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0° Introduction.

It is well known that the space F' of the smooth functions of a compact
.smooth manifold M is a Frechet space and leads a Sobolev chain {F*}, namely,
F? is a Hilbert space obtained by the completion of F in a norm involving
the integral of sciuares of all derivatives up to order s, and F is the inverse
limit of the system {F°}. Of course the addition (@, b)—a=+b in F can be
extended to the smooth mapping of F*XF°® into F° for every s.

Assume M is closed (that is, compact without boundary). Then the con-
mnected component 9, of the group of the diffeomorphisms of M in C*-topology
‘has similar properties as above, that is, (1) 9, is a Frechet Lie group
and (2) there exists a system {9}, s=dim M+5, of smooth Hilbert manifolds
each of which is a topological group such that 9, is the inverse limit of the
system {D§} [2, 7, 9]. Though the group operations of 9} is the extension
of that of 9,, the differentiability of these is not so simple. For example (a)
the multiplication (g, ) —gh of @, can be extended to the Cl-map of DX D}
into 95. On the other hand, (b) the right translation R,: 9{— 9} is smooth
for any g= 9} [2, 9]. As a matter of fact, these properties can be proven
in case that M has a boundary and s=dim M+1 (c. f. [2]).

In this paper as well as the previous paper [9], the author restricted his
<concern to the case that (a) M has no boundary, (b) s=dim M+5 and (c) the
-connected component 9, of the total group of the smooth diffeomorphisms.
"The reason is the following:

(a) If one constructs an abstract group theory having the properties
mentioned above (and this is what he wants to do in the future),
then the boundary cases will come in it very naturally.

(b) If s=dim M-+5, then we have a nicer property with respect to the
composition of maps. Actually, we have a useful inequality in this
case (see Theorem A in [9].

(c) If one concerns with only local properties, it is enough to treat a
neighbourhood of the identity. So as a group generated by a neigh-
borhood of the identity, we have only to consider the connected
component 9,.
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Anyway, in spite of these various properties of 9§, this seems to be still
far from Hilbert Lie groups. Since the tangent space I'*(Ty) of 9} at the
identity. ¢ is not closed under the bracket operation of Lie algebra, we cannot
replace the differential structure by some other one so that the group opera-
tions may become smooth. Moreover, the properties of {9}} mentioned above
imply that Frobenius theorem will be fairly difficult to prove on the group 9,.
Namely, letting & be a subalgebra of I'(Ty) (the tangent space of 9, at e),
it seems difficult to prove the existence of a topological subgroup of 9, which
has & as a Lie algebra in some sense. As a matter of course, Frobenius.
theorem does not hold in the category of Frechet manifolds in general.

However, there is only one way to get a sort of Frobenius theorem on
9,. Take the closure & of & in I'*(Ty) and consider the distribution
& = {dR,&*; g = 9§}, where dR, is the derivative of the right translation R,.
In general, this distribution is not differentiable. So suppose this distribution
happens to be smooth. Then & is an involutive distribution of 9} (see Prop-
osition A), where of course & is provided a subalgebra of I'(T,). Therefore,
one can use the Frobenius theorem in Hilbert manifolds. The resulting manai-
fold G* is a smooth submanifold of 9§ and a subgroup of it. Moreover, the
group operation (g, h)—gh is a Ct-mapping of G**'XG* into G* and the right
translation R, is a smooth mapping of G° onto G° for any g€ G°. (See also
2° for precise statements.)

Therefore the essential thing we have to know is the condition under
which & becomes differentiable, and the purpose of this paper is to give
such conditions which ensure the differentiability of &°. The main result in
this paper is the following: Assume & is the kernel of a differential operator
with smooth coefficients and the image of this differential operator is closed.
Then &° is smooth. (See also 2° for precise statements.)

As a matter of course, Frobenius theorem on 9, does not finish by the
above theorem, because the inverse limit G of {G*®} is not necessarily a
Frechet manifold. To make G a Frechet manifold, we need much stronger
conditions on that differential operator. These will be given in next few
papers.

1° Review of local properties of groups of diffeomorphisms.

Before stating the main theorem, we have to establish our notations and
recall some results which will be used later. Specifically we discuss local
properties of groups of diffeomorphisms. All the proofs of the results in
this section may be found in 2° and 3° in [9].

Let I'(Ty), I'(Ty), 9* denote the space of smooth sections of T (the
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tangent bundle of M), the space of C'-section of T,, the group of C!-
diffeomorphisms of M with C'-topology respectively. Then, there is a homeo-
morphism & of a bounded open neighbourhood U of 0 in ﬁl(TM) onto an open
neighbourhood I of the identity in D Actually this homeomorphism & is
given by &(u)(x) = Exp, u(x), where Exp is the exponential mapping defined
by a smooth riemannian metric on M. Since D is a topological group, there
exists a bounded open neighbourhood V of 0 in fl(TM) such that & V)yec 0.
Put U=UNI(Ty), V= 1%a) I'(Ty). Then, n(u, v)= & (&(u)&(v)) can be regarded
as a mapping of VXV into U.

Let I'*(Ty) be the Hilbert space obtained by completion of I'(T) in the
norm involving the integral of squares of all derivatives up to order s. Then

the Sobolev embedding theorem shows that if s;[%]%—Z, n=dim M, then

FS(TM)Cﬁl(TM) and the inclusion is continuous. So, we put Us=U\IT"*(T,),
V' =VAT*(T) for sz[-5-|+2.

Using these notations, the properties of % are as follows: (, 1) n: VXV
— U can be extended to the C’-mapping of V**'X V* into U*, where s=n-+5
and this assumption will keep throughout this paper. (%, 2) n,: V*—=U*® is a
C=-mapping where 7,(x)=7(x, y). (1, 3) Put &(x, y)=(dn,)x, where (d7,), is
the derivative of 1, at 0. Then {: I'(Ty)X V—I(Ty) can be extended to the
C'-mapping of I'**Y(T,)XV*® into I'*(Ty). (n,4) There is a neighborhood W
of 0 in V and a continuous map ¢: W\ I*(Ty)—V* such that 7n(¢(x), x) = 0.
(n, 5) For any s=n+5, there is a neighborhood W?® of 0 in V* such that for
u, v, v eW?, |9, uy—m, u) ;= K|v'—v|s for some constant K;. So these
properties are regarded as local properties of @Di. Actually the group 9§ is
defined as follows: Let M* be the basis of neighborhoods of 0 in [I'3(T).
‘Then, {EWNU); WeR} is a family of open neighborhoods of the identity
of 9, and defines a new, weaker topology for 9, by which 9, becomes a
topological group. So 9§ is the completion of 9, by the (right) uniform
topology defined by this new topology. Thus the space ["(Ty) can be nat-
urally identified with the tangent space at the identity of 9j.

The properties of the system {9, 9%, s=n-+5} is the following:

{D,, 1) D} is a smooth Hilbert manifold.
(D,, 2) DiT'C Dy and the inclusion is smooth.

(Do, 3) Dy= N D§ and the original topology (C=-topology) of 9, is the same
as the inverse limit topology.

(Dy, 4) The multiplication DX D,— D, (g, h)—gh, can be extended to the
C'-mapping of 2§"'X 9§ into D%.
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(2,5 The mapping 9,—9,, g—g ', can be extended to the C'-mapping of
D into 9%§.

(2, 6) For any g 95, the right translation R,: 9— 9§ is smooth.
g

(90, 7) The mapping dR: I'*"Y(T )X D} —TD; defined by dR(u, g)=dR,u is a
C'-mapping, where T9} is the tangent bundle of 9.

Now, the property (9,, 7) can be generalized in the following way: Let E
be a smooth riemannian vector bundle and I' ,(E) the space of smooth sections.
of the pull back g'E of E by g9, For simplicity, I'(E) denotes the
space of smooth sections of E instead of I',4(E). Consider the set y(E)=
UA{T(E); g€ D,}. Then y(F) is a vector bundle over 9, in the sense of
Frechet manifolds. A local trivialization at the identity is given by the:
following: Let C(), t=[0, 1] be a curve in M and ¢/(C) the parallel trans-
lation along the curve C. Of course, z/(C) is a linear isomorphism of T¢,M
(the tangent space of M at C(0)) onto T¢,M. 7/(&(u)(x)) denotes the parallel
translation along the curve Exp, tu(x), t=[0,1]. Using this notation, we put
(u, v)(x) = z/(E(u)(x))v(x) for every uclU and ve I'(E). As a matter of course,.
/((u)(x))v(x) can be regarded naturally as a smooth section of Iy (E), if
you congider x as a variable. So this r makes sense and gives a local trivial-
ization 7: UXI'(E)—y(E).

On the other hand, for every element v € I',(F), v(g(x)) can be regarded
naturally as an element of I',,(E) for any g=9,. So 9, acts (from right)
on y(E). This action will be denoted by R¥. Obviously RER¥ = R},. Putting
TeaV = 7(u, v), the local expression of R¥ is given by tgl,ewyREwTswy Where:
of course Teuyecwy iMplies Teycy,vy-

Let R'(w, u) = &l REw,w, T'(u, w, v) = telsew)REwnTecwyw. Then we have

(z,1) R’: '(E)XU—TI(E) can be extended to the C‘-mapping of I**!(E)x U*
into I'*(E) for any t=s=n-+5.

