢} and [uyv]]
means the cohomology class defined by the cocycle ujv{.

Remark 2.4.— A basis for H*(WOgq) is given by Vey [10]. First
I = {iy,...,i;} denotes an index set consisting of odd integers such that
14 <+ <1 <2q and J = (j1,---,J2¢) an index set consisting of
nonnegative integers. We set |J| = j1 + 2j2 + - - + (2¢)j24. Then the Vey
basis of H*(WOy,) is given by

{les]; 1 < |J| €2¢, jk =0 for all odd integers k}
U{lyres]; |J] < 2q, i1+ |J| > 2q, 41 < k if k is odd and ji > 0},
where yrcy; = c{" ~~-c;f1" ® hi, -+ hi,.

It seems that an explicit description of a basis for H*(WU,) is
unknown. We show a procedure to compute a basis for H*(WUy,) in [3]
and compute it in the case where ¢ < 3.

3. Proofs of the main results.

First we show that the mapping [A] induced by A defined in the
previous section corresponds to forgetting the transverse holomorphic
structure.

TOME 50 (2000), FASCICULE 3
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LeEmMA 3.1.— Let Q be the normal bundle of the foliation F. Let
Vp and Vg be a Bott and a Hermitian connection on @, respectively. We
define a Bott connection V;, and a Riemannian connection V, on Q ® Q
by setting V, = Vg ® Vg and V, = Vg & Vg, respectively. If we denote
by [xRr] the characteristic mapping from H*(WOq,) to H*(M) defined by
using Vy and V., and by [xc] the characteristic mapping from H*(WUy,)
to H*(M) defined by using Vg and Vg, then we have

[xrl = [xcl o [Al,
where [A] denotes the mapping from H*(WOq,) to H*(WUy,) induced by .

Proof. — We retain the notations of the previous section. Then for
P € Cqlvy,---,vq] or P € Ryglcy,---,¢q), the equation dP(Vy,V,) =
P(Vy) — P(V4) holds. Since the relation

a(Ve V) = (V-1)" ) (-1 ui-;(V)o;(V)

Jj=0

holds for any connection V on Q(F), we see that ¢;(Vs, V,) = A(¢;)(V,
V). In order to show the lemma, we show that the differential form

(*) ((vi =) (v; +75))(VB, Va) — (v; =) (VB, Vi) (v; +7;) (V)

is exact. Once this is established, we can show the lemma as follows.
We see easily from the exactness of the above differential form that
M) (Ve, Vi) = xc(A(h;)) modulo exact forms. Suppose then that [hycy]
is a member of the Vey basis and set I' = I\ {4;}. Since the differential
form xgr(hrcy) is closed, we have the equation

[Xr (hi,hrreg)] = [ei, (Ve, Vi) xr(hrrcy)]
= [Mcu)(VB, Vi) xwr(hrcs)]
= [xc(A(hi,))xw (hrcs)]
in H*(M). Thus we can inductively show that [xr] = [xc] © [A).

We show now that the differential form () is exact. We set Vo = Vg
and V; = Vi, respectively. Then we write v;(Vy) (v; +7;) (Vi) = a1 +5i A
dt and v;(Vy) (v; +75) (Vo) = ag + B2 Adt. We set Ty = (v; +75) (V¢, Vo)
and write v;(V,)T; = ¢ 4+ & A dt. Note that Ty = 0 and T; = T;. Since the
differential form v;(V;) is closed,

d(vi(Vi)Tt) = vi(Vy) (v; +75) (Vi) — vi(Ve) (v +75) (Vo).

ANNALES DE L’INSTITUT FOURIER
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It follows that %% Adt+ (dp€) ANdt = (81 — B2) ANdt. We set P = fol &dt,
then

1
dMP=/ dp€dt
0

1 18C
= [ Gi-pa- [ Fa

= (v (v; +75)) (Vo, V1) — vi(Vo, V1) (v; + 77) (Vo) — ¢(1) + ¢(0).

