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Introduction.

This is the fourth (and last) part of the series of papers on
Bessel potentials [1], [2] and [3]. At first this part was inten-
ded to treat Bessel potentials on manifolds with singularities.
It was then noticed that the notion of manifolds with singula-
rities is best introduced by a more general notion of subcar-
tesian spaces. The notion was actually developed with this
motivation and led to results in different directions quite
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apart from applications to Bessel potentials. We should
mention [11] and [12], [13] where the notion was introduced
independently.

In section 1 we give a brief account of the theory of subcar-
tesian spaces, their singularities and singularities of poly-
hedral type. The proofs are omitted to shorten the presen-
tation, they will be given in a forthcoming paper [6] and they
do not have an essential bearing on the main part of the paper.
This section as well as the second put the main result of the
paper in a proper perspective.

In section 2 we define local Bessel potentials on subcartesian
spaces and prove some of their elementary properties. The
general definition is not intrinsic since it is based on the possi-
bility of local adequate extensions of the functions in the image
spaces of charts (which define the subcartesian structure
of the space). Our main aim in this paper is to give an intrinsic
characterization of the local Bessel potentials; we were able
to achieve it only in the case of spaces with singularities of
polyhedral type. The main results were obtained already in
the late 1960s but the publication was delayed by an attempt
to obtain the results in the more general case of spaces with
singularities of conical type (1); this attempt was not successful
and we have an impression that in order to treat the conical
singularities one would have to consider more general classes
of functions, which would require an additional study ana-
logous to one given for Bessel potentials in the preceeding
parts.

Sections 3 and 4 are preliminary to section 5 where the
main result 1s given.

In section 3 we reduce the main problem in the case of poly-
hedral singularities to the problem of extending a function
given on a polyhedral set (3) in some R" to a potential of
given order on R". We give the first incomplete definition
of compatibility conditions which form necessary and sufli-
cient conditions for possibility of such extension.

Section 4 gives the main tools for the proof of the main

(1) To describe it vaguely, singularities are of polyhedral type if the space is
locally diffeomorphic to @ (variable) polyhedron, they are of conical type if it is
locally diffeomorphic to a (variable) rectilinear cone.

(3) Union of a finite number of geometrical polyhedra.
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theorem in section 5, and the precise definition of the notion
of abstract restriction. This definition allows us in section 5
to complete the description of compatibility conditions
outlined in section 3 and to prove the main theorem asserting
that the complete set of compatibility conditions is necessary
and sufficient for existence of a desired extension.

In section 6 we illustrate the preceding results by a few
examples. One of these refers to an application of our results
which was used without proof in [7].

The Appendix at the end of the paper contains some remarks
pertaining to the notion of abstract restriction and to the
possibility of a generalization of the main theorem.

In the first draft of this paper the main result was proved
by using an extension operator of the kind considered in [10];
the present version, however, seems to do more justice to the
properties of different notions used in this work.

1. Subcartesian spaces.

We begin with a summary of facts and definitions concer-
ning C~-subcartesian spaces which are relevant for the
remainder of the paper. A complete account in a much more
general setting will be given in [6]. The results and definitions
as given here are adapted for the sake of expedience to the
special C” situation and may not be valid, as stated, in the
more general setting.

It is convenient to consider the spaces R" n=1, 2, ...
as forming an increasing sequence R! < R%? < ... with
canonical inclusions

(¥, oy ) ER" > (27, ..., 2,0,...,0) e R, m > n.

We denote by C*(R", R™) the class of C* functions
with open domains in R" and values in R™ and by C*({R"})

the union U C*(R", R¥). Homeomorphisme in C?({R"})

n, k=1 . .
with inverses in this class are referred to as diffeomorphisms
in {R"}. For feC”(R", R™) we sometimes write n = nj,
m = m,.
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Let X be a metrizable topological space; a sub-R-atlas
on X (of type C”) is a collection ® of homeomorphisms ¢ :

U, - R"% referred to as charts subject to the following
conditions :

(1.1) {Ug; o € ®} is an open cover of X.

(1.2) For every p € X and any two charts ¢, ¢ € ® with
pe U, N Uy there is an open neighborhood G of ¢(p)
in R* n > max (ng, ny) and a diffeomorphism % in {R"},
such that

2,=G and hlcn;(v?nv.,,) =1{o (P—1|Gn?(U?nUd!)-

h in (1.2) is referred to as a local extension about o¢(p)
of the connecting homeomorphism ¢ o o1

A subcartesian space or a sub-R space 1s a metrizable space X
with a sub-R atlas ®. @ is also said to define a sub-R
structure on X.

Remark 1.1. — If X 1is a sub-R space with structure given
by an atlas ® and X, = X i1s any subset, then the atlas
|y, = {9|xnv,; e € @, X; N U; # g} is a sub-R “atlas on
X; gwving on X, the induced structure. Thus any subset
of a sub-R space is a sub-R space with the induced structure.
In the case X = R" with the obvious atlas {R", identity}
we conclude that any subset X; < R" is a sub-R space
with the canonical structure given by the inclusion X; < R"
We shall refer to this structure as the (canonical) inclusion
structure.

Remark 1.2. — It 1s possible to define the notions of equi-
valent atlasses, charts compatible with a given atlas ® and a
maximal atlas containing ®. This is done in the same way
as in the theory of manifolds.

Remark 1.3. — If M is a C”-manifold with the manifold
structure given by an atlas ®, then ® defines on M a
sub-R structure. We shall say that a space X with a sub-R
structure given by ® is a manifold if there is an atlas on X
compatible with @ defining on X a manifold structure.

A function f: 2,< X — R* 1s of class C® (X being a
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sub-R space) if 2, is open in X and for every pe 9,
there is a chart ¢ in the maximal atlas giving the sub-R
structure on X such that pe U, and fo 9! can be exten-
ded to a function in C*{R"}.

Prorosition 1.1. — For every open cover % of a sub-R
space X there exists a C”-partition of unity on X subor-
dinate to %; i.e. a family ¢ of C*-functions on X such
that a) g(X) < [0, 1] for every ge ¢, b) {g*((0, 1])} s
a locally finite cover of X and for every ge 4, suppg < U
for some Ueu, ¢) Y glp) =1 for every pe X.

€

g

If X is a sub-R space then for every p e X we define
the local dimension of X at p as dim, X = min {n,;
¢ €®, peU,}, where ® is the maximal atlas defining the
sub-R structure on X; a chart ¢ at p € X 1s tangential if
n, = dim, X. The function p € X — dim, X 1is upper semi-
continuous and the set {p; dim, X = dim, X for all ¢ in
some neighborhood of p} is referred to as the homogencous
part of X; this is clearly an open dense subset of X. The
complement of the homogeneous part is the nonhomogeneous
part of X, the points in the homogeneous part of X are
points of homogeneity.

A point p e X 1s a regular point of X if there 1s a neigh-
borhood G of p such that G with the structure defined
by {¢|le, p € ®} 1s a C® manifold (see remark 1.3). Equi-
valent conditions are : there 1s a chart ¢ at p in the maximal
atlas such that ¢(U;) is an open subset of R"% or that there
is a tangential chart ¢ at p defining on U, a manifold
structure. The collection of all regular points is the regular
part of X; 1t 1s an open, possibly empty, subset of the homo-
geneous part of X, and if nonempty, it is a union of disjoint
open connected manifolds. The complement of the regular
part is the singular part of X.

The following considerations allow one to define tangent
space at each point of a sub-R space (and also the « tangent
bundle » over such space).

Let A < R" be an arbitrary set and ze€ A. We define
the (C*) tangent space to A at x by setting

%‘zA =N {NDf(m); fE Cw(Rn’ Rl)a flAﬂg)f = 0}7
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where Df(x) denotes the differential of f at z considered
as linear function Df(z): R" — R, Ny, denotes its null
space. £ + %, A 1is then the tangent plane to A at z. It
can be shown that dim % A = dim,A; alsoif P: R*» - %,
1s a projection, then for some neighborhood G of z in R*,
Plgna followed by a suitable linear isomorphism is a tangential
chart about z. Also %,A 1s independent of the choice of
the space R" containing A.

If X is a sub-R space with a maximal atlas ®, pe X,
then we let for every ¢ € @ with p e Uy, %, ; = Typ,o(Us)-
the tangent space in R™ to ¢(Ug) at o(p).

If ¢,¢e® pelU, nUy and A is a local extension of
the connectmg homeomorphlsm ¢ o9t then & — Dh(e (p))i
1s a linear isomorphism of %,., onto %,4, which is
independent of the choice of the local extension h. We denote
this 1somorphism by D(¢ o ¢ 1)(e(p)).

