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A HAHN-BANACH EXTENSION THEOREM
FOR ANALYTIC MAPPINGS

BY
RICHARD M. ARON (%) and PauL D. BERNER (%)
[Dublin]
REsUME. — Soient E un sous-espace vectoriel fermé d’un espace de Banach G,

U un ouvert de E, et F un espace de Banach. On considére le probléme du prolongement
des applications analytiques de U a4 valeur dans F & un ouvert de G, et on trouve des
conditions nécessaires et suffisantes pour 1’existence de tels prolongements. Ces conditions
entrainent ’existence d’une application linéaire continue de prolongement de E’ 4 G’
ce qui, a tour de role, se rapporte au théoréme de Hahn-Banach vectoriel.

ABSTRACT. — Let E be a closed subspace of a Banach space G, let U be an open subset
of E, and let F be another Banach space. The problem of extending analytic F-valued
mappings defined on U to an open subset of G is discussed, and necessary and sufficient
conditions are found for such extensions to exist. These conditions involve the exis-
tence of a continuous linear extension mapping of E’ to G’, which in turn is related to
the Hahn-Banach theorem for linear transformations.

We consider the problem of extending an analytic mapping defined on
an open subset U of a closed subspace E of a Banach space G to an analytic
mapping defined on an open neighbourhood of U in G. Our general
approach is to obtain extensions to the whole space G of polynomials defined
on E, and then to use local Taylor series representations to extend analytic
functions locally. It is necessary to show that the local extensions are
«coherent in the overlaps’’. 'This can be done when one can define a linear
and continuous extension mapping taking polynomials defined on E to their
extensions defined on G, which in turn is closely related to the vector-valued
Hahn-Banach property as studied by NACHBIN, LINDENSTRAUSS, and others.

The general question of extending analytic mappings on topological vector
spaces was raised by DINEEN in [4]. He and other authors (HIRscHOWITZ,
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4 R. M. ARON AND P.D. BERNER

NOVERRAZ et coll.) discussed the existence of an analytic extension of
mappings defined on a dense (vector) subspace of a locally convex space.
The case of extending from a closed subspace E of a Fréchet nuclear space G
was studied by BoLAND who showed that every analytic function defined
on FE has an extension to an analytic function on G.

The main result (theorem 1. 1) and its corollaries are presented in section 1,
after the review of some necessary terminology. Briefly, this result states
that given a pair of Banach spaces E < G, the existence of various types of
holomorphic extensions is equivalent to the existence of a continuous linear
extension mapping from £’ to G'. The proof of this result relies on the
important special case of extending analytic mappings from a Banach space
to its second dual, which is discussed in section 2 where we prove our main
result. In addition, section 2 contains several related results including an
extension result for ““nuclear’’ entire functions analogous to that of BOLAND,
and several examples. Throughout, the case of complex analytic (or
holomorphic) mappings is emphasized as the real analytic case (theorem 1.2)
follows easily from it.

The authors wish to acknowledge helpful conversations with Philippe
NovERRAZ, Séan DINEEN, and Philip BOLAND concerning this work.

1. Main result

We recall some notation from [9] (see also [10]). All Banach spaces
considered will be complex Banach spaces except when indicated otherwise.
For all neN, L("E, F) (resp. L,("E, F)) is the space of all continuous
n-multilinear (resp. and symmetric) mappings from EXx...xE into F
normed by A > sup || 4 (xy, ..., x,) || where each x;, 1 < i < n, ranges
over the unit ball of E. (L(°E, F)= F). 2 ("E, F), the continuous
n-homogeneous polynomials from E to F, consists of the Banach space of
mappings {AA :xeE—A(x,x, ...,x); AeL;("E, F)}, normed by
A— sup {1l A (%) I; || x]] <1}. Let U< E be open and non-empty.
A mapping f : U— E is called holomorphic if for each x € U there exists a
power series Y >, 1/5,‘ (y—x), with P, e # (*E, F) for each ke N, which
converges uniformly to f(y) in a neighbourhood of x. Such a series is neces-
sarily unique and for each k, ﬁk, called the kth Taylor series coefficient of f
at x, is denoted by (1/k!) d* f(x). The space of all holomorphic mappings
from U to F is denoted by # (U, F). The space spanned in £ ("E, C) by
{¢9":xe Em(p(x)"; 9€E’ } is the space of continuous n-homogeneous
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ANALYTIC MAPPINGS 5

polynomials of finite type, denoted Z, ("E). The closure of 2, ("E) ® F
in 2 ("E, F) is denoted by Z, ("E, F). Py ("E, F) (tesp. Py, ('E, F)) is
the closed subspace of £ ("E, F) consisting of those polynomials which
map the unit ball in E into a relatively compact (resp. relatively weakly
compact) subset of F. Notice that

P,('E)®F = P.('E, F) = Px('E, F) < Pyx('E, F) = #('E, F).

In general, these inclusions are proper. For 0 = C, K, or WK, we let

Ho(U, F) = {feyf(v, F); for all neN and xe U, i,j”f(x)e.@e("E, F)}.
n.

The elements of 5, (U, F) are said to be of type 6. We remark that for
connected U, fe# (U, F) (resp. #yy (U, F)) if, and only if, f maps
some ballin U into a compact (resp. weakly compact) set (see [1] and [13]).
Similarly, we define Ly ("E, F) (resp. Ly, ("E, F)) as the subspace of all
A e L ("E, F) mapping a neighbourhood of zero in E" to a relatively (resp.
weakly) compact set in F. Finally, we set

H#y(E, F) = {f e# (E, F); f is bounded on bounded sets }
and
Hop(E, F) = H4(E, F)n #,(E, F), for 06=C, K, or WK.