Finally since ((1) = ¢(1), ¢(0) = v;(V)To = 0 and v;(Vx) = v:(VH),
du (P - P)
= ((vi =) (v; +77) )(VB, Vi) — (vi =) (VB, Vi) (v; +75) (V).
This completes the proof. O

Since [xr], [xc] and [A] are independent of the choise of connections,
we have a commutative diagram

H*(WO,,) 2L H*(WU,)
Il | | xel
H*(BIy) — H*(BIY)
® | |
H*(M;R) — H*(M;C)
where [xg] and [x@] denote the universal characteristic mappings, yc is
the classifying map of the given transversely holomorphic foliation, and yg

is the classifying map of the foliation viewed as a real foliation. Of course,
the mapping H*(BI'y) — H*(BT E) is the one induced by the natural
mapping BI' S — BI'9q obtained by forgetting the transverse holomor-
phic structure. Thus the homomorphism [A] corresponds to forgetting the
transverse holomorphic structure.

There exists a version of Lemma 3.1 when we consider real foliations.

LEMMA 3.2. — Let V, be a Bott connection and V}, be a Riemannian
connection, then

¢i¢j(V, Vi) = ¢i(Vs, Vi )ej(Vs)
modulo exact forms if i is an odd integer.

TOME 50 (2000), FASCICULE 3
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Proof. — The proof is almost the same as that of the exactness of (*)
in the proof of the previous lemma. The only difference is that we would
have {(1) = 0, which still gives the result. O

Now we define an important cocycle in WU,.

DeriNITION 3.3.— We define a cocycle { in WU, by the formula
€ =vV=1i (v + 037 + - +779).

We denote by (€] the induced class in H*(WU,).

It seems that this class [£] of H*(WU,) is more fundamental than the
Godbillon-Vey class when we consider transversely holomorphic foliations.
First of all, we have the following easy but important property of [¢].

ProposiTioN 3.4. — If the Bott class is well-defined, namely, the first
Chern class of the complex normal bundle is trivial, the class [£] coincides
with the imaginary part of the Bott class multiplied by —2.

Proof. — 1t follows from the simple fact that the equation
& =vV-1(uvf — (u1vf)) —v-1d (ulu_l(v‘f"l +oI7 T 4 +v—1q_1))

holds if u; and w7 are well-defined. 0O

As we will see, it is known that the Bott class is non-trivial and varies
continuously. In fact it takes all values in the complex numbers. Hence the
class [£] varies continuously and takes all values in the real numbers. Note
that the class [€] can be non-trivial even if the first Chern class is trivial,
while in this case the Godbillon-Vey class is trivial by Theorem A.

We give now the proof of Theorem A as an immediate conclusion of
the definitions we have given.

Proof of Theorem A.— Direct calculations show that

2qy _ ) —_ . (29)! v +77)?
)\(h]_cl ) = q'—q' —1U1Ug’qu = q'q' g . 2 .

Since v; and 77 are cohomologous and they correspond to the first Chern
class of the complex normal bundle Q(F) of F, Theorem A is proved. O

It is worth noticing that the equation holds in fact at the level of
differential forms. We will study more properties of the class [£] in [4].

ANNALES DE L’INSTITUT FOURIER
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Example 3.5 (Baum-Bott [5], Bott [8]). — Let M = C9*!\ {0} and
consider a holomorphic vector field

1o} 0 0
X(/\o,"',)\q) = )\020—— +)\121— -+ "’+)\qzq'5;_,
q

620 620
where (29, -, z4) is the natural coordinate of C?*!, and suppose that all
Ai’s are non-zero and none of the numbers %ﬁ are negative real numbers.

