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STRONG ALGEBRABILITY AND RESIDUALITY ON
CERTAIN SETS OF ANALYTIC FUNCTIONS

M.L. LOURENCO AND D.M. VIEIRA

ABSTRACT. We show that the set of analytic functions
from C2 into C2, which are not Lorch-analytic is spaceable
and strongly c-algebrable, but is not residual in the space
of entire functions from C2 into C2. We also show that the
set of functions which belongs to the disk algebra but not a
Dales-Davie algebra is strongly c-algebrable and is residual in
the disk algebra.

1. Introduction. In the last two decades there has been increasing
interest in the search of nice algebraic-topological structures within sets
(mainly sets of functions or sequences) that do not themselves enjoy
such structures. In this note, we study algebraic-topological structures
in certain sets of analytic functions.

Now we fix the notation. The space of all analytic functions from C?
into C?, endowed with the compact open topology 7o, will be denoted by
H(C?,C?). We note that (H(C?,C?),7g) is a Fréchet algebra. Consider
C? as an algebra with the usual product. We denote the set of all
(L)-analytic functions from C? into C? by H(C?,C?). The class of (L)-
analytic mappings (cf. Definition 2.1) was introduced by E.R. Lorch in
[12]. We call by G =H(C?,C?)\H(C?,C?). If D denotes the open unit
disk on the complex space, then for each specific sequence of positive
numbers M = (M, )nen, the set D(D, M) introduced by Dales and Davie
[10] is a subalgebra of the disk algebra A(D). As usual, we call these
algebras Dales-Davie algebras and we write H(M) = A(D)\ D(D, M).

There is extensive literature on these kind of functions; see for
instance [1, 2, 10, 11, 13] for Dales-Davie algebras and [12, 14, 15]
for (L)-analytic mappings.
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As we can see, these are different classes of analytic functions. In
our work we are interested to see, in a linear/algebraic and topological
sense, whether or not those differences are big. In this direction, our
aim in this paper is to establish some structure in the sets G and H(M).
Indeed, we show that G is spaceable and strongly c-algebrable, but is not
topologically large, while H (M) is strongly c-algebrable and residual,
that means it is topologically large. Research on the theme of describing
spaceability, algebrability and residuality has been carried on in recent
years, see among many others [3, 4, 5, 6, 7, 8, 9, 13].

Next we recall some definitions. Let B be an algebra over K=R or
C. In this paper, the dimension of B, denoted by dim B, will always
refer to its dimension as a vector space.

Let S={z; : i €1} be a subset of an algebra B. The algebra generated
by Sis the set A(S)={XF_, o 2/, a; €K, z €S, k€N, i€ I}, and the
set S is called a system of generators of A(S). A system of generators
S is minimal if for every ig € I, 2z, ¢ A(S\ {zi,}). Moreover, the set
S is free or algebraically independent if P(z;,, ..., %, ) =0 implies that
P=0, for PeClzy,...,2,] and z;, ..., 2;, €.

If Y is a topological vector space, a subset A of Y is called: lineable
if AU{0} contains an infinite-dimensional vector space; spaceable if
AU {0} contains a closed infinite-dimensional vector space; mazimal
lineable it AU{0} contains a vector subspace S of Y with dim S =dim Y
dense-lineable if AU {0} contains a dense infinite-dimensional vector
space. If Y is a function algebra, A C Y is said to be:algebrable if there
is an algebra B C AU{0}, such that B has an infinite minimal system
of generators; A is strongly a-algebrable if A admits a free system of
generators S such that card(S) = a. We will write card(R) =¢. If Y is
a Fréchet space, a set A CY is called residual in Y it Y\ A=U,_, Fy,
where the closure of each F,, has empty interior. So, by Baire’s theorem,
residual sets are topologically large. For background on above concepts
we refer to [6, 7, 8].

2. Strong algebrability and spaceability of G. Lorch introduced
in [12] a definition of analytic functions (see Definition 2.1) that have
for their domains and ranges complex commutative Banach algebras
with identity.
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Definition 2.1. Let F be a commutative Banach algebra with identity
over C. A mapping f: E — FE has a derwative in the sense of Lorch in
w € F if there exists ¢ € E such that

Ifwth) = fw) =l

s A

0.

