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Abstract

A geometric characterization of the extension property is given for Cantor-
type sets. The condition can also be done in terms of the rate of growth of
certain sequences to the Robin constants of local parts of the set.

1 Introduction

Given a compact set K C R", £(K) denotes the space of Whitney jets on K, that
is the space of traces on K of C'° functions. It is said that K has the extension
property if there exists a linear continuous extension operator L : E(K) — C*(R").
The problem of a geometric characterization of the extension property was raised
by Mityagin ([8], Problem 5). Even for the one-dimensional case this problem is still
open, in spite of the presence of numerous particular results ([12], [2], [13], [14], [10],
[5], [1], [4]). Here we suggest a complete criterion (compare to [14], [5], [1]) of the
extension property for Cantor-type sets in certain geometric terms. The condition
can be described also in terms of the theory of logarithmic potential.
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2 Sequences of subexponential growth

Let (05)3° be a sequence of positive numbers. We say that (o5)3° has a subexponential
growth if o, = exp(o(s)), that is 2% — 0, as s — oco. Also, the family (o), =
(On, s)p1 =g is of uniform subexponential growth if log% tends to 0, as s — o0,
uniformly with respect to n.

Let 05 T 0 < oo and f(s) = log os. We are interested in the condition

f(s+1)—f(s)—0, as s— 0. (1)

Proposition 1. The condition (1) implies that the sequence (04)° is of subexpo-

nential growth. If the function f is concave or if o < oo, then the subexponential
growth of (05)3° is equivalent to (1).

Proof: Suppose, contrary to our claim, that for some ¢y, and s, T oo we get
f(sk) > 2g¢ sg. Then one can find a sequence of disjoint nonempty intervals (my, ng)7
with myg,n, € N such that f(ng) — f(mg) > o (ng — my). Therefore at least one
term f(7 4+ 1) — f(j), j = mg, -+ ,np — 1 exceeds &g, contrary to (1).

If the function f is concave, then f(s+ 1) — f(s) | a and the growth condition
f(s)/s — 0 implies a = 0. In the case 0 < oo the result immediately follows from
monotonicity of f. [ |

An easy example of a sequence (0,)3° of subexponential growth without the
condition (1) can be done by f(s) = f(sx) = f(sg_1) + 1 for s < s < sg.1 provided
sk/k — oc.

3 Extension property of Cantor-type sets

Given [; with 0 < [; < 1 and a sequence (), with o, > 1 let us denote by K (@)
the Cantor set associated with the sequence lg = 1,1y, = 172, -+ 1, = 1727 -+
that is K(*) = N2, E,, where Ey = I, o = [0,1], E, is a union of 2° closed basic
intervals I; s of length [; and FE, 4, is obtained by deleting of open centric interval of
length Iy — 2154 from each [ 5,5 =1,2,...2°. In the case oy = 0,5 = 2,3, -, the
compact set K(® has the extension property if and only if a < 2 ([5], [6]).

Let x be an endpoint of some basic interval. Then there exists the minimal
number s ( the type of x) such that x is the endpoint of some I; ,,, for every m > s.

For simplicity, we consider here only the Cantor-type sets such that ay, > 1+
€0, S > So for some positive g and [y > 414, for all s.

We use the notations: 7, ¢ := 1 and 7, ; = 27k v 1aggg - gy for m,k € N
Also let 0, s = > 71— Tn, k- The condition

Onst1 ) Ons 21, as s — 00 (2)

implies that the the family (o, . )2, has uniform subexponential growth. Here and

in what follows the symbol = denotes the convergence that is uniform with respect
to n. Clearly, (2) is equivalent to

7rn7s/ Z?Tn,inO as s — 00 (3)
k=0
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and also to

S S

Yv € N Z Wn,k/ Tr =0 as s — oo. (4)
k=s—v k=0

Therefore the negation of (2) can be written in the following way

3C, v: Vs we get Zm,kgc Z ok for m=mn; T oo. (5)

k=0 k=s—v

In addition we write the condition (2) in geometric terms as
YM >0 Fspy: M > s, Yn Vs> sy (6)

We proceed to characterize the extension property of the set K@), The topology
of the space (K@) is given by the family of norms

|(R3£)™ ()]

|z — yl|a=F

11, = \f|q+sup{ :x,yGK(O‘S),x#y,kzo,l,...q},

q=0,1,.., where | f|, = sup{| f®(2)] : € K®) k < ¢} and Rif(z) = f(z) -
T f(x) is the Taylor remainder.