We denote by F the holomorphic flow gi\fen by X, then F restricts
to a transversely holomorphic (real) flow of the unit sphere S$27+! of
C?*1. It turns out that in this case the first Chern class is trivial and
hence we can define the Bott class Bott(F) and other classes of the form
u1p(F) = [xc(u1p)], where ¢ € Cylur, -+, v,] of degree 2q. According to
a formula which appeared in [5],

Mo+ A4+ A
/ up(F) = === Lo(A0s AL, + 5 Ag)-
— Mo Ay

In particular

o + M+ -+ 2™
Bott(F) = :
/Sz,,ﬂ o) Mo g

Since £(F) is the imaginary part of the Bott class multiplied by —2, we
can easily find that the class £(F) is non-trivial and in fact, it admits a
continuous deformation.

We do not know whether there is a pair of the foliations of S2 obtained
as in the above example such that they have different values of £(F) but
they are cobordant as real foliations of codimension two. This question is
a special case of the question we posed in the introduction (see Question
4.10).

We show in Example 4.6 that there are transversely holomorphic
foliations of complex codimension one whose Godbillon-Vey class is non-
trivial. Of course in these examples the class {(F) is also non-trivial. On
the other hand, it appears to be unknown whether the Godbillon-Vey class
can be non-trivial if the complex codimension of the foliation is greater
than one.

Note that Theorem A shows that if the Godbillon-Vey class is non-
trivial, then the cohomology of the ambient manifold must be similar to
that of $29+1 x CP4. In particular, its second cohomology group must be
non-trivial. This is in contrast to the case of real foliations. See Example
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4.5 for details. We remark also that if the complex normal bundle Q(F) is
trivial, then GV(F) is trivial.

It is well-known that the Godbillon-Vey class varies continuously
in the category of real foliations [12], [25], [26]. If we can find a family
of transversely holomorphic foliations whose Godbillon-Vey class varies
continuously, the variation comes exactly from the variation of the class
[€] because the Chern class is rigid under deformations. Unfortunately, at
the present we do not know whether there is such a family, neither. On the
other hand, it is known that certain elements of H*(WO,) and H*(W,)
are rigid under differentiable deformations of the foliations. Here we mean
by a differentiable deformation a family of foliations whose associate family
of normal bundles is differentiable.

Now we show Theorem D after Heitsch [11].

Proof of Theorem D.— The proof is almost the same as in [11] for
H*(WQ,). We may identify the normal bundles Q(F;) and fix a Hermitian
connection Vi = V. Then we choose a differential family of complex Bott
connections V§ = V§ of Q(F;) and set Vi = V§ + (V1 — V§). We set
R; = R(V}) = dV§ + Vi AV3, ¢ = £ V3, and define P(V§, V1) as in the
second section, where P is an element of Cg4[vq,- - -,v,]. Finally we set

1
V= / tP(vs, Vg — V1, RE,- -+, R{)dt.
0

Although our conventions and definitions are slightly different from the
original ones, we have still the following formulae:

%P(VS,VI) =k(k —1)dV + kP(¢s, Ry, - -+, RY),
dP(v87v1) :P(Rga"'aRS)_P(RI?“'vRI)y

a S S S S
BEP(ROv e '7R0) = de(fbs,Rm e ’1R0)7

where k is the degree of P.

By using these formulae and the assumptions i, + |J| > ¢+ 1 and
ip + |K| > g+ 1 for all p, we can show as in [11] that the differential form
% Xs(@rvUK) is exact. Thus Theorem D is proved. O

If we work in the category of transversely holomorphic foliations with
trivial normal bundles, we can consider H* (W;C) and we have the following.
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THEOREM 3.6.— Let F5, s € [0,1] be a differentiable family of
foliations of complex codimension q. We denote by [Xo] and [xi] the
characteristic mappings defined by Fy and Fi, respectively. Then [Xo](c) =
[X1](@) if « is one of the secondary classes in H *(Wg:) defined by a cocycle
UTULVJURK ofWg: with iy +|J| > ¢+ 1 and l; + |K| > q+ 1, where i; and
l; are the smallest entries of I and L, respectively. a

For some classes we have formulae that are similar to the ones in
Theorem A, in particular we have the following. The proof is easy and left
to the readers.