#Hy (E, F) and oy, (E, F) are Fréchet spaces with the topology of uniform
convergence on bounded sets.

DEFINITION. — A Banach space F is called a ,-space (or just a €-space)
if F is complemented in its second conjugate space F" and there is a projection
n : F"— Fonto F of norm < \.

Example 1. — Every conjugate space F' is a %,-space (the transpose of
the inclusion F g F” projects F'” onto F' with norm 1).

Example 2. — L* (u, X)is a 4,-space for X locally compact and p c-finite
(restrict an element of L*® (u, X) to the subspace C,(X) and apply the
Lebesque-Radon-Nikodym theorem).

Example 3. — Every B,-space (in the sense of DAY [3]) is a %,-space
(A B,-space may be defined as a space which is complemented in every
space that contains it with projection of norm < A).

Example 4. — c,, the Banach space of all complex null sequences, is not
a ¥-space.

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



6 R. M. ARON AND P. D. BERNER

THEOREM 1.1. — Let G be a complex Banach space, and E = G a closed
subspace. Then the following conditions are equivalent:

(1) for every %-space F, U <= E open and non-empty, and fe# (U, F)
there exists a W < G open, andfeéf (W, F) such that U < Wandflv = f;

(2) for every fe # (E, E") there exists a W < G, open, and, f e (W, E)
such that E < W andf]E =f;

(3) for every €-space F, there exists a strict morphism

T: ‘%b(E?F)—’%b(G’F)

such that Tf|, = f for all fe #, (E, F);

(4) there exists a continuous linear mapping T : #, (E, C) — #, (G, C)
such that Tf|E = f for all fe#, (E, C);

(5) for all Banach spaces F, there exists a strict morphism

T: Ho(E, F)—> #4(G, F)

such that Tf |, =f for all feHy, (E, F) where 8 = C (resp. 6 = K,
6 = WK);

(6) there exists a continuous linear map ¢ € E' — ¢ € G’ such that ¢ | = ;

(7) there exists a continuous linear map S : G — E " such that S I g = Idg.

Furthermore the above conditions imply, and if E has the ““bounded approxi-
mation property” (°) are implied by, the following:

(8) for all Banach spaces F, U < E open and non empty, andfe A, (U, F),
there exists an open set W = G and f €H oy (W, F) such that U c W and
flo = where © = C (resp. 6 = K, 6 = WK).

The proof will be given in section 2.

Remarks.

(a) Conditions (1), (6) and (7) are complex analytic analogs of part of
Lindenstrauss’ theorem on the extension of compact operators (see [7],
theorem 2.1). This relationship is emphasised further in corollary 1.3 (iii)
below.

(b) The class of ¥-spaces is the largest class of range spaces for which
conditions (1) and (3) can hold in the following sense: if F is not a é-space

(®) E has the “bounded approximation property”’ if for some constant C > 0, for
any compact set K = E and €> 0, there is a TeE'® E with || T|| < C and
|| Tx— x || < € for x &K (see for example P. NoverrAZ [11]).
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then there exists a G and a closed subspace E of G satisfying (6), but not (1)
and (3) with range F. (To see this we let E=F and G=F". If
Id; e, (F, F) extends to a function f defined on an open set in F” then
n(y) = e f(0) (») would give a projection from F” onto F.)

(¢) For every complex Banach space E, the pair E < G = E” always
satisfies condition (6); thus holomorphic extensions of the type indicated
in the theorem are always possible from a space E to its second conjugate E”.
Conversely, in section 2, we will reduce the proof of the theorem to this
special case which we prove directly.

(d) If E is complemented in G, then the holomorphic extensions of the
type indicated in the theorem are trivially possible. For many spaces E,
the converse is true as shown in the following corollary.

COROLLARY 1.1. — Let G be a Banach space, and E = G a closed subspace-
If E is a G-space then the equivalent conditions of theorem 1.1 hold if, and
only if, E is complemented in G. In that case, we may drop the restriction
that F be a €-space in conditions (1) and (3).

Proof. — If E is complemented in G, then it is clear that the conditions
hold. Conversely, if the equivalent conditions of theorem 1.1 hold, (3)
implies that Id; € 5, (E, E) extends to some IEIE e#, (G, E). Reasoning
as in remark (b) above, we conclude that E is complemented in G.

COROLLARY 1.2. — Let G be a reflexive Banach space. The equivalent
conditions of theorem 1.1 hold for every closed subspace E <= G if, and
only if, G is isomorphic to a Hilbert space.

Proof. — Every closed subspace of a reflexive space is reflexive and there-
fore a ¥4-space. So if the equivalent conditions of theorem 1.1 hold for
every closed subspace E = G, corollary 1.1 implies every closed subspace
of G is complemented in G. However, it is known [8] that every closed
subspace of a space G is complemented if, and only if, it is isomorphic to a
Hilbert space.

If G is isomorphic to a Hilbert space, the converse is trivial.

COROLLARY 1.3. — Let E be a Banach space. Then the following state-
ments are equivalent :

(i) the equivalent conditions of theorem 1.1 hold for every G o E;

(i) there exists a B,-space G > E for some h = 1 for which the equivalent
conditions of theorem 1.1 hold;

iii) E” is a B,-space for some N = 1.
A
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8 R. M. ARON AND P. D. BERNER

Proof. — (i) = (iil): Suppose E” is a closed subspace of G. We want to
show that E” is complemented in G. Since E < G, (i) and condition (7)
imply that there is a continuous linear map S : G — E” such that S |, = Id;.
Now S |p. : E"— E" is weak*-continuous, and E is weak*-dense in E”.
Hence S |, = Idg. so S is a projection onto E”, and E” is complemented
in G.

