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CONVEX INTEGRATION
OF NON-LINEAR SYSTEMS
OF PARTIAL DIFFERENTIAL EQUATIONS

by David SPRING

1. Introduction.

In this paper existence theorems are proved for C”" solutions
to underdetermined systems of non-linear r-th order partial diffe-
rential equations which are subject to certain convex conditions,
re{1,2,3,...}. Furthermore, the solutions satisfy given approxi-
mations on lower order derivatives.

The main geometrical construction, Convex Integration, was
first introduced by M. Gromov [1] in his study of Ist order systems.
Our main results generalize Gromov’s theorems on st order systems
to r-th order systems of partial differential equations, » € {1,2,3,...}.
Despite the analytic character of the main results (§ 2, § 3), the
proofs are mainly geometrical in conception.

From the point of view of differential topology, an r-th order
system of partial differential equations is a closed differential relation
in the space of r-jets of C" maps between smooth manifolds. There
are very few general theorems in topology which yield solutions to
closed differential relations. One goal of this paper is to provide a self-
contained, detailed exposition of the Convex Integration technique as
it applies to a system of partial differential equations defined on an
open set in Euclidean space. The principal local result, The Local Ex-
tension Theorem (Appendix 6), is also the main step in all the appli-
cations of the Convex Integration technique to solving open and closed
differential relations in jet spaces.

In particular, in the case of open differential relations, some of
the classical results reprovable by Convex Integration are the Immer-
sion Theorem of Hirsch [5], and the principal theorems of Gromov and
Eliasberg on the removal of singularities [2] (cf. Gromov [4], for a
recent summary of results).
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While the systems of partial differential equations studied in
this paper are in some respects quite general, the convex conditions
exclude linear or quasi-linear systems of partial differential equations.

To understand the scope of the method, let $ be an r-th order
system of m partial differential equations in ¢ unknown real-valued
C’-functions f,, f,,..., fq defined on an openset U in R", n>1.

S may be written as follows:
S=F,x,DPfi(x))=0, 1<i<m; 1<j<gq; xEU, where
1) D? runs over all local differential operators (on C’ functions
of n-variables) which have the following form:
Let (u,,u,,...,u,) becoordinatesin R".
alﬁl

Then D = - s 1Bl=a, +a,...+a

ay 42 an
ou,' du,”...0u,

ZST.
Note. — Throughout this paper, a differential operator D on

functions of n-variables will mean a differential operator as defined
above.

2) F, is a real-valued continuous function on the space of r-jets
of mapsfrom U to R?, i=1,2,3,...,m.

The analysis of the system provided by the method of Convex
Integration may be described as follows:

Coordinatesin R" are (u,,u,,...,U,_,,t).

For each x €U, the m-equations of the system & define a
(singular) surface Qf (x) = Q(x) in R? according to the following
prescription:

A point (xl,xz,...,xq)ER" lies in (x) if and only if,
F,(x,DPfi(x),x,,%,,...,x) =0, 1<i<m; 1<j<gq, where
in the above equations for the system &, one replaces the derivative

?t—f}- (x) by the independent variable X;, 1<j<gq, and, D? runs

over all differential operators on functions of n-variables such that

4
|1 <r and DP #

~7 - Thus (Df(x)); 5, B as above, is a se-

quence of constants in these equations for the surface (x) C R?.

Evidently, a C'mapf=(f,,f,,...,f):U—R? is a
solution to the system & on U C R?, if and only if:

Foreach x €U,
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f ¥ _8_’1‘1
(at Y ar ))EQ(x)'

Example. — Let § be the 2nd order system consisting of one
equation in 3 unknown functions on an open set U C R? (coordi-
natesin R? are (y,1)):

02 92 2 02 0 %f 9
L —":} +[——f3 =F(y0r 2 L 0L 2
ot ot ot 3y’ 0y?’ ot oy
where f=(f,,f,,f;): U— R®, and F is a continuous map.
Evidently for each (y,t) €U, Q(y,t) CR? is the surface (a
hyperbolic paraboloid),
Q(y,f) = (x1:x23x3)eR3|xl _xg +x§
F( af af o%f  d%f ) :
ay ay ot ay
Remark. — Generically, a system 8 of m equations in g un-

known functions (¢ > m) defines a submanifold £(x) C R? of di-
mension ¢ — m foreach x €U.

The Convex Integration technique for solving the system & de-
pends on simple geometric properties of the surfaces £2(x).

Specifically, for each C" map #: U—> R? and x €U, one
requires the following properties which are here informally stated:

P(1): £,(x) = Q(x) is closed in R? and is locally arc-wise con-
nected.

P(2) : For each z € Q(x) the convex hull of every neighbourhood of
z in (x) has non empty interior in R?.

P(3) : There is a neighbourhood N(£2)(x) of £(x) in R? and a
retraction R: N(Q2) (x) — Q(x).

P(4) : (Coherence properties):
The (closed) set Q = Un ©,(x) is a topological fiberbundle,
x,

and €2 is a retract of a neighbourhood of £ in the space of
r-jets of C” maps from U to R?.

Precise statements of the above properties, especially P(4), are
provided in Appendix 1 and in § 3.
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Formal solution to 8.

Assume now that the system & satisfies properties P(1) to
P(4) above.

Let h=(h,,hy,...,h)): U—> R? be a C' map and
®=(P,....,0): U— R? a continuous map such that the
following conditions obtain:

F(1): Foreach x€ U,
F,(x,DPhy(x), ®,(x), @,(x),...,%,(x) =0,
ar
1<i<m; 1<j<gq; IBI<r, and D‘*;&a—tr-
In other words, for each x €U, &(x) lies on the surface
Q,(x)C R?. There is, of course, no a priori relationship between
" h
ot
Evidently, if f: U— R? is a C° map which solves the
ot

is a (weak) necessary condition for the existence of a solution to the
system § .

the continuousmaps ®: U — RY, : U— R?.

system &, then the maps f, & = satisfy F(1). Thus F(1)

F(2): For each x €U, the convex hull of the arc-component

r

of ®(x) in £,(x) contains v (x) in its interior. The following

refined form of F(2) is also used.

F(2)(e): Fix € > 0. For each x €U, the convex hull of
the arc-component of &®(x) in £,(x) ND(®(x);e) contains
o"h
ot’

(x) inits interior:
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The shaded area is the convex hull of the arc-component of
®(x) in Q,(x) ND(P(x);e), where D(y;8) is the open ball in
R?, centre y, radius 6§ > 0.

DEFINITION. — A formal solution to 8 is a pair of maps (h,®)
which satisfies condition F(1), F(2) above.

Example. — In the above example of a 2nd order partial dif-
ferential equation, properties P(1) to P(4) are satisfied. Note also
that the convex hull of Q(y,¢) is R, for all (y,t)eu.

For any C?> map h: U — R3, one easily constructs a conti-
nuous map ®: U—— R® such that (&, ®) is a formal solution to
the equation §.

Statement of the Main Theorem.

The main result of this paper, theorem 2 (8§ 3), states that if
(h, ®) is a formal solution to an r-th order system & which satisfies
the geometrical conditions P(1) to P(4), then there is a C" map
f: U — R? which solves 8, and is such that the maps Dff:

U—> RY, Dh: U— RY satisfy given approximations for all
r

]

B suchthat |B|<r, Df + Py .

In particular, f: U—> R? isa C"~' approximation to the

map h in the Whitney fine C"~' topology. Thus, in the above

example, any C*> map h: U—> R®> can be approximated, in
the fine C'-topology, by a C? solution to the equation 8.

The proof of the theorem depends ultimately on the solution
of the following C’-approximation problem which is of independent
interest.

A sketch of the proof of Theorem 2 follows the discussion of
this approximation result.

The C’-Cube-Lemma (cf. Appendix 5).

Let [0,1]" be the n-cube in R”. Coordinates in R" are
(5;,8,5---58,_4-2). Let QCI[0,1" x R be an open subset.
Let Q(x) =QN(x x RY), x€[0,1]"; thus Q(x)Cx x R =RY,
Let ®: [0,1]" —> R? be a continuous map such that the graph
of & iscontainedin Q. '
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Fix an integer r>1.

Suppose G: [0,1]"— R? is a C" map and K, C[0,1]"
a closed set such that:

a) For each x €[0,1]", the convex hull of the arc-component
r

of ®(x) in Q(x) contains e (x) in its interior.

b) There is a neighbourhood U of K, in K such that, for

r

each x€U, -
ot

= d(x).

The approximation problem, informally stated, is to find a C”

r

o' F
map F: [0,1]" — R? such that the graph of 5 : [0,11" — R?

t"

is contained in Q and such that the maps F, G satisfy given ap-
proximations on all lower order derivatives. This problem was first
formulated and solved by Gromov [1] in the case r =1 (the one-
dimensional lemma). In Appendix 5, we solve the approximation
problem in a uniform manner to obtain the following precise result:

Fix € > 0.
There is a C'_ map F: [0,1]” — R? and a neighbourhood
V of K, in K, VCU, such that:

r

o F
(i) the graph of -a—t7: [0,1" — R? is contained in Q.

More precisely, for each x €[0,1]",

r

ot”

(x) is contained in the
arc-component of ®(x) in Q(x).

(i) For each (y,z‘)G[O,l]"'1 x [0,1]1 =10,17", (I | is the
Euclidean norm on RY).

IDP(F-G)(y,t)l <e, where D® runs over all differential
operators on functions of n-variables such that |] <r and D® in-
volves at most (r — 1) differentiations in the f-coordinate.

(iii) Foreach x €V, F(x) = G(x).

This is represented schematically as follows.
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A= ®(x).
"G
B = o (x).
o"F
o'F C= .
The graph of 57; ; G (x)
_—— — x x R H
\ é

- h of .
The graph o o / ~
The shaded area is

m Q(x)Cx x RY.

Sketch of the Proof of Theorem 2.

One constructs a suitable sequence of metaneighbourhoods
(Met,, ), _, of & in the space of r-jets such that Q Met,, 2 = Q.

A metaneighbourhood of € is an open set, whose closure
contains £, and which satisfies certain convexity properties (precise
definitions and properties of metaneighbourhoods are provided in
Appendix 1). Let (&, ®) be a formal solution to the closed condi-
tion ©. One constructs a sequence of formal solutions (%, , ®,,)m>0
to the closed condition £ such that:

1) j*h, (U)C Met, Q, m=0,1,2,3,... .

That is, h,: U— R? is a C" map which solves the open
condition Met, 2, m = 0.

2) For large m, ®,,: U — R? is a close approximation to

r

the derivative map at,"‘ : U— RY.

3) The C" maps h, h, : U—> R? satisfy given approxim-
ations on lower order derivatives, m = 0,1,2,3, ... .
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The limit map f= lim A, : U —> R? exists, is of class C”
m—»oo
and solves the closed condition £2.

In this way, the closed condition §2 is solved by passing to a
suitable sequence of solutions to “nearby” open conditions. The cor-
responding problem of existence of solutions to open conditions in
jet spaces is solved in Theorem 1, § 2.

Brief Sketch of the proof of Theorem 1.

Suppose (4, P) is a formal solution to an open condition Y
in the space of r4ets.

The construction of a C” solution f: U—> R? to Y pro-
ceeds as follows: One covers U with a suitable locally-finite cover
by n-cubes. The construction of the map f proceeds by an infinite
series of modification of maps (beginning with the map #: U— R9%),
each modification taking place within one of the n-cubes of the cover.

Within each n-cube, the required modifications are made by ap-
plying the Local Extension Theorem (Appendix 6) which is a closely
related refinement of the Cube lemma discussed above.

