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Abstract. 'We present a definition of diophantine matrix and use this concept to distinguish
two classes of minimal linear foliations of 7™, the diophantine and the Liouville one. Let Eps
1 < p € n— 1, denote a minimal (all leaves are dense) linear p-dimensional foliation of 7™,
and H°™(T", &), 1 < m < p, the cohomology group of type (0, m) of the foliated manifold
(T, Ep). Our main result is the computation of these groups. H°™(T™, &) is isomorphic to

R(m) if &p is diophantine and is an infinite dimensional non-Hausdorff vector space if & is
Liouville. Some of these groups were computed before, see [4], [6] and [9].

0. Introduction

In this paper we present a definition of diophantine (¢ X p)-matrix; when p = 1
it coincides with the usual notion of diophantine vector. We use this definition
to distinguish two classes of minimal linear foliations of T™, the diophantine
and the Liouville one. Let £,,1 < p < n — 1, denote a minimal linear p-
dimensional foliation of T, minimal in the sense that every leave is dense, and
H™(T",&p),1 < m < p, the cohomology group of type (o, m) of the foliated
manifold (T, £,) [10].

Our main result is the computation of H°™(T",£,),1 < m < p. Assume,
without loss of generality, that &, is transversal to the fibers of the projection
T? — TP¥9 — TP p+ q = n, then £, is defined by a linear ¢-form w on T™
which induces the canonical volume element on each fiber T9. Consider the map

P (A(T™, &), de) — (A™(T7),d), O<m<p

of differential complexes, given by () = £ u A w, where £ denotes integration
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190 J. L. ARRAUT AND N. M. DOS SANTOS
along the fibers and write A°™(ker) for the kernel of ©. We first show that
2.1 H™(T", &) = H™(T?) ® H°™ (ker)

and after that
2.2 (i) If &, is diophantine, then H°™(ker) = 0
(ii) If &, is Liouville, then H°™(ker) is infinite dimensional, and

CL(d.A°(™ 1) (ker))

24 7 ker) = = Aotm=D (ker)

where C'L denotes the closure in the C'*°-topology.

Some of these groups were computed before, H%(T?, £;) by Heitsch [6] in
the diophantine case and by Roger [9] in the Liouville’s case. Later Alaoui and
Tihami [4] computed H°™(T™", £,) for some diophantine foliations, in our sense,
and HOY(T", &) for Liouville’s foliations. In [2] the study of locally free actions
of R? on T™ led us to compute H°™(T", £,_1).

In section 3 we give as an application, a proof of the vanishing of the char-
acteristic mapping [1] for locally free actions of RP on T" whose underlying
foliation is linear and minimal.

1. Diophantine and Liouville foliations
Forl<p<n—lwrlteT"asT”quandletexp RP XxXR? — TP x T? be

the universal covering map i.e.,

(6211::1 eZmzp’ e27ny1, . ,62’"”‘7).

exp(Z1,..- s TpyY1,--- ,Yg) = ey

Let &, denote a p-dimensional linear foliation of 7™ and assume, without loss of
generality, that &, is transversal to the projection 7 — Tr+e £, 7P Under
this assumption £, determines uniquely the linear 1-forms

wy = aydzy + -+ + agpdzy + dys
wy = azdz1 + -+ + azpdzy + dy2

(1.1)
Wy = q1dTy + -« ++ + agpdzy + dgq
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LINEAR FOLIATIONS OF T" 191

which in turn define £, i.e.

q
TéEp, = [ kerw;.

i=1
Therefore, there is a bijection between the set of these foliations and the vector
space of ¢ X p real matrices A = [a;;]. We recall that:
1.1 €, is a minimal foliation if and only if rywy + -+« + rqwy, with r; € Q, is a
rational form, implies r; = --- =r, = 0.

Let
k= [kle] EM(laq;Z)>

£= [t - b)) € M(1,p;2),
z = [z1-+-25] € M(1,p;R)
and
A = [a;;] € M(g,p;R),
Ikl = sqp lkiI)
]
€] = sup |¢;],
2
|z| = sup |z}
2

ol = inf |= €]

||zl defines a metric on T*.