For an infinitely differentiable function F' with compact support, | F' \(qR) denotes
sup{|F®(z)| -z € R,k < ¢}.

Theorem 1. The compact set K®) has the extension property if and only if the
condition (2) is fulfilled.

Proof: Suppose the condition (2) is valid. We can present the extension operator
L: E(K@)) — C*®(R) explicitly. At first we extend properly the basis elements of
the space, and then we define the operator L by linearity.

Let us prove that the condition (2) implies boundedness of the sequence (a).
Suppose, contrary to our claim, that for some subsequence (ns) we have «,,6 >
2% s € N. Without loss of generality let ngy > s, s € N. Then for n = ny — s we
get 5 o Tn /T s = 1+anl, 2+ 3575 m] <l4apl, S526257F since
ay > 1, k € N. Therefore, Y3 Ty /7, s < 3, contrary to (3).

Let A := sup, .

For a fixed basic interval I; ; = [a; s, b; 5], let us choose the sequence (x,, ; 5)52; of
points by including all endpoints of basic subintervals of I; s in the order of increase
of the type. For the points of the same type we first take the endpoints of the
largest gaps between the points of this type; here the intervals (—oo, ), (z, 00) are
considered as gaps. From points adjacent to the equal gaps, we choose the left one
x and then b; s — 2. Thus, 1 s = a; s, T2 s = bj s, T35 s = Qj s+ lsi1, ", T7j s =
a; s+lsi1—lsro, - . Wefollow [7] to define ey j s = [I2_, (v — 2. 5) if £ € K@)N I,
and ey s = 0 on K (@) otherwise.

Given a nondecreasing unbounded sequence ()2, of natural numbers of the
form Ny = 2™, we consider the sequence B = (eN,LS)?;’Oj-S:’l%:MS, where My =0
and for s > 1 we take M, = N,_1/2 + 1 if the number j is odd, My = N,_;/2 for
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even j. By Theorem 2 in [7], the sequence B forms a basis in the space &(K (@),
provided the condition
2N, <1 forall s>1. (7)

Given 0 > 0, and a compact set E, we take a C*°— function u(-,d, E') with the
properties: u(-,0,E) = 1 on E, u(x,6,E) = 0 for dist(z, E) > ¢ and [u|®) <
¢, 6P, p € N, where the constant ¢, depends only on p. Let (¢,) T .

Fix s € Nand N with M, < N < N,. Then 2"~ ! < N < 2™ for some m from the
set {ns_1—1,--- ,ns}. Let on s = lstm—1. Now for j =1,--- 2% we define L(ey, ; s)
as ey jsu(-,0n s, LjsN K@) where €n, j, s denotes the analytic extension of the
corresponding polynomial. The operator L is well-defined on the basis elements.
For its continuity it is sufficient to show that for any p € N there exist ¢ € N and
C > 0 such that

[ngos u,0ns, s VE ) < Cllen il (8)

for all admissible values of s, 7 and N.
Fix p € N and ¢ in the form ¢ = 2¥ such that for any n we have

v—3

2
pA Tn,v—3 < Z Tn, ks
k=0

which is possible due to (3).

Given p, ¢, using (7), we choose so with NP < 2Ns0 and 4 NZ 150 < 1. In what
follows we consider only s > s,.

The polynomial €y ; s has its zeros at all points of the type at most s +m — 2
and possibly at some points of the type s +m — 1 on the interval I;,. Let us fix
a point z with dist(z, ;s N K@) < I\ and n < p such that |en.j s u\g,R) =
| (€n.j.s u)™(2)]. For this z we take the point z of the type < s +m — 2 that is
the nearest to z. If there are two such points, then we take any of them. Clearly,
|z — 2] < 2lgim-1. By (pr)i_; we denote distances from z to the zeros of €y ;
ordered increasingly. Thus, p1 = 0, ls1m_1 < po < lsim—_2, etcetera.