PROPOSITION 3.7.— Suppose that |J| = g, then there is a polynomial
P(J) of v; and v; such that P(J) is of degree 2q as an element of WU,
and that the cocycle ¢ factors the cocycles of the form A(hicicy) as
Ahicley) =& - P(J). O

Now we give the proof of Theorem B.

Proof of Theorem B.— First of all, it is easy to see that A(c?) =
2\(cz) in WU;. It follows that A(hic?) = 2A(hicz) as elements of WU;.

As we explained in the previous section, as a vector space, H*(WO,)
is spanned by the classes [ca], [hic?] and [hica] over R. On the other
hand, it is easy to see that H*(WU;) is spanned by the classes [v7],
[@41(v1 + 77)] and [G;v,77] over C (see also [3]). Finally, noticing that
[h1¢3]x = —2v/—1[ii;v177] we complete the proof. ]

Note that the linear dependence of [h;c2], and [hica]) can be expected
by using an argument of continuous cohomology as in the introduction.

We can deduce from Theorem B that certain foliations cannot be
transversely holomorphic by seeing that the relation hic?(F) = 2hjca(F)
fails to hold.

CoROLLARY 3.8. — The examples given in the fifth part of Rasmussen
[25] do not admit any transverse holomorphic structure.

It is often convenient to regard the ¢;’s as the Pontryagin characters
and the v;’s as the Chern characters. From Lemmas 3.1 and 3.2 we see
that even under this convention, the image of H*(WO3,) and H*(WUy,) in
H*(M) remains the same when we consider a foliated manifold (M, F). To
avoid confusion we adopt the symbols H;, U;, C;, Vi, and V; instead of h;,
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43, ¢;, V;, and Ty, respectively. Then the mapping A is rewritten as follows:
)\(Ci) — { (\/—_1)Z (Vi + (_l)i—‘_/;) for Z <q
0 fori>gq
(V=1)'U; fori<gq
(V=1)th; fori>gq
where h; denotes a certain element obtained by using Newton Polynomials
[3, Definition 3.8].

AH;) = {

This is just the formula mentioned in [24]. Note that the relation
A(c?) = 2X\(cz) is nothing but the relation A(Cz) = 0 when ¢ = 1. We will
make use of this kind of relations to study the higher codimensional cases
in [3].

As we mentioned in the introduction, we always have an extension of
A to a subalgebra WO';q of W, even though the cocycles c; are not exact
in general if |J| is even. This follows from the following.

ProrosrTioN 3.9. — Suppose that |J| > q and |J| is even, then there
is a well-defined element n; of WU, such that dny = c;. The element n;
has naturality, and if the complex normal bundle is trivial, then \(hs;)
coincides with 7;.

To show Proposition 3.9 we prepare the following lemma.

ProposiTioN 3.10. — There is always a well-defined element i; of
WU, such that duy = vy — V5.

Proof. — The statement is true if J is just a single number. Suppose
that the lemma holds if |J| < 7. Let J be a given index with |J| = ro and
let s be the number such that js; # 0 and such that j; = 0 if t > s. We set
J' = J\{js} and

vs + U5 vy +Tg7)
(32 s)+(J > J)Us-
It is easy to see that duy; = vy — vy. O

N

J:’ZLJI

In this paper we always choose the elements 4 in the above way.