1.2 Definition. We say that a (g X p)-matrix A

(i) verifies a diophantine condition and write A € Dap, if there exists § > 0
and ¢ > 0 such that for every k € 29,k # 0, we have

c
Al > oL
(ii) is diophantine if
AeD=|JDg
p>0

(iii) is Liouville, and write A € L, if A is not diophantine and the lines Ay, ...,
Ay of A are linearly independent as elements of the vector space RP(Q). If
A € L there exists a sequence {k* = [kj...kJ]} with |k®| — oo as s — oo
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192 J. L. ARRAUT AND N. M. DOS SANTOS

such that
1

[kel”

Observe that definition 1.2 produces for p = 1 the usual concepts of diophan-
tine and Liouville numbers (¢ = 1) and vectors (¢ > 1) [7]. For ¢ = 1 and
p > 1 the concepts obtained are not the standard ones and we used them in [2] to
define diophantine and Liouville linear forms of 7. For example, let A = [a b].
If @ is a diophantine number then A € D. If a is a Liouville number and b = aZ,
then A is a Liouville matrix.

KAl < 7=

1.3 Remarks. If a column of A, say A7, is diophantine, then A is diophantine.
In fact

A2 1] > e

If a line of A, say A;, is Liouville, then A is Liouville. In fact, let {k]} be a
sequence of positive integers such that k} — oo with s — oo and that

1
16} A¢g]| < =% |k’,
Take k* = [0...k{...0]. Then
1 1
KAl = ks < o = —.
Il = A < T =

A matrix made of Liouville cclumns may be a diophantine matrix.

We obtain examples of this situation by combining the following two state-
ments:

(i) Let a,b € R such that a+ b € Dg; then the matrix [a b] € Dg. By definition
I[ka 5} = inf sup{ka ~ 1], [k~ 6]}

£ &
Assume that
[|[ka kb]|| = |ka — £1];

then
2|ka — &3] > |ka — 1| + |kb — £3]

> |ka — €4 + kb — £
= [k(a+b) - (& + &2)|

[
> _—Ikl1+ﬂ
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LINEAR FOLIATIONS OF T" 193

Therefore
[+

1
[{ka kbl > 5 - PR

(ii) If c€ R — Q, then ¢ = a + b where a and b are Liouville numbers, see [5].
¢ = [c].c1c2¢3¢4¢506C7C8C9C10€11 - - - €33€34€35 - - .
a = [c].c100c4c5c5¢7¢8¢900. . . Ocgqcss . . .
b = 0.0¢3¢3000000¢10¢c17 - - - €3300. ..
2! 3! 4!
It is easy to check that a and b are Liouville numbers. It rﬁay also be the case

that a matrix made of diophantine lines is a Liouville matrix, but we do not
know of any example.

1.4 Definition. A linear foliation £, of T™ is said to be diophantine or Liouville
if the corresponding matrix A has such a property.

It follows directly from definitions 1.2 and 1.4 that linear diophantine and
Liouville foliations are minimal and that every linear minimal foliation is either
diophantine or Liouville,

We want to point out that the contents of definitions 1.2 and 1.4 are essentially
the same as the one of definition 2.1 in [8]. In fact we could say that a linear
foliation &, of T™ is diophantine or Liouville if the vector subspace of R™ given
by the rows of the matrix [AI,], A determined by £,, is diophantine or Liouville
in the sense of J. Moser. We thank the referee for calling our attention to this
coincidence.

2. The Cohomology of Linear Foliations

Let £, be a minimal linear p-dimensional foliation of 77,1 < p < n — 1,
transversal to the fibration

T9 -, TPt _P_, TP
where P is the projection

(%15 1 Zp, 41, ,Yg) = (21, .., Tp)

and wy, . .. , wq the linear 1-forms uniquely determined by &, as in (1.1). Denote
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194 J. L. ARRAUT AND N. M. DOS SANTOS

by 7, the foliation by tori given by the fibers of P. The coframe
{dzy,... ,dzp, wy,... ,wy}

of T™ is well adapted to the decomposition T" = T'§, & T'%,. Its dual frame is

a a
Ey,e.. ,Bpy—,... ,—
{ ! payl ayq}

where
B2 _,.20 — a8
77 Bg; % dy Gaj dyg
Denote by A°™(T™", £,) then C™ forms of type (o, m) of the foliated manifold
(T™, €,). If p € A°™(T™, £,) then
M= Z f,-l._,,-mda:,vl A A d:c,-m.
The foliated exterior derivative
de:Aom(T", £p) - Ao(m+1) (T",fp)
is given by

do(fdzi, A ... Adzip,) =Y E;j(f)dzj Adi A ... Adiy, (2.1)
i

(A°*(T™, &p), d.) is a differential complex and the associated cohomology is
denoted by H®*(T™", £p).