Remarks. — 1) Generically, for underdetermined systems (i.e.
q > m), the geometric properties P(1) to P(4) associated to the
system & are always satisfied, and one may construct formal solu-
tions, at least locally in U. One therefore concludes that, generically,
all underdetermined r-th order systems of partial differential equations
are solvable, at least locally, r € {1,2,3,...}.

2) Suppose now the maps F, are C” (that is the system & is
defined by C™ data). In this paper we are unable to obtain results
about C” solutions to the r-th order system 8. The question of
C” solutions in the presence of C” data for the r-th order system
& remains an outstanding problem.

3) Our results are existence theorems only. In general, for
systems & which satisfy the geometrical conditions P(1) to P(4)
above, there are infinitely many solutions to & which satisfy the
given approximations on lower order derivatives.

Historical Remarks.

The method of Convex Integration is close in spirit to the work
of J. Nash on the C! isometric embedding problem (Nash [8], and
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also Kuiper [7]). In order to realize a given continuous metric by a
C' embedding in Euclidean space, Nash begins with a “short” embed-
ding, and, working locally via an inductive procedure, proceeds to
lengthen the embedding to obtain a new short embedding for which
the induced metric is closer to the given metric. In the limit, a C®
embedding is obtained which realizes the given metric.

The key step of “stretching” a given short embedding in a small
neighbourhood is achieved by a one-dimensional lemma analogous
to the one-dimensional Lemma (Appendix 3). This one-dimensional
lemma was clarified by Kuiper who obtained also codimension =1
results.

Indeed, the method of Convex Integration, detailed in this paper,
may be applied to recover and extend Nash’s C! isometric embedding
theorem (cf. Gromov [3] for an announcement of his results on this
problem).

Organization of the Paper.

In § 2, complete details are provided for the solution of open
conditions in jet spaces which admit a formal solution. In § 3, the
results on open conditions in the space of r-jets are applied to solve
closed conditions in jet spaces which satisfy the geometrical conditions
P(1) to P(4) above. In § 4, related results on mixed derivatives are
discussed.

In order not to overburden the proofs in each section, the follow-
ing steps have been taken:

1) Additional refinements to Theorems 1, 2 (§ 2, § 3) have been
placed at the end of the sections, in a series of Complements.

2) The main technical results concerning metaneighbourhoods,
Convex Hulls, the Cube Lemma, the Local Extension Theorem, etc.,
have been relegated to a series of Appendices in order to minimize
the numerous digressions into technical details that would otherwise
become necessary to discuss in § 2, § 3.

Finally 1 should like to thank M. Gromov for the many useful
discussions we had together about Immersion Theory and Convex
Integration Theory. In particular, I thank him for introducing me
to his paper on C' systems [1], and for his encouragement to write
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a complete account of the results in this paper, which were first an-
nounced in the preprint [9]. Independently, using a different approach
to solving the Approximation Theorem (Appendix 3), he sketched a
proof (unpublished) of the principal results of this paper. His solu-
tion to open and (generic) closed differential relations in jet spaces,
as well as a wealth of other remarkable results, will appear in some-
what condensed form in a forthcoming book.

2. Solving Open Conditions in Jet Spaces.

In this section, it is proved that a formal solution to an open
condition in the space of r-jets may be transformed into an exact
solution (i.e., which does satisfy the given open condition), while
controlling in a precise way all lower order derivatives.

Briefly, one performs an infinite series of transformations of a
given formal solution, each transformation taking place within an
n-cube (of a locally finite cover by n-cubes). Within each n-cube,
the transformation is performed by employing the Local Extension
theorem (Appendix 6); thus, the success of the process depends on
a local construction designed to solve the approximation problem
discussed in the introduction.

Let UCR"” beopen, n=>1.

s: I"(U,R?% —> U is the product bundle of rjets of C”
maps from U to R? (s is the source map), r € {1,2,3,...}. Thus
if f: U— R? isa C" map, j’f: U— J"(U, R? is the conti-
nuous section, j’f(x)=(x,f(x) ...,D%f(x),...), where D“
runs over all differential operators on functions of n-variables such
that |a| <r.

In particular, x €U = soj”" f(x) = x.

Coordinates in R" are denoted by (Sys85s -+ sSp_151).
J"(U,R%) = J*(U,R% x R? where the R? factor in this product

r

decomposition corresponds to the “pure” r-th order derivative — -

ar
One employs the notation, j"f(x) = (ilf(x), -5%, (x)) , x€EU,

where j'f is the corresponding continuous section of the bundle,
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s: J*(U,R% —> U. Note that =: J"(U,R?% — J*(U,R%) is
a trivial Euclidean vector bundle, fiber R?, where w is the projec-
tion map onto the first factor.

Statement of the Problem,

Let YCJ"(U,R?) beanopen set.

We seek reasonable conditions which ensure the existence of
aC map f: U— R? suchthat: x€EU = j"f(x)EY.

These conditions are stated in terms of the Euclidean vector
bundle =: J"(U, RY) — J'(U, RY).

The following notation is convenient (cf. also Appendix 1).
1) For each z€J'(U,RY), Y(z) =YNn !(z)CzxRI=R?.
2) Let weY(2).

(i) Arc(Y(z);w) is the arc component of w in Y(z).

(ii)) Env(Y(2);w) is the interior (in R?) of the convex hull
of Arc(Y(z);w).

(iii) Let € > 0.
Arc_(Y(2);w) = Arc (Y(z) N D(w ;€) ;w).

Env, (Y(2);w) = Env(Y(z) N D(w;€);w), where D(w;e) is
the open g-ballin R? with center w, radius €.

Formal Solutionto Y.

A formal solution to the open condition Y CJ"(U,R%) is a
pair of maps (h,g) where h: U— R? isa C" map and g:
U —> R? isa continuous map, such that:

F(1): Foreach x €U, (j‘h(x), g(x)EY.

r

F(2): For each x€U, Y

(x) EEnv (Y(j'h(x)); g(x)).

Remarks. — Suppose h: U —> R? is a C" map which solves
" h
the condition Y; ie., j"A(U)CY. Then (h, W) is a formal

solution to Y. Thus the existence of a formal solution is a (weak)
necessary condition for the existence of a C” solutionto Y.
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Let 0: U— (0,>) be a continuous map. The pair (4, g)
is a formal solution to within tolerance o if, in addition, F(o): for

r

0" h
each x EU, > (x) EEnv,(,, (YU h(x));g(x)).

The principal result of this section, Theorem 1, may be inform-
ally stated-as follows (the precise statement of Theorem 1 is provided
below):

Let (h,g) be a formal solution to an open condition
Y CJ'(U,R?. Then there is a C" map f: U — R? such that

j"f(U) CY. The proof of Theorem 1 reduces to solving the following
extension problem.

The Extension Problem.

Let A, B beclosed setsin U, ACB. Let (h,g) be a formal

ot"

of A in U (i.e.,, the C" map h: U —> R? solves the open condi-
tion Y in aneighbourhoodof A in U).

solution to Y CJ"(U, R?) such that

= g in a neighbourhood

The formal solution (#,g) extends to a formal solution (%, %)
ppu

o = g in a neigh-

to Y with respect to the closed sets A C B, if

bourhood of_ B in U and if there is a neighbourhood of A in U on
which h=h;,g=¢g.
In particular, there is a neighbourhood N(A) of A in U such

3 h ¥h
that: For each x&€N(A), -— (x)=——
ot ot

(x)=gx)=g(x).

The proof of Theorem 1 reduces to proving the extension problem
in case B =A is contained in the interior of an n-cube (this is the
main inductive step in the proof of Theorem 1). This step in the proof
is solved by the Local Extension Theorem (Appendix 6). By employing
a suitable locally finite cover of U by n-cubes, a proof of Theorem 1
is obtained.

Remarks. — Let (h,g) be a formal solution to Y which
extends (4 ,g) with respect to the closed sets A C B.

One constructs (% g) to satisfy the additional properties:
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a) h, h satisfy given approximations on lower order derivatives.

b) There is a homotopy of formal solutions  to Y, rel a neigh-
bourhood of A in U, connecting (h2,g) to &, g). (cf. Comple-
ment 2, below).

THEOREM 1. — Let Y CJ (U, R?) bean open set.
Let (h,g) bea formal solutionto Y.

ot”
h: U—> R? solves the open condition Y on the closed set T.
Let W(h) be a neighbourhood of j‘'h(U) in J*(U,R9).
Thereisa C" map f: U — R? such that:
a) j*f(U) CW(h).

b) The rjets j*f, j*h: U —> J' (U, R?) coincide in a neigh-
bourhoodof T in U.

Let T=§x€U

(x) = g(x)t{. In particular, the C" map

r

¢) For each x €U, (x) €EArc (YL (x)); g(x)).

ot”
(In particular j"f(U)CY).
Remarks. — It follows from conclusion a) that in particular, f

is a C"! approximation to #: U —> R? in the fine C"~! topo-
logy.

Proof. — Without loss of generality, one may assume that there
is a neighbourhood N(T) of T in U such that: for each x € N(T),

ot’ ().

Let (A,)p50s (K,)p5o be countable locally finite covers of
U such that:

g(x) =

1)K, is a translate in R" of an n-cube [O,ap]", a, >0,

p=0,1,2,....
2) A, isacompactsubsetof intK,, p=1,23,...

14

To prove the theorem, one constructs, inductively, an open

m
neighbourhood M,, of TU(' U A,.) in U, and a formal solution

i=—1

(f 8w to Y, m=—1,0,1,2,..., such that:
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1(m): j*(£,,) (U) CW(h).

0
2(m): Foreach x€M,,, g,,(x) = ?fr— (x).
In particular, for each x €M,,, j"(f,) (x) €Y. Thus the C"
map f,,: U —> R? solves the condition Y over M,

3(m): Foreach x €U, g(x) €Y(j'f,(x)), and,
g (x) € Arc (Y (j*£,,(x)); 8(x)) .

fm

4(m): Foreach x €U, —X(x) €Env(Y(jf,,(x)); g(x)).

5(m + 1): (Coherence properties):

For each x €U — K., [,,(X) = f,4:(0); 8, (%) = gyt (x);
m— Kmer =M, — K, 1,

Remarks. — The inductively defined data begins with m =—1,
where, f_,=h; g_,=8; A_,=¢, M_, =N(T). Thus when
m = —1, the above conditions obtain by the hypotheses of the
theorem. Assuming the existence of neighbourhoods and formal so-
lutions with the above properties, m = —1,0,1,2,3,..., the theo-
rem is proved as follows:

Let f: U—> R? be the map f(x) = lim f,(x) (pointwise).
m-—> o

Since (K,),5, is a locally finite cover of U, it follows from

the coherence properties, 5S(m + 1), that f is well-defined, is a

C” map, and that the conclusions of the theorem are all satisfied.

The sequence of maps (g,: U — RY),,_, is used for the refi-
nements of Theorem 1 (cf. Complement 2 below.)

The construction of the inductively defined data proceeds as
follows:

Assume that (f,,,g,) and M, have been constructed.

Working now within the n-cube K,,,, =K, let

L=Kn N(TU( 0 A))5 M=LUA,,

Since A,,,, CintK,,,, it follows that (M — L)N3K =@.

Let N(L) =M, NK,, ., ; thus N(L) is an open neighbourhood
of L in K, ,,. Define K, =LUOK (K, CK is a closed subset).
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-— 0K

m+1

M=LUA,,,.
K, =LUodK.

The n-cube K,,,, =K

The formal solution (f,,,g,,) satisfies the following properties:
1) Foreach x €K,,,,, &,(x) € Arc (Y(j'f,,(x)); g(x))

2) For each x€K,,,, %{Tm (x) €Env (Y, (x)); g(x))

3) Foreach x EN(L), g,,(x) = aa{r’” (x).