Proof of Proposition 3.9.— From the fact that c; is invariant under
complex conjugation and that |J| is even, we can write A(cy) as

’\(CJ) = Z QJy,Jz (UJ1H+ UJzﬁ)’
JiUJe=J
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where a;, j, are real numbers such that aj, 5, = ay, 4,
We set
nr=— Y. aypis (vs, —05),
JiUJa=J
then it is easy to see that dn; = c;. The naturality is obvious.
Since A(czj) = (—1)777 (vgUk — Vg—1Tk41 + - + UkTq), Where k =
2973,

1 1. _
52 (=1 (@1 (vj—1 = T5=1) + Bt (V1 — i) = 55 (v = 75) .-

From this equation the last statement follows. O

CoroLLARY 3.11.— The mapping [\] has always an extension to the
subalgebra WO; of W,,.

Proof. — The extension is obtained by setting A(hg;) = no; if 2¢ > q.

O

Since W02+ = W,, we can say from the cohomological point of
view that transversely holomorphic foliations of complex codimension one
behave as the foliations with trivial normal bundle when viewed as real
foliations.

4. Examples.

Before introducing the examples, we prepare a proposition. Let J =
(J1s- 1 J2q)- We write J < j if j; =0 for [ > j.

ProprosiTioN 4.1. — Suppose that i is an odd integer greater than g,
then the secondary class [hicj]x can be written as a linear combination of
the classes of the form [hycy/]x where i’ < jor J' < j.

Proof. — It suffices to show that [h;C};] is trivial in H* (WUq), where
C; is the Chern character of degree 2i. First we set | = q — , then
the element A(h;) is a linear combination of the elements of the form
or = Uy (Vs +7T5) — 4s (vt +T;), where s = ¢ — ¢ and ¢ > s. Note that
0<t<q.
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Now we set 8; = —(v/—1)%is (V; — (—1)7V;), then dB; = ay. This
follows from the fact that (vs —7U5) (V; — (=1)V;) = — (vs +775) (V;+
(—=1)7V;) because s +j =i+j—t>2¢+1—q>q. O

We apply this proposition in the case where i = 2¢—1, and we obtain
a generalization of Theorem B.

COROLLARY 4.2. — We have the relation

2[haq—1c2]x = [h1c1c29-1]A

as elements of H4t1(WU,). O

Notice that the class [hoq—1c2]n is the only class coming from
H*%+1(WO,,) which involves haq_1.

From this corollary we see that there are many foliations which cannot
be transversely holomorphic, we have in fact the following.

Example 4.3 [12]. — Heitsch’s example given in [12, Example 2]
cannot be transversely holomorphic. This can be seen in the following ways.
First we can see that the relation shown in Corollary 4.2 does not hold by
using the residue formula. On the other hand, we can also show that there
is a leaf holonomy which cannot be holomorphic.

The following are examples of transversely holomorphic foliations.

Example 4.4. — Consider the natural foliation of RP x C? by sub-
spaces RP x {z}, z € CY, which is transversely holomorphic. Now restrict
the foliation to (RP x C?)\ {(0,0)}. Since the foliation is invariant under the
mapping p defined by p(z, z) = (2z, 22), we have a foliation of S* x SP+24—1,
which is still transversely holomorphic. It is easy to see that in this case

the Godbillon-Vey class is trivial either by direct calculation or by using
Theorem A. '

Example 4.5. — We retain the notations of the previous example. If
we set p = 3 and ¢ = 1, we obtain a complex codimension one transversely
holomorphic foliation of S! x S*. We consider this foliation as a real
foliation of codimension two and we have a mapping v from S! x S* to
BI';. Since there is a family of foliations of a 5-manifold which are of real
codimension two and whose Godbillon-Vey class varies continuously, we
can find a mapping 6; from S' x % to BT, which gives the continuous
deformation of the Godbillon-Vey class and whose image is contained in
a fiber of the fibration B['; — BI'y — BGL,. Such an example is, for
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instance, given by Heitsch [12]. By adding é; projected to BI'; and v we
obtain a family of I'-structures of S x $ whose Godbillon-Vey class varies
in all the real numbers. We can perturb the family so that we have a family
of foliations and we obtain the desired family.