It 1s easy to verify that the relation £ ~ n provided that
D({ o oY) (p(p))E = n 1s an equivalence relation 1in the
disjoint union of the spaces %, ¢ € ®, p e U,. The space
of cosets of this relation, provided with the natural vector
space structure is then the tangent space %,X to X at p.
We refer to the space %,., as the representative of %,X
in the chart o.

Remark 1.4. — It can be shown, using the tangential chart
indicated above, that in the condition (1.2) the local extension
h of ¢ o' can be taken as a diffeomorphism in R" with
n = max (ng, ny).

In this paper we are interested in sub-R spaces with singu-
larities of polyhedral type or, to abbreviate, spaces of polyhe-
dral type. The definition follows.

A polyhedral set in R" 1s a set of the form

K = U{(S, Sex},

where o is a simplicial complex in R"; i.e. a finite collec-
tion of simplices with the properties: a) if Sex then
all the faces of S belong to o, b) for S and S, in &
S NS, 1s either empty oris a common face of S and §,.

A k-dimensional closed polyhedron P (briefly-closed
polyhedron) in R" is a polyhedral set of dimension % at
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every point, lying in a k-dimensional plane L < R" (the
plane of P). A polyhedron is the difference of a closed poly-
hedron and a polyhedral set of smaller dimension. The interior
and boundary of a polyhedron rel. to its plane are called the
inside and the border of the polyhedron.

A (C*) sub-R space X is of polyhedral type if for every
p € X there is a chart ¢ at p, in the maximal atlas @
defining on X the sub-R structure such that

‘P(U?) = Q? N ch

where K, is a polyhedral set in R% and Q, is an open
cube in R" with center at ¢(p). Equivalently we could
stipulate existence for each p € X, of a chart ¢ € ® and an
open set U, pe U < U = U; such that ¢(U) is a poly-
hedral set.

Any polyhedral set in R" 1is a sub-R space of polyhedral
type (with the canonical inclusion structure). As other simple
examples we could mention a lens obtained by intersection of
two closed balls or union of two or more intersecting, nontan-
gential spheres.

Let X be a sub-R space of polyhedral type and consider
a component X, of the homogeneous part of X, dim, X =n
for p € X,. Then for every p e X, there is a neighborhood
V, = X, of p and a chart ¢ € ® with the following pro-
perties : a) V, = U, = X, b) ¢(V,) =K_ is a polyhedral set
in R% If geU;, and %,, is the representative of %, X
in the chart ¢ then necessarily dim %,,=n and K,
is a union of maximal closed polyhedra of dimension n with
disjoint insides. The point p 1s then a regular point of X
if and only if ¢(p) is an inner point of one of these polyhedra.

The preceding remark implies that the regular part of a
subcartesian space X of polyhedral type 1s dense in the homo-
geneous part of X and therefore in X. We note that the
regular part of X may be strictly included in the homoge-
neous part; e.g. if X = {(z, y) € R?; |y| < |z|} then X
coincides with its homogeneous part, the regular part of X
1s {(z, y) € R%; |y| < [af}.

If X is of polyhedral type then it is easy to show that the
singular part X® of X with the induced structure is also
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of polyhedral type and by the preceding remarks its regular
part is an open and dense subset of X®. We can thus write
a sequence

(1.3) X =XO® > X0 5 X® > ...

with the property that X®9 is the singular part of XO.
The sequence (1.3) is locally finite in the sense that for every
point p € X there is a neighborhood U of p such that

UoXONU>X®NU-> ... 1s finite, and the last
element of the latter sequence consists of finite number of
points.

Since X&+D is a singular part of X®, XO\X¢D js a
union of disjoint connected manifolds, which is locally finite,
1e.

™
(1.4) U A (xonXxe) = |y
Jj=1

The following examples illustrate formulas (1.3) and (1.4).

Example 1. — X =95, US, where S,, S, are nontan-
gential intersecting spheres in R3. In this case

XNX® = (S, U S,\(S; N S)

is the union of 4 open components of S\(5; N S,), i =1, 2;
X =S8 NS, is a circle and the singular part of X®
1s empty.

Example 2. — X =B, U B, where B;, B, are nontan-
gential intersecting closed balls in R®% Then X® is the
boundary (B, U B,) of B, UB,, the singular part X®
of X® is the circle dB; N ?B, and X® is empty.

Example 3. — X =A; UA, UA; ©« R® where A; is
a closed tetrahedron, A, 1is a closed triangle with

A, N A; = one-dimensional common face of A, and A,

and A, is a closed segment [p;, p,] perpendicular to A,,
p. being an inner point of A, and [p;, p,] N A; = @.
Then XNXO = AP U (AB\{p,}) U AP, XO\X® is
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the union of {p,}, {p.}, the insides of 2-dimensional faces
of A; and of the insides of edges of A, disjoint from A,.
XONX® 1s the union of insides of edges of A; and the vertex
of A, not in Ay X® consists of vertices of A,.

2. Local Bessel potentials on subcartesian spaces.

We denote by PE(R") the space of Bessel potentials of
order B on R" and by A its exceptional class (see [1]).
We introduce the notion of the Bessel potentials of reduced
order « and of corresponding exceptional classes as follows

P@(R") = P*+"2(R"), « -+ % >0,
Ql(¢> = {A; A- € ngg+n fOI‘ some n, 2“ + n > O}.

The basic theorem about restrictions and extensions of Bessel
potentials can be stated as follows (see [1]).

Tueorem 2.1. — Let n, k be integers, o be real and suppose
n>k> —2« Then for every A e Uy, A = R, we have
A N R¥e Yy Also PR g = P@(RK)  and there s
a linear bounded operator of extension

E, : P@(R¥) - P@(R)

such that E,u|lpc = u for every u e P@®(RF).

Similarly one could restate the theorem about pointwise
differentiability of functions in P® in the form: if
ueP®R") and A is an n-index such that

a—|7\|+—g—>0

then D*u exists exc. A,y and belongs to Pe—RD(R").
Let X be a sub-R space with the structure given by an
atlas ® and o« be real. We define the class A,y x as
the collection of all sets A < X with the property that for
every 9 € ®, o(A N Uy) = Ay, the condition being void

for « < — 923- It follows from the known properties of the
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exceptional classes %,y that if the condition above holds
for some atlas ® defining on X a C* structure then it
also holds for every atlas equivalent to ®.

Theorem 2.1 allows us to define the space P{®(X) as
follows.

A function u: X — G defined exc. Wy x s in P®(X)
iff for every pe X there is an open neighborhood U < X
of p and 9e®, U, > U and a function u,e P®(R™)
such that uglyuy = u o 97wy,

It is clear that if the condition is satisfied for some chart
e ® at p then it is also satisfied for any chart at p
compatible with ®@.

We shall list now some properties of spaces P{%(X) which
are direct consequences of the definition.

P{®(X) 1is a saturated linear class rel. gy x. Theorem 2.1
and Remark 1.1 imply immediately the first statement of
the following

Prorosition 2.1. — If X isa C”-sub-R spaceand X, < X
then for every ue P{®(X) the restriction u|x, belongs to

P@(X,). Also if ¢eP®(X,) and X; s closed in X

loc

then there exists u e P{®(X) such that ulx, = v.

loc

Proof. (of the second statement). — If ¢ e P{®(X,) then
by the definition there is for every p € X; achart ¢,, pe U,
9, 1n the maximal atlas containing ®[y, such that ¢ o 7!
can be extended to a function ¢ in P®(R":). There also
1s a chart ¢ € ® (assuming ® maximal) such that

U, n X, = U,

If h is a local extension of ¢ o e about ¢,(p) and ¢,
is extension of ¢ in P(R™) (Theorem 2.1) then ¢, o h~1|g™
is an extension of ¢o -1 in P®(R%). Thus for every
p € X; there is a chart ¢ € ® with pe U, and a function
vp,?eP@(R"?) with ¢, ¢ o (plu?nx‘=V|U?nx‘ exc. Ay x. Denote
this chart by (¢?, U,) and let ¢, , =, Since X, is closed,
for any p¢ X; we can find a chart ¢ € ® such that pe U, and
Uy, n X, = ¢. Again denote this chart by ¢?, set U, = U,
and let ¢, =0 on R%. Let % be alocally finite open refi-
nement of the cover {U,},ex of X and assign to each
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Ue# a chart ¢y ® and a function ¢y € P®(R%) by
setting @u = @,|y, v = v, for some p such that U, > U.
Let ¥ = {g} be a C” partition of unity subordinated to #
(see Proposition 1.1) and assign to each g a chart ¢, @
and a function ¢, € P®(R%) by setting ¢, = @y, ¢, = ¢y
for some Ue# such that supp g = U. Define

u= 3 g'("y © <pg)
8@

with understanding that g.(v;c¢,) =0 whenever g=20.
We omit the straightforward verification that the function u
defined above has the desired properties.