(iif) = (ii): Condition (7) holds trivially for G = E”.

(ii) = (i): Let G; be a PB,-space satisfying (ii). Then by condition (7)
there is a continuous linear map S, : G; — E” which extends the inclusion
E s E". Now suppose G is any Banach space containing E as a closed
subspace. Since G, is a P,-space there exists a continuous linear map
T : G — G which extends the inclusion E— G;. LetS =S, T:G— E".
S satisfies condition (7) and so (i) holds.

Remark. — The extension of an entire function given in condition (1) of
theorem 1.1 is not necessarily entire, but if it is also bounded on bounded
subsets then it may be extended to an entire function as in condition (3).
This is illustrated in the following proposition (see [4]).

PROPOSITION 1.1. — fe s (cq, C) can be extended to an entire function on
1, if, and only if, fe ) (co, C).

Proof. — Since (¢cy)" = I, the sufficiency follows from the equivalence of
conditions (7) and (3). Conversely JOSEFSON [6] has shown that each

f eH (I, C) is bounded on each bounded set contained in ¢,. That is
f |eo € (co, C), hence the result.

Real case. — If E and F are real Banach spaces, we define spaces of
polynomials 2 ("E, F), Py, ("E, F), etc. in a way analogous to the complex
case. Similarly, if U < E is open, and f: U — F is a mapping, we say f is
(real) analytic if f can be represented in a neighbourhood of each point
in U by a convergent power series. We define spaces of (real) analytic
mappings & (U, F), &4 (U, F), &, (U, F), etc. in an obvious way. The
following theorem is the real analog of theorem 1.1, and is proved in
section 2.

THEOREM 1.2 (Real case). — Let G be a real Banach space, and E a closed
subspace. Then if the holomorphic S is replaced everywhere by the real
analytic &/ in the conditions of theorem 1.1, the same implications and
equivalences hold with F a real Banach space.

TOME 106 — 1978 — N° 1



ANALYTIC MAPPINGS 9

2. Related results

In this section, we prove a lemma which shows how certain polynomial
extension mappings give rise to holomorphic extension mappings. We
apply it to the case of extending holomorphic maps from a Banach space E
to its second conjugate space E” and then use these results to prove
theorems 1.1 and 1.2. The section concludes with some further results
and comments.

Let us recall that if E and F are Banach spaces, U < E is open and non-
empty, x € U and fe s (U, F), then the radius of convergence of f at x is

1
lim sup,,eN“(l/n!)tli\"f(x)”un’

rC(xaf) =

and the radius of boundedness of f at x, r, (x, f), is the supremum of all
p > 0 such that the ball of radius p centred at x is contained in U and f'is
bounded on it. It is shown in [9] (§ 7, proposition 2) that

ro(x, ) = min{rc(x, f); dist(x, ENU)}.

DerINITION. — Let R:U—(0,00] be a function satisfying
R (y) < dist(y, ENU) for all ye U. Then we define
HR; U, F)y={fe# (U, F); r,(y,f)=R(y) for all yeU}
and
Ho(R; U, Fy=H# (R; U, F)n #4(U, F) for 0=C, K, or WK.

We note that for U = E and R = o0, we have
H(0; E, F)=#,(E; F) and  #4(o0; E, F) = #,,(E; F).

Also givenany fe # (U, F)there exists a function R such that fes# (R; U, F),
namely R(y) = r, (», f) for all ye U.

Given meN, Pe P ("E, F), yeE, and 0 < k <m we recall that
(1/kY) d* p (»)e 2 (“*E, F) and (see [9]) if P e 2, ("E, F),0 = C, K, or WK,
then (1/k!) d*p (») € Z, (“E, F). 1If A is the (unique) element of L, ("E, F)
such that 4 = P then

%J"P(y)(x) = ('Z)Ay’”"‘x" for all xeE,

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



10 R. M. ARON AND P. D. BERNER

where A4 y™ * x* denotes

m—k k
T —— ~—e— T —— e

A(y’ y’ A ] y, x’x5 ""‘x)'
In this notation, 4 y"~* is a continuous k-multilinear mapping on E.
We state and prove the following lemma for spaces of type 8 = C, K or
WK, but it is obvious from the proof that it also holds for # (U, F), and
we will use this fact.

LEMMA. — Let G and F be Banach spaces, and E a closed subspace of G;
and let 0 = C, K, or WK. Assume there exists a sequence of linear maps
{T,:2P ("E, F)> 2, ("G, F) }oen and a sequence of real numbers > 1,
{ a, },en Such that all k, me N, k < m and P € 2, ("E, F),

@) %j"(TmP)(y) = Tkg—'zi"P(y) for all yeE;
(i) | T P|| < an | P,
and
(iii) o = limsup, . n(a,)"" < co.

Then for all U = E open and non-empty and all R : U— (0, o] such that
R (y) < dist (y, ENU)forally € U, there exists an open set Win G containing
U and a linear mapping T :fe #y(R; U, F)r> TfeH g (W, F) such that
Tf|y =1 for all fe#y(R; U, F). We may take W to be the set
W={xeG a||x—y|| < R(y) for some ye U}.

Furthermore, when U =E and R = o0, we may take W =G and
T:Hy (E,F)—Hy, (G, F) is a strict morphism.

(Note: For £ = 0, condition (i) implies that T, is an extension mapping.)

Proof. — Foreach y € U, let U, denote the set { xeG;a||x—y|| < R(»)}.
Clearly, W = ),y U, Define T,f: U,— F for each fe#,(R; U, F)
by

yeU

T,/ () s‘;ﬁo(Tk%aikf(y))(x—y) for xeU,.