In what follows, one extends (f,, ,g,,), within the cube K., ,
to a formal solution (f,,,g,) to the open condition Y, with respect
to the closed sets L C M. This is the basic induction step; the Local
Extension Theorem (Appendix 6) is employed to complete this step.
It is convenient to work over the submanifold j* [ XK,s) C 1 (U, R
in the Euclidean vector bundle w: J"(U,RY) — J'(U,R9):

K x R# —— J"(U, RY)

m+1
lﬂ‘ lﬂ
flfm L q
Kpey —2— J(U,RY

To this end, we pull-back via the embedding it f,n to obtain the

product Euclidean vector bundle, fiber R? over K, ., .

It is convenient to again denote by Y the (open) subset of
K,,., x RY obtained by pulling back Y CJ"(U,R? via the em-
bedding j*f,,: K,., — J*(U,R%).

Thus, foreach x €K,,,,, Y(x)=Y('f, (x)) CR?.

To summarize, with respect to the product bundle =:
K,+ xR — K,,,,, the formal solution (f,,,g,) satisfies
the properties:

1) Foreach x €K, ,,, £,(x)€Arc(Y(x), g(x)).

0 fn

2) Foreach x€K,,,, rra (x) €Env (Y(x), g,(x)).
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r

a
3) Foreach x €N(L), g,(x) = Etf—:’l (x).
Applying now the Local Extension Theorem (Appendix 6), one
obtains the following conclusion:

Let ¢ > 0.

There is a C* map f,,: K,,, — R?, a continuous map
g, K,.,— U, a neighbourhood W of M in K, ,,, a neigh-
bourhood V of K, in K, ., , such that the following properties
obtain:

a) sup ID*(f,, — f,) (x)Il <e, where D* runs over all
xEKm+1
differential operators on functions of n-variables, |a|<r, and
ar
D% #—-
ot

b) Foreach x €K, ,,,
£,,(x) € Arc (Y(x); £,,(x)) (= Arc (Y(x);g(x)) )
of,

c) Foreach x€K,,,, o

(x) €Env (Y(x); g,,(x)).

o'f.
d) Foreach x €W, g, (x) = af:" (x)
e) Foreach x EV, £, (x) = f,,(x); gn(x) = g,,(x).
£) WN3K,,,, CN(L) N dK,,,, .

Remarks. — 1) Employing e) above, f,, = fm; 8m = &y iNn 2
neighbourhood of 9K,., in K,,,.

2) There is a neighbourhood U of L in K,,, (in fact,
U = N(L) N"V) such that:

f 0" _

For each x €U, ——af—r"' (x) = a};'," (x) = g,(x) = g,(x).

One concludes therefore, from the Local Extension theorem
applied to the data (f,,,g,) on K, ., , that the formal solution
(fn» 8, extends (f,,g&,) Wwith respect to the closed sets L CM
in K

m+1

Construction of the neighbourhood M,,,.,, and the maps f,,.,,
gm+l *

Let M,,,, =WUM,, — K, .,).
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Applying conclusion (f) above, it follows that M
m+1
neighbourhoodof TU({ U A.) in U.
j=—1 !

Let f,.,: U— R? be the map,

fm(x)’ xe€eU — Km+1
fu(X), xE€K,,,, .
Employing Remark 1, above, f,,., isa C" map.

Let g,,,: U— R? be the map,

fmer(x) = }

gn(x), XEU = K,y

Bm+ (X)) = § _
m+1 gm(X), xeKm+1

Employing Remark 1, above, g,,, isa continuous map.

Furthermore for € > 0 sufficiently small, it is clear that the
following properties obtain:

D) j frne (W) CW(A).

2) Employing the remark on compactness in Complement 2
of Appendix 5, it follows that for € > 0 sufficiently small (so that
the maps jl m > jt me1 . U ™ A (U, R?) are sufficiently close):

a) Foreach x €U, g(x) €Y (j* m+1(X));

sy (X) E ATC (Y (J* f41 (X)) ; (X))

arfm+1

b) For each x€U, 5 (x) EEnv (Y(j* £y (X)) ; g(x)).
ar m+1
3) Foreach x€M,,,,, VG (x) = gty (X).

In particular, (f,,.+,,&m+;) is a formal solution to Y which
extends formal solution (f,,,g,) to Y with respect to the closed
m m+1
sets, TU( U A)cTU("U A).
i=—1 i=—1
Evidently properties 1(m + 1) to 4(m + 1) are satisfied by

the formal solution (f,,.,, &x,+,) as well as the coherence properties
S5(m+1).

This completes the inductive step and hence the proof of
Theorem 1 is complete.
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Complement 1.
Let Y CJ"(U,R? bean open set.
Let 0: U— (0,%) be a continuous map.

Suppose h: U—> R? isa C" map, g: U — R? a conti-
nuous map such that (%,g) is a formal solution to Y within the
tolerance o (cf. the definition of formal solution in this section).

In this case, the conclusions of Theorem 1 may be strengthened
to include the following (cf. Complement 3, Appendix 6):

Foreach x €U, %tf—,(x) € Arc, ., (Y f(x)); g(x)).

(This strengthened conclusion is used in § 3 to prove convergence
results.)

Complement 2.

Since {Kp }p>0 is a locally finite cover, one employs Com-
plement 1 to the Local Extension Theorem (Appendix 6) to prove
that there is a homotopy of formal solutions, rel T, to the open

P a'
condition Y CJ"(U,RY%) which connects (h,g) to <f, 8_tf')

Complement 3.

Suppose in addition, #: U — R? is a C” map. Employing
Complement 4 to the Local Extension Theorem (Appendix 6) one
easily proves the following additional conclusions to Theorem 1:

Fix an integer s = r and a neighbourhood W of the constant
map equal to zero, 0: U — R?, in the space of continuous
maps from U to R? in the fine C°-topology.

Then, D*(f — h) €W, for all differential operators D®* on
functions of n-variables |a| < s, and such that D® involves dif-
ferentiation at most (r — 1)-times of the #-variable.

3. Solution to Closed Conditions in Jet Spaces.

In this section the main result (theorem 2) of this paper is proved.
Suppose £ CJ"(U, R?) is a closed condition in the space of r-jets
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which satisfies the geometrical properties G(1) to G(4) stated
below. If there is a formal solution to £, then by theorem 2,
there is an exact solution to £2 which satisfies given approxima-
tions on all lower order derivatives.

Briefly, one constructs a suitable sequence of metaneighbour-
hoods (Met,, Q),,5_, of £ in J"(U,RY).

Foreach m, Met,, Q isopenin J"(U, RY) and QMeth =0.
One constructs a sequence (S) of formal solutions (4,,,&,)m>—1
to the closed condition £ such that:

1) For each m, j h, (U)CMet,, ;h, ,h satisfy given ap-
proximations on lower order derivatives.

2) For each m, the metaneighbourhood Met, ., 2 is so
a"h 0" h
chosen so that derivative maps at’m - t”’m : U— R? satisfy

given estimates.

These estimates ensure the uniform convergence of the sequence
r

dh
of derivative maps ( at,"' tU— R")

Let UCR"” beopen n=1.
Coordinates in R" are denoted by (s;,8;,,...,8,_;,0).

Recall the product bundle s: J'(U,R?) —> U of r4ets of
C” maps from U to R?, and also the product Euclidean vector
bundle, fiber RY, =: J(U,R% — J*(U,R? (cf. §1 for
complete definitions of these bundles). In particular, if f: U —> R?
is a C" map, then jf: U—> J'(U, R?) is the continuous section,

Ff0 = (700, T2 (0) €1(U,RY x R = (U, RY.

ot

m=>—1

Statement of the Problem.

Let CJ'(U,R? be a closed subset. We seek reasonable
conditions which ensure the existence of a C" map f: U —> RY
which solves the condition £ ; ie., j"f(U)C Q.

As in the case of open conditions in J" (U, R?) treated in § 1,
these conditions are stated in terms of the Euclidean vector bundle
7 J(U,RY) — J*(U,RY).
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DEFINITION. — Q C R?Y is nowhere flat if the intersection of
Q with each hyperplane in R? is a nowhere dense subspace of Q.
Thus, for example, the unitsphere S" in Euclidean space R"*' is
nowhere flat.

In this section, we suppose £ CJ (U, R?) satisfies the fol-
lowing geometrical properties:

G(1): The restriction map, w: Q — Jl(U,R") is a topo-
logical fiber bundle with locally arc-wise connected fibers.

G(2): For each z €J'(U,R?% the fiber Q(z) = QN7 !(2)
is nowhere flatin z x R? = R?.

G(3): There is a neighbourhood N(2) of £ in J'(U,R%Y
and a retraction R: N(£2) —  which respects the fibers:

moR=m: N() — J*(U,R?).

Remarks. — Let 8 be an r-th order system of m partial dif-
ferential equations in g unknown functions defined on an open set
UCR".

Let #: U — R? bea C" map. In the introduction, a surface
Q, (x) CR? was defined by the system &, foreach x €U.

The geometry of these surfaces is now explained within the
context of the product bundle =: J* (U, RY) — J*(U, RY).

For each x €U, let z = j*h(x) €J* (U, RY). Evidently £,(x)
is a surface in the fiber z x R? = R? of this bundle. '

Let 2 = nU Q,(x)CJ(U,RY).

The properties G(1), G(2), G(3), above, make precise the
informally presented properties P(1) to P(4) in the introduction.

DEFINITION. — 1) A subset Q C R? in locally ample if for each
x €Q, and for each € > 0, the convex hull of the arc-component
of x in QND(x;€e) contains x in its interior, where, D(y ;8)
is the open q-ball in R? center y and radius & > 0.

2) Let QCJ(U,RY.

Q s locally ample if for each z€J*(U,RY), the fiber
Q(iz)=2N(zx RN Cz x R*=R? islocally ample.

The main result of the paper is as follows:
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THEOREM 2. — Let h: U— R? be a C" map, and g:
U —> R? g continuous map such that the following conditions
obtain:

(i) Foreach x €U, (jth(x), g(x)EQ.

0
(ii) For each x €U, a_t}: (x) EEnv (Q(jth(x)); g(x)). Thus

(h,g) is a formal solution to the closed condition § CJ (U, RY).
(iii) In case Q CJY (U,RY is locally ample, let TC U be

r

0
the closed set {x €U|g(x) = 31‘7()6) . (Un particular, h solves

the condition along the closed set T in U).
Let W(h) be a neighbourhood of j* h(U) C J*(U, R)?.

There is a C' map f: U— R? such that the following
properties obtain :
ar
1) For each x€U, a—tj:(x)EArc QG f(x);e(x). Un
particular f solves the condition S ; ie., j"f(U)C Q).
2) jtf(U) CW(h).

3) In case Q C Y (U, R?Y) is locally ample, then for each x €T,
J"f(x) =j"h(x).

Remarks. — 1) Theorem 2 states that a formal solution to
Q CJ(U,R?Y can be transformed into a C” solution to £ which
satisfies given approximations on lower order derivatives. As explained
in Complement 1 below, this transformation is performed by a homo-
topy of formal solutions to 2.

2) It follows from conclusion (2) above that, in particular, f is
a C"~! approximation to % in the fine C"~! topology.

Proof of Theorem 2. — One fixes a convergent series of positive

numbers Y a,,.
m=0

Recall the Euclidean vector bundle #: J* (U, RY) — J*(U, R?)
with fiber R?. Let d be a metric on J*(U, R?).

Applying Proposition 1.1 (Appendix 1) to this bundle, there
is a continuous map u =u(m): & — (0,o), m=—1,0,1,2,...
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such that: Let Met, Q = Met, 2, the metaneighbourhood of £
in J (U, R?) associated to the map u.
M1): p <inf {a,,a,,,,}; Met, QCN(Q), if m=0.
u<a,; Met_, QCN(Q), if m=—1.
M(2): Let z€J'(U,RY); wEQ(z); vEEN,, (Uz);w).