If f has a derivative in the sense of Lorch throughout a neighborhood
of w, we say that f is Lorch-analytic (or (L)-analytic) in w.

We say that f is (L)-analytic in E if f is (L)-analytic at every point
of E. We denote the set of all (L)-analytic functions from E into F by
Hi(E,E).

Remark 2.2. Let f: E — E be a (L)-analytic function at w € E. So,
the element ¢ € E given by Definition 2.1 is unique. It is called the
(L)-derivative of f at w and is denoted by ( = f'(w).

Tt is clear that an (L)-analytic function is differentiable in the Fréchet
sense and hence holomorphic. However, not every Fréchet-differentiable
function on a commutative Banach algebra with identity is analytic in
the Lorch sense. Accordingly, the Lorch theory is the richer.

The following example is well known but we include here without
details for the sake of completeness. Consider in C? the usual product
(21,w1) - (22, w2) = (21 29, w1 w3), for all (z1,w1), (22, w2) € C2, and the
norm ||(z,w)| = max{|z|,|w|}, for all (z,w) € C2. Let F:C? — C? be
given by F(z,w) = (w, z), so F is analytic but it is not (L)-analytic.
Thus the set G = H(C?,C?)\ H(C?,C?) is not empty and G is not a
vector space. Then it seems natural to study some algebraic structure
inside G.

Now we give a definition, which follows from [6, Section 7.5]. A
function ¢ : C2 — C? is called a two-variable exponential-like function if
o) = (L e, Y e )

j=1 k=1
for all (z,w) € C?, a;,bj,ck,d, € C\{0}, j=1,...,mand k=1,...,n,
such that s are distinct and dj s are distinct. We denote by £(C?,C?)
the set of all two-variable exponential-like functions ¢ : C2 — C2.
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Using the function F: C? — C? given in the example above we present,
in the next proposition, a family of functions which belong to G, and
that will be useful for our results.

Proposition 2.3. For each ¢ € £(C?,C?), then po F € G, where
F(z,w) = (w,z2), for all (z,w) € C2.

Proof. We observe that f = o F' is given by

f(z,w) = <Z a;ebi®, chedkz), V(z,w) € C2.
j=1 k=1

By Hartogs’ theorem [16, Theorem 36.1], it follows that f € H(C?,C?).
It is enough to show that f is not (L)-differentiable at w = (0,0). So let
¢ =(z1,%2), and h = (¢, At), with t > 0 and 0 < |\| < 1. Then ||k =t
and in this case if the limit

Z;-n:l a; (e”bi — 1) —tz Yr_ (etdk — 1) — M2zo
t ’ t
is zero, then (21, 23) would depend on A, contradicting the fact that
¢ = (21, 22) is unique. Therefore f cannot be (L)-differentiable at the
origin, hence not in C2. O

lim
t—0

Let f € H(C?,C?). For each a > 0 consider f,(z,w) = f(a(z,w)),
for all (z,w) € C2. Then, for every a >0, f € H(C? C?) if and only if
fo € H(C?,C?). This fact allows us to exhibit more elements of G:

Lemma 2.4. If f € G, then f, €G for each a > 0.

Proposition 2.5. Let f: C2 — C? be given by f(z,w) = (e¥,e?).
Then {fao : a > 0} is a linearly independent set in H(C? C?) and
[fo : @>0] C GU{0}.

Proof. Let C ={f,:a>0}. Clearly
[Clc{poF, pe&(C?C?*)}u{o}

and hence, by Proposition 2.3, C C [C] € G U{0}. Now, it is suf-
ficient to prove that C is linearly independent. First suppose that
Sonei Bk far(z,w) =0, for all (z,w) € C?, where 8, €C, for k=1,...,n.
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In particular, 81 e** + By €*2% + -+ 4 3,e** =0 for all x € R. Taking
n derivatives and setting z =0, we obtain Y ;_, Bral =0, j=1,...,n.
Since the o s are pairwise distinct, we have fy =y =--- =4, =0. O