If af|x—y|| < r < R(y) and };k = (1/k!) d/)‘f(y), then:
~ ~ © N 1\
ZE":oII(EPk)(x—y)]I<Z‘Z°=o|17"kPk|] ”x—y”k<2k=0ak”Pk“(&r>

=T % Al B o < o
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since o = lim sup (¢)'/* and r; (v, f) = R(y) > r. Therefore T, f is well
defined and holomorphic on U, and by lemma 1, paragraph 9 of [9] we have
that T, fe#, (U,, F). Now suppose:

(A) Tyflvynuz =T f |uym;z for all y, zeU
is satisfied. Then Tf: W — F may be defined by
Tfly,=T,f and Tfe#y(W, F) forall fe#y(R; U, F).

Furthermore the mapping T : fe #, (R; U, F) > Tfe#, (W, F)isclearly
linear. So we will proceed to show that (A) is satisfied.

Let U} = {xeG;al|lx—y]|| <(1/3) R(y)} for all ye U and suppose
that:

(B) Tuf| vinuy = wa| vinuy all v, welU

is satisfied. Then (A) is also satisfied for the following reasons:
If UynU,# o and w=Ay+(1—-1)z 0< A< 1, then:

| . C 1
[o=y[[+ilw=z]| = |ly=z|| < [[x=p[[+]|x=2]| <~ RG)+R(2)),

for all xe U,n U,. So either a||w—y|| < R(y) or a||w—z]|| < R(2).
In either case, since o > 1 and R(-) < dist (, EN\U), we have that
we Un (U,u U,). Now if (B) holds then each T fis well defined on the
connected open set: ¥ = (Jocu<; U411y and since z, ye ¥ and
Vn(U,n U) # g, (A) holds by uniqueness of analytic continuation.

To show (B) let y, ze U and fe#, (R; U, F) be given and suppose
xe U} n U} # 0. We must show that T, f(x) = T, f(x). Without loss
of generality we may assume that R (z) < R (»), and (by translation) that
z=0.

Let P, = (1/n)d"f(») and O, = (1/n))d"f(0), neN. If 4 is an
n-homogeneous polynomial, the Taylor series expansion of the non-homo-
geneous polynomial v — A (v—y)atOis

~ n 1 Am A
A(v—y) =Zm=()ﬁ(d A(=y))(v) forall v.
Expanding the k-th partial Taylor series sum of f at y,

T, £,y(0) = D=0 P,(v—y) forall veE,

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



12 R. M. ARON AND P. D. BERNER

in this way we have
n 1 Am 5
T, 5,y (V) = Z’;=O(Zm=o;l—, d Pn(—J’)(D))
1 Am A
=Xh=o— d"Ei=n P (=) (@).
Therefore, d" (v, ;.,) (0) = d"(Y*_, P,) (=y), m =01, ..., k. Expan-
ding the polynomials T, P, (*—y), n = 0, ..., k, and using hypothesis (i)

we obtain:

'°=0(Tnf-.,)(v—y)=Z',:=o<2;.=oi,é'"m13,.>(—y>(v))
=% o*T d"'(z ,,,A,,)(—y)(v) for all ve G.

Substituting for an Ok P) (—y) we obtain:
© Thao(T, B)0=3) = Theor Tpd™ 5, 1, O)@) forall veG.
m!

Since o || x—y || < (1/3) R(»)and « || x || < (1/3) R (0), and (by assump-
tion) R (0) < R (y) we can find real numbers A, p, and ¢ such that

al|x|| <X<§R(O), A <p,

a||x—y||<p<:—1R(y) and 1<6<B—(X?

3p
By Cauchy’s inequalities applied to f—1, ,, , at 0:

~ 1~

]
Qm— n_’ldm‘[k,f,y(o) )"_msupveE, [lvll=2» ”f(v)_‘ck,f,_v(u)”

for all m, keN.

Now |[v|| =A and |p| < o implies

lu@=wn|[<o(lo|l+]||x|[+]x=y[D
<o(htal|x||+al|x—y]])
< 30p <R©Y) <1,(y, )

TOME 106 — 1978 — N° 1
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Hence:
M= (c—1)"'sup{||f (y+r@—y)|; veE, ||v]| =27 |p| =06} < 0.

Now applying [9] (lemma 1, § 6), we have

~

<A ™o *M for all m, keN.

1 ~
——d"v,;,,(0)
m!

Therefore, by the linearity of each T,, and the hypothesis on a,,, we obtain:

(D) T,0,— i‘ T,d"x ;.,©0)| <A ™6 *a, M.
m!

So for all keN:
| To f =T, f @] = || E-0 TwQn ()= Lzmo Ton Pu(x— )|
(using (C):
<1 Eekrs TuOn (|| +]| Lo TuOn ()~ Xk o—T "1y, 7., ()
1 X0 T P (x = 1)~ Yo Ty P (x— y)h
< icira || Tuul |l %"+ Thmo || T
+Tmrs || T Pl [ =y 1"
(using (D)):
<Z,°:=k+1|lém||am||xll'"
+ Xm0 M| x|"+ X5 et || Pl an | x=y ]

Al

Qm'—' - demtk,f,y(o)‘
m!

Since lim sup,, (|| O || @m || X [|YV™ < (1/re (0, /) o || x || < 1, it follows
that the first (and similarly the third) term above tendsto 0 as k — co. The
second term is dominated by (M/c*) Y'2_, (@,/a™) (o || x ||/A)". Since:

m\ 1/m
llmsupm( (aHxh)) <l g
o™ A A

the series is convergent and since ¢ > 1 the second term also tends to 0 as
k — co. Therefore T, f(x) = T, f(x) and (B) is established.