Then v € Env §2(z2); R(v));

Am+1
(the definitions and properties of metaneighbourhoods are provided
in Appendix 1).

Evidently, QMeth =, and Met, Q is an open subset
of JY(U,RY), m=—-1,0,1,2,3,....

Let W,(h) be a neighbourhood if j*A(U) in J'(U,RY)
such that W, (k) CW(h).

In order to prove theorem 2, one constructs the following
sequences (S) of maps:

1) Asequenceof C" maps (h,: U — R%), ...

2) A sequence of continuous maps (g,: U— RY),.,.
These sequences (S) are required to satisfy the following properties
(recall the retraction map R: N(2) — Q):

1(m): j"h,, (U) C Met,, 2(C N(Q)) ;
jth,(U)CW, (h).
2(m): Foreach x €U, g,(x) = R(j'h,(x)) EQ(j'h,,(x)).

r

o h
3(m): For each x €U, at,'" (x)GEnvam(Q(jlhm(x)); g,,(x)).

4(m): Incase £ islocally ample :
Foreach x €T, j"h,(x) =j"h(x).

S(m): For each x €U, d(jth,(x), j*h,.(x) <a
d is the metric on J* (U, R?).

6(m): Foreach x €U, g,,,(x) €D(g,,(x); 2a,, + 2a,,,,), where
D(y;8) is the open g ball in R?, centre y, radius § > 0.

m Where

Assuming that the above sequences (S) have been constructed,
theorem 2 is proved as follows:
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a) From properties 6(m), 3(m) it is evident that the sequences
9" h
of continuous maps ( = U— Rq) , (8,: U— RY),. 5,
ot mz0
converge uniformly (in the topology of uniform convergence on com-

pact sets) to a continuous map from U to R?, and that
" h

li = 1 m. U— R?.

b) From property 5(m) and a) above, one easily concludes
that f= lim h, isa C" mapfrom U to R?.
m —> o
af . 0" h,,

In particular, YO Jgnm Yol ,,,h.I,n.,c g,: U— R?.

¢) Since Q CJ(U,R?) is closed it follows from properties
2(m) and b) above that f solves the condition £ ; ie., j"(U)C Q.

d) In case £ is locally ample, if follows from 4(m) above
that forall x €T, j f(x) =j"h(x).

e) Evidently, from property 1(m) above, j'f(U)C W(h).

Thus the map f= lim h,: U—> R? satisfies all the

m—> oo

conclusions of Theorem 2. It therefore remains to construct the
sequence (S).

Remark. — The sequences (S) are defined inductively. How-
ever one cannot set h, = h since, in general j"(h) (U) € N(£2).

That is, condition 1(0) is violated, in general, if Ay, =h. In
what follows the first term, 4, , of the sequence (#,,: U-— R?), .,
is constructed inductively along with the remaining terms.

Set h_,=h, g_,=g¢.

Suppose that C" maps h_,,hy,...,h,: U— R? and
continuous maps g_,, 8¢, 8;s--->&m: U —> R? have been cons-
tructed and satisfy properties 1(k) to 4(k), k=0,1,2,...,m

(if m = 0) and properties 5(k), 6(k) k=0,1,2,3,...m—1
Gf m=1).

Set Y = Met, (2) CJ' (U, R?).
Remark. — The pair of maps (h,,,g,) is a formal solution

to the closed condition £ but, in general, (,,, g,,) is not a formal
solution to the open condition Y CJ"(U,R?)[Q C Met,, (2)].
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One now perturbs the map g,,, in a controlled way, to achieve
a formal solutionto Y.

To this end, applying Corollaries 1.7.1, 1.7.2 (Appendix 1),
there is a continuous map g’': U —> R? such that:

1) For each x€U, g'(x)€D(g,(x);a,)CRY, if m>0
...E()
2) Foreach x €U, (j*h,(x),g'(x)EY. ie,
g (x)EY(j*h,(x)) CR?.
3) Foreach x €U,

r

2 (x) EEnvzam Y(i*h,(x); g(x)), if m=>0

r
o ...EQ)
r
hm .1 ’ .
Yo (x) €EEnv(Y(j"h,,(x)); g(x)), if m=—1.
r
4) In case § is locally ample, g' = at:” in a neighbourhood

of T in U.
From (3), above, the pair of maps (4,,, g') is a formal solution
to the open condition Y C J"(U,R?%) (to within the tolerance 2a,,,
if m=20).
Applying theorem 1, § 2 (Complement 1, if m = 0) one
concludes that there is a C" map #4,,,: U—> R? such that:

(i) j*h,,,(UYCW, (k). Foreach x€U,

d(jth, (x), j*hma (X)) <a,, if m>0.
(ii) Foreach x €U,

o h
B (1) € ALy, (Y( My () 80, if m>0 . EQ)

o h
o () €AY ( hyy ()5 8'(X)), i = =1

In particular the C" map h,,,: U— R? solves the open
condition Y.

(iii) In case 2 islocally ample, j"h,,,., =j"h ina neighbourhood
of T in U.
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Let g,.,: U— R? be the continuous map defined by re-
tracting onto : Foreach x €U,

Em+1(X) = R hpy (X)) EQGt A, (X)).

Employing property M(2) for the metaneighbourhood Met,, 2,
it follows that property 3(m + 1) is satisfied and that,

o h
(iv) Foreach x €U, ———E#",i‘- (x) ED(gp413ams) CRY...E@)

The pair of maps (4,,,,,8,+;) evidently satisfy all the pro-
perties 1(m + 1) to 4(m + 1) and property 5(m) (in case m = 0)
for the sequences (S).

In case m = 0, property 6(m) follows from the estimates
E(1), E3), E(4), established above. More precisely :

Foreach x €U, g'(x) €D(g,(x);ap.+), if m=>0.
arhm+1 ’ .
57 (x)eD(g(x) 2a,), if m=0.

9" h
6:1'“ (x) ED(gp+1(X); apsy) -

Consequently,if m = 0:
Foreach x€U, g,.,(x)€D(g,(x); 2a, + 2a,,,,).

This completes the inductive step in the construction of the
sequences (S) (including the construction of the first terms 4, g,).
Hence the proof of Theorem 2 is complete.

Complément 1.

Employing Complement 2 of Theorem 1, § 2, one may cons-
truct a homotopy of formal solutions, rel T, to the closed condi-

ar
tion £ CJ'(U,RY), which connects (4,g) to (f, at}:)’ where
f= lim h,: U—> R? is the solution to £ constructed in

m —> oo

theorem 2 above.

Suppose £ is locally ample. It follows from the above com-
plement, and standard arguments, that there is a weak homotopy
equivalence between the space of formal solutions to £ and the
space of exact (holonomic) solutionsto £2.
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Complément 2.

Suppose in addition that #: U — R? is a C” map. Em-
ploying Complement 3 to theorem 1, § 2, the following additional
conclusion is easily proved: The map f: U —> R? in the conclusion
of theorem 2 is of class C™*". Thatis, f isa C” map and D*f:
U —> R% exists and is continuous map for all differential operators
D* on functions of n-variables which involves differentiation in the
t-variable at most (r — 1)-times.

Note, however, by Remark 2 in the Introduction, § 1, it is not
known whether one can arrange for f: U —> R? to be of class
C™' if Q isalsoa C” submanifold of J*(U, RY).

4. Results on Mixed Derivatives.

In the previous sections open and closed conditions in jet spaces
have been solved when they admit formal solutions defined with

r

respect to the “pure” derivative e

In this section, simple algebraic transformations are intro-
duced to partially extend our results to open and closed condi-
tions in jet spaces which admit formal solutions defined with res-

pect to a fixed differential operator on functions on n-variables
alal

axI1 axa2 ... axon
1 2 v n
that one cannot control all the other derivatives D°, |B8] < |a|

and B # a. Indeed, one should not expect to be able to do this;

thus, for example, employing elementary inequalities in analysis,
2

1]

D* The results are less comprehensive in

one cannot make large perturbations in the derivative while
2%f a2 9x 3y
keeping the perturbations of —, —— arbitrarily small.
ox oy

Nevertheless, as will be seen below, all derivatives defined by
operators D?, where 8| < |«al, may be suitably controlled.
lal
One fixes a differential operator D% = —Y—————on func-
Z)xll ce 3xpp
tions of n-variables (n=p) such that o, >0, 1<i<p. Let
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J, Dbe the set of all n-tuples B = (B,,8,,...,0,) such that either,
n

a) 181 < |al (if Y =(1,Y2s-- %), then lyl= Y 7,),
or i=1

P
b) 1Bl =lal, ¥ B <lal, and B;<¢ i=1,2,3,...,p.
i=1
a3
ox? 3y .
Let D? be a differential operator on functions of three variables
such that || < 3, then §&]J, if and only if,
0 2 03 03
ﬁ,ﬁ’ 8y232’ ox 0y? .
In particular, if |8l <2, then BE€]J,.

Example. — D* =

Df e

r

ot"
derivative). Then B€J, if and only if |B| <r and D? involves
differentiation in the ¢-variable with multiplicity q, where g <r.
This is exactly the case considered in Theorems 1, 2 of this paper.

Remark. — Let D® =

(the case of a ‘“‘pure’” r-th order

The following observation explains the above definition of J,.
Observation. — Let A be the invertible linear map on R",
t=x +x,...+x, U =x;, 2<j<n.
Let B€J,, and f: R"— R? a C" map (r = |al). Then
the following conditions obtain:
1) Df is a linear combination of terms of the form:
3 (fo A™H
a
or ! ouR ... duyn
F(foA™h
ot"
It follows from the above observation that the techniques of

this paper carry over to mixed derivatives provided one is required
to control only those derivatives D*? , where B€E€]J,.

, where a, <r.

2) D*f = + a linear combination of terms asin (1).

Rather than state precise theorems for open and closed conditions
corresponding to mixed derivatives, we illustrate with the following
example:
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aS
ox? dy '
Consider the following system & consisting of one partial

differential equation for a function of three variables defined on
anopenset UCR?, f: U— R?® (f=(f,,f;,%5)-

a3fl _-[83.](2 iI2+lia3f3]2
ax2 dy ox? ay ox? oy
3°f ’f ’f a?*f  3Ff
ox 9y 0z ~ Ox? 9z~ dy 0z% 0z% ox 323)’

Let D* =

S

=F (/*f,

where F isa continuous map.

Note that the derivatives D? included on the right-hand side
are defined by the condition: B€]J,.

Let h: U—> R® beany C® map.

Then there is a C® map f: U— R® such that f solves
Son U and such that D®f, DPh satisfy given approximations
for all derivatives D", B€J,. In particular f is a C? approxima-
tion of % in the fine C?-topology.

Proof. —Set t=x+y; u=y, v=z.
Let g(t,u,v) =f(t —u,u,v); g=1(8,,8,,8;).
In (¢,u,v) coordinates, § is written,
3 3 2 3 2
S’Ea—g;_[é_gil] + [_a_ial.:l :G(]'J.g)
ot ot ot

where G is a continuous map. Applying Theorem 2, § 3, there is
a C* map g which solves &' and such that j*g,j*h, satisfy
given approximations where hy(¢,u,v) = h(t —u,u,v).

Transforming back to (x,y,z) coordinates, & is solved by
a C® map which satisfies the required approximations.

Appendix 1.