It follows from Proposition 2.5 that G is maximal lineable, since
by Baire’s category theorem, the dimension of any separable infinite-
dimensional Fréchet space is ¢. Consequently, G is lineable. In general,
lineability does not imply dense-lineability. But in this case H(C?, C?)
is a separable Fréchet space and H(C?,C?) is a vector subspace of
H(C2,C?). Then [6, Theorem 7.3.3] shows that G is indeed dense-
lineable. Maximal lineability also does not necessarily imply spaceability.
However, in [6, Theorem 7.4.1] the authors showed a general theorem,
which allowed us to prove that G is spaceable. To see this, we need to
recall some definitions. Let M be a subspace of a vector space V', then
each element v+ M of the quotient space V/M will be denoted by 9,
for all v € V. Recall that the codimension of M in V is the dimension
of the quotient space V/M.

For the reader’s convenience we repeat a statement from [6].

Theorem 2.6. [6, Theorem 7.4.1] If Y is a closed vector subspace of
a Fréchet space X, then X \'Y is spaceable if and only if Y has infinite
codimension.

Proposition 2.7. G is spaceable.

Proof. Let f:C?— C? be given by f(z,w) = (e”,e?) and consider
the set of classes C = {fa : a > 0} contained in the quotient space
H(C?,C?)/H(C? C?). Suppose that > ,_, kaak =0, where 85 € C,
for k=1,...,n. This implies that g = _,_, Bk fa, € Hr(C? C?) and
g =0, because if g # 0, using Proposition 2.5 we have that g € G, which
is a contradiction. Applying Proposition 2.5 again, we have that the
family C is linearly independent, so H(C?,C?)/H(C?, C?) is infinite-
dimensional. Since (Hz(C? C?),7,) is closed in (H(C? C?),7,) ([14,
Proposition 2.4] and 79 = 73 in Hr(C2,C?), it follows by Theorem 2.6
that G is spaceable. O

In [6], the following criterion for strong algebrability is presented.
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Theorem 2.8. [6, Theorem 7.5.1] Let 2 be a nonempty set and let F
be a family of functions Q2 — K, where K=R or C. Assume that there
exists a function f € F such that f(Q) is uncountable and po f € F,
for every exponential-like function ¢ : C — C. Then F is strongly c-
algebrable. More precisely, if H C (0,+00) is a set with card(H) = ¢
and linearly independent over the field Q of rational numbers, then
{expo(rf) : re H} is a free system of generators of an algebra contained
in FU{0}.

By adapting the proof of Theorem 2.8 to the two-variable case, it is
possible to obtain the following result.

Theorem 2.9. G is strongly c-algebrable.

Proof. For each r € R, consider f,.(z,w)=(e",e™), for all (2, w) € C2.
If H C (0,400) is a set with card(H) = ¢ and linearly independent over
the field Q of the rational numbers, we will show that the set {f, : r€ H}
is a free system of generators of an algebra contained in G U {0}.

Let P be a nonzero polynomial in N complex variables without
constant term, that is,

P(z1, 20, ..., 2N Z ]1) k(ﬂ) _.chv(j,N)7
where a1, ..., @, € C\{0} and the matrix [k(j,1)]7=,""%" of nonnegative

.....

integers has distinct zero rows.

If r1,79,...,75y € H, the function ¥ : C> — C? given by ¥ =
Po(frs fras---s fry) is of the form

P(fﬁ;fr27 ceey er)(Z,w)
03 (o (2 0) 0D (f (2, 0) MO (f (2 10)) )

M-

.
Il
=

_ (eGP HRGN TN (R rat k(G N)T)=)

aj

I

Il
=

J

Thus, the numbers b; := leil rik(j,1) are distinct and nonzero,
due to the Q-independence of H. Hence the function ¢(z,w) =
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(X7t ajebs=, 370 age™) belongs to £(C?,C?) and ¥ =gpoF € G
by Proposition 2.3.