Now,let w=w; A...Awgand foreach0<m<p

P
ATH(T", &) = AT(TF) (2.2)
be given by P(u) = f pu A w, where f denotes integration along the fibers of P.
# is an epimorphism of differential complexes and

-1\™
) pr—ia.
@)™
‘Denote by A°™(ker) the kernel of ® and let dy be the exterior foliated derivative
of the foliated manifold (7", 7). Direct computation gives:

peker’™ & pAw is dypexact. ‘ (2.3)

Associated to # we have a long exact sequence of cohomology groups

-oe — H°™(ker) — H°™(T™, &p) LN H™(T™) SN Ho™ 1 (ker) — ---
(2.4)
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LINEAR FOLIATIONS OF T" 195
and, since the connecting morphisms § are zero maps, the sequence (2.4) breaks
into short exact sequences

0 — H™(ker) — H™(T", ;) £ H™T™) — 0 (2.5)
It follows from (2.5) that
21 H™(T™£,) = H'™(ker) ® H™(T™) = H'™ (ker) ® R(™)
therefore to know H°™(T",£,) it remains to compute H°™(ker).
2.2 Theorem. Let &, be a minimal linear p-dimensional foliation of T™,
1<p<n-—1 Then H®(ker) = 0 and for every 1 <m < p
(i) H°™(ker) = 0 if &y is diophantine
(i) H°™(ker) is infinite dimensional if &, is Liouville.

For the sake of clarity we give the proof in the particular case n = 4 and
p = g = 2. Associated to the decomposition TT* = T¢; ® T 7, one has the
frame and dual coframe of T'%:

d ] d

Ei=— - — — a1 d

1 6551 a11 3y1 az1 ay2 I

=90 a0 .. 0 iz

; 62:2 12 3y1 22 ay2 2
-— and w; = aq1dzy + ajedzy + dyy
Bgl
™ wy = az1dzy + agadzy + dy

Y2 ‘

Let f be a O-cycle ie.,
def = Erfdzy + Ezfdzy = 0;

then E1f = Epf = 0 and, since £ is minimal, f is a constant. Furthermore,
since f € A®(ker) then we have necessarily f = 0. Therefore H(ker) = 0.
We will denote the liftings of objects from T to R* with the same letters. The
lifting of a function f € C*°(T*) has a Fourier expansion

f= Z ftke2ﬁ(l'z+k'y)

(¢k)

with £ = [£1£2],k = [klkgl,z = [.’1:11:2] and y= [ylyg]. If
p= fldz1 + f1dz,
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196 J. L. ARRAUT AND N. M. DOS SANTOS

and
v= fd'1:1 A d.'l:z,

it follows from (2.1) that:
u €A (ker) & fi=fE=0 forevery L (2.6)
p€1(ker) ¢ Eiff=Eyf? (2.7)
or
(81 — k1a11 — k2a21)f& = (€2 — k1a12 — k2a20) f3i
for every k # [0 O]
p€ B (ker) ¢ there exists h € A% (ker) such that
Elh = fl 27|'i(£1 - k1a11 - kzazl)hgk = fl;lk (2.8.1)

or
Esh=f*  2mi(ly — kyaiz — kzaze)her = f4 (2.8.2)

veA(ker) & fio=0 forall £and Z%(ker) = A**(ker) (2.9)
v e B%(ker) < thereexists h'dz; + h’dzy € A% (ker) such that
E\R:—Ehpl=f
or

27”.[(21 — kia11 — kzazl)hzk] - (22 — kiazp — kzazz)h}k = fex (2.10)