In this appendix, the definition and properties of metaneigh-
bourhoods are established. The principal result, Proposition 1.1,
proves that metaneighbourhoods of £ can be constructed so that
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their constituent convex hulls have diameters of controlled size and
also that each point, v, in the metaneighbourhood is “enveloped”
by a convex hull, centred at R(v) € ), with preassigned diameter.
In this way, properties M(1), M(2) are established for the sequence
of metaneighbourhoods (Met,, £2),,, _, in the proof of Theorem 2,
§ 3. This appendix makes precise the sketch of metaneighbourhoods
and extensive metaneighbourhoods in Gromov [1].

DEFINITION 1.1. — 1) A subspace Q CR? is nowhere flat if
the intersection of Q with each hyperplane in R? is nowhere dense
in Q. D(x;r) denotes the open ball, centre x, radius r> 0,
in RY.

2) Let Q CR? bea subspace.

Fix x€Q.

(i) Arc (Q;x) is the arc component in Q to which x belongs.

(ii) Env(Q;x) is the interior, in R, of the convex hull ( “‘en-
veloppe convexe”) of Arc(Q ;x).

(iii) Arc (Q;x) = Arc(Q N D(x;€);x).

(iv) Env (Q;x) = Env(QN D(x;€);x).

The following geometrical observations is useful for understanding
the proofs in this section.

Observation. — Let y €Env(Q;x). There is a finite set z,,
Zyy...52Zn, 2; €ACc(Q;x), i=1,2,3,...,N such that the convex
hull of the set {z,,z,,...,zy} is a neighbourhood of y in R?.

Indeed let y €int(A?) where A? is a g-simplex in RY
contained in Env(Q;x). Since the vertices of A? are in the convex
hull of Arc(Q;x) it follows that there are a finite number of points
in Arc(Q;x) whose convex hull is a neighbourhood of y in R?.

The following properties are easily verified:

DIf QCR? is open, then Arc(Q;x)C Env(Q;x), for all
x €Q.

2) Let QCR? be locally arc-wise connected, and nowheré
flat. Fix € > 0.

Then foreach x €Q, x €Env_(Q;x).
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Metaneighbourhood.

Let QCR? be locally arc-wise connected, and nowhere flat.
Fix a continuousmap €: Q — (0, ).

The e-metaneighbourhood of Q in R? is the subset,
Met Q = xLeJQ Enve(x)(Q;x).

Met,Q is open in R?; QCMet,Q, but in general Met, Q
is not a neighbourhood of Q in R?.

Thus for example if e€€(0,1), the e-metaneighbourhood
of the unit circle S' in R? is an open annulus in the interior of
the unit disc, whose closure contains S!.

The following lemmas are easily established.

LemMMa 1.1. — Let QCR? be closed, locally arc-wise connec-
ted and nowhere flat. Then Q = Q Met, Q.

Lemma 1.2. — Let QCR? be locally arc-wise connected, and
nowhere flat. Let h: [0,1] —> Q be a continuous map.

Let €: Q — (0, ) be a continuous map.

Then te[k(Jm] Env, (s (Q;h(2)) is arc-wise connected.

CoroLLARY 1.2. — Let Met,Q be an e-metaneighbourhood
of Q.

Fix x€Q; y EEnve(x)(Q 1 X).

For each a> 0, Env,(Q;x) CEnv.,,.,(Met.Q;y).

The above notions in R? are now generalized to the context
of Euclidean vector bundles with fiber R?.

Let X be alocally compact metric space.

Let m: E—> X be a Fuclidean vector bundle over X, fiber
R?. I'(E) denotes the space of continuous sections of this bundle.
Let Q be a subspace of E; Q(x) = QNa~!(x), for all x €X.

DEFINITION 1.2. — Let QCE be a subspace and h €T (E)
such that h(X)C Q.

a) Arc(Q2;h) = xgx Arc(82(x); h(x)).
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b) Env(Q2; h) = xléx Env(Q2(x); A(x)).

The notation Env(§2(x); h(x)) indicates that the interior is
taken in the fiber E(x) =~ R?.

The following lemma is easily established.

Lemma 1.3. —If Q CE is open, then Arc(2;h) is open
in E.

CoroLLARY 1.3. — If Q CE is open, then Env(82;h) is open
in E and Arc(£2;h) CEnv(2; h).

Suppose now 2 CE is a closed subspace which satisfies the
following geometrical properties (cf. the solution of closed condi-
tions § 3).

G(l) : m: & — X is a topological fiber bundle, with locally arc-
wise connected fibers.

G(2) : For each x €X, the subset 2(x) C E(x) (= R?) is nowhere
flat. (Since w: E — X 1is a vector bundle, this condition
makes sense).

G(3) : There is a neighbourhood N(£2) of £ in E and a conti-
nuous retraction map R: N(f2) — Q which respects the
fibers: wo R =7: N(Q) — X.

Fiberwise Metaneighbourhood.
Fix a continuousmap €: 2 —> (0, ).

For each x€X, let e(x): Q(x) — (0,>) be the restric-
tion of the map e to the fiber Q(x).

The e-fiberwise metaneighbourhood of £ in E, denoted

by Met,Q, is the union of all the e(x)-metaneighbourhoods in
each fiber:

= = U U 5 .
Met, Q= U Met,(, Q(x) ( Yevele Enve(w)(ﬂ(x),w))

The following lemma is easily established.

LemMmaA 1.4. —a) Met, Q CE isopen.
b) £ = N Met Q.
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The main result of this Appendix is the following

ProrosITION 1.1. — Let 2 CE be a closed set which satisfies
the geometrical properties G(1), G(2), G(3) above.

Let €: 2 —> (0,0), &6: N(2) — (0,) be continuous
maps.

There is a continuous map p: §2 —> (0,°0) such that:
() u<e; Met#QCN(Q).

(i) Let x€X; wel(x); vE Env“(w)(ﬂ(x) W)
Then v € Envg,y(Q2(x); R(v)) (cf. Figure 1.1).

N () (x)
Q(x

the g-ball D (R (v) ; & (v))
in the fiber E(x) ~ R?

The shaded area is EnvG(v)(SZ(x) ; R(v)).

Remarks. — 1) Conclusion (ii) ensures that each point, v,
in a sufficiently “thin” metaneighbourhood, Met, {2, is enveloped
by the points in £(x) which are contained in a g¢-ball with pre-
assigned radius centred at R(v) € Q2. When applied to the context
of the solution of closed conditions, § 3, it is this property which

r

" h
ensures the converges of the derivative maps -y,’"— U — R")
mz=0

2) Let YCX and h €T'(E(Y)) (i.e., & is a continuous section
over the subspace Y of X), such that #(Y) C Met, Q2.
Define V(h) = yLEJY Envs s (5 (2(») s R(E(Y))).

It follows from conclusion (ii) above that A(Y)C V(#4). In

Gromov [1], V(h) is called a fiberwise extensive neighbourhood of
h(Y)CE.
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Proof of Proposition 1.1. — The proof of the proposition results
from the following elementary lemmas in point set topology.

LeEMMA 1.5. — Let 6: N(§2) — (0,%) be a continuous map.
There is a continuous map v: & —> (0,0) such that:

(i) Met, 2 CN(Q).
(i) Let x€X, z€Q(x), v €Envv(z)(ﬂ(x) 1Z).
Then v(z) <é(@).

LeEMMA 1.6. — Let €: Q —> (0,) be a continuous map. There
is a continuous map p: §2 —> (0,°) such that:

(i) u<e.
(i) Met, 2 CN(£).
(iii) Let x€X; z€Q(x); vE Envu(z)(ﬂ(x) 12).
Then R(v) € Arce(z) Q(x);2).
(In particular z € D(R(v); €(2))).

Let us first prove the Proposition from the above Lemmas.

a) Applying Lemma 1.5, there is a continuous map »: £ — (0,)
such that Met,(£2) C N(2) and such that:

Let x€X; z€Q(x); vEENV,, (8(x);2).
5(v)
2

b) From Lemma 1.6 there is a continuous map u: Q —> (0,%)
such that u < inf(v,e€), Metuﬂ C N(£2), and such that:

Let x€X; z€Q(x); UEEnV“(,)(Q(x);z).

Then v(z) <

(D)

Then R(v) € Arc,,(z) (2(x);z). ... (2)
Fix points z,, z,,..., zy in Arc“(z)(ﬂ(x) ;z) such that the
convex hull of {z,,z,,...,zy} in E(x) (= R?) isa neighbourhood
of v. ...(3)

From (1), (2) D(z;v(2)) CD(R(v);8(v)).

Since u <v, itfollowsfrom (2), (3), above, that
z; € Arcg () (2(x) ; R(v)), i=1,2,3,...,N.

Consequently v € Envg,,(£2(x); R(v)).
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This completes the proof of the Proposition.

Turning now to the proofs of the lemmas, recall that Q CE
is closed, and, X is a locally compact metric space. Evidently £
is a locally compact metric space. Thus there is a countable relati-
vely compact open cover {Q].}j>1 of £ such that {Qj},.>l is
locally finite, and such that the bundle n: E — X is trivial over
Q) CX,j=1,2,3,.... .4

In what follows, when working in Q;, 7 fixed, one may
assume from (4) that E = X x R? the product bundle.

Proof of Lfmma 1.5. — For fixed j, since Q; is compact,
it is clear that Qi is contained in a finite union of compact product
neighbourhoods, each of which is contained in N(£2). Evidently
there is a constant €; > 0 such that:

(i) € < 6(v), for each v in any of the above compact product
neighbourhoods.

(ii) For each z GQ,., the g-ball D(z ;e].) is contained in at
least one of the above compact neighbourhoods.

Let €:  — (0,) be the lower semi-continuous map
€(x) = inf{eileQi}. One easily constructs a continuous map
v:  — (0,o) such that » < €. Evidently, the metaneigh-
bourhood, Met, 2, satisfies the conclusions of Lemma 1.5.

Proof of Lemma 1.6. — Recall that #: @ — X is a topo-
logical fiberbundle whose fiber is locally arc-wise connected.
For fixed j, one easily verifies that for each
z= (x,t)E(jiCXx R¢
there is a neighbourhood U(z) of z in £ and a number u(z) >0
such that: If y €U(z) then D(y;u(z)) N Q(x) C Arc,(,,,(82(x);¥).

Since Gi is compact, one concludes that there is a number
€ > 0 such that:

Foreach z = (x,t)E('jI. CX x R?,
Q(x)ND(z ;e].) C Arce(z)(ﬂ(x) 12) ... (5

Let €: & — (0,) be the lower semi-continuous map
€(z) = inf{eilz EQ,.}. Let a: & — (0,) be a continuous
map such that o < € and such that Met, 2 C N(2) (cf. Lemma 1.5).
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Finally, since R: N(£2) — £ is a continuous retraction
map, one again may employ the cover {Q;};., to construct a
continuousmap u: £ — (0,%0) such that:

u <inf(a,€). ... (6)
Foreach x€X, z€Q(x),
R(D(z;u(2))) CD(z;a(z)) CE(x) =~ R?. ..(D

To prove Lemma 1.6, one proceeds as follows:
a) Since «a < €, it follows from (5) above that:
Foreach x €X, z € Q(x),
Qx)ND(z;a(z)) C Arce(z)(ﬂ(x) 5Z) ...(8)
b) Since u < «, then Metuﬂ CN(E).
¢) Fix x€X; z€Q(x); ve Env”(z)(ﬂ(x) 12).

From (7) above, one observes that R(v) is contained in the
g-ball D(z;a(z)) CE(x)=R?.

Consequently from (8) above, R(v) € Arc,,)(2(x);2).
This completes the proof of Lemma 1.6.

To conclude this appendix, some additional topological properties
of metaneighbourhoods are established.

LemMma 1.7. — Let YCX be a closed subspace. Recall that
I'(E(Y)) is the space of continuous sections of the bundle
m: E— X over the subspace Y.