If U=(0,0) then p=(0,0), since F(C?)=C2. But p= (1, p2), where
p1(w) =" azeb” =0 for all w € C and pa(2) = Y1, are’* =0 for
all z € C. Hence ¢ = (0,0) would contradict the fact that ¢; and 9
have each one at most a countable number of zeros (see the first part of
the proof of [6, Theorem 7.5.1]). Consequently ¥ = 0 and, by Theorem

2.3, ¥eg. O

Remark 2.10. As H(C?,C?) is of the second category, the set G is
not residual in H(C?,C?). Indeed, H(C? C?)\ G = H(C? C?), and
H 1 (C?,C?) is Fréchet space. So G is not topologically large.

3. Maximal lineability and Residuality of H. Let D C C denote
the open unit disk, that is, D ={z € C : |z| < 1}. The Banach algebra
of all continuous functions on D that are analytic on D with the sup
norm is denoted by A(D). As usual we call A(D) the disk algebra.

Let X C C be a perfect and compact set. A complex valued function
f: X — C is differentiable at a point zg € X if the following limit exists:

1y = pin 4 (2) = f(20)
f(20) = %lznfl(o ﬁ-

A complex-valued function f is differentiable on X if it is differentiable
at every point of X. The algebra of all functions on X with continuous
n-th derivative is denoted by D" (X), and D*°(X) denotes the algebra
of functions on X with derivative of all orders. We denote by (™) the
n-th derivative of f and ||f||x =sup,cx |f(2)]. We denote by Ry(X)
the algebra of all rational functions with poles off X.

Let (M,)nen be a sequence of positive numbers such that My =1,
and for each n > 1,

M, n
T > <k<n).
MM (k) (0<k<n)

The sequence M = (M, ),en is an algebra sequence if it satisfies the
above conditions.
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The Dales-Davie algebras on X are defined by
D(X,M) =1 f e D®(X) : iw<+oo .
7 n=0 Mn

The norm on D(X, M) is defined by || f|| = > oe | £ x/M,. These
algebras were introduced and studied by Dales and Davie in 1973 [10],
and have been investigated by Abtahi and Honary in ([1], [2] and [11]).

For each sequence M = (M,,)nen of positive numbers, D(X, M) is a
normed vector space. When M = (M,,),¢n is an algebra sequence, then
D(X, M) is a normed algebra.

When X = D it follows that D(D, M) is a subalgebra of A(D).
However, H(M) = A(D) \ D(D, M) is not a vector space, hence is
not an algebra. In [13] we have shown that H (M) is algebrable and
spaceable, for several algebra sequences M = (M,,)nen. In this note
we show that the set H (M) is residual, strongly c-algebrable and we
determine a linearly independent set in H (M), giving us another way
to see that H (M) is maximal lineable.

Let « be a real number such that 0 < o < 1. For each f € A(D), we
define f,: D — C by fu(2) = f(az), for all z € D. Then it is clear that
fa € A(D). Weset D, ={z€C : |z|<a}.

The following lemma was inspired by [7, Lemma 4].

Lemma 3.1. Let f € A(D) such that f is not a polynomial. Then the
family {fo : 0 < a <1} is linearly independent.

Proof. Let ¢1,¢a,...,cny€C,0<aq,as,...,ayny <1 and suppose that
ng’:l ¢k fo, =0. We can assume that N >2 and oy < ae <--- < an.

Since f € A(D), then f(z) =Y 7, a,z", uniformly on 6D, where
0 <0 < 1. Then we have that

N N o0
Z Ch fop (2) = Z enflagz) = ch Z ap o 2" =0, for all z€éD.
k=1 k=1 k=1 n=0

Since the series converges uniformly, it follows that a,(ciaf + -+ -+
enaf) =0, for all n e N.



STRONG ALGEBRABILITY AND RESIDUALITY 1969

As f is not a polynomial, then there exists an increasing sequence
(nj)jen such that a,; # 0, for all j € N. Then in particular we have
that: cloz;” +- - +cNaX,j =0, for all j € N. If ¢y # 0 then

n; nj N-1
1— cray’ +- -t eN_10 . Z Ck (ak )”]’
- on \an .