Prorosition 2.2. — Suppose that ¢ € ®, V<V < U
s open in X and V is compact. Let Uy, =V and ¢, = g|v.
Then for every we P{®(X) the functwn U, = uo eyt has
an extension U, in P®(R").

Proof — For every point p e V thereis a neighborhood v,
of p in U, such that the function w? = uo ¢,' has an
extension #? in P®(R%), 5 denoting the chart ¢, = ¢y,
Denote by G, an open set in R" such that V, = ¢;%(G, )
Since (V) = R" is compact, a finite number of the sets G,
covers ¢(V) and if h, denotes a subordinate C” partition
of unity on (V) then Zh,#" is the desired extension ;.

It follows from Proposition 2.2 that if X is locally compact
then P{®(X) can be endowed with a locally convex topology
given by the family of pseudonorms

(2.1) lullg, @ = inf {|@%]x@mny; aF € PO(R™),
Wlewy = u o 971},
where ¢ € @ are restricted by the following two requirements
a) U, is compact;
b) there 1s a chart e ® such that
U? < U; and 3|y, = 9.

It 1s understood that in order to make the above statement
meaningful we should consider P{® as a space of equivalence
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classes of functions equal exc. gy x rather than a space
of functions.

It 1s easy to check that if X 1is locally compact and o-
compact then P{®(X) with the above introduced topology
is a Frechet functional space rel. A x-

If X i1s compact then P{¥(X) is a Banach functional

space rel A,y x with a norm given by
(2.2) "u“(a),x, b = Z{“ulkau),;; pe®@}

where @ 1is a finite atlas defining the structure on X and
satisfying a), b). Different such atlasses give rise to equivalent
norms. The normed space P{®(X) will be referred to in
this case as the space of (global) Bessel potentials on X
and will be denoted by P*(X).

The definition of spaces P{®(X) given above is by its
very nature extrinsic and it is of considerable interest to
obtain an intrinsic characterization of functions in P{®(X),
which would allow one to determine whether a given func-
tion i1s in P{®(X) from the properties of the function alone
and without necessity of looking at its extensions. This is
clearly a local problem which is equivalent to the following one.

Given a set X < R" « > 0, and a function u: X — C,
find necessary and sufficient conditions in order that u be
extendable to a function @ e P®(R"). The space of all
functions u on X < R" of the form u = #|x, & € P®(R")
is denoted by P*(X). Thus the above problem could be
restated as that of finding an intrinsic characterization of
functions in P(X) for X < R".

The above problem is difficult unless some additional restric-
tions are imposed on the set X.

Assume for instance that X 1s compact and is a union
of a finite collection # of open disjoint manifolds of diffe-

rent dimensions, such that for any N, M, € o, M; N M,
is contained in the intersection of the borders of M; and I,
and is itself a union of manifolds in .

In this case existence of a function @ implies that

um = ulop = @y € PO(M)

(see [3]), also if M e o is the intersection of the borders
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of M, then wuyp|m = wpp (provided dim M > — 2«) and
all the nontangential derivatives of u,y;, of any order m
such that 2m — 2¢ < dim M satisfy on M a system of
linear homogeneous relations resulting from the fact that they
are all expressible as linear combinations of the restrictions
D™@| 5. These relations are referred to as compatibility condi-
tions; they are clearly necessary for existence of .

The objective of this paper is to give a complete list of the
compatibility conditions in the case when X 1is a polyhedral
set and to prove that in this case the conditions are not only
necessary but also sufficient for existence of an extension .
The result solves the problem of characterizing intrinsically
P®»(X) in the case when X 1is of polyhedral type.

The main result of the paper, described above, does not
depend on the notion of subcartesian spaces; however, this
notion puts the result and its implications in a proper
perspective.

3. Compatibility conditions for polyhedral sets.

We proceed now to a description of the compatibility
conditions satisfied by functions in P®(X) where X < R"
is a polyhedral set.

We recall first (see [2]) that if D < R* is open, « > 0,
« = [a] + B then P%*D) denotes the space of restrictions
to D of functions in P*R*) (with restriction norm) and

P#(D) denotes the space consisting of all functions u in

¢(D) with finite norm |u|,p given by

(B0 luis= 3 (IDulbe + dgs(D'w)

where

dgn(v) = j;j;hv — y|="2B|o(z) — o(y)|2drdy for B >0

and dgp(v) =0 for B =0. dgp(u) is referred to as the
Dirichlet integral of u of order B. The norm (3.1) is equi-
valent to the norm introduced in [2].

We have P*D) > P%D) and if D is sufficiently regular
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(see [2]) then there exists a bounded linear extension operator
from P#D) to P*RF); in particular in such a case we have

(3.2) P*D) = P¥D).

(3.2) 1s valid for instance if D is the interior of a polyhedron
(see 7), section 12, [2]).

Even though a function ue P%D) has infinitely many
extensions in P#*R"), all these extensions coincide on D;
it is thus meaningful to speak of restrictions of u to subsets
of D which are not in UAE.

In the considerations below (e) will denote a set of ortho-
normal vectors, (e) = (e;, ..., e,) in R D}u the partial
derivative of u taken in directions of vectors (e), i.e.

Diju = D¥ ... D¥u,

with the understanding that the length of the multi-index 2
is determined by the length of (e).

If M is the inside of a polyhedron and u e P*(M) then
u and its derivatives of order m have well defined restric-
tions to the faces of M of dimension larger than 2(m-«).
Let K = R" be a polyhedral set, u be a function defined
on K exc. ¥y, and suppose that @ e PO(RY, d|x = u.
Consider the decomposition (1.3) of K = X©,

33) K=X®5X®>5 ... > X®; XM = ¢,

where for each k=0, ..., N, XO\X*D = Y® is a dis-
joint union of insides of polyhedra M, referred to as compo-
nents of Y®, such that the components of Y™ are single
points.

Observe that if I is a component of Y® k=0, ..., N
then

(34) ulgn € P<°‘>(‘nt) if dim M > — 2(1,

otherwise u|y; 1s not defined.

For fixed k& and 9a component of Y® denote by
M, ..., M, all the components of YO® whose borders
contain M. Let (e) be an orthonormal basis in the ortho-
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gonal complement in R" of the plane L of M and (e)
be orthonormal bases in the orthogonal complements of L
in the planes L; of M;, i =1, ...,l. Forevery multiindex A

1 .. .
such that « —|A] > — 5 dim M we can write

(3.5) Diylon = 3 cbuut

[IES PN

where ut = D{ii|yp, ¢}, are constant coefficients determined
by the configuration of {M} and choice of bases (e), (e)
and u; = u]:)]li.

Remark. — (3.5) could also be written with bases (e) and
(e)t replaced by orthonormal bases in R" and L; respec-
tively; the resulting set of identities (which would involve
derivatives in directions in L) would be a consequence of
those appearing in (3.5).

The above consideration could be summarized as follows :
if a function w defined on K has an extension @ e P*®(R")
then for every component M of Y® k=0, ..., N we
have a) u|yy satisfies (3.4), and b) for M € Y® and every m

such that o« —m > — —;— dim M the system of equations

(3.5) with |[» =m and the unknowns u*e P ™(IQ)
has a solution. We shall say that a function u on K with
property a) satisfies on M the compatibility condition of
order m if u has the property b).

If w satisfies these conditions on M then a solution of
(3.5) can be written in the form

i
(3.6) ut = ¥ ¥ i hDeulon
IAl=m i=1
where y{, are constant coefficients which in general are
not uniquely determined but will be fixed for the remainder
of the considerations.

In the case when o« —m = — —;— dim M (3.5) (which

actually could be written formally for any m) thus far is
meaningless since D}yu|,; are undefined; this case is referred
to as the exceptional case and in § 4 we shall define the notion
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of abstract restriction which also in this case will make (3.5)
and (3.6) meaningful. For « —m < — —;— dim M the conditions

of order m do not appear on M.

It is clear from the above that in order that a function u
on K be extendable to @ e P®(R") it is necessary that u
satisfy (3.4) and for each component M of Y® the compa-

tibility conditions of all orders m < « 4 % dim M. It will

be shown in § 4 that also in the exceptional case

«—m=— -+ dimMW
2
the conditions are necessary. The objective of this paper is to
show that the conditions above are also sufficient for the
existence of an extension @ e P@(R") of u.

We shall make now a few remarks concerning the concept
of compatibility conditions.

The compatibility conditions for w on I of order m
are equivalent to a unique, possibly empty system of linear
homogeneous equations with constant coeflicients to be satis-
fied on M by {D}ulon}n—n hence they can be expressed
in terms of u alone.