Let 0: Y — (0,%) bea continuous map.

Suppose ® €T'(E(Y)) is a continuous section over the subspace
Y, such that ®(Y)CQ.

Then there is a continuous section g€E€T'(E(Y)) such that:
For each y €Y, g(y) €EEnv, ) (Q2(y);®(»)).

Proof. — One easily verifies that there is a locally finite open cover
{Y;};5, of Y; a family of continuous sections {g; € '(E(Y))};;,
such that:

For each yGY,., g].(y)€Enva(y)(9(y);cl>(y)), i=1,2,3,....

Let g€T(E(Y)) be the continuous section, g = }: p;-&;
ji=1
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where (pi: Y — [0,1]),.>l is a partition of unity subordinate
to the cover {Yi}i>1' Since Envo(y)(ﬂ(y),Q(y)) is a convex
set, for all y €Y, it follows that the section g satisfies the conclu-
sions of the lemma.

CoroLLARY 1.7.1. — Let €: Q — (0,») be a continuous
map and Met S0 the corresponding metaneighbourhood of § in E.

Let Y CX be a closed subspace and ® € I'(E(Y)) a continuous
section over Y such that ®(Y)C 2.

Fix a continuous map 6: Y — (0,).

Then there is a continuous section g E€T(E(Y)) such that
g(Y)CMet, Q2 and for each y €Y, d(g(y), ®(»)) <8(y) [the
metric on the Euclidean vector-bundle E is d].

Indeed, set o =inf{6,e0od: Y —> (0,2)}, and apply
Lemma 1.7.

CoroLLARY 1.7.2. — Suppose, in addition to the hypotheses
of Corollary 1.7.1, there is a continuous section h €ET(E(Y)) such
that:

For each y€Y, h(y)€E Enve(q,(y»(ﬂ(y);CI’(y))C Met Q2 .
Set § =€o®: Y —> (0,%). Then, in addition, for each y €Y,
h(y) EEnvy (g (y),Met. Q(»);8(»)).

Indeed, the g-ball D(g(y); 2e(®(y))) contains the g-ball
D(®(y);e(®(y))) for all y€Y. Employing Lemma 1.2, this
corollary is easily proved.

To conclude this appendix, we state the following result the
proof of which is left to the reader.

ProposiTION 1.2. — Let Y CX be a closed subspace and
® €T(E(Y)) a continuous section over Y such that ®(Y)C Q.

Let 0: Y —> (0,) bea continuous map.
Let Z = 2y Env, ) () ; P(»)).

Then w: Z— Y is a fiberbundle, with fiber the open
g-ball D(0;1)CR?.
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Appendix 2.
The auxiliary functions.

1) Let K be a compact set.

Let e€(0,1)

and let P=(p;: K — [0,1]),;<, be

a
sequence of continuous functions such that:

Foreach x €K, i p;(x)=1.

i=1

Following Gromov [1], one constructs a continuous map 0_ = 6?
from K x [0,1] — [0,1] such that:

(i) For each x €K,

0.(x,t)
constant <=

is monotone increasing and
" 1) on a subinterval of [0,1] of length (1 —e€) p,(x)
n

(ii) Foreach x €K, 6.(x,0 =0, 6 .(x,1)=1

Remark. — In case K is a C” manifold and p,
isa C° map, i=1,2,3

: K— [0,1]
bea C~

,...,n, one may construct 62 to also
map.

N
2) Let b,€[0,1], 1<i<N (N>2), such that ) b, =

Let N be the set of non-negative integers
One easily constructsa C” map,

6: Nx(0,1/2) x [0,1] — [0,1] such that the following properties
obtain: Fix m €N, 8 €(0,1/2).

1
a) Themap 0(m,6,t)=6(¢t) is periodic with period +1;
1 m
0(m,$s, 0)—0~0(m 5, +1)

b)@(m,6,t) is constant (= N _l*_ 1) on a subinterval, S,

i
1 1 -26
of [0, :l of length b,, i=12,3,...,N
m+1 m+1

26
¢) The interval separating S;, S;,, has length

(m+1)N
i=1,2,3,...,N—1.
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‘0 (m, 8,1)

Z

Z

Appendix 3.
The One-dimensional Lemma.

In this appendix we prove the principal approximation result
(the one-dimensional lemma in Gromov [1]) in a general setting. The
central feature of the proof is an explicit uniform computation of
the approximation. This is useful for further applications of the convex
integration technique.

Let B be a Banach space, norm || ||. We consider a compact
set of the form K x [0,1], K compact.

Let QCK x [0,1] x B. (For the purposes of the approximation
result, below, Q need not be open.)

Let v: K x [0,1] x [0,1] — B be a continuous map (a homo-
topy on K x [0,1]) such that:

For each (x,¢,s) in K x [0,1] x [0,1], (x,t,v(x,t,5)) €EQ.
Let f;: K x [0,1] — B be the continuous map,

i
N +1

f,~(x,t)=7(x,t, ) i=1,2,3,...,N.

Let g: Kx[0,1] — B be the continuous map (a convex
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N
combination), g = Z b;f;, where b,€[0,1], 1<i<N, and

i=1

N

Y b, =1. Recall the auxiliary map 6: N x (0,1/2) x [0,1] — [0,1]
i1

(Appendix 2).

Fix (m,8)€N x (0,1/2).
Define ¥: K x [0,1] — B as follows:
Y(y,t)=v,t,0()=v(y,t,0(m,5,0).

Note that the graph of ¥ iscontainedin Q, and, ¥(y,?) = f;(y, )
j j+1 (1-28)b,
m+1l m+l

, ISi<N;

on a subinterval of [ ] of length ;
0<j<m.

APPROXIMATION  THEOREM  (One-dimensional lemma). — Fix
e > 0. Suppose the derivativeg—j is a continuous map.

There is an integer J €N and a number &, € (0,1/2) such that:

Let meN, m=217J; §€(0,8,).

The map Y(y,t) =~v(y,t,0(m,8,t)) satisfies the property:
t
For each (y,1) €K x [0,1], | fo ¥ —g)(y,s)ds|| <e.

Remarks. — Another way of stating the above conclusion is as
follows:

Let F(y,t)=fo' V(y,s)ds; G(y,1) = fo'g(y,sms.

Then the continuous map F: K x [0,1] — B is a C° approxi-
mation to the continuous map G: K x [0,1] —> B such that the

oF
graph of the derivative map -aT: K x [0,1] — B is contained
in Q.

Proof. — Let
C=sup{lilv(y,t,9)lll(y,t,s) €K x [0,1] x [0,1]}.

The proof of the following lemma is straightforward and is omitted.

LemMaA 3.1. — Fix €>0.
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There is an integer R such that:

Let g€{R,R+1,R+2,...}. Let p€{0,1,2,...,q}.
Then, forall y €K,

) t p p+1
,9ds||<e; t€ > :

) ufq,;1 g(y,9)dsll <e Lz+1 q+1:l

. ! p p+1

@) | 7(y,S,9(M,5,S))ds|<e;te[—, ]

It follows from the above lemma that one need only prove the
following approximation result:

Fix €>0.

There is an integer J €N and a number 8, €(0,1/2) such that:
Let meN, m=21J, 8§€(0,8,.

The map ¥ (y,t) =v(y,t,0(m,6,t)) satisfies the property:
Let p€{0,1,2,3,...,m}.

P
Then ||f0m+l (¥ —g)(y,s)ds|| <e. (A

The proof of (A.1) proceeds by a series of estimates.

Notation. — Fix p€{0,1 2,3,...,m}. Let I(p) denote
p p + 1] )
m+1 m+1

the interval [

N
ds = ¥ b,f d
D [ eiods= [ N bifi(r.sds

I(p) i=1 N
= 2 b,.f fi(y,s) ds.

i=1 I(p)

Let fi(y,s)=f,(y. &)+ (fi(y,s) —fi(y,&)) where §&€EI(p).
A suitable choice of § will be made below, i=1,2,3,....N.

N b,
Thus f;(p) 8y, 9ds= ¥ —= fi(y.§) +E, .. (A2)

i=1

N
where E, =Y b f ) (fi(y,s) —fi(y,E))ds.

i=1 I(p
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. 1 1
Evidently, || E, Il = —— o,(m T ) where

li =0.
ml—rpwolm‘l'l) 0

I(p)

2 [ ¥,9ds= [ a(r.s.00m,8,5)ds
p

N

=3 js 7(y,s,o(s))ds+ny(y,s,o(s»ds ,

i=1

1 —28) b,
where a) S, CI(p) is the subinterval, length (—-——_‘%i , on which
. m
0(m.8,9) =<7, i=1,23,....N (Cf. the construction of

the auxiliary function 6, Appendix 2).

Recall that = ,
ecall that f,(»,s) 7(y s N+l)
b) T is a disjoint union of subintervals of I(p), whose total

; TN (igl ints,) = .

length i
ength is ——

N
Thus, fl(,)‘l’(”)dFEl Sy, fiv 9 ds
+ [ v(r.s,0(0ds

Let fi(y,s)=f(y,n)+ (fi(y,s)—f(y,n)), where
n €S, i=12,...,N.

Then f Yy, s)ds = S‘ fi(y )(——2—5£’L+E + E,
1(p) = m+1
. (A.3)
where, E, = jT Y(y,s,0(s))ds.
N
E,= X fs,. F(y,9) —f,(y,n))ds.

26

Evidently, E,lI<
vidently, |1, Il < ———

C,
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N, (1-28)b, 1 _1-25 1
md, IE < X =0 (57)= 557 % Grr)

where, "}En“ o, (-m—l_'_—i-) =0.

Since S; CI(p), all i, one may choose & =n;, i=1,2,3,...,N.
Hence from (A.2), (A.3), above
N

[ ey, —¥(r,nds= 3
I(p)

i=1

——— bif(y.k) + E, —E, —E;.

Consequently,

m+1 m+1 1 +1

28C 1— 26 1
+

m+1l m+1 2<m+1)

456C 1 1
=m+l+m+103(-m+l)’

26C 1 1
- <
1f,, @09 =¥, sl + 0, (=5)

1
where, ,,}ilnm03(m+1)=0‘ ... (A%

To prove the approximation result (A.1), one notes the fol-
lowing: Let p€{1,2,3,..., m}.

_P_ Pt
"jo'mn -V (y,9dsl< Y II/;(/) (g—W(y,9adsl
i=0

45C 1 1
< +
m[m+l m+103(m+1)]

< 45C + 0, (m 1+ 1).

Clearly then, the approximation (A.1) obtains for m €N suffi-
ciently large and 8 €(0,1/2) sufficiently small.

This completes the proof of the Approximation Theorem.

Complement 1.

Let ®: K x [0,1] — B be the continuous map,
Q(y,D=7(,t,0).
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Let H: Kx[0,1}x[0,1]] — B be the homotopy on
Kx[0,1], H(y,t,s) =vy(y,t,s.06(m,56,1)).

Clearly, the homotopy H connects the map ®, ¥, and is
such that the graph of the corresponding map at each stage of the
homotopy is contained in Q.

Complement 2.

Suppose U CK x [0,1] isa subset such that:

Foreach (x,t)€U x[0,1], v(x,t) =0€B.

Thus in particular, foreach x €U, f;(x)=g(x) =0, 1<i<N.
Recall that by construction ¥: K x [0,1] —> B is the map,

V(y,t)=v(y,t,0(m,5,t)), for a suitable auxiliary map 6.
Consequently, foreach x €U, ¥(x)=0€B.

Complement 3.