(z,2) T': VXI'(E)XV—I(E) can be extended to the C'-mapping of
Vit 'Y (EYX V* into I'*(E) for any t=s=n-+5.

In the expression these properties are a little bit different from that of 2°
in [9]. However, these are immediate conclusions of 2° [9]. Because (z, 1)
U*C U*® and the inclusion is smooth and (z, 2) there is a mapping 74: VXV
—I'(E*®E) which can be extended to the smooth mapping of V®X V*® into.
I(E*QE) (c.f. 2° [9]) such that T'(u, w, v) =7 4, {(u, V))R'(w, v), where
is the same mapping as in (7, 3). So especially, if v is fixed in V* then
Riw(w, u) defined by t&mew,REmTeqrw is a smooth map of V*<XI*(E) and
continuous with respect to v e V.

Since 97*° is a topological group, there exists an open neighbourhood W
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of 0 in I'**5(T,) such that EW)EW ) &V ™5, Put W=WnNI'(Ty), W=
WANIT*(Ty). Consider the disjoint union U {EW")gXI*(E); g Di}. We
define an equivalence relation ~ as follows: (&(u)g, w)~(&(w’)g’, w’) if and only
if Ewg=¢EWw)g and w= R -1(w’,u). Since g'g'<&(V?"), this definition
makes sense. So we put y"(E)=\U{&WHgXxI'*(E); g€ Df}/~. Then, the
properties of y%*(E) are the following :

0, ) 7»°(E) is a smooth vector bundle over 9% with the fibre I'*(E).

(,2) 7yHY(E)CTyH(E), r4H(E)C rH(E) (where t=s+1) and the inclusions
are smooth.

7,3) 7y(E)=nN7E), where y*(E) is a simplified notation of y**(E).
(r, 4  r“%(E) is the pull back of y*(E) by the inclusion 9C 5.

(7,5  The right translation R} can be defined for g 9§ and is a smooth

map of y*(E) onto itself. Moreover, this is continuous with respect
to g 94%.

(7,6) Put R*w, g)=Riw for weIl(E), g9, Then this mapping
: R*: I'(E)X9,—y(E) can be defined to the C'-mapping of ["**Y(E)X D}
into r°(E).

These properties are a little bit different from that of 2°, [9] in expression,
but all of them are immediate conclusions. Anyway, the properties (%, 1-5),

(D,, 1-7), (z, 1-2) and (7, 1-6) are all what we need as a background of this
paper.

2° Statements of main theorems and applications.

Let E, F be smooth finite dimensional riemannian vector bundles over
M. Consider a linear mapping A: I'(E)— I'(E) which can be extended to the
bounded linear map of I*(E) into I*""(F) for every s=n-+5+7r. Then by
using (7, 5-6) above, the right invariant bundle morphism A 7 (E) =7 "(F)
defined by R¥AR%™' is continuous. In general, we cannot expect the differen-
tiability of A. Moreover, we cannot expect the continuity in operator norm
with respect to g. Situation is the following:

Suppose B,, B, be smooth Banach vector bundles over a smooth Banach
manifold X with fibres F,, F, respectively. Let A be a C*-bundle morphism
of B, into B,. Then, taking local trivializations on some coordinate neigh-
borhood W, A induces a C*-map A’ of WXPF, into F,. A’ is linear with
respect to the second variable. So A’ induces a mapping A” of W into
L(F,, F,). In general, A” is only a C*¥'-mapping. If A’ is continuous, then
for any point u =W, there is a neighborhood V of u and a constant K such
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that || A”()|I=< K for any vV, that is, locally bounded, this is because A’
is continuous at (u, 0), where || || is the operator norm. We call A a strong
bundle morphism, if A” is continuous.

If a bundle morphism A is smooth, there is no confusion, because A’ and
A” are smooth. However if A is only continuous, we have to be careful about
continuity. We use the notion “continuous” only for the continuity of A’
as far as concerning bundle morphisms.

Now, we have the following:

THEOREM A (Smooth extension theorem). Suppose A is a differential
operator of order r with smooth coefficients. Then A is a smooth right-invariant
bundle morphism of y"*(E) into y"*~"(F).

This is a main theorem of this paper and a proof will be seen in 4°,
using rather known results about jet bundles which will be discussed in 3°.
In this section several other simpler extension theorems will be proved, some
of which are proved by using this Theorem A.

Now, we have already discussed about some sort of extension theorem,
Theorem B [9] in the previous paper. First of all, we have to recollect this
theorem. Let W be a relatively compact open subset of E such that W, is
a non empty open subset of E, for each x M, where E, is the fibre of E

at x and W,=WnNE,. For any sé[—%—]—kl, we put

Wi={uel*(E); ux)eW, for any x& M}.

Let W= \W?* Suppose f is a smooth mapping of W into F such that
J(W,)C F, for each xe M. Define a mapping ¥: W—I'(F) by Tu)X)=
J(w(X)). Call such ¥ a mapping defined from a smooth function f. Then, the
simplified Theorem B in shows the following:

XX ¥: W—I(F) can be extended to the smooth map of W?* into I'*(F).

Now let 1, be the trivial vector bundle over M of dimension 1. The
following is easy to prove, by using Sobolev embedding theorem :

LEMMA 1. Let ky=|- ’5—7]+1. The mapping @ defined by

0w, v, /)= (wlx ), o) [x)p(x)

is a bounded tri-linear mapping of I'(EYXIT°(E)XIT'*(1,) into R, where { , >,

is the riemannian inner product of E at x and p is a volume element of M.
The next lemma is not difficult, since we have the fact XX, but an exact

proof will be given in 2°, because we have to use higher order connections

for a precise proof.
LEMMA 2. Let J(u) be the Jacobian of &(u). Then J is a smooth mapping
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of Ukt into I'*o(1,), where kO:[ﬂzﬁ]%—l and U*ot! {s the same open set in
LR Y (EY) which is defined in 1°.

Suppose e,, -+, ¢, to be linearly independent elements of I'(E). For any
7"(E), t=s=n-+5, we define a mapping & of y*(E) into R™ by the following:
k :(klr Tty km) ’

ky(REw)= [ (), e(a)>ape()

THEOREM 1. Notations and assumptions being as above, k is a right-
invariant smooth mapping of y“°(E) onto R™.

PROOF. Surjectivity and right invariance are trivial. So we have only
to show the smoothness. By changing the variable x, we see

k](sz): le< w(gx), ej(gx)>g$#(gx) ........................ (D

To prove the differentiability, one has to use the local trivialization of y“*(E)
at the identity. So recall the definition of r in 1°. Put R¥,w’=7z(u, w) and
we have

ki(z(u, w)) = fM< w’(Eu)(x)), e;(EWI(X)) Decuwrcamp(E(u)(x)) ,
using (1). Since w/(§w)(x)=1"(§W)(DNw(x) and e;(EW(xN=1"(EW(NR"(e;, u)(x),

replacing by these and using the fact that z/(§(u)(x)) is an isometry, we get
ke w)= [ (w2, R'(e;, u)a) o €Ga)))

‘Therefore, k;(z(u, w))=@(w, R'(e;, u), J(u)). Since e; = I'(E), R'(e;, w) is smooth
with respect to u (c.f. (z, 2)). So Lemma 2 implies the smoothness of k.

The above mapping 2 can be regarded as a smooth bundle morphism of
7%°(E) onto the trivial bundle 9§x R™.

LEMMA 3. Let E, F and G be vector bundles over a smooth Hilbert mani-
Jold X with the fibves E, F and G of Hilbert spaces respectively. Suppose E
and F are smooth bundles. Let A: E—F be a smooth bundle morphism and
B:F-G a strong bundle morphism such that Im A=Ker B and B is surjective.
Then Ker A is a smooth subbundle of E.

PrROOF. Fix an arbitrary point x = X. There is a neighbourhood W of
x such that E|W=WXE, F|W=WXF and G|W=WxG. Of course, £ |W
etc. implies the restriction of E on W and = does local trivialization. Thus, A
induces a smooth map A’: WXE—F and B does a strong map B': WX F—G,
each of which is linear with respect to the second variable. Let E,=Ker A4,
Fy=1Im A, =Ker B}, where A,v= A’(y,v), B,v=B'(y,v). Let E, (resp. F,) be
the orthogonal complement of E, (resp. F)).
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Since B,: F,—G and A,: E,— F, are isomorphisms, letting = be the pro-
jection of F onto F,, we can take W so small that it may satisfy B;: F,—G,
tAy: E,— F, are still isomorphisms for any y€W. Take such W. We make a
new smooth mapping C: WXE@PF,—F by C,(u+v)= Au+v. It is easy to
see that C, is surjective for any yeW. If C,(u+v)=0, then 7A,u=0 and
(1—m)Ayu+v=0. Therefore A,u=0, because if not, then Ajue F,, hence
B, Ayu=0, contradicting the assumptions. So, C,(u+v)=0 yields u €Ker A4,
and v=0. Consequently, we get KerC,=Ker A;. Thus, this lemma is
reduced to the case G = {0}, that is, Ais surjective.