.
CNOQp; i
By taking j — oo we find a contradiction, so that ¢y =0, and inductively
we have ¢y =co=---=cn_1 =cny =0, and then the family {f, : 0<a <1}
is linearly independent. O

Our main goal is to display a vector space in H(M) for some M,
which has a uncountable system of generators. The following fact, which
was observed by Dales and Davie in [10], can be used to find algebra
sequences M = (M, )nen such that H(M) # &.

Theorem 3.2. [1, Theorem 2.3] Let X C C be a perfect compact set.
Then Ro(X) C D(X, M) if and only if lim,,_, o (n!/M,)"/™ =0.

If we take M,, =n!, for all n €N, then we have lim,, o (n!/M,)*/™ #0.
So Ro(X) € D(X, M). In this case we use H instead of H(M).

Proposition 3.3. Let f(z) =

P Then [fo : 3 <a<1]C HU{0}.

Proof. Let us first observe that each f, € H. By a simple calculation
of the derivatives of f,, we get

2 200 \"
()| — 7 (n) _ AT n+l _ )
1) llp = o I(Fallp = o ntIF 55 =nt 5= (5752

Since a > 2, it follows that Y o |[(fa)™|/5/n! = 400 and hence
fa €H.

Let g€ [fa: 2<a<l] Theng:Zleﬁjfaj,for B; € C\ {0} and
%<ozj<1, for j=1,...,k. Then

k k 1 n+1
0 () =385 £ = 3 By ol nl(~1)" ( ) .
j=1 j=1

To prove that g € H, we show that lim |¢(™)(1)/n!| = +o0. We write
n—oo
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2(1]‘
QCVJ' -3

20;
2ij -3 '

(n)(1 b
g™ Q) _ (=1)"D;CY,  where Cj = and Dj =

n!
i=1

J

We suppose without loss of generality that Cy > Cy > --- > C). Then

9(2!(1) —or(-1)" (Dl + Dy (g—j)n +D3(%)n - (C’“)> .

Now

lim <D1 + D2(@)n + D3<%)n T +Dk(C‘“)n) — Dy,

n—o0 01 01 Cl

. . . 1g™()
and since |C| > 1 we have 11_>m |C7(=1)"| =+o0. Then h_)m ’ py ‘ =
400, and the result follows. O

Remark 3.4. In [13, Proposition 2.3] we showed that H is spaceable,
then H is maximal lineable. Now, since every element of H is not
a polynomial, we can apply Lemma 3.1 for % < a <1 and get that
{fa : % < a < 1} is linearly independent, and by Proposition 3.3
[fa : 2 <a<1] CH. Hence H is maximal lineable.

In [13] we showed that # is algebrable. Now, using Theorem 2.8 it
is possible to get a better result.

Proposition 3.5. H is strongly c-algebrable.

Proof. Let f(z) =1/(z+2), for all z € D. Using Lemma 2.2 of
[13], we have f € H. Consider ¢ : C — C an exponential-like function
given by ¢(z) = ZT: aje’*, for all z € C and for some m € N, where
ai,...,am € C\{0} and some distinct by, ..., b, € C\{0}. One can see
that the proof of Theorem 3.3 of [13] works the same for this general
¢, since the b’s are distinct. Then o f € H. As f(D) is uncountable,
then it follows by Theorem 2.8 that H is strongly c-algebrable. O

We finish this section by studying the residuality of H in A(D).
Theorem 3.6. H is residual in A(D).

Proof. We show that H = ﬂzozl S, where the S,, are open and dense
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sets in A(D). We define
S k)HD

Sy {feA Z

k=0

>n} and S, Uva”'

m>n

Let f € H. Since Y poy | £ ¥ 5/k! = +00, given n € N there exists
m € N such that f € S, and m > n. Therefore H = ﬂflo:l S.

Since it is clear that each .S,, is open let us finish the proof by showing
that each S,, is dense in A(D). Given n €N, g € A(D) and ¢ > 0, we
want to show that B(g,e)N S, # <. If g € H, then it is clear. If g ¢ H,
then "7 o [l9™ | 5/k! =r. Let

e 1

f(z)= 25,_9
Then f € H and ||f||5 <e. Let us show that f+g € S,. We know that
there exists m € N such that m >n and >_,— || f*®)||5/k! > r+n. Then

(k) 4 k) (k) (k)
ZHf +g 75 lef 3 leg ||D>T+n —n,

which shows that f+4+g¢g € S,,. O

Similarly to [13], in the next corollary, we show that not only H is
maximal lineable, strongly c-algebrable and residual, but actually there
is an infinite collection of algebra sequences (M, )nen such that H (M)
also have these properties.