The compatibility conditions are in an obvious way invariant
with respect to the choice of the bases (e) and (e). They
could also be stated in terms of arbitrary, not necessarily
orthonormal bases.

If u satisfies the compatibility conditions on every compo-
nent N of Y® (i.e. compatibility conditions of all orders m,
o« —m > — dim M) then it satisfies these conditions on all
the components of Y, 1 < k < N.

4. Aucxiliary results and abstract restriction.

To prove the sufficiency of compatibility conditions we
have to define the notion of abstract restriction and prove
several lemmas which will be based essentially on results in [2].
Since we will be interested in very special geometric confi-



THEORY OF BESSEL POTENTIALS 43

gurations in R" we will prove the lemmas and produce the
notion of abstract restriction in very special cases even though
many of the results could be extended to much more general
configurations. We will introduce the following notations :
For a function u e P*®(D), D being an open set in an [-
subplane L of R" and F an arbitrary set in L, we will
write :

(4.1) 1,0 (u) = [ 142 g,

b rF(x)‘+2°‘

where ry(z) = distance from z to F. The integrand is
considered = 0 when wu(zx) = 0. The integral may be finite
or infinite.

For u e P®(D) we write further

(4.2) I () = 3 1@_5p0¢(Du),
IAKa-+if2

D*u are understood as running through derivatives
of u in directions of vectors in an orthonormal basis
in L (D*s =D}u — in notations of § 3, where (¢) is an
orthonormal basis in L). In [2] the quadratic form J was
introduced for !=n, D and F being open sets in R"
and also the non-reduced order of potentials was used, so that
the form J, pr meant, in the present notation, J& .. b r.
In the mtegrals (4.1) we will call | the dimension and «
the order of the integral. In the present development we will
consider mostly D to be the whole l-plane or the inside of
an l-dimensional simplex in L, whereas F will be a closed
set.

For two closed non-empty subsets F and F; of L and
for any ¢ > 0 we introduce, as in [2], the open sets U%(F, F,)
in L called the s-angular neighborhoods of F\(F N F;) rel.
F, (in abbreviation e-neighborhoods of F rel. F;), by

(4.3) UYF, Fy) = [ve L: re(a) < ere(2)].

For F and F; bounded and ¢ < 1, U! 1is bounded. For
any D openin L, UYD,?D)=D for ¢ < 1.
As very special cases of Theorems in § 9 and 10 of [2],
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we get the following two propositions which we will use
often :

Prorosition 4.1. — If ueP®(L) and u vanishes on an
l-dimensvonal simplex D, then J{) 1 sp(uw) < .

Prorosition 4.2. — Let D be an open l-dimensional
simplex in L. and F,, 1t =1, ..., s be k-dimensional faces
of D, 0 <k< 1l Suppose that ueP®D) s such that
J& pr(u) < o, 1 =1, ..., 5. Then for every =, 0 < ¢ < 1,

there s an extension we€ P®(L) of u vanishing outside

/ s \
Ut (B, U Fi). In particular, for any l-dimensional stmplex D,

in L, such that D, n D =T, for some i there exists such
an extension vanishing on Dj.
As corollaries we obtain :

Cororrary 4.1. — If D s an open simplex in L and
ue POD) then J¥ bop(u) < 0 umplies that there exists
an extension of u, i € P(L) which vanishes outside of D.

This is immediate since for ¢ < 1, UXD, aD) = D.

Cororrary 4.2. — If ueP®(L), D is an open simplex
in L and F is a k-dimensional face of D, k < I, then
sz}),p,y(u) < o0 melws J%,L,F(u) < 0.

Proof. — By our assumptions and Proposition 4.2 for any
open simplex D; in L satisfying D; nD=F there
exists an extension of u|p, & € P®(L) vanishing on D,.
Also, @ — u vanishes on D. By Proposition 4.1

Jgg)rL,F(ﬁ) < Jég).L.DD,(lZ) <

and similarly, J& 1 #(@ — u) < oo, thus J@ 1 r(u) < .
As in [2] we will use the following two propositions.

Prorosition 4.3 ([5]) (®). — Let K(z,y) = 0, z, y € (0, o),

be a symmetric kernel homogeneous of degree —s, s # 2
such that f;w K(1, t)dt < oo. Suppose that u and ¢ are

(3) This proposition, in a more general setting, can be found in [4].
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measurable functions on (0, ©) such that

= [7 7 K, ylufa) — ol)l* dody < o
then :

a) if s <2 then [ (lu(@)® + |o(a)?)a=* do < const I,

b) if s > 2, there exists a unique w, € C such that
ﬁw (Ju(x) — wo|? + |9(x) — wy|2)x—*+* do < const. I.

If u and ¢ are continuous at 0 then wy, = u(0) = ¢(0).
The constants depend only on K.

Prorosition 4.4 (Hardy's Inequality [8], p. 246). — If F
is absolutely continuous for a < x < b < o then for every

1
Y > 5

2
flf( — fla)|*(e — a)*" da

<y — ———> f If'(z)|2(x — a)~21*2 du.

Our main purpose in this section will be to establish condi-
tions under which J@ p ¢(u) is fimite. To simplify our proofs
we will use affine mappings to transfer the configuration of
l-dimensional simplex D and its k-dimensional face F into a
special position. We should notice that the affine transfor-
mation does not change the class of potentials (the norm
being transformed into an equivalent one). The derivatives of
order |A| are transformed into linear combinations of deri-
vatives of the same order with constant coeflicients (determi-
ned by the affine mapping). The quadratic forms J are trans-
formed into equivalent quadratic forms, all the constants
depending only on the affine mappings and not on the function
u. In particular, when we have an [-dimensional simplex D
with k-dimensional face F, k < I, we can always transform
1t by an affine mapping of the whole space R" into the
following situation: F = D, = R* and there is a sequence
of simplices D,, ..., D, such that D; is an open simplex in
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R/ whichis a face of Dj;, such that the orthogonal projection
of D;; on R/ 1s D; and for av+Y e D,,;, we have

ZU+D — (x(D’ le)

with 2P e D; and 0 < z;; < re(2??). In these conditions,

assuming that [ —k > 2 and « 4 —;— >1 (*) we have

(4.4) 1%y b, r(u) < 2IE58, ., r(u) + 2270210 1y b ¥ <2—Z>
()

To prove this inequality we write for 20 e D, 20 = (z¢-V, )),
u(z0) = u(@?, 0) + (u(z®) — u(a-Y, 0)). Then

| u(z0)|? < 20u(zd-1), 0)|2 | 2u(zD, z,) — u(a-Y, 0)|2
rF(x(O)l+za = rF(a:(’“l))“"“ rF(x(l-l))l+2a—2wl2

Since « —l—é > 1 the function u on D, has first den-

vatives in L2(D,); hence for almost all 2z~ as a function
of z, 1t 1s absolutely continuous. We can therefore apply on
each of these lines Hardy’s inequality which gives, by using

the fact 0 < z; < re(2¢-Y) and that rg(z*?) > %rp(x(l)),

|u(z)®)? da® < 2 | u(2—D)| 2rp(afD) dad=D

D, 7‘1:( x(l))l+2d. = D, ,.F( 1(1*1))l+2a

> a2
222 oz 4

+ 9-(+2a—2)/2 ﬁl ,.F(m(l))l+2a—z

dz®

which gives the required inequality. ,
We will consider the integrals I 1in three cases: when the

k k k e
order « < — 5= Ty and > — o The distinction
between these cases is that in the first case the function and
its derivatives have no restrictions whatsoever to F, in the

second case the function has no pointwise restriction but has

(%) « + I/2 is the non-reduced order of u on D, and « + /2 = 1 means that
u has first order derivatives belonging to P«+/2-1(D ).
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an abstract restriction to F (a notion to be introduced later,
in the third case, the function and its derivatives Dku,

k o _
[A| < « 4 -+ have pointwise restrictions to F.