So put F=F,, F,={0}. We can find W such that A} is an isomorphism
of E? onto F for every yeW. Let D, be the inverse of A,: E,—F. D, is
smooth with respect to y. Put ¥: WXE,—-FE by ¥(y, w=u—D,Aju. Ob-
viously, 4A;¥(y, u)=0, and ¥ is a smooth mapping. So this ¥ can be regarded
as a local trivialization of Ker 4, because if A,u=0 for some (y, u), then
letting n’: E— E, be the projection, u=rn'u—D,A,n’u. This relation is gotten
by the following: n'u—D,Ayn’u is contained in Ker A4;. So if D, A,n'u=
(1—n")u, then the difference (1—rn")u—D, A,x’u is contained in E, N\ Ker 4,
which is {0} by assumption.

THEOREM 2. Suppose A: I'(E)— I(F) is a differential operator of order r
with smooth coefficients and assume the image AI*(E) is closed in I'*""(F) for
any s=n-+5+r. Then, for any t=s, Ker A is a right invariant smooth sub-
bundle of y*°(E).

PROOF. Suppose at first that the image Im A is a continuous subbundle.
Then, the factor bundle y“* "(F)/Im A is a continuous vector bundle and

" (E) i risT(F) _1:_) r* " (F)/Im A —> 0

is exact, where 7 is the natural projection. Since the factor bundle is con-
tinuous, # is a strong bundle morphism. Therefore, Theorem A together
with the above Lemma yields the desired result.

Therefore, we have only to show that Im A is a continuous subbundle of
yo* "(F). Take local trivializations z: U'XI'*(E)—7y»*(E) and z: U'XI""(F)
—7"*77"(F) as in 1°. Then, A induces a smooth map A’: U'XI(E)Y—T'*""(F).
A’ is linear with respect to the second variable. Let E,=Ker {A: I'*(E)—
I*"(F)}, F,= AI'*(E) and E,, F, orthogonal complements of E,, F; respectively.
Then, A: E,—F, is an isomorphism. Let G be its inverse, and the map
¢:U'XF,—F,@F, defined by ¢(u, v)=A(u,Gv) is smooth and satisfies
¢©(0, v)=v. Let = be the projection of F,F, onto F,. Then, there is a rieigh-
borhood W of 0 in U’ such that =y, defined by 7, v=7np(y, v) is an iso-
morphism for any uW. Therefore the image U {¢,F,; usW} defines a
smooth subbundle of WX F,@F,, where ¢,v =¢(u, v). Thus, we have only to
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show ¢, F,= A, I"*(E) if u is sufficiently near to 0, where A,v= A'(u, v).

So assume there were a sequence {x,} converging to Q in U’ such that
AL I°(E)2 AL, E,. Then, there exist u, such that A, u, e F, and | A, unlls-r
=1 for sufficiently large n. We may assume u,< tgbRéenE.. Let y,=
ENEx)™). {y.} converges to 0in U® (c.f. (,4)). Since R'(v, x)(= t&ln REnv)
is a continuous mapping of I"*(E)x U" into I'*(E), there are a neighbourhood
W of 0 in U’ and K such that ||z&,RE, =K for any x=W. Namely,
| c&tn REnVIs < K|vlls for any x€W. Since 78y REqntebn REw,y =1d., we have

K s = lteepREeaovls = Klvlls,  veI(E),
for sufficiently large n, and similarly we have
K olls-r S letbn REapVlls-» S Klvls-r,  vel*7(F).
Since A,,= Tg(lxn)ﬁfﬁ(xn), we have
Apin = T8 REen ATeym REynttn -

Therefore, there is a constant C such that llA;nunlls_TgCIlunlls,f‘namely {ug}
is bounded. Notice that lim A%, = A; in operator norm of L(I'*(E), I'*~"(F)).
Put u,=v,+w,, v,€E, w,eE,. Then {v,}, {w,} are also bounded. Therefore,

1=1lim [ Az unlls-r = lim | Az, walls-+1im ||(AZ, — ADvalls-~
=lim | A%, Walls-r = lim | Aswalls-»+1im [[(A7, — ADwalls--
=lm [[Awalls—r =lim |w A%, walls-r+1im [|7(A%y, — ADWlls-r
=lim |7 Az, walls-r = lim |7 AZptnlls-r+1im | 7(A%, — ADVals-,

=lim (|7 Az, Uslls-» =0.

This is contradiction, hence there exists a neighborhood W of 0 in U® such
that ¢, F, = A,E,= A,["*(E) for any xW.

Now let @ be a subalgebra of I'(Ty). Let &' be the closure of & in I"(Ty).
Put @s:{ng@is; g 93}, In general, this is not a continumfaigf}ibution
(i. e. continuous subbundle).

PROPOSITION A. Notations being as above, suppose & is smooth. Then &°
is involutive. (This condition is satisfied, if & is defined by a kernel of a
differential operator satisfying the assumption of or by a kernel of
k inTheorem 1) More generally, if & is a C*®-distribution for some k(s)=1
depending on s, then G is involutive.

PROOF. First of all, we fix s arbitrarily. Since & is a C*®.distribution
on a smooth Hilbert manifold 9, there is so called &*-connection ¥ on D8,
namely, (i) ¥ is of class C*®, (ii) Vi = @ for any C'-vector fields #, # on D3



414 H. OMoORI

contained in &. The existence of such connection is not hard to prove, if
one uses a partition of unity. Moreover, in this case, we need such a con-
nection defined only on a neighborhood of the identity. So in fact, one can
use a local coordinate and a local trivialization for the definition of V.

Put T(@, o) =Vxo—Vi—[#, ©]. Then, T is called a torsion tensor and a
tensor field on the neighborhood of the identity. Put #i(g)=dR,u for ue®.
Then, i is a smooth vector field on 9} contained in & and (4, vJ(g)=dR,[u, v]
for any u,ve@®. Therefore, T(dR,u, dR,,v) = dR,& for any u,ve®. This
implies T(dR,®°, dR,&*) C dR,®° because T is a bounded bilinear map at each
point. Thus, we have the torsion tensor satisfies T(@s, @) @. This implies
& is involutive.

Now suppose & = {dR,®°; g = D}} is a smooth distribution of 9§ for s=s,,
where s, is some positive integer =n-+5. By using Frobenius theorem on
Hilbert manifolds, there exists the maximal integral submanifold G* through
the identity. Put G="G*’. Then {G, G} satisfies the following properties:

(G, 1) G°® is a smooth Hilbert manifold (trivial).

(G, 2) G**'CG*® and the inclusion is smooth. (See below.)

(G,3) G=nNG* (by definition). We give the inverse limit topology on G.

{G,4) G is a topological group by the inverse limit topology and the group
multiplication GXG —G, (g, h)—gh, can be extended to the C‘-map-
ping of G**'XG* into G°. (See below.)

(G,5) The mapping G—G, g—g"}, can be extended to the C‘’-mapping of
G**' into G°. (See below.)

(G,6) For any g G*, the right translation R,: G*—G*® is smooth. (This is
because & is right invariant and R,: 93— 9} is smooth.)

(G,7) The mapping dR: &*XxXG*—TG* defined by dR(u, g)=dR,u is C!-
mapping, where TG® is the tangent bundle of G*. (See below.)

To prove these properties G, 2.4.5.7, we need a lemma.

LEMMA 4. G° is a topological group for any s=s,.

PROOF. Since & is invariant, we have R,G*=G* for any g G*. This
shows G° is a subgroup. So G’ is a topological group by the relative topology.
However, the manifold structure might be given by a stronger topology, be-
cause G* might not be closed in 9.

Now, let E° be the orthogonal complement of & in I*(T,). Therefore
there are open neighbourhoods V¢, W* of 0 in &°, E* respectively and a smooth
diffeomorphism &; of V°*X W?® onto an open neighbourhood of the identity such

that £y(V? u) is an integral manifold of &* for every usW?*. Since 9% is a
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topological group, there are neighbourhoods Vs, W of 0 in &, E* respectively
such that &(V*, WHE(V?®, W1 < g(V*, W*). This implies &(V*, 0)&(V?®, 0)'C
&V, ) C &(V?, 0).

On the other hand, it is easy to see that G* is generated by any open
neighbourhood &)(V* 0) of the identity, because G*® is connected. Let * be
a basis of the neighbourhoods of the identity in ®&°. Then the system
{&(V?, 0); Ve =N} satisfies the axiom of the neighbourhood of topological
groups. (As for the axioms, see or for example.)) Thus, G° is a
topological group.

To prove (G, 2), we have to take two diffeomorphisms &;.,;, &. Assume
Eea (VoI WY C E(VEX W?). Since &4, (VF*, 0) is an integral submanifold of

&' and @WC@“, any curve c(f) contained in V**' satisfies —jt—a’,.ﬂc(t)e@”"
C@®&*. Thus, &) is contained in the integral submanifold of &°. This
implies &4 (V1 0)C &(V?,0). Thus G*'C G*.

Together with the property (G, 2) implies that G is a topo-
logical group by the inverse limit topology.

To get the property (G, 4), we take also &..;, & such that

it VX W —> @t & VIXW® —> D}

give smooth charts. Since 9§ is a topological group, there are neighborhoods
Ve+l Vs guch that &L, (Ve+, 0)ENVE, 0)C VS, W®). It is easy to see that
&V, 0)&(V?, 0)C &(V?, 0). So by the property (D, 4), 7.,(u, v)=
& ss(u, 0)&(v, 0) is a C*'-mapping.