Proof of (i). Since €3 is diophantine, A € Dg for some B> 0. Let
Ky = {k #0:|kal| = [[ka]l}
and
Ky = {ke M(1,2;Z) — K1,k # 0: || kA?|| = ||kAl]}
Then M(1,2;7) — {0} = Ky UK, and KN Kp = ¢,
We show first that every (0, 1)-cocycle p = fldzy + f2dz; is de-exact.
Define complex numbers hg, by (2.8.)) if k € Kj,7 = 1,2 and hg = 0. Since

by hypothesis fj, and f2, satisfy the relations (2.6) and (2.7) it follows that every
hgg, just defined, satisfies both (2.8.1) and (2.8.2). Thus, for k € K; one has

" I__1_ Ikal L ‘ka‘ __1_]1‘3;;]
T 2x |6 — kyayj — kaagi| 27 |kAT|| T 2w ||kA|
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LINEAR FOLIATIONS OF T" 197
and by 1.2 there exists ¢ > 0 such that
L 248| 5
ho| < — |k | j |
[hekl < 5—[k["" | o

Therefore the hgy’s are the Fourier coefficients of a C'*-function h such that
d.h = p. Now, take a (0,2)-cocycle ¥ = fdz;dz, and define complex numbers
h}, and h2, by:

0, if ke K

hy, = { —fu -
, ifke K
(€2 — kra12 - kza22) 2
0, if ke Ky

hzk = { flk .
, fke K
(& — kya1y — kzaz) !

From the diophantine character of A it follows that the hl,’s and hZ,’s are
the Fourier coefficients of C*-functions h! and h2. Besides, since they satisfy
relations (2.10),

v = fdzidzy = d.(h'dzy + hldzx,)

and the proof of (i) is complete.

Proof of (ii). Since &; is Liouville there exists a sequence k°* = [k] k3] with

|k*| — oo such that
1

L
For every s let ny > s be the greatest integer such that

kAl < ===

j=1,2.

. 1

3 Ad -
k A ” < |k3|ﬂ37
Since &, is minimal one obtains from 1.1 that [|kA|| # O for every k # 0, thus
for each s there exists j(s) € {1, 2} such that

1
e
Therefore, by taking a subsequence one can assume, for example, that for
every s

ot < [[k° 47| <

1
|k3|ﬂ3+1

1

” GAIH < |kalﬂa

(2.11)

(2.12)

kea?| < lk’l"’
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198 J. L. ARRAUT AND N. M. DOS SANTOS

Let £° = [£°1£°3] be such that

-

e —k’A"l =

g —Kay - Kay| j=12  (213)
Now, we are going to construct a sequence of d.-closed forms

{pn = ftdzy + g"dzs}

such that the subset {[pn])} € H®(ker) is linearly independent. We construct
the sequence {u,,} inductively.
Define
1
fie = 161"l

0, otherwise.

if (¢,k) = +(£°, k*)

The f, }k’s are clearly the Fourier coefficients of a C* real function f!. Define
the g,’s through relations 2.6 and 2.7. Then g7, = 0 if (¢,k) # (£°,k*) and

£~ Koy — Moz y
k
ja11 — k3az

1
Geage =
4~
By taking absolute values on both sides and by using (2.13), (2.11) and (2.12)
one obtains

3 A2
= ”—:,—%% fesrs fesks
Therefore the g} ’s are the coefficients of a C* real function ¢! and p; =
fldz; + g'dz; belongs to 2% (ker). Now we show that p; is not d.-exact. In
fact, assume p; = d.h with h € C*°. Then the Fourier coefficients of h must
satisfy relations (2.8.1) and in particular

Gosks < |k*|

ftlsks
(&3 — ka1 — kjaz1)

Zﬁihgaks =

From (2.13) and (2.11) one obtains

[k "/s [ k]
27 |hgsgs | > k*|" fl = [— T
el > W ewel = ] L
But 1
K’ k’a’l < ]kslns
implies ' l '
£ 1
¥ , .
i < 4]+ g <[] 41
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LINEAR FOLIATIONS OF T" 199

which in turn yields

. 1 1
X o (11 (2.14)
2m [[ke AL T 2, ]AT[+1
By the Riemann-Lebesgue theorem h could not be a L!-function. We conclude
that 0 # [u1] € H®(ker). To construct p, take a proper sequence of {(£°,k*)}
which contains infinitely many terms and disregard infinitely many of them. Start-

Ihl-"k-’! =

ing with the new sequence, the same construction made for u; gives
p2 = f2dzy + g*dz,.