2
First Case, « < — —Izi: By applying (4.4) successively we

will evaluate I p r(u) by a linear combination of integrals
I apo,r(D*u) for j=k+4+1 or k+2<j<!l and
0<a—-[k|—{——§—<1. If j=k+1 then [\ =0 since
otherwise the potential D*x on D,,; would be of order

a+L‘§J~|x| _—+"+1 I < 0. If

«— | + 4 =

the integral I yo, F(D u) 1s the square of the L2-norm
of D*u over D; which is finite, hence we can restrict our
considerations to the cases where

0<0t——|7\|+—£—<1. Puthoc-—p\]—l——é—

hence 0 < B < 1. We can extend D from D, to the
whole R/ as a potential ¢ of order B. The Dirichlet inte-
gral dgri(¢) is then finite. We can write then

[9(a) — o(y)]?
(45) @ > dgrils fwﬁ lx— If“f’ de dy
> [ dgwnslo(a®, 2-9)) dato
Rk

where we have written for a¥ e RV, al = (2, z0U-P),
9 = (2444, ..., 2;) and in the last integral the Dirichlet
integral is taken on the (j — k)-dimensional space of zU=® (5).
Considering the part S of RU-9 composed of points with

(%) By inadvertent omission the last inequality in (4.5) was not stated in Bessel
Potentials, Part I, Ch. II, § 8 where it should belong after Propositions 1) and 2).
The proof can be easily obtained by Fourier transforms. A more elementary proof
in the more general case of potentials of Lp-functions can be found in [9], p. 344.
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>0,k <1<j, we can write

d@)q( p(z®, ZU-R)) ff lo( m(k) z) — o(z®, y)|® dx dy.

x —_ yl.l—'"+2p

Introducing polar coordinates z = p0, y = p,6,,

|6] =16, =1
we get

dp s(p(a®, Z-9))

f f f°° |o(a®), p8) — ¢(a®, 0,6,)[2
ol=16:=1 |p® — pq0,[/*+28

(PPl)j_k 1 de dpy d6 d6,

f f f f” |o(2®, 99 — o(a®, p,0,)|?
lol=1J8l=1 (e + p1 )j-kﬂp

(pp1)/~*1dp dpy db db,.

—k—1
Since the kernel K(p, p;) = g%?@ satisfies the requi-
P1

rements of part a) of Proposition 4.3 (because 0 < 28 < 2
for j2k+2 and 26 =2« +j <1 for j=k+4+1) we
get immediately that

dpys(p(x(k), Z(j_k) C f‘ |V Jz(k) Z(J k) ZO—k)

EE
[o(a®, 0-9)

Iy
s rF(x(") Z(J—")) d

where C is a constant dependent only on j— k and B.
Restricting R¥ X S to D, and replacing there ¢ by D*u
we obtain finally from (4.5) that I%_;, Dj,F(Dlu) 1s finite.

By an affine mapping we now translate the obtained result
into.

Lemma 4.1. — For an arbitrary l-dimensional stmplex D
with a k-dimenstonal face F, k <1, if ueP*D) for
< — % then Wne(w) < o and Ine(v) < .

Second Case, « = — 5 We use again (4.4) to obtain

successive evaluation of I, p, r(x). But now, by virtue
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of Lemma 4.1 the problem of finiteness will be still uncertain
only for integrals of the form IE".)W), p,r(u) and that finally
will be reduced to the case I¥R ,,  r(u). On the other
hand, if I,y p, #(w) is finite then by virtue of Lemma 4.1,
Jay, v, r(u) 1s finite. Hence, by Proposition 4.2 we can
extend u to a function @ e P&#2(R!) which vanishes
on any fixed open simplex D, = R’ such that D, n D, = F.
We can choose D; so that D; n R¥*1 be a (k + 1)-dimen-
sional simplex. Thus, restriction of @ to R**! will vanish
on D; n R¥! and thus I3,  r(u) < oo by virtue of
Proposition 4.1.

Again by affine mappings, using also Corollary 4.2 and
Lemma 4.1 we transform our result into.

Lemma 4.2. — For an arbitrary relatively open l-dimensional
simplex D with k-dimensional face F, and an arbitrary
(k + 1)-dimensional simplex D' < D with face F, if

u € PERY(D),
then the four quantities 1. b p(u), JE ey v, r(u),
Iélc_+klj'2))' D', F(u) and JEIf—Tc/]'z)), D', F(u)
are all at the same time finite or infinite.

Third Case, o > — LS : In this case we will assume that

2

all derivatives D*u which have pointwise restrictions to F

. )/ C
1.e. of order || such that « —|A] > — —zf— have a vanishing
restriction to F. In addition, for those derivatives D’y
for which « — |A| = — —121 we assume that the integral

Iégk/z), Dy, F( D"u)

1s fimite. By (4.4) we reduce again the consideration of finiteness
to the case of integrals I, p; #(D*u) where either

j=k+1 or k+2<jx<

and 0<a —[} —}—% <1 If oc—l)\|<——§ then the integral
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if finite by Lemma 4.1. If o« — |A\| = — Jﬁf*’ by Lemma 4.2

the integral is finite if and only if I¥¢%R ., & (D*u). But
this integral is finite by the same lemma and our assumption
I 4o b, 7(D*u) < co. Therefore we can restrict ourselves
to cases when o —|)A] > ———g- and then if j > k42

we cannot have « — |A —f——]— < 1. Therefore, we can restrict
2 b

ourselves to the integrals I%*% o, r(D*uw). Again by
using Lemmas 4.1 and 4.2 we can reduce our consideration
to the case when the non -reduced order B of the potential D*u

m Dy 1s > — — —I— k _’_ 1 —2— In this case D*u has

a vanishing p01ntw1se restrlctlon to F. Thenif B > 1 we
can write :

| D*u(z)|2
-[I;zm re( x)"+1+2(“‘| AD d

2(z(%)) D"u CL’(k) P D)‘u .’L'(k) 0)[2
\[];kf | .’L(k);:-:z(a—llb—lagz ) dtyyy da®

where z = (2, z,,,) and 0 < z,, < z(2®) < re(a®). By
Hardy’s inequality we obtain the majoration by the integral

2
(@) l Dlu(a;( mk+l)‘ k
4ka f a;(") k—1+2(a—I%) A%y, da®

< 4C

| DY (a)ul?

Dy ry(@)k+1+2@—{AD

dz

ie. by the integral 1%, o, #(D*u(z)) where
] =+ 1.

By repeating this reduction we get down to an integral of the

form I8 pe, e (DR0) with 8=« — o] + 51 satis

fying i < B < 1. At this stage we apply again (4.5) by

extendlng D*u|p,,, to a potential ¢ € PB(R*+1) and get the
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finiteness of the integral j;‘  Ag R (9(29, x444)) da®.  But

dB r(¥Y (zv() Tyi1))

20
y Thpr) — V(‘”( s Yierr)|? d d
f f (@era + Yuga)' 2P fn B

The kernel K(x11, Y1) = (Tigr + yisa)'+2®  satisfies the
conditions of case b) of Proposition 4.3. For a® e D,,

o(a®, 0) = Dhu(a®, 0) = 0.

Therefore we obtain :

f f~(¢(k»| D*u aﬂ’ Ty41)|? dzy, dz® < ©
Dy

k+1

which means that Iég“,’w prss, ¥(D*u) < . So, under our
assumptions on u and its derivatives we have

ng)’ D,‘F(u) < 0.

On the other hand, the finiteness of J{ p ¢(u) 1implies, by
Proposition 4.2, all our assumptions. Transforming this result
by an affine mapping we get :

Lemma 4.3. — Let D be a relatively open l-dimensional
simplex with k-dimensional face F, k < 1. If ueP®D)

with o« > — i;— then the finiteness of J{@y v r(u) is equivalent
to the fact that all derivatives D*u with o« — |A] > __lzc_
have vanishing pointwise restrictions to F and for derivatives
satisfying « — |\ = — % 19y o.6(Du) < .

The last lemma suggests the following definition.

Derinttion 4.1. — If D us a relatively open l-dimensional
simplex or subplane of R and F a finite union of
k-dimensional simplices, k < I, lying in D we will say that
u € PC¥2(D) has a vanishing abstract restriction to F,
ulg =0, if 1,0 pr(u) < ©.
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With this definition we could rephrase Lemma 4.3 to say
that J2¢>DP( ) < o 1s equivalent to vanishing on F of
all derivatives D*u with restrictions (pointwise or abstract).
By Lemma 4.2 we see that if we PC¥»(D) and ulf =0

then for any extension @ of u, @ e P<¥2(D), we have
u|# = 0. Also, for any restriction of u to a simplex Wlth
face F the abstlact restriction to F will be 0.

DerinvitioNn 4.2, — For two functions u e P&CHE(D)
and u € P“MBD(D') where D and D' are two relatively
open simplices with k-dimensional proper face F we say
that u and w have the same abstract restriction to F,
ul$ = u'|# if for any extensions of u and u to a common
simple:v or plane D with reduced order — k|2, we have
(@ — @) =0. We write then u|t = u'|§, which s clearly
an equivalence relation.