By the similar method, we get (G, 5.7).

Now, the properties (G 1-7) is the same to (9, 1-7). According to the
terminology in [2, 7], G is called an I.L.H.-Lie subgroup of 9,. In fact, a
topological group G is called an I[.L. H.-Lie group, if G leads a system G°
which satisfy (9, 1-7) and an [.L.H.-Lie group H, leading a system H°, is
called an I. L. H.-Lie subgroup of G, if HC G, H*C G*, the inclusion is smooth
and £° (the tangent space of H*® at ¢) is a closed subspace of &°. Strictly
speaking, one should call {G, G°} an I.L.H.-Lie group or an I.L.H.-Lie sub-
group instead of G, because there might exist many kinds of systems {G°}
such that G=NG?*. So the system {G°} can be regarded as a structure (that
is, an I.L.H.-structure) of G. Therefore, when we say G is an [.L.H.-Lie
group, we always consider a group G with an I.L.H.-structure {G*}. It is
easy to see that if G is an I. L. H.-Lie group, then 8=\ &° is a Lie algebra,
where &° is the tangent space of G® at ¢ (c.f. [2, 7]). This will be called
a Lie algebra of G. :

COROLLARY 1. Let & be a subalgebra of I'(Ty) defined by a kernel of a
differential operator of order v. Let A:I'(Ty)— I'(E) denote the differential
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operator. Suppose (i) the coefficients of A are smooth and (ii) the image AI'*(Ty)
is closed in I'*"(E) for any s=n-+5+r. Then, there exists an I.L.H.-Lie
subgroup G of D, having & as a Lie algebra.

This is an immediate conclusion of Proposition A and [Theorem 2
However, [Theorem 2, itself is an immediate conclusion of Theorem A and
Lemma 3, and this is not only one conclusion. One can extend
variously. In the following part of this section, a sort of extension of

will be discussed.
Suppose M is oriented and let E_,, E,, E;, be finite dimensional smooth

riemannian vector bundles over M. Suppose A: I'(E_))—I'(E,) and B: I'(E,)
— I'(E)) be linear differential operators of order » such that (i) A and B have
smooth coefficients, (ii) BA=0 and (iii) AA*+B*B is elliptic, where A*, B*
are formal adjoint operators of A, B respectively. Let O denote the elliptic
operator AA*+B*B. Let H be the kernel of O: ['*(E,)— ['°(E,). Then, H
is finite dimensional and HC I'(E,) by the regularity of the solutions. Define
a subbundle #° by {RXH; g< @;}. Then H* is a smooth subbundle of 7°(E,)
by the property (r, 5-6). Moreover H' is a smooth subbundle of 7 (E,) for
any t=s=n+5.

Since H is finite dimensional, we can define the right invariant smooth
mapping K of y“*(E,) onto H by [Theorem 1. Let y4*(E,) be the kernel of K.
Then by Lemma 3, y&'(E,) is a smooth subbundle of y“*(E,) and is right
invariant. Let ﬁzRﬁDRﬁ‘l. Then by using Theorem A, O is a smooth
bundle morphism of y°(E,) into y*>*~*(E,) for any s=n+5+2r. Since M is
closed, we have the following

LEMMA 5. [ is a smooth bundle isomorphism of ru(E,) onto rE(E,).
Therefore 017': T (Ey) — ru(E,) is also smooth.

PROOF. Since OJ: 75(Ey) — ri*~(E,) is smooth and injective, we have only
to see that the image of O is i (E,), because if so, it is easy to prove the
smoothness of 0.

Let I'y(E)={ue I'(Ey); jM<u,e> p=0 for any e H}. Then I't(Ey),
I's*(E,) are the fibres at the identity of ri(E,), r2**(E,) respectively. Since
O is self-adjoint elliptic operator, we see O : ['L(E,) — I'$*(E,) is isomorphic.
Thus, O is an isomorphism of yi(E,) onto y&*~*(E,). The smoothness comes
from Theorem A.

It is easy to see that ﬁrE(EO):yg’—Q’(Eo)zﬁr*(Eo). Let F,=Ker BN
Ir'y(Ey), F,=Ker A*N\I'y(E,), Fi=Ker BNI'4(E,) and F$=Ker A* "\ I'%(E,).
Then, Fi, F§ are closed in I'4(E,). Such F¥ is defined for s=7.

LEMMA 6. I'o(E)=F,DF,, I'(E)=Fi{®F3 for s=r and F{=AI'**"(E_),
F3= B*["**"(E)). Moreover, BI'**"(E,) is closed in ['*(E,) and so is A*I"**"(E,)



Smooth extension theorems 417

in I'S(E_)) for s=2r.
PrROOF. Since {uesl™(E,)); A*u=Bu=0}=H for s=r7, we see that
INF$={0}. Since AA*O 'ueF; B*BO 'ucF} the equality u=AA*O 'u
+B*B0O'u implies 'S (E,) = F{P F§ for s=r. Hence I'o(E,)=F,DF,.

Since O : F{"*" @ F§ — F{@ F$ is isomorphic and OF{* C F3, OFY C F3,
we have OF{=F% i=1, 2. Moreover, OF{"¥ = AA*F${**, OF§{™* = B*BF§',
Since AA*F{trC AI'**"(E_)C F{ and B*BF§'C B*['**"(E))C F35, we have
Al'*"(E_)=F3, B*['**"(E)) = F3. ‘

Since AA*: F{'" — F{" is isomorphic for s=2», we have that A*F{™" is
closed in I'*(E_,). This is because

Al A*ulls = | AA*ulls-r = Clltfser

where ||A]| is the operator norm of A:[I*(E_)—I"""(E,. By the same
method we get BF§'" is closed in I'°(E).

COROLLARY 2. Let n;: I'o(Ey)—F,, i=1, 2 be the projection. Then m; can
be extended to the projection ['s(E,) onto F{ for s=2r and r,= 0O 'AA%
w,= [0 *B*B.

COROLLARY 3. Let #; be the right invariant bundle map of y&i(E,) into
itself defined by Rim;RE™* for t=s=n+5+2r. Then %, is a smooth projection.

PROOF. Since #,= ﬁ‘lA’z*, T, = ﬁ"B%, Theorem A together with
Lemma 5 yields the desired results.

Let Fis=Ker {%,: yh(E)—75(E)} and Fis=Ker {#: y5(Eo) — 15(E)}.
By Lemma 3, we see that Fé"‘, 1=1, 2, are smooth subbundle of y&%(E,) for any
t=s=n+5+2r. Of course, #;y4"(Ey)=F%* and 74(E,)= Fi @ Fys (Whitney
sum). Moreover, F‘i's@ﬁé“' is a smooth vector bundle over 9} for any s, s’
such that t=s, s’=n-+5+2». Since f's(EO):rgs(Eo)EBﬁ, we can define the
projection 7 of y“°(E,) onto Fvs. Obviously, # is smooth.

THEOREM 3. Notations and assumptions being as above, let D, D’ be linear
differential operators of order p, q respectively, p=q, D and D’ have smooth
coefficients and map I'(Ty) into I'(E,). Assume furthermore that DI'(Ty)C F,
and (D+D)I(Ty) is closed in F{?»@DF{ 1P H for any s=n+5+2r+p. Then,
the kernel of D+D’ is a smooth subbundle of 53 (Tyy), where D+D’ is the
right invariant bundle morphism defined by RE¥(D-+D’)R§'. (This is a mapping
of ¥ (Tw) into Fyr@Fy-epH)

PROOF. Since the closedness of the image is assumed, we have only to
show the smoothness of D+5’. Obviously, D+’ = D+zD'4+-(1—7)D’. Since
DI(Ty)C F,, D+7D’ is a mapping of 7%*(Ty) into Ft*». By Theorem A
and Lemma 5, this is smooth. Similarly, (1—#)D’ is smooth. So Lemma 3
shows that the kernel of D+’ is smooth.

This is an extension of Theorem 2, and these Theorems 2, 3 have several
non-trivial applications. In the remaining part of this section, we discuss
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about the applications. There will be given four examples A—D. A, B and
C are applications of Theorems 2-3 and D is an application of Theorem A
and Lemma 5.

(A) Let '(A%) be the space of smooth k-forms on M, A% the exterior
product of cotangent bundle T%. Suppose M is odd dimensional (n=2m-+1)
and has a smooth contact structure. A contact structure of M is given by
a l-form w such that w A (dw)™+0. We define a smooth vector field &,
by wié,=1, dw 1&,=0 and smooth subbundles E,={ucsTy; w_lu=0},
E,={uw eT§; w_&,=0}, where _] implies the inner product. Since w A (dw)™
+ 0, the mapping dw: E, —E,, defined by dw(u)=dw _u is an isomorphism.

The Lie derivative of w is given by

Lu=dw Juw+dw _lu.

Since Ty =R¢,DE, (R=the real numbers), any vector field u of M can
be expressed by f&,+#%, where f is a function on M, # is a section of E,.
Using this expression, we have

Luuw=dft+dw_ 4.