BULLETIN DE LA SOCIETE MATHEMATIQUE DE FRANCE



14 R. M. ARON AND P. D. BERNER

It only remains now to consider the case U = Eand R = c. Letn > 1
be an integer, and suppose x € G with || x || < n.  Then:

177 | = | Zio T " F Q)| < Biteo | — &7/ 0)
m! m!

a,n™

for all fes#y (o, E, F) = 4y, (E, F). The Cauchy estimates imply that

1 5 - .
__,d'”f(O) S(Zocn) msupzeE,”zHSZan“j(z)” fOl' all meN.
m!

So|| Tf(x) || < osup,,| <2a || /(@) || Where o = Y 2_, 2 oum) ™™ (@, n™) < 0.
Hence sup,, || 7f|| < osupy, || f]| for all fe#y, (E, F) where

D,={xeG;||x||<n} and B,={zeE;||z||<2an}.

Since {D, },.y is a fundamental sequence of bounded subsets of G, and
each B, is bounded, we see that T fe #y, (G, F) for all fe #y, (E, F)and
that T :# g (E, F) — #Hy, (G, F) is continuous. On the other hand,
restriction to E is obviously a continuous left inverse for T, so T is a strict
morphism and the proof is complete.

ProrosITION 2.1. — If E and F are Banach spaces, then there exists a
sequence of continuous linear mappings { Y,:L("E,F)y— L(E", F") }neN
such that ;

1° || ¥, || =1 for all neN;

22 Ay )=, Ay " for all 0<k <n, all yeE and all
AeL("E, F), and

3° 90 : Ly("E, F)— Ly ("E", F) = L("E, F") for all ke N where ¥? is
the restriction of ¥, to the subspace Ly (*E, F), and ® = K or WK.

Proof. — First we assume that the proposition is true when F = C. Then
the mappings { ¥, :L("E, C)— L ("E", C) },.y induce n-linear mappings
G, (E"'— (L ("E, C)) defined by

C,(x1, ..., xp): BeL('E, C)—(¥,B)(x], ..., xn)eC

for all (x},...,x))e(E")" and neN. The fact that {¥,}, satisfies
property 2° implies:

(@) Ce(xgs « ooy xk)(Byn—k) = Cnyn_k(xu s X) (B)

forall k, neN,0< k <n, Be L("E,C), ye E'and xy, ..., x, € E”, and
property 1° implies || ¢, || = 1.
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Now we let F be any Banach space and use the sequence of mappings
{ €4 }uen to construct mappings { ¥, : L ("E, F) > L ("E", F ") }, .y satisfy-
ing the proposition. For fixed n € N, we identify (isometrically) L ("E, F)
with L (Q?_, E, F) using the projective tensor product topology. Under
this identification 4 € Ly ("E, F) if, and only if, the associated mapping
A: @}, E—F is a compact (resp. weakly compact) mapping where
0 = K(resp. 6 = WK). A", the double transpose of a mapping
AeL(Q "E, F),is a continuous linear mapping from (Q "E)" ~ L ("E, C)’
into F" and if 4 is compact (resp. weakly compact) then A" is also and has
range in F (see [5]). Define ¥, by

Y,: AeL("E, F)> A"-(,eL("E", F"), for all neN.

|| ¥, || < 1since || 4]|| = || A" || and || &, || = 1, and since the composition
of a (weakly) compact mapping with the continuous n-linear mapping (, is
(weakly) compact, we have that ¥, 4 € L, ("E”, F') whenever A € Ly ("E, F),
where 8 = K or WK.

For each y e E, n, k € N satisfying 0 < k < nand 4 € L ("E, F) we have
have that ¢ o Ay" *e L (*E, C) whenever ¢ € F, so by (a) when
(x5, ..., X) € (B

G(xgs o ovs x) (@AY ™) = Cnyn—k(xp cen X) (@0 A).
That is
Ge(Xps - os Xp)o(4 yn_k)' = C,,y"—k(xl, R ALY
Hence
\Pk(Ayn—k)(xb s Xg)
=(4 yn_k)" Gi(xgs - x0)) = A" (G, y"_k(xp e Xp)
=Y, A) )" " (xq, ..., X).

Thus condition 2° holds for the sequence {¥,},. In particular, when
k =0, we see that the { ¥, } are extension mappings. Thus || ¥, || =1
so 1° is satisfied, and we have already seen that 3° holds. Therefore, we
need only consider the case F = C.

First we notice that for allne N, L ("E”, C) ~ (®}-, £ ") is a conjugate
space so, by example 1 of section 1, there is a natural norm 1 projection p,
of L("E", C)" onto L ("E ", C). Let @, be the mapping

®,: BeL(E,L("E", C))p,oB"eL(E",L('E", C)),

where B” is the double transpose, B” : E" — L(E ", C)". It is easy to see
that || ®, || = 1 and that @, is an extension mapping.
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16 R. M. ARON AND P. D. BERNER

Now we will define the sequence { ¥, : L ("E, C)— L ("E", C) },.x by
induction. Let ¥, be the identity on L (°E, C) = C = L (°E”, C) and let
¥, =®,:4eL(E,C)»> A"e L(E", C). Notice that

Yo(dy)=Ay= (¥, A)yl
for all y e E since @, is an extension mapping. Suppose that for some
m = 1, we have mappings ¥, :L("E,C)—> L("E",C), n=10,1, ..., m,
which satisfy 1° and 2° of the proposition. Let ¥,, be the mapping:
¥ : AeL("*'E, C)
—{¥,A: yeE~Y,(4y)eL("E", C)}eL(E,L("E’, C)).
Clearly || ¥, || = || ¥n]|| =1 so that
¥, ., =0,%,: L("'E C)>L(E',L("E", C))~L(""'E", C)
is of norm 1 since the natural isomorphism is isometric. Using the fact
that ®@,, is an extension mapping, it follows that, for all 4 e L ("*'E, C)
and yeE,

)] (A = (¥ D)) = @po ¥ A)(y) = (P14
So using the fact that 2° holds for » = m and (b), we have that for all
0< k<m+1 and all y€eE,

P (Ay" T = (Y)Y ) = (Eu Ay ym
=Wn+1 A)yl ym_k =Wn+e14) ,Vm+l_k-
Therefore by induction there is a sequence of mappings { ¥, },.y satisfying

1°and 2°. 'We complete the proof by noting that every C-valued continuous
multilinear mapping is (weakly) compact, and thus 3° holds trivially.