By Lemma 4.2 the equality of abstract restrictions does
not depend on the choices of the extensions. The abstract
restrictions to F, defined as the equivalence classes of the
relation above, form a vector space, which can be realized as
the algebraic quotient space P#2)(D)/P{7¥2X(D), where D
1s any simplex with face F and

P{48(D) = (v € PC49(D) : o]} =0},

Note that P§¥2(D) is dense in P¢*2(D) but not closed.
Our definition of equality of abstract restrictions is extrinsic
In nature since it uses extensions of functions even though
it 1s independent of the extensions. To make it more intrinsic
we will restrict the functions u to a (k + 1)-dimensional
simplex D with face F. If we have then u and u' defined
on two such simplices we can restrict them further to smaller
simplices D and D’ which are transformed, one into another,
by a rotation in a (k 4 2)-dimensional plane L keeping
the plane of F invariant. By this rotation T we will transfer
the function @' on the simplex D’ to a function

v (z) = u/(Tz)

on the simplex D. The intrinsic characterization is then
given by the proposition.
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ProposiTioN 4.5. — ulé = u/|# if and only if
(w'(Tz) — u(z))r = 0 (*).
Proof. — It is enough to show that /|8 = u/[f. We

can obviously assume that D’ # D. Consider in the plane
of D, the simplex D” symmetric to D rel. the k-plane
of F, let T, be the rotation transforming D” onto D'.
Then the functions w'(Tz) on D and u'(Tyz) on D” are
symmetric and are in P'2(D) and P'2(D”) respectively.
They form a function uw; on D U D" and a simple evalua-
tion of the Dirichlet integral dy;s pyrr(u;) shows that

u, € P12(D U D).

Hence, it can be extended to a function @, € PY(L). There
exists a (k 4 1)-plane L, separating D from D" u D’
and containing the k-plane of F. Consider now in L a
homeomorphism S which is the identity on the side of L,
containing D and on the other side is the affine mapping
leaving L; invariant and transforming D’ onto D”. The
mapping S 1is Lipschitzian on the whole of L. Therefore
the function @,(Sz) is still in P(L). We have ,(Sz)|p=u'(Tz)
and @,(Sz)|pr=u'(x). These two restrictions have the same
abstract restrictions to F which finishes the proof.

In the next proposition we will be dealing with the follo-
wing situation : we will have an [-dimensional relatively open
simplex D in R" By (e) we will denote an orthonormal

system of vectors (e, ..., e,_,) orthogonal to D. For a
reduced order « > — —g— we will consider all derivatives D},
for « — A > — ——zl— For each such D}, with

«— A > — —é—

we will be given a function f*e P¢—XD). For each 2

satisfying o« — |A| = — —;—, if they exist, we will be given

a function g* e P</2)(R™).

(*) In rather special circumstances conditions of this kind were considered
in [14] and [15] under the name of integral compatibility conditions (see also [4]).
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Prorosition 4.6. — With the notations explained above
there exists always a function u e P®(R") such that

46)  Dhulp—=/f* for a—|r > — —é-

(4.6A)  Dhuld = gb for a— [\ =— _é_

Remark 4.1. — It 1s clear that condition (4.6A) has a mea-
ning only for 0 < / < n and will be required only in this
case.

Proof of Proposition 4.6. — If there are no 1 with
o — Ill = — —%

we extend each f* to f*e P&~M)(L), where L is the plane
of D. Then, by a well known construction (°) we find the
desired function u e P®(R") satisfying

(4.6) Diguls = f

If there are A with o« — [\ = — —é— we extend L to
an (I 4+ 1)-dimensional plane L, = R"*! containing a vector
parallel to I, = (0, ..., 0, 1) e R**1. Then each f* we

extend to f*e P@-*)(L,) and each g to
gh e PCUR(RMY),

The restriction g;, exists and by the same construction
as above we obtain a function @ e P®(R™1) satisfying

o~

(4.7) Dyiilr, = f* for «—[ > — -

Diyitls, = M, for o —[A = —

bo| ~

It follows then immediately that w = tG|gn 1is our desired
function.

(6) Such constructions were given in [1] and [3]; still another construction was
given in [10].
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5. The complete formulation of the compatibility conditions
and their sufficiency.

In order to use the developments of § 4 we change slightly
the setting for the compatibility conditions of § 3. We repre-
sent the polyhedral set X as a disjoint union

X = U{D; De &}

where o 1s a simplicial complex (see § 1) whose elements
are relatively open. We write # = o, U A3 U --- U Ay
where Xy = {D e x; D is not a face of any D' € #'} and

for k>0 ¥, = DeJi’\(Ufo>; D is not the face of

s<k

any D’ e&f\(U%s>z. We remark that 4y 1s a finite

s<k

set of points, #, = @ for k > N.
With these notations we have the decomposition analogous

to (3.3)

(5.1) X=K=KO®>K®> ... 5 K® KONKH#D = U D
peX,

Consider now a fixed Dex,, k>1 and denote by
D, ..., D, all the simplices in #, which have D for a
face. As in § 3 denote by (¢) and (e)' orthonormal bases
in the orthogonal complements of the plane determined by D
in R" and in the planes determined by D, 1t =1, ..., r,
respectively. Let u be a function on K such that

u|D € P@(D), D € o,

and consider, with the same notations as in § 3 with A,
qM; replaced by D, D,, the systems of equations :

(5.2) Do = ¥ chuot, |2 = m,
TI=In 1
o« — m > —a‘dimD, iziy ooy r
(5.2) Dhuls= Y kb N =m,
[®I=In] 1
o —m=———dimD,i=1,...,r

2
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The compatibility condition of order m for u on D
requires by definition that (5.2) or (5.2') be solvable with

solution ¢* e Pe™(D) if « —m > — 1 dim D or

2
ot € PSB(RY)

for dimD=s and « — m = — % dim D. If the condition is

satisfied then a solution of (5.2) or (5.2") can be written in the
form

(53) pit = E 2 Yg)\Dg‘e)"uiIDalfq = m,
=m =t
2t —m> — = dimD,
2
or
(6.3") oy = 3 I v Dhauls, el = m,
IAl=m i=1

o —m = — % dim D.

We remark that if u has an extension @ e P®(R") then
for every D e &, k > 1, u satisfies on D the compatibility

condition of all orders m < « 4+ % dim D, the solutions of

(5.2), (5.2") being given respectively by ¢* = Dfyi|p for
bl < o+ L dimD and o¢ — DG if |u| = « + —= dim D.
2 © 2

The compatibility conditions as stated above are equivalent
to those in § 3;1in fact,if De o4, k > 1 and D is contained
in one of the components of Y® then they amount to the
same as conditionsin §3,1f D is not contained in any of the com-
ponents of Y®, k > 1 then D is contained in a component
of Y© and the conditions are automatically satisfied.

All the remarks in § 3 concerning compatibility conditions
remain valid also in the present setting.

Tueorem 5.1. — In order that a function u defined on K
be extendable to a function in P®(R") it is necessary and
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sufficient that u e P®(D) for evcery De Ay and that for
every D e A\AHy u satisfy the compatibility conditions of

all orders m < « + % dim D.

Proof. — It was already remarked that the conditions
are necessary.

To prove sufficiency we will construct by induction on
decreasing k > 0 functions w, € P(R") with the property
that for every k< N4+ 1 and Dex, the functions

{D&wilpljpi=m m < —;— dim D + «, form the solution of

(5.2) or (5.2") given by (5.3) or (5.3').

For k= N-+1, #xyy =0 and welet wy,y; =0. Suppose
that w, is constructed for some k, 1 < k< N+ 1. To
define w,_; let D be any simplex in X£_,.

For brevity’s sake we will say restriction, meaning pointwise
restriction as well as abstract restriction.

By hypothesis, if D’ is on border ?D, D' € £, all the
derivatives DXju; figuring in the compatibility condition
for D’ have the same restriction to D’ as Dijw,. It
follows that for the derivatives D), figuring in compati-
bility conditions for D all the functions D}s(u, — w,)
have restrictions to D which together with their normal
derivatives (as far as they exist) vanish on daD. By (5.3)
we obtain then that ¢* — Dfw,|p vanish together with
all their existing normal derivatives on ?D. By Proposition
4.6 we construct now ¢p e P®(R") so that ¢plp = ulp,

D¥olp = o* — Di(e)wyp for o — |u| > — —;— dim D and,

Dfyonls = o5 — Diwild

for « — |u| = — —%— dim D. We define the open sets U¢(D)

in R* by U/(D)= U®D, aD) for dimD > 0 and
U(D) ={zeR": |z — D| < ¢}

for D a single point. We choose ¢ > 0 small enough so that
all the U/(D) for D e o,_, be mutually disjoint (¢ must
4
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be < 1). Then we choose for each D with dim D > 0
an n-dimensional open simplex D < U,4(D) with face D.
By construction, all existing derivatives D¢, in directions
orthogonal to a face D' of D have restriction 0 to D'.
Hence all derivatives D#¢;, with restriction to 3D have
there restriction = 0. We take ¢p|p and apply Lemma 4.3
and Proposition 4.2 to obtain an extension ¢p of op|s,
vp € P@(R") and ¢p vanishing outside of

URy(D, oD) < U,(D) (7).