Let 1, be the trivial bundle RX M. In the above argument, replace E_,
by 14, E, by T%, E, by A% and A, B by d. Then, we have F{=dIl**'(1,),
F$=0l"*'(A%) and H=the space of harmonic l-forms. Let 7= be the pro-
jection of I'(T3) onto F,. Then = can be extended to the projection of I"*(T%)
onto Fi.

LEMMA 7. Assume (1—n)dw(['*(E,)) is closed in F{ H. Then, the image
{dlw tu)+dw Ju; ue I''(Ty)} is closed in F{'DF{D H.

PrROOF. It is not hard to verify that I'(T,)=I"(1,)¢. DI *(E,). Let
Imé = {dw 3 w)+dw _lu; ue I'*(Ty)}. Suppose x+y is in the closure of Im*
and x€ F{', ye F§6H. Then y is contained in the closure of (1—x)Im°.
By the assumption together with the fact dw(I"*(E,)) = dw(l'*(Ty)), we see that
there is u, = I'*(E,) such that y=0—n)dw _u,. Since x& F${'=dI'*(1y) and
mdw_Jlu, € F{', we can find f €I°(1,y) such that df = x—ndw_u,. Therefore
dw J (fé€p+ue)+dw 1 (fE,+u,) = x+y. This implies x+y & Im®. Thus, Im® is
closed in F{ '@ F{EB H.

THEOREM 4. Let

S={uerlTy); dlwlduw)+dw_Ju=0}.

Assume (1—n)dw(l*(Ey)) is closed in F§BH for any s=n+8. Then for the
subalgebra ® there is an I. L. H.-Lie subgroup G which has & as the Lie algebra.

PrOOF. In Theorem 3, put Du=d(w Ju), D'u=dw_Ju. Then Lemma 7
shows that D+ D’ satisfies the conditions of Theorem 3. By using Proposition
A and the properties (G, 1-7), we have the desired result.
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NoTE: Put 9,={p€9,; g*w=w}, 95, ={p<cDj; ¢*w=w}. Thenitis
easy to see that G C 9, G*C 9%, because G° is given by the maximal integral
submanifold of &°. Moreover, if c¢(t) is a C!-curve in 9§ such that c(¥) € 9},
for each t, then c¢(¥) € G®. So, if we could prove 9%, is locally C!-arcwise con-
nected, then G* and 9%, coincide. However, the author could not prove that.
In this case, we cannot use the same method as in [2], because the image Im’
is closed in F{'@® Fi® H, while ¢*w moves in F{'@ F§ P H. So the implicit
function theorem cannot be applied.

(B) Suppose M is even dimensional (n=2m) and have a smooth non-
degenerate 2-form w, where non-degenerate means w™# 0. The Lie derivative
of w is given by

Quw=dw luw)+dw u.

In the argument of Lemma 5, 6 and Theorem 3, replace E_; by T4, E, by
Ay, E, by AL and A, B by d. Then, we have Fi=dI"** (T%), Fiy=0I"*(A})
and H=the space of harmonic 2-forms. Let = be the projection of I'(A3)
onto F,. Then = can be extended to the projection of I"(A%) onto F} and
that of F{ '@ FsP H onto F{.

Assume the following two things:

(i) {Q—n)dw_u; ueI'(Ty)} is closed in F§P H for any s=n+38.

(i) Let E*={ucsl(Ty); dwiuecFi{'}. Then Fi'={dwlu); uc E*}.
These assumptions are satisfied automatically, if w is a symplectic 2-form,
that is, dw=20.

LEMMA 8. Notations and assumptions being as above, the space Im’=
{dw Juw)+dw Ju; ue I'(Ty)} is closed in F{'@ FiP H.

PrROOF. Put Tywu=dwlu), Tou=dw lu. Since T [*(Ty)C Fi{, E* is the
kernel of 01 —z)(T,+T,): ['(Ty)— Fs@H. Obviously (1—=a)XT,+Ty)=A—n)Ts,.

Let E§ be the kernel of T,: E*— F{! and E}{ the orthogonal complement
of E$ in E°. By the assumption (ii), 7, is an isomorphism of E{ onto F§{.
Consider the mapping T7Y(T,+T,): E{—FE{ Since T,E*C F{! by definition,
this is well defined and has the form [-compact operator. This is because
T,E®C F${ and the inclusion F{C F{' is a compact operator by Rellich theorem.
Thus, (J+T7'T,)E$ is closed and finite codimensional and hence so does
(Ty+T,HE$ in F§{'. Therefore (T,+7T,)E® is finite codimensional, because
(T\+T)E* D(T,+T)Ef and hence closed in Fi™.

Now, let (T,+T,)u, be a Cauchy sequence in F{''@ F§@P H. Then, so is
(1—n)T,u, in F§H. Let E§ be the orthogonal complement of E® in I'*(Ty).
Then (1—=)T,: E§— F§P H is injective and has a closed image by the as-
sumption (i). Therefore, there exists a Cauchy sequence v, in E§ such that

(1 — 7F>T2vn = (1 - 7T>T2un .
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Since v, is a Cauchy sequence in Ej, limv,=v, exists in Ej. Therefore

(1—n)T,w,=1im 1—=)T,u,. Obviously, u,—v, < E*, and (T,+T,)(u,—v,) is a
Cauchy sequence in F{~!. On the other hand, by the above argument we see
(T,+TLE*® is closed in Fi!. Therefore, there is x, = E® such that (T,+T,)x,
=lim (T, +T)(up—v,). Thus, (T1,+T)x=1lm (T, +T)u,—(T:+T)v,. This

n—oo

implies that lim (T,+T,)u, is contained in the image, that is, Im® is closed.

n—oo

THEOREM 5. Let @={ucsI'(Ty); dlwu)+dw_1u=0}. Suppose w satisfies
the property (i) (ii) above. Then for the subalgebra & there is an I.L.H.-Lie
subgroup G which has & as the Lie algebra.

NOTE: Put 9,={p€9,; p*w=uw}, D, ={pcD}; p*w=w}. Then GCD,
and G*'C 9%,. However, by the same reason as in (A), the author could not
prove the equality. If w is a symplectic two form, then we can use the
implicit function theorem and hence G =9,, G'=9;, (see 2D.

(C) Let E be a smooth finite dimensional vector bundle over M. Suppose
E has a smooth riemannian connection F. Let w be a smooth bundle morphism
of Ty into E such that

V xw(¥)—Fyw(X)—w(X, Y=0,

for any C!-vector field of M. Remark that the image w(T)) is not necessarily
closed or subbundle of E. This mapping w can be regarded as a mapping
of I'(Ty) into I'(E). By the assumption, 8 ={uc I'(Ty); w(u)=0} is a sub-
algebra of I'(Ty).

THEOREM 6. Notations and assumptions being as above, suppose wl'*(Ty)
is closed in I'*(E) for any s=n-+5. Then, there is an I. L. H.-Lie subgroup G
of D, which has & as the Lie algebra.

PROOF. Since w: I'(Ty)—IT(E) is a differential operator of order 0,
Theorem A and Theorem 2 yield the desired results.

NOTE: Since w(Ty) might not be a subbundle, the kernel of w: Ty —F
might not be a subbundle of T.

The condition V yw(Y)—Vyw(X)—w({X, Y])=0 is used only to ensure
that & is a subalgebra.

(D) Let E be a smooth, riemannian and finite dimensional vector bundle
over M. Let A:I'(E)—TI(FE) be a self-adjoint elliptic differential operator
of order 2r with smooth coefficients such that all of the eigenvalues are =<0.
Then the resolvent (pI/—A)* exists for p in the complement of 2 in the
complex plane and satisfies

-1 G
NI—=A s = 571

where (pI—A)™! is regarded as the operator of ['*(E) into itself.
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Therefore, by Theorem 5.2 in [10, p. 277], the operator S, of I'*(E) into
itself defined by

S,x=“zln—i fce”‘(:bFA)"lxdp, t>0, Sy=1id

is the semi-group with the generator A, where the route of the integral is
as in Fig. Obviously, R}S;Rf™ is a semi-group of the fibre of y**(E) at g
with the generator R¥AR}™ for any g < 9%, where t=s=n+5+2r. So define
a bundle morphism S, : 79 (E)— 7" (E) by RiS,R%¥™'. Then, we have

~e 1 bt
Sou= g f e pI=Aytudp, >0,

where A is the bundle morphism of y»***(E) into 7*°(E) and (p[_ﬁ)-l is
regarded as the bundle morphism of y%*(E) into itself. It is possible because
yhst2r (B T"S(E)-

By theorem A, p[—}i is a smooth bundle morphism of 7****(E) onto y**(E).
Therefore, Lemma 5 together with the fact that y“***(E)C y»*(E) is smooth
shows that (p/—A)™! is smooth.

Thus, we have the following

THEOREM 7. For any fixed t=0, §t:7"s(E)—>r‘rs(E) is a smooth bundle
morphism,

NOTE: By this theorem, we see that the semi-group used in § 13 of [2]
can be extended smoothly on the bundle y**(Ty).
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3> Jet bundles and higher order connections.