Example 4.6 [24]. — We consider the complexified Anosov foliation
of the unit tangent bundle over a closed 3-dimensional real hyperbolic
manifold. For this purpose, we consider the foliation F of SL(2,C) by

the left cosets of a subgroup B given by B = {(a El); a€ C*}

0
namely, F = {¢B; g € SL(2,C)}. ThlS foliation clearly projects down to
the homogeneous space SL(2,C)/U(1), where U(1) = {(g g)} Then

we choose a discrete cocompact group I' of SL(2,C) such that E =
I'\SL(2,C)/U(1) is a Hausdorff manifold. Note that E fibers over M =
I'\SL(2,C)/SU(2) with fibers SU(2)/U(1) = CP!. Notice also that the
foliation F induces a foliation F of E = I'\SL(2,C), which we will use
later.

Now, to compute the Godbillon-Vey class we will make use of the
relative cohomology of Lie algebras. We regard sl(2,C) as left invariant
vector fields on SL(2, C) and s{(2, C)* as left invariant differential forms on
SL(2,C) and so on. Then sl(2,C) = (X, X1, X3)¢, where Xq = ((1) _01),
X, = (g (1)) and X, = (‘1’ 0) Let wp, w1 and ws be the dual of Xy, X; and
Xo, respectively. Then sl(2,C)* = (wi,ws,ws)¢. These forms satisfy the
following equations, namely, dwy = —w; Aws, dw) = —2woAwi, and dwy =
2w Awa. If we write w; = A\; +v/—1ps, i = 0, 1,2, then the above equations
imply

dXo = =1 A X2 + 1 A pa, dpo = —p1 A dg — A1 A g,
Ay = =2Xo A A1+ 2p0 A py,  dpr = —2p0 A Ay — 200 A pia,
dAa =200 A Ao — 29 A e, dpg = 29 A Aa + 2X0 A po.

We denote by (A*sl(2,C)*), ;) the u(1)-basic elements of A*sl(2,C),
in other words, we set

(A"s1(2,C)")y1) = {w €51(2,C)";ixw = Lxw = 0 for VX € u(1)}.

We can show that

H*(s(2,C),u(1))
= (LA Apg + 1 Ado, Ao AXL Az + Ao A pr Ada, Ao AXL A g A pn A pg)g
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Note that H*(sl(2,C),u(1)) = {0} for k& > 6 and also that H*(sl(2,C),
u(l)) & H*(S3 x CPY).

It is well-known that the generator of H°(sl(2,C),u(1)) can be
identified with the volume form of the homogeneous space SL(2,C)/U(1).
Since the differential forms are assumed to be left invariant, the volume
form projects down to the space E = I'\SL(2,C)/U(1). So it suffices to
show that the Godbillon-Vey class is a generator of H°(sl(2,C),u(1)).

First notice that the foliation F is given by the 1-form w; = A\ +
v/—1p1 at the point of E corresponding to the identity element of SL(2, C).

Then the equation
M1 Mo )\0 M1

2
xr(h1) = —;)\0,

shows that

2
xr(c1) = ;()\1 AXg = p1 A p2),
4
xr(c2) = _F)\l A2 A pr A pa.

Hence xg(hic?) = % Ao A A1 A Xg A pg A pg, and the Godbillon-Vey class of
(E, F) is non-trivial in H?(sl(2,C),u(1)). On the other hand, we see from
a direct calculation, or from Theorem B that xg(hicz) = % xr(h1c?).