Corollary 3.7. Let (M,)nen be an algebra sequence such that M,, <nl,
for alln e N. Then H(M) is mazimal lineable, strongly c-algebrable and
restdual.

Proof. If M,, <n!, then H C H(M). The proof of Theorem 3.6 is
also valid in this case. O

Remark 3.8. If 0 < a <1, let M,,:=a"n! for all n € N. Then (M,)nen
is an algebra sequence such that M,, <n!, for all n € N.

Acknowledgment. We thank the referee for suggestions that have
improved the paper.



1972 M.L. LOURENCO AND D.M. VIEIRA

REFERENCES

1. M. Abtahi and T.G. Honary, On the mazimal ideal space of Dales-Davie
algebras on infinitely differentiable functions, Bull. London Math. Soc. 39 (2007),
940-948.

2. M. Abtahi and T.G. Honary, Properties on certain subalgebras of Dales-Davie
algebras, Glasgow Math. J. 49 (2007), 225-233.

3. R.M. Aron, V.I. Gurariy and J.B. Seoane-Septilveda, Lineability and spaceability
of sets of functions on R, Proc. Amer. Math. Soc. 133 (2005), 795-803.

4. R.M. Aron, D. Pérez-Garcia and J.B. Seoane-Sepilveda, Algebrability of the
set of non-convergent Fourier series, Studia Math. 175 (2006), 83-90.

5. R.M. Aron and J.B. Seoane-Sepilveda, Algebrability of the set of everywhere
surjective functions on C, Bull. Belg. Math. Soc. 14 (2007), 25-31.

6. R.M. Aron, L. Bernal-Gonzélez, D.M. Pellegrino and J.B. Seoane-Sepiilveda,
Lineability: the search for linearity in mathematics, CRC Press, Boca Raton, FL
(2016).

7. L. Bernal-Gonzalez and A. Bonilla, Families of strongly annular functions:
linear structure, Rev. Mat. Complut. 26 (2013), 283—-297.

8. L. Bernal-Gonzélez, D.M. Pellegrino and J.B. Seoane-Sepilveda, Linear subsets
of nonlinear sets in topological vector spaces, Bull. Amer. Math. Soc. (N.S.), 51
(2013), 71-130.

9. L. Bernal-Gonzalez and M.O. Cabrera, Lineability criteria, with applications,
J. Funct. Anal. 266 (2014), 3997-4025.

10. H.G. Dales and A.M. Davie, Quasianalytic Banach function algebras, J. Funct.
Anal 13 (1973), 28-50.

11. T.G. Honary, Relations between Banach function algebras and their uniform
closures, Proc. Amer. Math. Soc. 109 (1990), 337-342.

12. E.R. Lorch, The theory of analytic functions in normed abelian vector rings,
Trans. Amer. Math. Soc. vol. 54 (1943), 414-425.

13. M.L. Lourenco and D.M. Vieira, Algebrability of some subsets of the disk
algebra, Bull. Belg. Math. Soc. 23 (2016), 505-514.

14. L.A. Moraes and A.L. Pereira, Spectra of algebras of Lorch analytic mappings,
Topology 48 (2009), 91-99.

15. L.A. Moraes and A.L. Pereira, Duality in spaces of Lorch analytic mappings,
Quart. J. Math. 67 (2016), 431-438.

16. J. Mujica, Complex analysis in Banach spaces, North-Holland, Amsterdam
(1985); reprinted Dover, New York (2010).

DEPARTAMENTO DE MATEMATICA, INSTITUTO DE MATEMATICA E ESTATISTICA,
UNIVERSIDADE DE SAO PAULO, RuA Do MATAO 1010, CEP 05508-090, SA0 PAuLO,
SP, BRAZIL

Email address: mllouren@ime.usp.br

Email address: danim@ime.usp.br