Before starting to prove Theorem A and we have to establish
our notations and recall some facts which will be used in the next section.
Specifically, we discuss 7-th jet bundle of local C™-maps of M into itself. Let
I"(M) be the jet bundle of local C”-diffeomorphisms of M into itself for r=1.
Let E be a smooth finite dimensional vector bundle over M and J"E the r-th
jet bundle of the local sections of E. In 1°, we made a vector bundle y(E)
over 9, with the fibre I'(E). Correspondingly, in this section we will make:
a finite dimensional vector bundle K"(M, E) over I"(M) with the fibre J%3E,
where Jr FE is the fibre of J"F at x= M.

On the other hand, in [9], the author defined right invariant connections.
on y(Ty), which was called I.L.H.-connections. Correspondingly, we will
define right invariant (in a sense) connections on K"(M, E). This is called a
higher order connection or specifically r-th order connection. Such concepts.
will be used to prove Theorem A, because we have to make a local triviali-
zation of y(J"E). Any differential operator A of I'(E) into I'(F) with smooth
coefficients is expressed by A=aj" for some a€ I'((JTE)*® F). So to prove
A is smooth, we have to show that (i) @: r(JTE)—y(F) is smooth and (i)
Fid y(E)—7y(JE) is smooth (see also next section for precise proof), where
@ ] are bundle morphisms defined by RYaR}-i, R%j"R%-1 respectively. In
this section, we discuss about a local trivialization of y(J"E).

Now, let /(M) be the space of the r-th jets of the local C™-mappings of M
into itself. J"(M) is a smooth fibre bundle over MXM. Let n:J"(M)—MXM
be the projection. Let J7({x}, M) denote the full inverse m '({x} XxM). Sup-
pose a be an element of J"(M) with ma=(x, ). Then, there is a smooth
mapping ¢ of a neighbourhood of x into M such that ¢(x)=y and (J"¢)(x)=a..

Let E be a smooth finite dimensional vector bundle over M. For the
above ¢, let ¢ 'E be the pull back of E by ¢. The local sections v of ¢ 'E
can be naturally identified with the mappings v: M—E such that w'v=y¢,
where 7’ is the projection of E. Let JT¢o™'E be the vector space of the r-th
jets at x of the local sections of ¢ *E. If you use coordinates x?!, ---, x™ of
a neighborhood of x and 3?, ---, ¥*, p', ---, p™ on an inverse image of n’ of a
neighborhood of y, then the mapping v: M— F can be expressed by

(gol(xl, e x"’)’ e gon(xl’ e x")’ pl(xl, ., xn)’ cee ’pm(xl’ e x‘”’)) .
So (jv)(x) =(derivatives of ¢’ at x up to order 7, derivatives of p° at x up

to order 7).
Therefore, we see J7¢ 'E depends only on a< J'(M). So we denote this

by Ki(M, E). The same expression by coordinates gives the following :
LEMMA 9. K'(M, E)=\U{Kz(M, E); a< J"(M)} is a smooth vector bundle
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over J'(M).

Let p be the projection of K"(M, E) and K"(M, E) denote the restriction
of K"(M, E) on I"(M) for r=1. Denote by I"({x}, M), K"({x}, E) the restric-
tions of I"(M), K"(M, E) on {x} XM, I"({x}, M) respectively.

Let ae J"(M) and ra=(x, y). Let T, J7(M) denote the vector space of the
initial tangets of the curves a(¥) in J"(M) such that a(0)=a, wa(t)=(x, y(¥)),
that is, a(t) fixes the point x. Another word T,J7(M) is the tangent space of
J({x}, M) at a. So we see that TJ"(M)=\ (T J(M); as J(M)} is a smooth
vector bundle over J'(M). Since ["(M) is an open subset of J"(M), we can
define TI"(M) by U {T,J(M); ac I"(M)}. Of course T,J(M) is the tangent
space of I"({x}, M) at a.

LEMMA 10. TJ"(M) = K"(M, Ty).

PrROOF. Let Exp,: T,M— M be the exponential mapping of M with respect
to some smooth connection on M. Let U be an element of K;(M, Ty). Put
wa=(x,y). There is a smooth mapping ¢ of a neighbourhood of x into M
such that (j7¢)(x)=a, and there is a smooth section v of ¢ 'Ty such that
(G )x)=U. Let ¢,(2)=Exp, tv(z). Then, (j"¢)(x) is an element of J"(M)

such that (j"¢y)(x)=a. Therefore ‘gi_ t_o(j”got)(x) is an element of TJ"(M).

It is easy to see that this does not depend on the choice of ¢, v as long as
o)) =a, (GvXx)=U.

Conversely, let X be the initial tanget of a curve a(?) in J"(M) such that
a(0) =a, mwa(t)=(x, ¥(¥)). Then, there is a smooth mapping ¢; of a neigh-
bourhood of x into M depending smoothly on ¢ such that (j"¢.)(x)=a(?).

For any z in the neighborhood of x, define v(z) by v(z)r—?dl;» Lzogo;(z). Then,
v is identified with a smooth section of ¢;'Ty. It is easy to see that
X=-9|_Greaw=Grm.

Let U< K"(M, E) such that pU=a, ra=(x, ). Let TyK"(M, E) denote
the tangent space of K"({x}, E) at U. Put TK"(M, E)=\J{TyK"(M, E); Ue
K"(M, E)}. Then TK"(M, E) is a smooth vector bundle over K"(M, E) and
in fact the subbundle of the tangent bundle of K"(M, E). Let q: TK"(M, E)
— K"(M, E) be the projection.

Consider elements, a, be I"(M), ve K™(M, E), U’ e« TK"(M, E) such that
rma=(x, ), tb=(y, 2), pU=0b, qU’=U. We define right translations R,b (or
simply ba), R,U, R/ U’ by the following manner:

(i) Let ¢, ¢ be local diffeomorphisms of neighborhoods of x and y into M
respectively such that (j7o)(x) =a, (j"P)(») =b. Define R.b by (j"Pe)(x).
Of course nR.b=(x, 2).

(ii) There is alocal section v of ¢™'E such that (j"v)(3)=U. Since v¢ can
be regarded as a local section of ¢ ‘¢ 'E, we define R,U by (j vg)(x).
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Therefore, R,U € K;,(M, E). J
(iii) There is a smooth curve U(f) such that U(0)=0, at | U{)=U’ and

=0
zpU()=(y, z(t)). It is easy to see that R,U(#) is a smooth curve in

K"(M, E). Define R{U" by ~5;| R.U(®). Therefore RIU’ is an ele-

ment of ¢ 'R,U.
As a matter of fact R, is a smooth diffeomorphism of I"({y}, M) onto
I"({x}, M), R, a smooth bundle isomorphism of K"({y}, M)— K"({x}, M) such
that the commutativity holds in the diagram

R,
K"({3}, M) ————> K"({x}, M)
Pl gt

I"({ 3}, M) ———> I"({x}, M),

and R’ is the derivative of Rj.

Since K™(M, T,) =TI (M), R, and R are also defined on TI"(M) and
TTI"(M) by the same manner, where TTI"(M)=TK"(M, Ty). A right in-
variant connection is a smooth subbundle of TK"(M, E) satisfying the follow-
ing:

(1) For every Ue K"(M, E) such that pU =05, this subbundle is given by
the image of linear mapping I'y(x, U): ToI"(M)—TyK"(M, E) such that
dpI'y(X, U)= X for any X & T,I"(M), where dp is the derivative of the
projection p.

(2 TI'y(X, U) is bi-linear with respect to X, U as long as U e p~'b.

B Let nb=(y,2z). For any ae I"(M) such that ra=(x, ), RZ2I')(X, U)=
' (R,X, RLU). 4

If you restrict this subbundle on I"({y}, M), then this is one of smooth

connections of K7({y}, E) with right invariantness which comes from the

condition (3). Conversely, if you have a smooth right invariant connection
on K"({y}, E) for some y= M, then there exists uniquely a right invariant

connection on K7(M, E). We have only to extend the connection on K7({y}, E)

by using (3). Such right invariant connections on K"({y}, E) are the same

with what Morimoto (c.f. his recent works, probably in Nagoya J. Math.)
calls r-th order connections.

Anyway, by this definition, we can define a parallelism along a curve a(f)
such that ma(t)=(x, y(t)) (c.f. [12], p. 27). In case of E=Ty, a curve at a(f)

in I"(M) such that za(?)=(x, ¥(¢)) is called geodesic, if ~gt—a(t) is parallel

along the curve a(f). Since the condition wa(f)=(x, ¥(f)) implies that a(?) is a
curve in I"({x}, M), such parallelism and the concept of geodesics are the
same with the natural things on K"({x}, M) or I"({x}, M).
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Let V' be a smooth connection on E. For any curve c¢(f) on M, denote by
z(c(®))v the parallel displacement of a vector v < n’"'¢c(0) along a curve c(t).
z(c())v is an element of 7/ *c(t). By using the connection ¥ on E, we can
define an 7-th order right invariant connection I'” on K"(M, E) by the follow-
ing manner:

Let X T,I"(M) such that ra=(x, »). Then, there is a curve a(t) in
I'({x}, M) sat’isfying a(®)=a, ~g—t~|z:0a(t):X. There exists a local diffeo-
morphism ¢, of a neighbourhood of x into M such that (j"¢)(x)=a(f). Let
Ue K;(M, EyY=p"'a. Then, there is a local section v of ¢;'E such that
(J™v)(x)=U. This local section v is identified with the mapping v: M— E such
that 7'v=¢, Put v,(z)=7(p(2))v(z). Then, v, is a local section of ¢;'E.