Following this procedure one constructs inductively the sequence {u,}. Now
assume

ci{p1] + ezlpe] + - -+ + enlua] =0,
with ¢; € R. Then, there exists a C*-real function h such that

deh = cipy +capz + -+ - + cnpin.
The Fourier coefficients of h must satisfy relations (2.8.1) and in particular

27”'(5'{ - k‘l’an - k;agl)h‘gsks = letlsks + sztzsks + -t Cnfgxks (2.15)

From the construction of {u,} it follows that there are infinite subsequences of
(€%, k*) for which the following relations are satisfied:

fgzsks == frsps =0 (2.16.1)
f}sks = flzsks and fgsk" = fggks =0 (2162)
fllsks = Z;;,cl; and fgeks =0 (216n)

Considering (2.15) together with (2.16.j) 7 = 1,... ,n and (2.14) one obtains
€1 =c2=---=c, =0 and this completes the proof of (ii).

Now, we take care of H%%(ker). Let v = fdz; Adzs with f = f1 previously
defined. Assume v is d-exact i.c., there exists h'dz; + h%dz, € A% (ker) such
that E\h? — Eyh! = f. From (2.10), (2.11) and (2.12) one gets

1 fesxs 85~ K{ay2 — k3az
2ri €] — kjan — k3aa £ — kja11 — kian

Rgsks + hisge

nd 1 | foese]
1 | feske s
2x eeat] < %'l

h%s kS

+ |h§3,,s
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200 J. L. ARRAUT AND N. M. DOS SANTOS

Since h! and h? are C*-functions this last inequality implies

1 | feske|
27 || k2 Al)|

which contradicts (2.14).

—+ 00 a8 §—+ 00

We conclude that 0 # [v] € H%(ker). The proof continue as in the case of
HO(ker).

To prove (¢) for arbitrary n and p we first define
= {k € M(1,¢;Z),k # 0: ||[kA'[| = [|kAll}
Ky = {k€ M(1,q;Z) — Ky, k # 0: ||k A?|| = |[kA[}

K, = {k € M(1,¢;2) - (K1 U--- UK,), k # 0:||EAY| = [[kA}
Then
M(1,¢;Z) - {0} = K1 UK;U---UK,
and K; N K; = & for ¢ # j. Next, imitate the steps given above.
To prove (ii) for arbitrary n and p we can assume, by a permutation of indices

if necessary, that there exists a sequence k® = [kf - -- k3] with |k®| — oo such

that
1

|k,'ns+1

ka,«u” < —57 lk”lns

k‘A’"< 2<75<gq

I

Next, define
1

Illlﬂa/q'H . Ilglns/4+llk3'na/4+l

fie=
if (1, k) = £(I*, k°) and O otherwise. Next imitate the steps given above.

2.3 Remark. In the proof of 2.2 part (ii) we constructed C*-functions f! and
f2 such that E; f2 = E3 f1 and the pair of equations

Erh=f', Eh=j? (2.17)
had no L!-solutions. However, let
p= fldz; + fldz; € 7% (ker)
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LINEAR FOLIATIONS OF T" 201

and

fi= 2 faetm ) =12
|(e,)c)|5n

Then for each n the form g, = f,l,dzl + f,fdzg is d.-closed and equations
(2.17) with fJ in place of f7 have analytic solutions h,. In other words, given
any p € Z°(ker) there exists a sequence {u,} C BO!(ker) which converges
in A% (ker) with the C*-topology to u. An analogous consideration applies to
2-forms v. We have proved

2.4 Proposition. Let &, be a minimal linear p-dimensional Liouville foliation
of T",1<p<n-—1 Then
— CL(d.A°™1)(ker))

om — < < .
H ™ (ker) 2 A7) (ker) 1<m<p

Here C L means the closure in the C* topology.