Suppose now K x[0,1]=1[0,11", the wn-cube in R"
(K=10,11""", and «v:[0,1]1"x[0,1]]— B is a C"*' map.
Coordinates in R" are denoted by (s,,S;,...,5,_;,%). The
Approximation Theorem easily extends to the following

C"-APPROXIMATION THEOREM (C"-one dimensional Lemma). —
Fix an integer r > 0 and a real number € > 0. There is an integer
JEN and a number 6 ,€(0,1/2) such that:

Let meN, m=1J; §€(0,8,).

The C*' map ¥(y,t)=~v(y,t,0(m,8,t)) satisfies the
following property:

Foreach (y,t)€[0,1]"" ' x [0,1] =1[0,1]",
t

I [ D¢ — W) (y,9ds I<e,
0

where D* runs over all differential operators on functions of n-
variables such that |o| <r and D% involves no derivatives in the
t-variable.

The proof of the C’-one-dimensional lemma is analogous to
the proof of the one-dimensional lemma subject to the following
observation.
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Observation. — Let D® be a differential operator as above.
D*W¥(y,t) =D*(y(y,t,0(m,8,t))) does not introduce the deri-

d
tive — 0(m,8,1). (D).
vative 7 (m ) (D

Let C, = sup {IID*y(x,9)|(x,s)€[0,1]" x [0,1] and D*
as above}. Then, from (1), above,

sup {ID*¥(y, Dl (¥, €[0,1]1""! x [0,1] =[0,1]", and D* as
above} < C,, (independent of the choice of (m,8) €N x (0,1/2)
in the auxiliary function @).

Consequently, there is a corresponding Lemma 3.1 applied to
the maps D%g, D*¥: [0,1]" — B, D* asabove.

(The corresponding Lemma 3.1 provides an integer R inde-
pendent of (m,8)€N x (0,1/2) in the auxiliary function 6).

With Lemma 3.1 in hand, the proof of the C” one-dimensional
lemma is an exact parallel to the above proof of the one-dimensional
lemma.

Complement 4.

The C" one-dimensional lemma is easily reformulated and proved
in case the n-cube [0,1]" is replaced by a translate in R” of the
n-cube [0,a]”, a > 0.

Appendix 4.

Introduction. — Let X be compact and 7 E— X a
Euclidean vector bundle over X, norm || ||.

Let Q CE be open. FQ (E) is the space of continous section
of E which map X into Q. Recall that Q(x) = Q N 7-1(x),
x € X. Fix ® € T, (E), and open sets U, U, in X, U C U;.

Suppose g is a continuous section of E such that:
x €X = g(x) € Env(Q(x) ; ®(x)) (cf. Appendix 1)
x €U = g(x) = (x).

In the Convex Hull lemmas below, it is proved firstly, that the
above convexity conditions on the section g imply that g is a
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convex linear combination (variable coefficients, in general) of
sections in I'g(E). Secondly, it is proved that this convex linear
combination may be replaced by a convex linear combination,
constant coefficients, of sectionsin [ (E).

In this way the Convex Hull Lemma translates the above
convexity conditions on the map g into the requisite convex linear
combination conditions of the hypotheses in the one-dimensional
lemma (Appendix 3).

Convex HuLL LEMMA 1. — There are sections h;€Tlq(E) and

n
continuous maps, p;: X —> [0,11, i=1,2,3,...,n, Z p;, =1,

such that : i=1

n
ayg= Y p;.h.

i=1
b) Foreach x €U, h(x)=®(x), i=1,2,3,...,n.
c) For each x €X, hy(x) € Arc(Q(x); ®(x)).

Proof. — Since Q is open, it follows from Lemma 1.3 (Appendix
1) that Arc(Q;®) = U Arc(Q(x);®(x)) isopenin E.
xeX

One easily constructs open covers of X, {V(x)},ex,
{W)ex, V(x) CW(x), all x, such that:

A WE)CU, if xEU;Wx)NU =0 if x¢U.

(ii) For each x€X, there are sections &7 ElG(E),
1 < i< n(x) such that:

a) Foreach y €X, h7(y)€ Arc(Q(y); ®(»)).

b) if y€X — W(x), then i} (y) = (»).

c)if y€V(x), then g(y)= i pY(¥)hi(y), where p7:

i=1
X —> [0,1] is a continuous function, i=1,2;3,...,n and

pr(y)=1, all yEV(x).

4=

I

d)if x€U, then h* =®; p¥ =1 (that is, in case xEI_J,
n(x) =1). Since X is compact, the cover {V(x)},cx contains
a finite sub-cover. An easy partition of unity argument completes the
proof.
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Complement 1.

There are homotopies F,:[0,1] — I',(E) connecting &,
h,i=1,2,3,...,n, suchthat :

1) Foreach (x,#)€Ux [0,1], F,(x,t) = &(x),
i=1,2,3,...,n.

2) For each (x,)€X x[0,1], F,x,€Arc(Qx);®(x)),
i=1,2,3...,n.

Complement 2.

In case X is a compact C” manifold (in particular X = [0,1]",
the n-cube in R"), and &, g are C” sections, one may also
arrange that k€ [‘Q (E), F;: [0,1] — FqE)p;: X — [0,1] are
C” maps, i=1,2,3,...,n.

n

Convex HurL LemMa IL — Suppose now g= Y ph;,
hiEFQ(E) and F,:[0,1] — I‘Q(E), i=1,2,3,...,n, as in
the conclusions of Convex Hull Lemma I.

N

There is a sequence (b,€[0,11),c;cn> 2, b;=1, and maps

fi€T 4 (E) such that : =t
N
1) Foreach x €X, g(x) = z b, f;(x).

i=1

2) Foreach x €U, f;(x) = ®(x), i=1,2,3,...,N.
3) For each x €X, fi(x)€ Arc(Q(x); ®(x)), i =1,2,3,...,N.

Proof. — Employing the homotopies F,: [0,1] — Lo (B),
one easily constructs a homotopy +v: [0,1] — I'q(E) such that :

y(0) =& ; 'y(n:_l>=hi, i=1,2,3,...,n ; for each (x,s)€

Ux[0,1], ~(x,s)=®(x) [the homotopy <y runs ‘“back
and forth” along each homotopy F;, i =1,2,3,...,n], and, for each
(x,s)€X x [0,1], (x,y(x,s)€EArc(Q(x);®P(x)). Fixe>0.

Recall the auxiliary map 6, : X x [0,1] — [0,1] (Appendix 2)

associated to the continuous mapsp, : X—> [0,1], i=1,2,3,...,n,
n
}_. py=1.

i=1
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Let ¥, :[0,1] — FQ (E) be the homotopy of sections,
¥, (x,t)=v(x,0.(x,t)).Inparticular, ¥_(x, ) = h;(x), ona sub-
interval of [0,1] of length (1 —€)p,(x), i=1,2,3,...,n.

Thus foreach x €X,

L v, nar =

I =

(I —e)p;(x)h(x)+ E(x),
1

where lim E_(x) = 0. The map v: [0,1] x X —> E has compact

e—>0
image in E. Thus lim Lh W, 0de = gx), uniformly in X
E—)‘
().

Since X is compact, and Q C E is open, the following proper-
ties obtain : Fix e, > 0.

1) There is a number § > 0 such that :

Let P=0=3s, <s5, <§;...<sy,; =1 be a partition of

[0,1], meshP < §. Foreach x €X,

1 N
I[P de = 3 (5,0, —5) ¥,0x,8) I<e Q).

i=1

2) There is a number » > 0 such that :

Letfel'E),llfll< r. Then for each (x,s)€Xx [0,1],
y(x,s) + f(x) € Arc(Q(x); ®(x)). Fix a partition P, as above;
mesh P<§.

Let fE€T(E) be the section,
N
) =g(x)— ¥ (500 = 5) Yx,5).
i=1

From (1), (2), above, one may suppose that |[f] <r. Note also
that, for each x €U, f(x) = 0. Define f,E'4(E) to be the section,

fix)=Fex) + ¥ (x,s), i=1,2,3,...,N.

=
>
I

Set b, = s, —5,€[0,1], i=1,2,3,...,N, then

I
-

N
Clearly, foreach x €X, g(x) = Y. b, fi(x).
i=1
Evidently, all the conclusions of the lemma are satisfied. Hence
the proof of the Convex Hull Lemma is complete.
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Complement 1.

Let H, : [0,1] x [0,1] — I'q(E) be the continuous map.
Foreach x €X, H, (x,7,5) = v(x,7.59).

Evidently, for each (x,7)€X x [0,1], H,(x,7,0)= ®(x);
H,(x,r,1)=7v(x,1).

Foreach (x,7,s)€U x [0,1] x [0,1], H, (x,7,5) = ®(x).

Employing the map H,, one easily constructs homotopies
H;: [0,1] — T[4 (E) connecting f; to &, such that for each
(x,n€eUx[0,1], Hi(x,) =P(x), i=1,2,3,...N.

Complement 2.

In case X is a C” manifold (in particular if X is the
n-cube [0,1]" in R") and g, p;, h; are C” maps, i = 1,2,...,n,
one may arrange that the maps <, f;, H; are C”™ maps,
i=1,2,3,...,N.

Remark. — The construction of the maps <y, H, associated

to the data h,, F,, i=1,2,...,n, may be repeated for the data
f;» H;, i=1,2,...,N. In particular there are corresponding
continuous maps v : [0,1] — [y (E), H, : [0,1] x [0,1] — T4 (E)
such that :

i
N +

(i) For each x€X, y(x,0) = ®&(x); 'y(x,
i=1,2,3,...,N.
(ii) Foreach (x,r)€U x [0,1], v(x,?t) = ®(x).

(iii) Foreach (x,¢,s)€X x [0,1] x [0,1],

) =fix),

Hy(x,t,s)=7(x,t.s).
Consequently H7 (x,r,0)=®(x); H7 x,t,D)=v9x,1).

Appendix 5.

The Cube Lemma.

In this appendix, the C"-cube Lemma (stated in the Introduction,
§ 1) is solved.
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By hypothesis, for each x € [0,1]",

G
Py (x) €EEnv(Q(x); P(x))

r

(cf. Appendix 1 for this notation) and = & on a neighbourhood

ar’
U of the closed set K, in K.

Reduction of the Problem.

r

For each x€[0,1]", letQ'(x) = Q(x) — —Zt—? (x) [the

"G
translate in R? of the set Q(x) by the vector 3 (x)ER?];
let ®' : U —> R? be the continuous map
G
®'(x)= (x) — (x).
at’
Note that &' = 0 in U.
Thus Q' = U Q'(x) is open in [0,1]" x R", and

x€[0,1]7

0 € Env(Q'(x), ®'(x)).

If necessary, one may replace the map &' by a C” map @, :
[0,1]" — R? such that : Foreach x €[0,1]",

d)o(x)EArc(Q'(x);@'(x));(Do(x) =0 in a neighbourhood U, of
K, in K, U, CU. (Note that, (Appendix 1), Arc(Q'(x), ®(x)) CR?
is open for all x €[0,1]".) Fix a neighbourhood U, of K, ﬁl cUy,.

In what follows, the Cube Lemma is solved for the special case
when G: [0,1]" — R? is the constant map equal to zero. By
translating back to the original data, the Cube Lemma is solved in
general.

Applying the Convex Hull Lemma, Complement 2 (Appendix 4)
one concludes that there are constants b,€[0,1]1 <i<N, C~
maps f;: [0,1]" — RY, I <i<N and a C° map, «:
[0,1]" x [0,1] — RY such that :

N
(i) Foreach x €[0,1]", 0 = Y b, fi(x).
i=1
(ii) Foreach (x,r)€U, x [0,1], v(x,?) =0;
Foreach (x,t)€[0,1]" x [0,1],

v(x, 1) € Arc(Q'(x) ; ¥, (x)).
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(iii) For each x €[0, 1]”,7( ) =fi(x), 1<i<N.