We define I'(X, U) by TCii't“l (JTv)(x). It is easy to see that %l (JTv)(x)
t=0 t=0

depends only on a, X, U, because if you use a local coordinate and put-
U,=("v)(x), then you get a differential equation that U, has to satisfy. The

coefficients of that equation are depending only on a(f), and %Lhoa(t):)(,

U,=U. To get a more precise expression, we identify v, with the mapping
v;: M— E such that n’v,=¢,. (Strictly speaking, the notation v,: M—E is
not good, because the domain of v, is a neighborhood of x.) So the derivative

—(%L— v, (this will be denoted by u’) is a mapping of a neighborhood of x
t=0
into TE. It is easy to see that (j’u’)(x):—j? L_O(jfvt)(x).
For every x& M, e E, let I',(x,«) be the linear mapping of T,M into TE
defined naturally from V. This I',(*, ¢) gives a subbundle of TE such that
(a) dn’'I'(u, e)=u for any uec T M,
(b) [ '.(u,e) is bi-linear with respect to u, ¢ as long as e= n’ x,
Since ¥V is a smooth connection, /', is smooth with respect to x. By using

this notation, we have w/(2) = Iy, .x(u(2), v(2)), where u(z)= ‘5{ L_OSOz(Z)- Thus,

I'(X, Uy=("T(u, v))(x). Obviously, (j7I',(u, v))(x) depends only on a=
(G, X=("uw)(x), U=("v)x).

It is easy to see that I',(X, U) satisfies the above condition (1), (2) and
since w P(2) =1 o . (u(2), v¢p(2)) for any local diffeomorphism ¢ of a neigh-
borhood of x’ € M into M such that ¢(x)=2x, we see (3) is also satisfied.

Denote by z7(a(?))U the parallel displacement of U along the curve a(?)
with respect to the connection defined above. By the definition, we have the
following :

LEMMA 11. For any C'-curve ¢; in D, and v & I',(E), we have

z7((J ") NG ")) = (G (2 (@))(x) ,
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where t(p)v is the parallel displacement of y(E) defined by (z(p)v)(2)=
/(p(2)v(2). Of course t(p)v is regarded as a mapping of M into E such that
7' 7(Qe)V = ;.

Consider the case E=T,. Let Exp”™ denote the exponential mapping
defined by the above connection. Of course ExpZ is a smooth mapping of an
open neighbourhood of 0 of T,I7(M) into I"(M).

LEMMA 12. Let o9, and ucI',(Ty). Then Exps (J"u)(x) =] (Exp, u)(x),
where a=(j"p)(x) and Exp, u is a mapping defined by (Exp, u)(x) = EXpyemu(x).

PrOOF. Put ¢, =Exp,tu. Then ¢.y) is geodesic in M for each y, that

is, (Cllt_ oY) =7'(p(M)u(y). Applying ;" to this equality and using Lemma 11,
we have
d,. . )
U edx) =777 (D)) u)x)

Therefore
ExpZ (J"u)(0) =("pXx) .

For any element o9, {(j7o)(x); x M} is a closed subset of I"(M).
Denote this by G'(¢). By the definition of K"(M, E), it is easy to see that
K™(M, E) | G™(¢)=] ¢ 'E, where | G"(¢) implies the restriction to G"(¢). Let
Ue Jzp'E. Then, there is a smooth local section ¥ of ¢ 'E such that
(™) (x)=U. Since ¢ € 9,, there is a smooth local section v of E at ¢(x) such
that #(z) =v-¢(z). Recall the definition of the right translation. We have
(79)(2) = Rijroxar(JT0)(@(x)). Since (jv)(¢(x)) can be regarded as an element
of ¢~'J"E, we have the following:

LEMMA 13. The right translation R}, defines a smooth isomorphism of
JTo'E onto ¢ 'JTE for any ¢ € D,.

Let Exp™ X denote the exponential mapping at (j"id)(x) evaluated by
XeJrTy. If we take usI'(Ty) very small in C'-uniform norm (c.f. 1°),
then Exp” (j"u)(x) is an element of I"(M) for every x M. By Lemma
12, we have Exp” (j u)(x)=("6(w))(x), where &) y)=Exp,u(y) (c.f. 1°
about this notation). Therefore, {Exp” (j"w)(x); x& M} =G"(é(w)). Let
7(Exp” (j7u)(x))?(x) be the parallel displacement of ©(x) along the curve
Exp” (jTu)x), t< [0, 1], in I"(M). This is an element of K7.,(M, E), where
a(x)=Exp” (JTu)(x). Therefore, if we consider x as a variable, then
z7(Exp” (JTu)(x))i(x) gives a section of K7(M, E)|G"(é(uw)), hence that of
J7&(w)*E. By using we see that

Rgxlp' <jru>(z)fr(EXPr (JTu)(x0))o(x)
is a section of &(w)"'JTE. We put
27(u, DN(X) = RExpr rwamt (Exp™ (J "1u)(x))5(x) .

#7(u, 9) is an element of I'g(E).
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Assume 7=1, because the case r=0 was already discussed (c.f. 1°).
Recall the definition of the open subset U in 1°. This was a bounded open
neighborhood of 0 of f"(TM) with C!-uniform topology. Therefore, there is
a relatively compact tubular neighborhood W " of the zero section of /"7, such

that the subset U* of I'(Ty), s= [fg»—]—kl—l—r, defined by U= {uc I'(Ty);

Gu)(x)eWT, for every x= M} is contained in U. (Here the assumption =1
is used, and nothing more.) Put U=U* I (Ty). Let ¢":UXI(J"E)—y(J"E)
be the mapping defined by #7(u, ).

LEMMA 14. The above mapping " gives a local trivialization of y“*(E) for
every t, s such that t=s, t=n+5-+7r, s=n+b5.

PROOF. Let 7 be a smooth connection of JE. (Since J7E is a smooth
vector bundle over M, connections on J"E exist.) A local trivialization
of y»*(JTE) is given by using the parallel displacement 7 defined by 7, namely,
we define

T(u, 0)(x) = 7/(6(u)(x))i(x)

as in 1°, where #/(&(u)(x)) implies the parallel displacement along the geodesic
E(tu)(x), t=[0,1]. Let Tewyp =7(u, ?). To prove this lemma, we have only
to show that the mapping F§l,¢"(u, v) of UXI'(JTE) into I'(J"E) can be ex-
tended to the C=-mapping of U'xI"*(J"E) into I'*(J"E).

Let p: J"Ty— Ty be the natural projection and WP J"E the Whitney
sum. We define a smooth mapping ¢: W@ J"E— J"E as following:

$(X, V)=2"(Exp pX)'Rexer xt"(Exp” X)V, X JiTy, VeJJE,

where 7/(Exp pX), z"(Exp” X) imply the parallel displacement along the curves
ExptpX, t=[0,1], and Exp”tX, t=[0, 1], respectively. Since z7"(Exp” X)V
is an element of K] (M, E), a=Exp” X, we have that R;z"(Exp” X)V is an
element of JExp.x7Tu. To prove the smoothness, we have to use local co-
ordinate and if we write all things by local coordinate, then the smoothness
comes in naturally.

Let JUs={fieI'*(JTE); i(x)eWT" for any x= M}. This is defined for

> —g_]+1 (c.f. 1°). Then, letting ¥(#, 9) = ¢(@(x), 9(x)), ¥ : JU*X '(JTE)—

I'*(JTE) is smooth for s=n-+5, by using the fact X mentioned in 2°. Ob-
viously, ¥'(jtu, #)=7Fzl,z"(u, ). Since j7": ['(Ty)—1"""(J'Ty) is a bounded
linear operator (c.f. next (c)), we see j":U'—JU' " is smooth for any
tg[—g——]—l—l—}—r. Clearly, U*c U* is smooth for any t=s. Thus, we get
Tebyt(u, ¥) is smooth.

Now, assume E=7Ty. For any XeJ; Ty, (dExp")y can be regarded as
a linear mapping of J! T, into TrexerxJ'(M). In fact, if X WT (see just
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above Lemma 14), then (d Exp")y: JI Ty — Texpr x(M) is isomorphic. By the
same argument between Lemma 13 and Lemma 14} if u U ve Ir(J™Ty), then
(d EXp")jruyay®(®) is a section of K(M, Ty)|G"(§(w)), hence of J"&(w) 'Ty.
Therefore by we get that Rexpr jruyan(d EXP )rua?(x) is an ele-
ment of Iew,(J"Tx), where x is regarded as a variable. Let d§": Uxr(J Tx)
—7(J"Tx) be the mapping defined by

d&™(u, 9)(x) = RExpf GruaXd EXPT)chqu)ﬁ(x) .

LEMMA 15. d&" gives a local trivialization of y**(J"Ty) for every t, s such
that t=s, t=n+5+r, s=n+5.
PROOF. Define a mapping ¢: WD J Ty —J"Ty by

$(X, Y) = (Exp pX)'Rexpr x(d Exp")xY, X, YEJiTy.