Now we lift the foliation (E, F) to (E ,F). Then F is globally defined
by a 1-form w;. This shows that the first Chern class of the normal bundle
of F is trivial, therefore the Godbillon-Vey class is trivial by Theorem A.
We can also see the vanishing of the Godbillon-Vey class directly as follows.
We still have

2 2 2
xr(h1) = —;Ao, xr(c1) = —;d)\o = ;()\1 A Xz = p1 A pa),
1 1
= ——-—dwy = ———=—(dXo + V—=1duyg).
X(C(vl) 71'\/—_]. 0 71'\/?]—:( o+ NO)

Thus the Godbillon-Vey class is represented by the differential form
— & Mo A (dXo)% Now d(Xo Adpo A pro) = —Ao A (dAo)? because dA% — dpd =
dXo A dpo = 0. This shows that the Godbillon-Vey class of F is trivial
though it is non-trivial as a differential form. Note that in this case x¢(u1)
is well-defined on E and in fact equal to — %\/-_—1 wp, which is not well-defined
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on E. Note also that the equation dA2 — du3 = dXg A duo = 0 is equivalent
to the fact xc(v?) = 0. This is just the Bott vanishing theorem [8].

This phenomena reflects the fact that the space E , an S'-bundle over
E, can be viewed as the ‘fibrewise Hopf fibration of E’, namely, E fibers
over M as well as E does, and if we denote the fibre, which is naturally
identified with S3, by F, then F is a principal S'-bundle over the fiber
of E — M. We can say that the non-triviality of the Godbillon-Vey class
comes from the non-triviality of the Euler class of this S'-bundle. See also
Morita [20].

Remark 4.7.
(1) The above argument is valid for any foliation defined by a 1-form.

(2) The class £(F) defined at Definition 3.3 is now represented by
4
—;5()\0/\)\1/\,[!24-)\0/\;1,1/\/\2)

and corresponds to the generator of H3(sl(2,C),u(1)).
The above construction can be partially generalized to higher codi-

mensional cases.

__ Example 4.8 [24]. — Consider SL(g + 1,C), and define a subgroup
SL(q,C) of SL(¢g + 1,C) by setting

éi(‘l»‘c) = {(g ,(4)1)’ |det A] = 1,a=detA‘1}.

We foliate SL(q+ 1, C) by the cosets of B = {(8 é) ; C € GL(gq, (C)} As

in the above example, we denote by F this foliation of SL(q + 1,C). The
foliation F projects down to a foliation F of the homogeneous space

M =SL(g +1,C)/SL(g, C).

The foliation F is transversely holomorphic and of complex codimension
q. We can show that Godbillon-Vey form is a natural volume form of M
which is invariant under the left action of SL(q + 1,C).

Though the proof is somewhat complicated, it is very similar to the
proof of Example 4.6 and we omit it (see [2]).

Remark 4.9. — If we can find a discrete subgroup I" of SL(q + 1,C)
such that the double coset I'\SL(q + 1,C)/SL(q, C) is a closed Hausdorff
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manifold, then as in Example 4.6 we can obtain an example of a transversely
holomorphic foliation of a closed manifold whose Godbillon-Vey class is
non-trivial. However, it is known that there is no such discrete subgroup
I' of SL(g + 1,C) if ¢ = 2 (T. Kobayashi [18, Example 7]) or q is even
(Y. Benoist [6, Exemple 1]). It seems that even in the case where q is an
even integer greater than 2, we do not have such a lattice.

We end up this paper by summing up some questions.
QuEesTION 4.10.

(1) Is there a transversely holomorphic foliation of complex codimension
greater than one whose Godbillon-Vey class is non-trivial 7

(2) Is there a family of transversely holomorphic foliations whose
Godbillon-Vey class varies continuously ?

(3) Are the complex secondary classes invariant under C"-concordance
(resp. cobordism, foliation preserving diffeomorphism) 7

Added in Proof. Recently, we found answers to (1) and (2) of
Question 4.10. Namely, we found examples of transversely holomorphic
foliations whose Godbillon-Vey classes are non-trivial in any codimensional
case. One of the examples is obtained by changing §f,(q, C) in Example 4.8
to an appropriate compact subgroup. On the other hand, by generalizing
Theorem D, we can show that the Godbillon-Vey class is rigid under smooth
deformations in any codimensional case. These results will appear in [27]
with some more examples.
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