COROLLARY 2.1. — Let E be a Banach space, and F a €-space. If U c E
is open and non-empty, and fe # (U, F), then there exists a W < E", open,

and an fe%(W, F) such that U c W andf|u =f. We may take W to

be the set W={xeE"; e||x—y|| <r,[) for some yeU}.

Furthermore, there is a strict morphism T : #, (E, F) — #, (E", F) such
that Tf |y = f for all fe #, (E, F).

Proof. — The result follows immediately from the lemma once we set
R(@) = r,(,f) for all ye U and construct sequences

{T,: PCE, F)>PCE', Plyex  and  {a,}uen

satisfying the conditions of the lemma with o = e.
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Let neN and let { ¥, },.cn be the sequence of proposition 2.1. It is
easy to see that if 4 € L ("E, F ) is symmetric then ¥, 4 € L ("E”", F") is also
symmetric. Thus the restriction of ¥, to the subspace L, ("E, F') which we
also denote by ¥, maps L, ("E, F) into L, ("E", F"). Since Fis a #¢-space
there is a projectionw : F” — F. LetA = ||n||. Foreach Be L ,("E", F"),
wo Be L, ("E", F) and the mapping B+ w0 B is of norm A.

For each Banach space X, the mapping Be L, ("X, F) — Bew ("X, F)
is bijective with norm 1, and its inverse B> Bis of norm < n"/n! (see [9]).
Define T, : # ("E, F) — 2 ("E", F) for all ne N by

——

T,P=no%,P forall Pe?("E, F).

Clearly || T,|| < M (n"/n!). We also have that for each m, keN,
0 < k < m, each y e E and each ﬁe?("‘E, F):

—_— T
n(%é"ﬁ(w)=no\1'k<’,f)(Py“"k>

— T

(’:)no(w)y"""

| =

d“(T,, P)(y).

!

=

Finally we note that by Stirling’s formula

nn 1/n
limsupneN<7»—'> =e < 00.
n!

Hence the mappings {7, },.n satisfy the lemma and the proof is

complete.

COROLLARY 2.2. — Let E and F be Banach spaces. If U < E is open and
non-empty and fe#y (U, F) then there exists a W < E”, open, and an
fetHy (W, F)such that U = Wandf]v = f, where 8 = K (resp. 6 = WK).
We may take W to be the set W = {xeE";e||x—y|| < r(n.f) for
some ye U }.

Furthermore, there is a strict morphism T :#y, (E, F)— # g, (E", F)
such that Tf[E = f for all fe #y, (E, F), where 6 = K (resp. 0 = WK).
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18 R. M. ARON AND P. D. BERNER

Proof. — The proof is the same as for corollary 2.1, except that we define
the sequence { T, : 2y ("E, F) — P4 ("E", F) },cx by
~ N
T,: Pe?,('E, F)—~¥Y.PeP?,("E", F)
for allneN and 6 = K or WK.

PROPOSITION 2.2. — Let E and F be Banach spaces. If U < E is open
and non-empty and fe # . (U, F) then there exists an open set W < E" and

anfleC(W, F) such that U < Wandf[l, =f. We may take W to be

the set yy_ (xeE"; ||x—y]| <rs(. ) for some yeU).

Furthermore, there is a strict morphism T :# ¢, (E, F) — #, (E", F)
such that Tf |z = f for all fe # ¢, (E, F).

Proof. — The subspace topology on E induced by the weak* topology
o (E", E) on E” is just the weak topology on E. For each neN, each
Pe?;("E) ® Fis obviously weakly continuous and, as Eis ¢ (E", E) dense

in E”, P has a unique extension P by continuity. Pew +("E") ® Fand the

extension mapping P — P is a linear isometry. Hence it can be extended to
an isometry:

T,: 2;,CE)®F=2:(E, F)>?,(E)®F = 2:('E', F).

Let e E' and x€ F;then ¢"® x : ye E—~ (¢ (¥)) "x € F is an element
of ¢ ("E, F)and T, (¢" ® x) = ¢" ® x where ¢ is the extension of ¢ to E”
(by evaluation). Now, for all ye Eand keN, 0 < k < n:

Linwenn - (Z)(cﬁ(y»""‘é"@x - n(<z><¢(y)"“kmk®x)
- %ch?"(@"@x)(y).

Since the operators T, T,, and P> (1/k!) d* p (») are all continuous and
linear and since the span of polynomials of the form ¢” ® x is dense in
Pc("E, F) it follows that (1/k!) d* T,P(y)=(/k) T, dxp (») for all
neN,yeE PeP ("E,F)and keN, 0 < k <n. Since || T,|| =1 for
all n, we complete the proof by applying the lemma.

Remark. — Corollary 2.2 could be applied to the case 6 = C, as well as
to 06 = K, WK. However, the construction of proposition 2.2 allows
extensions to larger open sets W in this case.
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With the above results we may now easily prove the theorems of section 1.

Proof of theorem 1.1. — The implications (1) = (2) and (3) = (4) are
obvious.