N+l

Fix € >0. Coordinates in R" are (s;,5,,...,8,;,0).
Applying the C"-one dimensional lemma (Appendix 3), one concludes
there is a C™ map W¥: [0,1]" —> R" (in fact, the map ¥ is of
the form ¥ (y,r)=+vy(y,t,0(r)) for a suitable auxiliary map
0 (1)), such that :

(iv) Foreach x €U, ,¥(x) = 0.
(v) Foreach (y,#)€[0,1]""! x [0,1] =[0,1}",

I '/O‘t D*W¥(y,s)dsll<e, where D* runs over all differential

operators on functions of n-variables such that |«a| <r and D*
involves no differentiation in the r-coordinate.

Letf0=f0' fo’ [ ¥(y,s)(ds)" .

—N T ——
r

Evidently f, : [0,1]" — R? isa C* map;
rfo

(x)€ Arc(Q'(x); ®4(x))

forall x €[0,1]", and

Foreach (y, ) €[0,11"" ! x [0,1] = [0,1]", IID? fo(y, DI < €
where DP runs over all differential operators on functions of
n-variables such that 8| <r and D? involves at most (r — 1)

0"
differentiations in the #-coordinate (that is, |8l <r and Df # a_t )

Thus f,: [0,1]* —> R? solves the Cube lemma for the
(reduced data) G =0; [0,1]" —> R? except possibly for the
condition that f, must equal zero in a neighbourhood of K, in
[0,1]".

To achieve this last property, let A: [0,1]" — [0,1] be a
C” map and U, a neighbourhood of K, in [0,1]", I—J2CUl ,
such that : K, Cint(h~!(1)) Csupp hC U, .

Define V =int A~'(1), and let f: [0,1]" —> R? be the
C” map f=(1—h).f,. Evidently, f=0 in V and f=f, on
the complement of U, in [0,1]".
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For € > 0 sufficiently small in the estimate (v) above, the
corresponding map f = (1 — k) f, satisfies the additional property.

ar
For each x €[0,1]", E‘f’_ (x) € Arc(Q'(x), &4 (x)) (recall
ar
here that Q'C[0,1]" x R? is open and af’o =¥ =0 in U).

Thus the cube lemma is proved with respect to the reduced
data G=0: [0,1]" — R?,

It is evident that the map F=G + f: [0,1]" — R? is a
C” map which yields all the conclusions of the Cube lemma for the
original data.

Complement 1.

Employing the homotopy H7 associated to the map 1:
[0,1]" x [0,1] — R? (Convex Hull Lemma, Appendix 4), one
easily verifies that there is a homotopy H: [0,1]” x [0,1] — R?

3"(G + f)
such that H,=®;H, = YR
(x,t)EV x [0,1], and also such that :

Foreach (x,r)€[0,1]" x [0,1],

(x,H(x, )€ Arc(Q(x);®(x)).

H(x,?) = ®(x) for all

Complement 2 (Compactness).
Let Arc(Q;®)= U Arc(Q(x); ®(x)) (cf. Appendix 1).
x€[0,1]"

Let A= {(x,y(x,n))€E[0,1]" x R?[(x,r)€[0,1]" x [0,1]}.

Evidently A is a compact subset of Arc(Q, ®). Consequently
the graph of the homotopy H,,0<¢<1 which connects
2" (G +
D, _(_57]2’ (cf. Complement 1) lies in a preassigned compact
subset of Arc(Q;®); that is, a compact subset which is indepen-
dent of the auxiliary function 6 wused to define the map WV:
(0,11" — R7.

This complement is employed in §2 in the inductive construc-
tion of a solution to an open condition Y CJ"(U,R?), where
U CR" isopen.
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Complement 3.

The C’-Cube Lemma is easily reformulated and proved in case
[0,1]" is replaced by a translate of the n-cube [0,q]” in R”",
a>0.

Complement 4.

Suppose in addition the map G:[0,1]" — R? of the
hypotheses of the Cube Lemma is of class C~

Then, in addition, the following conclusion obtains : Fix an
integer s =r.

One may choose the map F: [0,1]" —> R? in the conclusion
of the Cube Lemma to be of class C™ , and also so that the following
estimate obtains : For each (y,f)€[0,1]""!x [0,1]=[0,1]",

ID*(F = G) (¥, 0l <e,

where D% runs overall differential operators on functions of
n-variables such that |a|<s and D% involves at most (»r — 1)
differentiations in the r-variable.

Appendix 6.
The Local Extension Theorem.

In this final appendix, the Local Extension Theorem is completely
proved. This is the principal local result on which depends the inductive
procedure for solving open conditions in jet spaces (§2). After
performing some preliminary technical modification, the proof of the
Local Extension Theorem is obtained by applying the Cube Lemma
(Appendix 5). Let L,M be subspaces of [0,1]", LCM, such
that M — L is contained in the interior of [0,1]".

Let YC[0,1]" x R? bean open set.

Recall the notation, Y(x) = YN (x x RY)Cx x R = R?,
x €[0,1]".

LocaL EXTENSION THEOREM. — Let h:[0,1]" — R? be a
C" map, @ :[0,1]" — R? be a continuous map and N(L) a
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neighbourhood of L in [0,1]" such that the following properties
obtain :

1) The graph of ®(x) is contained in Y .

r

h
YT (x)€Env(Y(x); ®(x)).

r

o' h
3) Foreach x €N(L), —a?- (x)=®(x).

2) For each x €[0,1]",

Thus (h,®) is a formal solution to Y which solves the open
condition Y in N(L).

Let K, = LUa([0,1]").

Fix €>0. Coordinates in R" are (s;,8,...,5 _;t).

Then there is a C° map f: [0,11" — R?, a continuous
map ®,: [0,1]" — RY, a neighbourhood W of M in [0,1]",
a neighbourhood V of K, in [0,1]" such that the following
properties obtain :

(i) For each x€[0,11", ID*(f—h) (x)|| <e, where D*
runs over all differential operators on functions of n-variables such
ar
o’

(ii) For each x €[0,1]1", ®,(x) € Arc(Y(x); P (x)).

ar
(iii) For each x €[0,1]", at{

ar
@iv) For each x €W , a_t]: (x)=®,(x).

that |a| <r, and D* #

(xX)EEnv(Y(x);®(x)).

(v) Foreach x €V, f(x) =h(x); ®,(x) = ®(x).
(vi) WNa[0,11" CN(@L)Naf0,1]".

Thus the formal solution (f,®,) to Y extends the formal
solution (h,®) to Y with respect to the closed sets LCM in
the n-cube [0,1]".

Proof. — Note that, in general, 9[0,1]” is not a subset of L;

r
consequently, in general, the maps W’ $: [0,1]" — R? are

not equal in a neighbourhood of 9[0,1]” in [0,1]". To remedy
this, some preliminary modificationson Y are introduced.
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Let QC[0,1)" x R? be the subset defined as follows : For
each x€M, Q(x) = Arc(Y(x); ®(x)).

For each x in the complement of M in [0,1]",
Q(x) = Env(Y(x); ®(x)).

Let Q= U Q(x).
x€[0,1]7

Since Y is open, applying Lemma 1.3 (Appendix 1) it follows
that Arc(Y,®) C[0,1]” x R? isopenand Arc(Y,®)C Env(Y, ®).
Evidently then, Q isopenin [0,1]" x R?.

Note that the graph of & is contained in Q and, for each

0" h
x €[0,1]", 37 (x) €Env(Q(x); ®(x)).

Furthermore, for each x in the complement of M in [0,1]7,

h
YG (x) € Arc(Q(x); P(x)).

r

One easily constructs a continuous map &, : [0,1]" —> R?
such that :
. o"h . .
i @, = G in a neighbourhood of 9[0,1]" in [0,1]".
(ii) ¢, = ® in a neighbourhood of M in [0,1]" (recall
that M — L C int([0,1]")).

(iii) For each x € [0,1]", ®, (x) € Arc(Q(x); ®(x)).

Thus the pair of maps (k,®,) is a formal solution to the
open condition Q, which solves Q in a neighbourhood of
K, =LUd[0,1]". Applying the Cube Lemma, Appendix 5, to
the data (4,%®,) and QC[0,1]" x R?, one concludes that there
isa C” map f: [0,1]" — R?, a neighbourhood V of K, in
[0,1]" such that :

(i) For each x €[0,1]" 2; (x) € Arc(Q(x); P4(x)).
(ii) Foreach x €V, f(x) = h(x); Zt{ (x) = &y (x).

(In particular f = & in a neighbourhood of 9[0,1]" in [0,1]").

(iii) For each x €[0,11*, ID*(f— h)ll <e, where D% runs
over all differential operators on functions of n-variables, such that
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14

0
laf <r, and D* # -a—t—r From the definition of Q and (i) above,

it is clear that:

ar
Foreach x €[0,1]", !
at”

orf

x)EArc(Y(x),®(x)).
ot” 5"
(Thus, over M, the graph of -a—tj:: [0,11" — R? is contained
in Y).

Furthermore, employing Complement 1 to the Cube Lemma
(Appendix 4), there is a homotopy H: [0,1]" x [0,1] — RY
such that :

xX)EEnv(Y(x); ®(x)).

Foreach x €M,

ar
(iv)Hy, = &, ; H, = a—tj:; H, = &, on the neighbourhood V

of K, in [0,1]", 0<¢< 1.
(v) For each r€[0,1], the graph of H, is contained in
Arc(Y ; ®).

One easily ‘“‘truncates” the homotopy H in a suitable neigh-
bourhood of M in [0,1]" (recall that M — LN d[0,1]" =¢) to
obtain a continuous map @, : [0,1]” — RY, a neighbourhood
W of M in [0,1]", such that the following properties obtain :

a) Foreach x € [0,1]", ®,(x) € Arc(Y(x); ®(x)).

o' f
b) ¢, = in W.
) @, v in
c)®, =% inV.

d)Wnao[0,1]" CN(@L)Na[0,1]™.

Evidently the C” map F: [0,1]"— R?, the continuous map
®, : [0,1]" —> R?, the neighbourhoods W of M, V of K, in
[0,1]" satisfy all the conclusions of the Local Extension Theorem.

This completes the proof of the Theorem.

Complement 1.

One easily constructs a homotopy of formal solutions to Y,
rel a neighbourhood of K, in [0,1]", connecting (4,®) to
(f,®,).
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Complement 2.

The local Extension Theorem is easily reformulated and proved
in case [0,1]" is replaced by a translate of the n-cube [0,q]" in
R", a>0.

Complement 3,

Let o: [0,1]" — (0, 0) be a continuous map.
Suppose (4, ®) is a formal solution to Y within the tolerance
0" h
> orr
in addition, one may construct the C" map f: [0,1]" — R? and
the continuous map &, : [0,1]” —> R? to satisfy the conclusion :
a’'f
ot”
Foreach x €[0,1]" ,®, (x) € Arcy i,y (Y(x); ®(x)).

o0: For each x€[0,1]" (x)E.Enva(x) Y (x); ®(x)). Then,

For each x €[0,1]", (x) EEnva(x) Y(x); P(x)).

Complement 4.

Suppose, in addition to the hypotheses of the Local Extension
Theorem, 4 : [0,1]" —> R? isa C” map.

Fix an integer s = r.

Then one may construct the map f: [0,1]" — R? in the
conclusions of the Local Extension Theorem to be a C™ map and
such that the following estimates obtain :

Foreach (y,t)€[0,1]""! x [0,1] = [0,1]",

ID*(f—h)(y,t)lI<e, where D* runs over all differential
operators on functions of n-variables such that |a| <s and D°
involves differentiation in the ¢-variable at most (r — 1) times (cf.
Complement 4, Appendix 5).
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