3. Applications to Actions of R?

Let M be a closed orientable connected m-dimensional manifold and F:RP x
M — M be a non-singular C”-action, r > 2. To study the space A"(RP, M)
of all non-singular C”-actions, r > 2, of R? on M we introduced in [1] a
characteristic mapping which associates to each action F in A"(RP, M) a (¢+1)-
linear mapping o of RP on the de Rham cohomology group H21+1(M),q =
m — p being the codimension of the underlying foliation 7 of F. We proved in

[13:

2.2 The characteristic mapping o vanishes if F' is a non-singular action of TP
withl1<p<m-1

2.8 ap is degenerate if F is a non-singular action of 7™~2 x R on M.

42 Let F be a C",r > 2 non-singular action of RZ on a closed orientable
connected 3-manifold M # T3. If ap is non-degenerate, then F has a
compact orbit and so does any action G in A"(R%, M) which is sufficiently
C! close to F.

See [3] for further results.
In this section we prove the vanishing of the characteristic mapping of a
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202 J. L. ARRAUT AND N. M. DOS SANTOS

C",r > 2 non-singular action whose underlying foliation is a minimal linear
foliation of T™. This generalizes Theorem 4.6 in [1]. We now recall the definition
of the characteristic mapping o as given in [1]. The orbit of £ € M under the
non-singular action F:RP x M — M is the mapping F,:RP — M defined by
F,(v) = F(v,z). Consider the vector fields on M given by

Xj(a:) = .DFZ(O) . e]-, 1 S j S y4

where ey, . .. , ém is the natural basis of R™. X = {Xj,...,Xp} is a commuting
p-frame of the underlying foliation ¥ of F. Any ordered set of 1-forms £ =
{&1,...,&} such that &;(X;) = &; is called a p-coframe adapted to F. Let
A(M) be the graded algebra of smooth forms on M and I(¥) be the annihilating
ideal of ¥ ie., a j-form belongs to I(7) if Wy(vy,...,v;) = O whenever
v1,...,v; are all tangent to 7 at z. Thus dI(F) ¢ I(F) and I(F)?t! =
0, ¢ = m— p. The characteristic mapping of F is the (g + 1)-linear symmetric
mapping

op:RP X --- X RP — HUT(M) (3.1)
defined by
aF(€iy,- - s€ig,) = [Gi, A€, AL A df.-q_H]
where £ = {&1,... ,&p} is any C" p-coframe adapted to F and [w] denotes the

de Rham cohomology class of a closed form w in A(M). It is shown in [1] that
ar does not depend on the choice of ¢ and is (g + 1)-linear and symmetric.
For example: if m = 3 and p = 2 then op:R? x R? — H3(M) = R is the
symmetric bilinear form given by

ar(e,e) = /M &ndE, 1<4,552"

Let A"(RP,T™,£,),n = p+ ¢ be the space of all non-singular C",r > 2
actions of R? whose underlying foliation is a linear foliation £, of T". Here we
prove

3.1 Theorem. If &, is a minimal linear foliation of T™,n = p -+ q, then
ar = 0 for every action F in A"(RP,T™,&p).

Proof. Let Z°1(T™,£,) denote the linear subspace of all d,-closed 1-forms in
A%Y(T" £,). In (1], 1.11) it is shown that the (g + 1)-linear mapping

B:IOYT™, E,) x ... x IO4(T™, &,) — HEFY(T™)
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LINEAR FOLIATIONS OF T" 203

given by
By s Ng+1) = [mAdna AL Adngyd] (3.2)
is continuous in the C'-topology.
To prove 3.1 we show that g is the zero mapping.

It follows from (2.1) and proposition 2.4 that
n; = P*ng + n} + d W (3.3)
where 7 is closed in A'(T*),n; € 7% (ker) and

nj = lim d.hJ,

n—oo

in the C'* topology, 1 < 5 < g+ 1. Actually by Theorem 2.2 i) r;}. =0if & is

diophantine. Thus, by the continuity of 8, it suffices to consider
nj=Pnd+dhi, 1<j<q+1 (3.4)
In this case we have
B(m, ..., Ng+1) = [deh' AddchE A ... A dd 9T (3.5)
Since dd.h? € 1(£,),1 < j < ¢+ 1, and I(£,)?+! = 0, it follows that
deh' Addh? A -+- AddhTTY = d(R1dd AT A -+ - A dd RTHY) (3.6)

From (3.5) and (3.6) we see that B(n1,... ,m,+1) = O when the n;’s are as in
(3.4). This proves the theorem.,
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