By the Leibniz Rule,

~ n - n i—n ~ i
[EIRILIOTESS () o il | (@) (2) .
=0

The derivative (Ey j ;)@ (2) is a sum of N!/(N —i)! terms and every term is a product
of N —i factors of type (z — @y, s) . Since |z — @y j s | < |2 —2pj s | + 2 ls1m_1, We
can write | (€n,;.5) P (2) | < N ITpCis1(pk + 2lspm—1) and

N

| (éN7j78 u)(n)(z)l S 2" Cn, AT i<n [lls:-?n—l NZ H (pk +2 ls-i-m—l)]-
k=i+1

The distance between any two zeros of €y ; s is not smaller than ls,,_;. It implies
that Pk +2 ls+m—1 S Pk+2 for k S N —2. ClearIY7 PN-1 +2 ls+m—1 S PN +2 ls—i-m—l <
2ls. Therefore,

N
| (En,j,5 W)™ (2)] < 272 ¢, Zmazi<, [, N [ pul-
k=i+3
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For 7 > 0 the expression in square brackets can be written as

il Nt .
v s TIn-5 k- The fraction here does not exceed 1, because
3

loymo1 N* < I,NP < 1,28 < 1, by (7). In the case where i = 0 we also have the
desired bound. Thus finally,

|éN,j,8 u|§uR) < 2p+2 l2 ls+m 1 H Pk- (9)

We proceed to get a lower bound of || ey ; 5|/, With the same z as above, we

get |l en,jslla > lenjsla > [N o(x) ] for any 7 < g.

Any basic subinterval [; 54— contains from 2k=1 to 2F zeros of eN,js, kK =
1,---,m. The point x belongs to a certain interval I; ¢, that contains r, ¢/2 <
r < q, zeros of éy ; ;. Here %e%)j,s(at) is a sum of (];7) terms and every term is a
product of N — r factors of type (z — x,; s). Only one of these products does not
contain (x—x,,; s) for z,, ; s € I; s4m—» and the modulus of this product is Hff:rﬂ Ok-
All other products contain terms with |« — z,, ; s| < ls1m—p. Therefore the modulus
of any other product does not exceed p, ITo_ 42 Pk- The sum of all such products

can be estimated from above by [( ) — 1 pr TIe, 42 pi- 1t follows that

N N
@2 I e=Noe I o
k=r+1 k=r42

Because of the choice of r we get p, < lsim—uv, Pra1 = lsimv-1 — 2lsim_yp. 1t 1S
easy to check that p./p,11 < 2150, Therefore, N" p,./p,4+1 < 1/2, due to the choice
of so. It implies that || ey, s/|q > % TTol, 1 ok > 2 T g/2+1 Pr- Comparing this to

(9), we see that it is enough to show that the sequence (I;7,", H%ﬂg Pk)s=so, m<ns 18

bounded.

In the estimation of the product HZ/223 pr from above we will take into account
only the points of the type < s + m — 2. Clearly, including the points of the type
s +m — 1 can only decrease the product. Hence, p3 < lsim_3 — lsim_2, pa <
ls+m—3a “ P2 < ls—i—m—v and

q/2 )
2 4 2V gz
H pk < ls+m 3 ls+m 4" ls—l—m v ls—l—m v

where s = 2V72 + 203 Astm—v+1 + 204 Ostm—v+1 Xstm—vt+2 + * -+
2a8+m—v+l *Qsym—3 = =2 2 Ek 07T5+m v, k-

On the other hand, since m, , = ian+k_1 Oty T k2 < iAz T, k—2, We get
zsm L= zi’;;i“;*"w vt > 2 Ao It follows that

q/2
s+m 1 Hk 3 Pk s+m—vv where

v—3

v—2
=2 Z Ts4m—v,k —
k=0

1
5(]9 + 1)A2 7Ts+m—v,v—3 9

which is positive by the choice of ¢q. This gives (8) and continuity of the operator L.
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We are now in position to show that the condition (5) implies the lack of the
extension property for the compact set K (). In [13] Tidten applied Vogt’s char-
acterization for splitting of exact sequences of Fréchet spaces and proved that a
compact set K has the extension property if and only if the space £(K) has a dom-
inating norm. Due to Frerick [4], the space of Whitney functions has the property
(DN) if and only if for any € > 0 and for any ¢ € N there exist 7 € N and C > 0
such that

| 1< Cl Lo 11
Therefore we need to show that there exists € > 0 and ¢ such that for any » € N
one can find a sequence (f;) C £(K(@)) with

[ filo IWAIZTAIE5 =0 as j— oo (10)

Given C and v by the condition (5), we take ¢ = C™! and ¢ = 2. Fix any
r = 2°. Since the norms || - ||, increase, we can take r in this form. We choose the
subsequence (n;) from the condition (5) and consider f; = e, 1, for n =n;.