(2) = (7): LetI : E 5 E " be the canonical inclusion. Since e # (E, E"),
(2) implies that there is an open set W < G, E = W, and a mapping

Ie%”(W E "yextending I. Let S = dt I(O)eL(G E"). Foreachxeg,

S (x) is then the directional derivative of I at 0 in direction x. It is easy to
check that S |z = I and so (7) is satisfied.

(5) = (6): Each ¢ € E’ belongs to #, (E, C) (0 = C, K, or WK). LetT
be the mapping of (5) and set ¢ = dy(r ¢) (0) e G'. Tt is easy to see that
the mapping ¢ € E'+— ¢ € G’ satisfies (6).

4) = (6): E' < o#, (E, C) so we may reason as above.

(6) = (7): Let T : E' — G’ be a mapping satisfying (6), let 7°: G" — E”
be its transpose and let S : G — E” be the restriction of 7’ to G. An
elementary calculation shows that S satisfies (7).

(7) = (1) and (3): Let S be a mapping satisfying (7) and let U < E, an
open set, and f e # (U, F) be given where Fis a ¥-space. By corollary 2.1,
there is an open set V' < E” and an f; € # (V, F) such that U < V and
fi |v = f; and there is a strict morphism T:#, (E, F) > #, (E", F) such
that ]~‘g|E =g for all ge#,(E F). Let W=S"1(V) and let
f=fioS:W—F. Ascomposition of a continuous linear mapping with
a holomorphic mapping is holomorphic, we have f~ejf (W, F) and it is trivial
to see that (1) is satisfied. Similarly 7' = ToS Hy (E, F)—H#, (G, F)is
a continuous linear mapping such that T'g IE = g, for all ge#, (E, F).
T is also a strict morphism as the restriction mapping g € 5, (G, F) — g | E
is a continuous left inverse for T, so (3) is satisfied.

(7) = (8) and (5): We reason precisely as in the case above using corol-
lary 2.2 for 6 = K or WK and proposition 2.2 for 8 = C in place of
corollary 2.1 above. We need to note, however, that if S : G — E” is any
continuous linear map and P e Z, ("E", F) then Po S € Z, ("G, F) for all
ne N, all Banach spaces Fand 0 = C, K or WK. Hence the composition
of a continuous linear map with a holomorphic map of type 6 is again
holomorphic of type 0, (6 = C, K, or WK).

It only remains to show that if E has the bounded approximation property,
then (8) = (7). By condition (8), if E has the bounded approximation
property with constant C, and if T : E — F'is a continuous linear finite rank
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operator, there is a holomorphic function T : W— F which extends T, ,
where E = W,and WisopeninG. Then T, = d' T(0)isalinear extension
of T to G, and as in [7] for some m > 0, independent of T and F,
|| T || S m|| T||. Now, let H < E be a finite dimensional subspace and
lete > 0. Choose Te E'Q E, || T|| < C, such that

Th—h|| <e(heH, ||h]| < 1),
(7

and let T, be a linear extension of Twith || T || < m || T|| < m C.  Thus,
for each pair (H, €), we obtain linear mappings T and T, as described
above. Partially order the collection of such pairs by (H, &) > (H', &") if
H> H' and e<¢’, and consider the compact set X=[], ¢ Bz~ (0, m C|| y|)),
where each closed ball Bg. (0,m C ||y ||) has the o (E”, E’) topology. For
each (H, €), we get a point 0, ., in X, given by 04 ., (») = T; (¥). An
argument similar to that described in [7] yields that the linear operator S
corresponding to a limit point of the net { 6, ,, } is an extension of id |
proving condition (7). QED.

Proof of theorem 1.2. — Let E, G and F be real Banach spaces and
let E;, G and F denote their complexifications: E, = E @y C, etc.

Let U = E be open and non-empty, and let fe o/ (U, F). f may be
continued analytically to an open subset U, = E, U = Uy, and its analytic
continuation f; is an element of # (U, F¢). In particular, if U = E and
fes, (E, F), then E; = E. and f. € #, (Ec, Fo). Furthermore, using a
resultin [9], if f€ /4 (U, F) then fo € #y (U;, F) when 6 = C, K, or WK.

Now suppose the mapping S : G — E " satisfies (7) of theorem 1.2. Then
Sc i x+iye G S (x)+i S (y) € E{ satisfies (7) of theorem 1.1. Hence
if Fis a ¥-space there is a W < G open and an f:: e (W, F¢) such that

Uy = W and ﬁ:lw =f.. Let V=WnG and let f=pof. where
p : F.— F is the projection onto the “real part’” of F.. Then U < V,
V is open in G, fesd (V, F) and f|y =f Hence (7)=(1). If
T :H#, (Eg, Fo) = H#y (G, Fo) is the mapping of theorem 1.1 (3), with F a

%-space, then
P To: festy(E, F) = (po TSO)|ce4,(G; F)

satisfies (3). The implications (7) = (5) and (7) = (8) are proved similarly.
For all the remaining implications, we may argue as in the proof of
theorem 1.1.
Remarks. — A particular case of theorem 1.1 gives conditions in which
every element P of 2 ("E; C) extends to an element P of 2 ("G; C). Unlike
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the linear case, it is not in general possible to ensure that || P || = || P || for
n>1. We are grateful to R. M. SCHOTTENLOHER for allowing us to use the
following example, illustrating this. Let G = C°, with the supremum
norm, and let E= {(x,5,2)eG; x+y+z=0} with basis vectors
v=(1,—-1,0) and w= (1,0, —1). Let Pe 2 (*E; C) be defined by
P(av+Pw)=o’+ap+p> Then || P|| =1, but ||1;|| > 1 for every
extension P of P to 2 (*G; C). In fact, if (x, 3, 2)€E, ||(x »,2) ||l =1
with, say, | x| = 1, then

|P(x, y, 2| =|y*+yz+2*| = [y(r+2)+2°| = | P(Ax, Ay, h2) |

for any complex number A of modulus 1. Thus, | P (x, y, 2) | = | y+2*|,
where we may assume that y+z = 1, and it is routine to verify that
| +2%| < 1in this case. Thecases where |y | = 1and |z | = 1 are treated

in exactly the same manner. Now, let u = (1, 0, 0), and let Pe 2 (*G;
C) be any extension of P,

IN’(av+Bw+yu) =o?+oaB+P2+8, Y2+ 8, ay+3; By.