Then, the parallel argument as in Lemma 14, we have the desired results.
PROPOSITION 1. Notations being as above, we have the following:

dfr(u, jrv) - R’ek(u)] E(u)(df)uv
27(u, j"v) = REwJ "REt(u, v) .

Especially, f’ defined by R¥j"R%™' is a smooth mapping of y*(Ty) into y*°~"(J Ty)
and 7°(E) into y*»*""(JTE) for any s=n-+5+r.

ProOF. By Lemma 12, we have (JT&w)(x)=Exp” (J7u)(x). So, we see
(J7(d&)uv)(x) = (d EXP)¢jruxa(J v)(x). Therefore, letting ¢ = §(w),

(JTRE-1(dE)uv)(%) = Rijrp-1y(J "(dE)ut)p™* %)

=R{jro-15(d EXP)(jruyp-12J v)pT'x) .
Thus,
(R¥7™R-1(d8)uv)(0) = Rijrp-1ycpan(d EXP jruxar (7 "vX(X)

Since Rfjn,o-lxga(x)):R?;’}w)m. we have
REwi" G(u)(dE)uv_ dsm(u, j7v) .
On the other hand, we have
(JTRE-17(u, V))(x) = Rijrp-15a(7 Te(u, 1))@~ (2) .

By Lemma 11-2, we have

(JTRE-17(u, ))(x) = Rijrp-1yat (Exp” (G Tu)(@™ ' x))(j o)™ 1) .
So,
(RE7™RE-17(u, D)%) = Rijrp-1ypant (Exp” (J Tu)(x))(J "v)(x)

=£"(u, j7)(x) .

These two equalities show that the local expression of 7’ is trivial, namely,
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if we put d&;,(®)=dE"(u, v), then (d&;) Y 7(dE)v=j"v, and, if we put #5(v)=
#7(u, v), then (¢3)"Y7c(u, v)=j"v.

4° Proofs of Lemma 2, Theorem A and several inequalities.

(a) PrROOF OF LEMMA 2. Recall the definition of U*°*! in the statement
of Cemma 2. This was given by U~ I"**(T,) and U was a bounded open
neighborhood of 0 of I'*(Ty) with C*-uniform topology. Therefore, we may
assume there is a relatively compact tubular neighborhood W' of zero section
of J'Ty such that O={uec I'"(Ty); j'usW'}. Now, by the definition of U,
we may assume that Exp! X is still contained in I*(M) for any X W?*, where
Exp! is the exponential mapping at (j'id)(x), X JLTy. Since Exp' X is a
1-jet of a local diffeomorphism, denoting by g a volume element on M we can
define a mapping J': W!'—1, by the proportion of volume elements

JX)= s Exp’ X% p(Exp. p/X),

where X=J.T, and p’ is the natural projection of J'T, onto T,. J’ is a
smooth mapping. Therefore, by the fact =X in 1° we see that f: (W) —
I'*o(1,) defined by J(u)(X)=J/(#(x)) is a smooth mapping. On the other hand,
jt: Ikt (T, N — I'*o( J*T,,) is bounded linear, hence smooth. So together with
the fact J(u)=Joj'u, we see that J: U*o+'—I"*o(1,) is a smooth mapping.

(b) PROOF OF THEOREM A. Let E, F be vector bundles over M. Denote
by z/(Exp V), z”(Exp V) the parallel displacements along the curve Exp iV,
te[0,1], in E and F respectively, where V is an element of the tangent
bundle of M. Let W™ be the same relatively compact tubular neighborhood
of zero section of J"T, as between and 14. Let z"(Exp” X) be the
parallel displacement along the curve Exp” X, t<[0,1] in I"(M), where
Xe J™T,.

Suppose «a is an element of I'((J'Tx)*Q®F) or '((JTE*QF), that is, a«
is a smooth section of (J'T)*Q@F or (JTEY*QF. We define two smooth
maps ¢: W™ —(J'Ty)*QF, ¢': WT™—(JTEY*QF by the following:

(X)) = "(Exp pX) ' a(EXp pX)RExpr x(AEXPT)x  wooreveeee )
(X)) = "(Exp pX) ' a(Exp pX )RExpr x"(EXP" X)  crevreveeres @

where p is the natural projection of J"T, onto T.

Define the subsets U, U* as just above and let (W)=
(oel(J'Ty; (x)eW" for any x€ M}. Then, putting '(W")=I"(W")
r(J"Ty), we have the following :

(i) Let F@)(x)=¢w(x)). Then ¥ : (W) —-T{(J Tu)*QF) can be ex-

tended to the smooth mapping ¥ : I"*(W")—I"*(J"Tx)* QF) for any
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s=n+5 (c.f. ).
(i) Let ¥'(@)Xx)=¢’(#(x)). Then ¥ :r(Wn—-Ir((JTE)*®F) can be ex-
tended to the smooth mapping ¥/ : (W) —-IT*(JTE)*QF) for any
s=n+5 (c.f. £).
Now, let A: I'(Ty)—I(F) (or A:I'(E)— I'(F)) be a differential operator
of order » with smooth coefficients. Then, there exists a € I'((J'Ty)*Q F)
{or '(JTEY*QR F)) such that Azaj’. Define a bundle morphism A: 7(Ty)—
r(F) (or A: 7(E)—y(F)) by R§AR%-1. To prove Theorem A, it is enough to
show that T(j u)j"v or ¥'(j"u)j™v gives a local expressmn of A. Lettlng
(re(u)v)(x)—z-”(Exp u(x))v(x), the local expression of A is given by rg(u}A(dE)uL
or rem)Az-(u, V).

Put ¢ =&(u). Then we have

F(G7u)jTv)(x) = (5 Tu)x)(J Tv)(x)
= ¢"(Exp u(x) el p(x)) RExpr ;7 ureyd(EXP)5murax(J T0)(%)
= t”(Exp u(x)) " alp(0))(RE ) "RE-1(d€)uv)(x)
(c. f. Proposition 1)

= t"(Exp u(x)) " (R¥aj " RE-1(d8).v)(x)
= (tfw R¥aj™RE-1(d€),v)(x) .

On the other hand, by similar computations, we have

TG " v)(x) = (vle R¥aj ™ RE-17(u, v))(x) .

Since jT:I*(Ty)—1T*7(J'Ty) (or, I''(E)—TI"*""(JTE)) is bounded linear, the
above computations complete the proof of Theorem A.

(c) Some inequalities. In (b), we get that the local expression of A is
given by ¥(j7u)j"™v or ¥/(j7u)j"v. Here, in the last part of this paper, the
norm ¥ (jTu)j"v|l, etc. will be calculated. Such estimations are needful to
get a kind of regularity theorem. Inequalities given here will be used in
next few papers.

By in [9], we have
- NG ) v < eno NT G2 T ik 1T G T 17 03}
+CNTG Wl ol . e 3

The same inequality holds for ¥/, where k,= [g ~]+1, ex, a constant depend-

ing only on %k, and C, is a constant depending on s.
By Theorem A in [9], we have the following inequality :

WG = PO ulBedlly "ul3+ Qi T ull3-) e @
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where P’ is a positive coefficients polynomial independent from s and Q; is
a polynomial depending on s. The same inequality holds for ¥.

Let (d¥),-,j"v be the derivative of ¥ at j"u evaluated by j"v.

Then

TG u)—T(0)= jo’(d?lf)jr,,u jTude.
Therefore, '
ITGrD—~FORS [ 1@ )m0ui ulid8,

using Schwartz’s inequality. Since d¥ (or d¥’) is defined from smooth func-
tion d¢ (or d¢’), we have the following inequality using Theorem A in [9]:

1TGTw)—TO): = P75 "ullde) 17 ul3+Q 7 "wlf-D 7" uliey -oer ®)

where P” is a positive coefficient polynomial independent from s and QY is
a polynomial depending on s. The same inequality holds for ¥/, where
s=dim M+-5.
LEMMA 16.
7723 = 3" [lullfer+Collulfer-s -

PrOOF. First of all, we prove the following inequality:
17 ull} = 3 llwllfea+lluells -

Consider the vector bundle J'T, or J'E. If we restrict the transition func-
tion of this bundle, then this can be naturally identified with T, @ Ty Ty
or E®Ty®E. Another word, both vector bundle have transition functions
which can be restricted to a common transition group. So by using a basis
contained in this common transition group, two vector bundles can be
naturally identified. In this sense, we can put j*u=Fu-+u. Therefore,

I ulls S W7 uls+luli-+2 17 ulls ol .

Therefore, |7 'u|?=3|u|2,+|ul? Using this inequality successively we get
a desired one, because Jjijfu =j**+ly,
Combining inequalities (4, 5), and the argument in (b), we get
PROPOSITION 2. Suppose s=n-+5+r. If u is restricted in a bounded neigh-
bourhood of 0 in I'**0t7(T,), then the following inequalities hold:
lcdas AWd®)v]3
=< Cy 1t 103 oar+Co 101r + Rl 2 34r - DNV 301
letas Aldg)w—Avl2
= Clllulder 1013 psr +Colulorr 1011307+ Rl ul2ar - Dl el far 1[0l 357 -1«

The same inequalities hold for ¢y /le-(u, V) and Tig ﬁr(u, v)— Av, where C,, C,,
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» Ci are constants independent from s and R, R, are polynomials depending
on s.
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