The zeros of e, 1, on I , are all points of the type < n + s — 1. Hence for any
z € K@) n I, ,, the distance from = to some zero of e, , is not larger than [,,
the distance from x to other zero of e, , does not exceed l,;5_1. Then we find two
other points with |z — ;1| < l,45—2, etcetera. Therefore,

2 4 9s—1
| Filo < lurs bnsa By o Uy g 127

For the lower bound of | f;|, we use the same arguments as above:

fila > 1 £20) > 1/2 212

Here, instead of the condition 4 N7 <1 we need 4 -2°7 [0 <1, which can be
achieved for large enough 7.

Since for any x € K@) N I, the value f;(z) is a product of r small terms
(2= zi1n), we get | f;], = | £i7] =L Also sup {|(Ry £,)®(2)] |z — y|~"+*} will be
realized for k = r. Therefore, || f;||, = 27!.

Thus in order to get (10), it remains to prove that

ln—l—s ln—l—s—l li+s—2 T li:sl—v (lvzzz-s—v—l T 172;71>_€0 - O, as n ="n; — Q.

As before, the element of the sequence can be written in the form ¥, where » =
Qpy1 Opyo an+s+an+1 T an+s—1+2 Qpy1 - an+s—2+' : __|_2v—1 Qn41 " Opqs—p—
€0 [2U Qptl """ Opgs—yp—1 + -0 + 2572 Qpy1 + 28_1] = 2°71 [2 T, s + Zz;i_v Tn,k —
g0 Y524 k], which is positive by (5).

This gives (10) and the lack of the dominating norm in the space £(K*<)). m
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4 Characterization in potential-theoretic terms

By Cap (K) we denote the logarithmic capacity of a compact set K C C. We are
interested in the minimal value of the logarithmic energy log(Cap (K)™!), which is
also called the Robin constant of K and is denoted by Rob (K). Here and subse-
quently, log denotes the natural logarithm. The Cantor set K@) is polar if and
only if Y22 ) 1., = 00 (see e.g.[3]). What is more, Totik in [15] found the bound (in
our terms):

1/4 logl* Zwl,k < Rob(K(O‘S)) <2 logli? Z?T'Lk.
k=0 k=0

Repeating arguments from [15] for the corresponding part of the set, we obtain for
neNv j:17 ’271

1/4 logl;t > m ke < Rob (KNI ,) <2 loglyt > 7y
k=0 k=0

Therefore the condition (3) means a kind of uniform with respect to n regularity
of approximation of the sum of the (possibly divergent) series, corresponding to the
Robin constant of the set K()N 1T j.n, Dy its partial sums. Proposition 1 now shows
that if the set K (*) has the extension property, then the sequences of partial sums,
corresponding to the Robin constants of the sets K@) N I; , have uniform with
respect to n subexponential growth.

We see that the extension property of the set K (@) is not related to the polarity
or to the "local” polarity of the set. Neither it is related to the regularity of the
Green function g(C\ K@), z 00), since by Plesniak [11], in the case of the Cantor
type set, the corresponding Green function is regular if and only if the set is not
polar.

Example 1. The set K® is polar, but it has the extension property, since here
7ok = 1 for all n and k. See also [6] for this case.

Example 2. Let us fix an increasing sequence (k;,)o°_; of natural numbers
and a € (1/2,1). We define as = -+ = ag,+1 = 2a and then for m € N let
Oy 4 kot tbm+m+1 = CL_km, Qkytbgtothmtj = 2a for j =m+2,m+3, -+ kyp1 +
m + 1. Then m ;, = a*, k=0,---,k and for m € N we get L kithot o thmtm =
27 T kit hotethmtj = 2 a~™mfor j=m+1,m+2,--, kyny +m. Therefore,
S Tk = S 27 (1+a+- - -+akm+1). Since the series converges, the set K (@) is
not polar. But it does not have the extension property. Forn = ky+---+k,,+m-+1
and s = kp41 + 1 we get 7, = a* for k =0, -, kmi1, Tns = 1/2, contrary to
(3). As well the condition (2) can not be fulfilled because the sequence (ay) is not
bounded.

We now turn to the problem of a geometric characterization of the extension
property. It is known (see e.g [9]) that there is no general geometric characterization
of polarity of compact sets in terms of (Hausdorff) measures. Our condition (2) is
more subtle than the statement about the convergence of the series > 727 ;. One
can conclude that the possibility to find a geometric characterization of the extension
property in the general case is rather doubtful.
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