If |P]|=1, then |P(L, 1, =1)|, |P(1, =1, )|, |PG, —1,1)], and
|};(i .1, =1 [ are all no bigger than 1. The first two inequalities imply
|1+8,| <1 while the last two imply |1—-8,| < 1. Hence 3, = 0.
Finally, | P(1, 1, 1)| < 1 and | P(—1,1, 1)| < 1 respectively yield that
| 1-(8,+83) | < 1/3 and | 3—(8,+8;) | < 1, which is impossible. Thus,
the norm of P must be strictly larger than 1.

Theorem 1.1 characterizes pairs of spaces E = G for which extensions of
many vector valued holomorphic extensions exist (conditions (1), (3), (5)
and (8)) and for which scalar valued extensions exist and are given by a
continuous linear extension mapping (conditions (4) and (5)). The question
remains whether given a pair of spaces £ < G not satisfying say (6) or (7),
do extensions of scalar valued holomorphic functions exist, though not given
by a continuous linear extension mapping? In general, the answer is no as
illustrated in the following example. However, if we restrict the class of
holomorphic functions to a sufficiently small class (nuclear bounded type
described below) then the answer is yes for all pairs £ = G (theorem 2.1)
and we may even allow vector values.

Example2.1. — Let p be an integer > 2andlet E = (L, (n), || ||,). Then
E can be isometrically embedded in a space G having the polynomial
Dunford-Pettis Property (PDP). For example (see [12]), we may take
G = C(K), K = the weakly compact unit ball of E’.  When E is infinite
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dimensional, the function P : fe E — | f? duis a p-homogeneous continuous

polynomial on E which cannot be extended as a holomorphic function to
any open set in G containing E.

Indeed, if W < G were open, E = W, and there existed a g e # (W, C)
such that g | = P, then P= 1/ph) dr g (0) would be an element of Z (?G, C)
satisfying P IE = P. But G has PDP, so P would be weakly continuous,
hence P would be weakly continuous on E which is clearly not the case.

BoLAND showed in [2] that every entire function defined on a closed
subspace of the dual of a Fréchet-nuclear (DFN) space has an extension to
an entire function on the larger space. Entire functions defined on a DFN
space correspond in form to the ‘“nuclear bounded type’’ of Banach spaces.
Motivated by this fact we will prove a similar result in the class of Banach
spaces for entire functions of “nuclear bounded type”’.

DEFINITION. — Let E and F be Banach spaces and let n € N.  The nuclear
norm || ||y is defined on 2, ("E) ® F by

| Pily = inf {1l ol["i x: ]I e,
and P=)'7_,0'®x;; ¢;€E, x;eF}.

The completion of (#?;("E) @ F, || ||y) is denoted by # ("E, F) and can
be identified algebraically with a subspace of ? ("E, F).

Hyp (E, F), the space of entire mappings of nuclear bounded type from E
into F is defined as follows: fe#y, (E, F) if, and only if, fe # (E, F),
alf\"f(O) e 2y (*E, F) for all k € N, and lim sup, .y (|| (1/kYy d* £(0) ||y 7*=0.

The sequence of norms

| |ln: Fetn(E Py Xz om®||(1/kYd" £ (0)||

defines a Fréchet topology on #,, (E, F).
The proof of the following theorem is modelled on the method used by
BoLanD [2].

THEOREM 2.1. — Let G and F be Banach spaces and let E be a closed subs-
pace of G. Then the restriction mapping:
R: fe# (G, F) f|pe#yy(E, F)
is a strict morphism onto # y, (E, F).

Proof. — Leta > 0,neNandlet B, = { Pe 2, ("E) ® F;|| P ||y < a}.
For each P € B, there exists reN, ¢y, ..., ¢, € E' and x;, ..., x, € Fsuch
that P =)"_, ¢! ® x;. By the Hahn-Banach theorem, there exists
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04, ..., , € G’ such that ¢, |E~= ¢;and || @; || = || (p,.||,i=~1, v, r It
follows that there exists a Pe2,("G) @ F such that P|; = P and
Pl =12y Let

D,={Pe?y("G, F); || P||y < a}.

Then R(D,) o B,, so

o

R(D,) > {PePy("E, F); || P||ly < @} = B,.

It follows from the continuity of R and the completeness of 2, ("E, F)
{see [14], p. 76) that R(D,,,) > B, for all a, & > 0. Let fe#y, (E, F)
and let Y@ P, be the Taylor series of fat 0. Then, for each n € N there
exists a Pe 2, ("G, F) such that P, |¢ = P, and || P, v < || Pu|ly+n
Let f(x) = )2, P,(x). Since

lim sup, (| I~’,,”N)”" < lim supn( || P, ||3"+ 1) =0,
n

it follows that f~ (x) is defined for all x € G, that f~ €H y, (G, F) and that

fle =f Hence R:#y, (G, F)— #y, (E, F)is onto. It is also a conti-
nuous map between Fréchet spaces so it follows that R is a strict morphism
onto.
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