If D is a single point we take a function ¢, =1 on
U,s(D) and =0 outside of Ugy(D) and put ¢p = ¢pep.
It is then clear that the function

(5.4) W1 =W, + X

Dedy—,
satisfies our requirements.

Obviously, the function w, is the function required in
our theorem. The last step of induction leading from ¢,
to w, 1s completely similar to the other steps except that on
D e #, there are no compatibility conditions and we define
¢p by the requirement that ¢p|p = (u — wy)|p, Dtoplp =0
for all existing derivatives in directions orthogonal to D.

6. Examples.

We will give here two examples to illustrate the notions and
procedures used in Theorem 5.1.

Example 1. — Let X be the union of ! distinct 2 dimen-
sional spheres S;, ..., S, in R3® intersecting in a circle

l
C, = D S,.

We remark that the regular part of X is X\GC,, the singular

() We use here the following general statement pertaining to angular neigh-
borhoods in arbitrary metric space M: If F, = UM(F,, F) then

UN(F,, F) © U, (F, F).
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part, X® = C,, is a manifold. In particular, the decom-
position (1.3) 1s of the form

X = X(O) > X(l) o X(Z)’ X(z) = @

For every point pe(, we have to construct a chart
whose image 1s a polyhedral set. To this effect we consider
the point p, € G, diametrically opposed to p and consider
the inversion mapping T 1n R?® defined by

Ty — |p — pol®
|2 — pol®

Putting U, = X\(po), ¢ = T|u, we obtain a chart with the
property that ¢(Co\(py)) = L where L 1s a straight line
in R?® passing through p and ¢(S,\(p,)) = Q. where Q,
are 2-dimensional planes containing L. The image ¢(U,)
is not strictly speaking a polyhedral set or contained in one
since it 1s unbounded but obviously we could restrict the
nelghborhood U, to a smaller nelghborhood of p so that the
image will be a polyhedral set presenting on the line [ a
relatively open segment I, centered at p and on each plane
Q. two relatively open equilateral triangles, Q! and Q2
on the two sides of L with common face I,. The given
function w on X is transferred by the chart to a function ¢
]

( — po) + Po-

on the polyhedral set K = U (Qt U Q2). Tt is quite clear

k=1

that all the compatibility conditions will be satisfied if they
are satisfied on I, which belongs to 2; (in the notation
of §5).

To describe the compatibility conditions on I, we can
choose the coordinate basis (e, e, €;) 1n R® so that e, € L,
the origin being at p. On each plane Q, we choose a vector
e 1 es. We put e =0, + 1,6, and write the compati-
bility conditions on I, of order m:

(6.1) ekVI()l]Io == D,,kVIQ2|10
= § moperennn k= 1,2, .1

p=0

O<m<a+—1—-

2
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and
(6.1')  Divlgyls, = Diaslgglt, = 3 ()0 kot m=#[g,

p=0

ES

k=1,2 ..., 1 m:a—l——%—-

The equality of the two first terms in each of these equations
means simply that the function ¢|qyq2 € P(QL U QF).
This is obviously a necessary condition which we can accept
from the start as satisfied so that in the above formulas we
will need only the first term and the third term.

The nature of the compatibility conditions depends obviously
on | and «. Let us consider a few cases.

=2, a < — % There are no compatibility conditions
and there exists always an extension.
1 S "
=2, « = — 5 No compatibility conditions of order

> 0. For m =0 the condition is ¢|q|f = vgil1.
=2, h— % <a < h-+ 5 h being a non-negative

integer. The only compatibility conditions will be of orders
0 < m < h. Only equation (6.1) is to be considered. For
m =0 they mean that ¢|qul;, = ¢|q|y. For m > 1 equa-
tions (6.1) are always solvable. Hence only the conditions for
m = 0 are relevant.

=2, « =h+ -%—, h being a non-negative integer. We

have compatibility conditions for orders 0 < m < h + 1.
For m = h + 1 the equation (6.1') is to be considered. As
in the last case, only the condition for m = 0 1is relevant.

=3, « < —

. No compatibility conditions.

L\D[» M]!—*

l=3, « = — = Only compatibility conditions of order

m = 0 exist and they mean that ¢|ql|;, is independent of
1 =1, 2, 3.
l—3 h——2—<a<h—|— ,h being a non-negative

integer. As previously, in the similar case, only conditions of
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orders 0 < m < h exist and are given by (6.1). The only
conditions for which there may not exist solutions are of
orders m=0 and m=1. For m =0 the conditions
mean that ¢[q|;, is independent of i. For m =1 they
mean that the over determined system (6.1) with three equa-
tions and two unknowns has to be solvable.

l=3, «a =h+ %, h being a non-negative integer. Only

compatibility conditions for 0 < m < h+ 1 exist (for
m = h + 1 they are of the form (6.1')). Only for m = 0,1
we have actual restrictions on ¢ which are the same as in
the preceding case except when o = —%—, when the compati-
bility conditions for m = 1 1is given by the over-determined
system (6.1') dealing with abstract restrictions.

For Il > 3 1t 1s clear now what the situation will be:

for orders m < « + —;— the system of equations (6.1) (or

(6.1')) will give an underdetermined, determined, or overdeter-
mined system of equations for the m + 1 unknowns ¢ "%,
The first two cases present themselves when m 41 >
and the equations are solvable; whereas in the third case
where m 4+ 1 < | the compatibility conditions actually
give some linear relations between the restrictions to I, of
the different Dig¢|qi, k=1, ..., L

It 1s easy to transfer the compatibility conditions back to
the original subcartesian space X. If S,, instead of being
spheres, were C*-compact submanifolds of dimension 2 in R"
intersecting along a C*-submanifold C, so that no two S,
Sy k' # k" are tangent at any point of C,, the same proce-
dures will give us the compatibility conditions. The only
difference will be that the chart transforming a neighborhood
of peC, onto a polyhedral set will be much more compli-
cated to write explicitly.

Example II. — Let X be a closed n-dimensional polyhe-
dron in R". If a function u is given on X and we want u
to be extendable to @ e P®(R") it is obviously necessary
and sufficient that u|ywt e P®(X™) and on all faces I
of X, ulon = u|x»om. We could write also the compatibility
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conditions among which most will be redundant and the
remaining will reduce to the conditions which we just wrote.

A seemingly different problem which arises in the study
of boundary value problems for differential equationsis the one
where we want to find a function we P®(X™) giving its
values and the values of all its normal derivatives on all
(n — 1)-dimensional faces M of X, the derivatives being
n—1

2
have a pointwise restriction to M. In these conditions we
can write formally all the compatibility conditions as if the
function u was defined also on X™ and we notice then
that the compatibility conditions on the faces of dimension
n — 1 do not exist (since u actually is not defined on X™)
and that all compatibility conditions on faces of dimensions
< n—1 can be expressed in terms of the function and its
normal derivatives on the faces M of dimension n — 1.
Therefore, we can apply our inductive procedure from the
proof of Theorem 5.1, constructing the functions w, down
to and including k = 1. The function w, € P(R") gives
then the required function u = |yt

We will illustrate this procedure by a simple example
where in the plane R? with variables =z, z,, we put

of orders m < « + so that the normal derivatives

X:[$1,$2:0<x1 <a1,0<xz<a/2]-

We will consider the case o = 1. This is the case which was
used in [7] where the compatibility conditions were given
without proof. The compatibility conditions here have to be
written only for the faces of dimension < 1 which means
the four vertices of X. The configuration, by an afline map-
ping, can be transformed into itself with any given vertex
being mapped onto any other given vertex. It is therefore
enough to consider the compatibility conditions at vertex
(0, 0). Considering the two adjacent 1-dimensional faces M,
and N, in the direction of the z;-axis and the z,-axis respec-
tively, we know that the normal derivatives are to be taken
of orders 0 and 1 and we have the necessary conditions that

du

0x3— oM,

ulon, € PO(M,), e POMM,) for k=1, 2.
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The compatibility conditions of order 0 reduce themselves to
ul:)nq(O’ 0) = ulonz(()’ 0)'

The compatibility conditions of order 1 mean that

du A du A du A du A

ox,

— , — .
Myle,0 0% |M,|00 OTa|M,lo,0 9%, w0, 0

The formulas written in [7] are just an intrepretation of the
last relations by the use of Proposition 4.5.

Appendix.

We shall give here some additional results and remarks
related to the material in the preceeding sections. The proofs
will be omitted or only briefly outlined. We will use, without
further explanations, notations introduced in sections 3, 4
and 5.

We recall that the class P® was defined only for mani-
folds of dimensions larger than — 2o which excluded from
considerations potentials of (non-reduced) order 0, 1.e.
functions in L2. This is due to the fact that k-dimensional
manifolds in R" are exceptional for the class P2 and
functions in P&*2  have in general no pointwise res-
trictions to such manifolds.

It is conceivable however, that a function u given on a
polyhedral set X in R" may be defined a.e. as a measurable
function on some of the polyhedra MP or simplices in &
of dimension — 2«. In such a case it is natural to ask 1if,
and in what sense, this property is preserved by the exten-
sion @€ P~® given by Theorem 5.1.

Let ¢ e P“¥2(R"), n >k and L be a plane in R"
of dimension larger than k. We denote by ¢, the Lebesgue
correction of the restriction ¢|;, defined by the condition

lim ﬁ lolu(x 4+ ry) — oa(x)] dy = 0, where B 1s any open
r>0

bounded set in the subspace parallel to L such that 0 e B;
v does not depend on choice of B. Recall that

pr(x) = v exc. ?[<_k/2>(L)-
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Since any k-dimensional subplane of L is in A, (L)
v, may not exist at any point of such a subplane and, even
if it exists there, it does not have to be even in L2,

Let F be a k-dimensional simplex in R" and

p e PEFB(RY, n > k.

Prorosition A1. — If ¢o|f =0 then for every plane L
in R* such that F = L and dim L > k, ¢.(z) =0 for a.e.
zeF (rel. to k-dimensional Lebesgue measure).

A proof i1s given in [10] in the case when dim L =k + 1,
the same idea works also in the general case.

With the same notations as in Proposition A.1 we also have :

Prorosition A.2. — Suppose that for some plane Ly 2> F ¢4, ()
exists for a.e. xe€F. Then the same is true for every plane
L>F, dmL >k, and ¢4 =y, a.e. on F.

In the case when dim L = dimL; =k + 1 the result 1s
an immediate consequence of Proposition 4.5 and Propo-
sition A.1. Otherwise,-it 1s easy to see that it is sufficient to
establish the statement in the case when

|dim L-dim ;) =1 and L <L, or L; = L.

Assuming as we may that the two planes are R' and R'-!
we define for an arbitrary w € PC¥2(RY), r >0 and zeF:

O a) =" f o, Jo 19wl dydy';
@) =1 J e, 190y, Ol dy'

®(z) = < _t+2f f dww( y ylt dy, dy> K
lz—y'l<r J —r

With these notations we have the 1nequa11t1es
0,(x) < Oi(a) + V)

and @(z) < @, (x) + @;(z). Using Lemma 4.1 one can show
that ®@;(x) - 0 a.e. on the plane determined by F. The
result is now obtained for L, = L by using the first inequa-
lity and for L = L; by using the second, in each case with
w(y) replaced by w(y) = ¢(y) — ¢u,(2).

Propositions A.1 and A.2 justify the following definition.




THEORY OF BESSEL POTENTIALS 65

DeriniTioN. — If w e PCHB(R") then the abstract restric-
tion ul# s realized by a measurable function f (or [ is the

realization of u|f) if for some (and therefore every) plane
L>F,dmL >k, we have uq(x) = f(x) a.e. on F.

Prorosition A.3. — Every finitely valued measurable func-
tion f on R* is a realization of u|x for some u e P&CFHB(R™).

In the proof we assume, as we may, by Proposition A.2,
that n =k + 1 and take advantage of the following two
facts:

a) every function in L2(R"1) is a realization of the abstract
restriction of a function in P12(R") (extension operators of [3]
or [10]);

b) P¥an—1(R") = {v € P12(R"); ¢|gr-1 = 0} 1s dense in

P12(R").

Let {A,};~s be a sequence of mutually disjoint compact

sets in R"! such that f[4; is bounded and R"“1\<UAP>
p=0

is of n-1-dimensional measure 0; denote by [, the func-

tion f(z) =f(z) on A, f(x) =0 on R"™IN\A, Consider

any strictly decreasing sequence, p,\ 0, p - o, such that

p—1
min}rAp(x); erAsg > 3p,» Let ¢,eC”(R") be such
s=0 )

that ¢, =1 on B, p(A,), ¢, =0 outside B, (A, where
B.(A) denotes the e-neighborhood of A in R". Let

¢, € P12(R")

be such that ¢,|gn—1 is realized by f, (note that f, e L2(R")
and use a)). By b) we can find w, such that

||CPp<()p - Wp)”P”z(R") < w;‘l/zpz/zz—p
(0, = the volume of the unit ball in R") and w,|g—1 = 0.
Then u, = ¢,(v, — w,) - has the property that u,|gr 1is
realized by f, (Proposition A.1), and we define u = Y u,.
p=0
Clearly wu e P'2(R") and the point is to show that u|fs
is realized by f. To this effect we consider for fixed p a point
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x € A, such that (u,).(z) = f,(x). The last property means
that for every m there is r, > 0 such that for r < r

m)
ro" ﬁx_y!<r|up(y) — f(x)] dy < 2-™; the following argument
shows that the same inequality remains valid with u, replaced
by wu, 2-™ replaced by 2-"*1 provided that r < p, where
l 1s the least index > max (m, p) such that p, < r,. This,
of course, will complete the proof.

For r < p, choose 1 > 0 such that p, ;4 <r < o4
and write

" feye luly) = f@ dy < [

D O

I+i

2 us(y) - fp(w)

§=0

dy

The second sum 1s estimated by 2-™ by Cauchy Schwartz
inequality applied to each term. On the ball {y; |z — y| < r}
the sum appearing in the first integral is by construction equal
to u, which completes the argument.

We shall next give an example showing that the converse
of Proposition A.1 is false, in particular that two abstract
restrictions may be different even if they are both realized by
the same function.

Ezxample. — We indicate the construction of a function f
on R! with the following properties :

a) feL3RY), f(x) =0 for z < 0,

b) f(z) + f(— z) € P12(R!) equivalent by a) to
flry € PY2(RL), f(z) + f(— «) € C(RY), {(0) =0,

¢) f¢ P2(R?!), equivalent by a), b) to f|mils # 0.

In particular, the correction of f at 0 is 0 but

flR}_lg # 0.

The function f 1s given in terms of its Fourier transform :

N 1
Mo = B log @ + e

considered as extended to an analytic function of £ e Gl
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regular in C!\{t + :RL} determined by the requirement
that it be positive on the halfline : — tR.. Note that for real &

— g <arg2 i) = —arg(2 —if) < ==

It is immediate that f e L}(R1) and that its extension
converges to 0 for || - oo in the lower halfplane of Cl.
Hence f satisfies a).

Property b) follows from the finiteness of the integral

[21f®) + f(— 821 + &2 dz, which is checked by a

simple computation. Furthermore f( )+ f(—E) isin L(RY)
and has the integral equal to 0.

To prove ¢) we check that f If(E)2(1 + £2)12 dE = oo,

It should be noted that by extendmg the function f given
above in a suitable way we could obtain for an arbitrary
n>1 a function ¢ e P2(R") such that ¢|fnr # 0 Dbut
9|1 1s realized by the function 0.

We shall next make some comments on the compatibility
conditions and Theorem 5.1. First of all, if all the data appea-
ring in (3.5) or respectively in (5.2") have realizations then the
compatibility conditions on M (or D) are satisfied in
pointwise sense provided that they are satisfied in the sense
of abstract restrictions (Proposition A.1). The converse of
course is false. Furthermore, the solutions of (5.2') given by
(5.3") are also realized by functions and it is clear from the
proof of Theorem 5.1, Propositions A.1 and A.2 that the exten-
sion @ has the property that for every D e #, 1 > 0 where
the abstract restrictions of u, or of its derivatives, are reali-
zed by functions, the same is true for @ and realizations are
preserved.

On the other hand, if the reduced order « = — k/2 then
in the setting of section 5 the simplices D of dimension
< k are ignored. In the case when for some D e o, with
dim D = k, u|p 1s a measurable function it is still possible to
construct the extension @ in Theorem 5.1 in such a way
that @| 1s realized by u|p.

To end this section we mention briefly an extension of the
concept of compatibility conditions and the content of
Theorem 5.1 to the setting when the function w given on a
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polyhedral set X = R" has the property that

ul oy € Pe(MP),

where «; are not necessarily all equal. It is then natural to
ask for an extension of u to R", say @, such that for each
MP i e P> on an open neighborhood in R" of MP.
The necessary compatlblhty conditions become somewhat
more cumbersome since on each M, [ > 0 conditions (3.5)
of different orders may involve different sets of IMP-s

containing M in their borders. An exact analogue of
Theorem 5.1 remains valid with a similar proof except that
additional care has to be taken in the choice of the extension
operator in Proposition 4.6; in particular, operators E:
P@(R!Y) — P@(R") with the property that for every f
on R' EfeC® on R™suppf, are suitable. For instance,
extension operators considered in [10] have this property.
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