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ABSTRACT. A topological description of various generalized function algebras
over corresponding basic locally convex algebras is given. The framework
consists of algebras of sequences with appropriate ultra(pseudo)metrics defined
by sequences of exponential weights. Such an algebra with embedded Dirac’s
delta distribution induces the discrete topology on the basic space.

1. INTRODUCTION

After Schwartz’ “impossibility result” [I8] for algebras of generalized functions
with a prescribed list of (natural) assumptions, several new approaches have ap-
peared with the aim of applications in nonlinear problems. We refer to the recent
monograph [9] for the historical background as well as for the list of relevant ref-
erences, mainly for algebras of generalized functions today called Colombeau type
algebras (see [1], [2], [B], [8], [12]). Colombeau and all other successors introduce
algebras of generalized functions through purely algebraic methods. By now, these
algebras have become an important tool in the theory of PDEs, stochastic analysis,
differential geometry and general relativity. We show that such algebras fit in the
general theory of well-known sequence spaces forming appropriate algebras. These
classes of algebras of sequences are simply determined by a locally convex algebra
E, and a sequence of weights (or sequence of sequences), which serve to construct
ultra(pseudo)metrics.

From the beginning, the topological questions concerning such algebras were
important. We refer to the papers [2] where the classical topology and a uniform
structure were introduced in order to consider generalized functions as smooth func-
tions in appropriate quotient spaces. Then the sharp topology [I3] was introduced
in connection with the well-posedness of the Carleman system with measures as
initial data. Later it was independently reintroduced and analyzed in [I7], where
the name “sharp topology” appeared. It remained an open question whether the in-
troduced topologies were “good enough”, because they induced always the discrete
topology on the underlying space.

We show that the topology of a Colombeau type algebra containing Dirac’s
delta distribution § as an embedded Colombeau generalized function must induce
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the discrete topology on the basic space E. In the authors’ opinion, this result is
somehow in analogy to Schwartz’ “impossibility result” concerning the product of
distributions, as explained in Remark A2

We mention that distribution, ultradistribution and hyperfunction type spaces
can be embedded in corresponding algebras of sequences with exponential weights
(cf. [4]). More general concepts of generalized functions not anticipating embed-
dings as well as regularity properties of generalized functions can be found in [16]
and [L1].

Let us point out that our sequential approach presents some analogy with non-
standard analysis, which can be viewed as refinement of an ultrapower construction.
Therefore, the sequences of weights we consider are related to some infinitesimal
which appears in the non-Archimedean field of Robinson asymptotic numbers and
in spaces of asymptotic functions. We refer the reader to [15][10] for an introduction
to nonstandard analysis and the related question of non-Archimedean fields, and to
[14, [19] for a nonstandard approach to nonlinear theories of generalized functions
and applications.

To be short, we give most examples only for spaces of functions defined on R?,
although the generalization to an open subset of R? is straightforward.

2. GENERAL CONSTRUCTION

Consider a positive sequence r = (r,), € (R4)N decreasing to zero. (We use
Ry =[0,00) and N = {0,1,2,...}.) If p is a seminorm on a vector space F, we
define for f = (f,), € EV,

I llp, = limsup (p(f))™
with values in Ry = Ry U{oo}. Denote EN = {f € EN || f|lp.r < co}.
Let (Ef,pl), ,en be a family of semi-normed algebras over R or C such that

Vu,v €N: ELTY — EF and El, | — EY (resp. Ef — E!, | ),

where < means continuously embedded. (For the v index we consider inclusions in
«— —
the two directions.) Then let £ = projlimprojlim E¥ = projlim E}, (resp. E =
p—00 v—00 v—00

projlimindlim E¥). Such projective and inductive limits are usually considered
p— 00 v—00

with norms instead of seminorms, and with the additional assumption that in the
projective case sequences are reduced, while in the inductive case for every u € N
the inductive limit is regular, i.e., a set A C indlimE¥ is bounded iff it is contained

V—00

in some EY and bounded there.
Define (with p = (pl}), )

For={r B | Vv eN: | £l <00}

Ko = {1 € B | W,v €N Sy, =0}
(esp. = () Fhi s P = U {F€ED" [ ISl <0} .
HEN veN
Kpr = Kpos Ko = U {r @ |17, =0} ).
neN veN
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Proposition—Definition 2.1.
(1) Writing ~- for both, ~or -, we have that F ., is an algebra and K p . is
= — = R d
an ideal of F py; thus, G pr = F pr/ Kpr is an algebra.
(ii) For every p,v € N, dp : (BN x (BM)N — Ry defined by dye(f9) =11 f -
g llpe . s an ultrapseudometric on (EMN. Moreover, (dptt ), induces a topological
algebmﬂ structure on .?p,r such that the intersection of the neighborhoods of zero
—
equals KCp .
e .. & = by . .
(iii) From (i), Gpr = Fpr/Kpr becomes a topological algebra (over generalized
numbers C, = G| ) whose topology can be defined by the family of ultrametrics

(cipg)u,,, where d ([f],[9]) = dye(f,9), [f] standing for the class of f.

(iv) If 7. denote the inductive limit topology on F}!, = UyeN((Eﬁ)N, duv), W €N,
then ?W« is a topological algebra for the projective limit topology of the family
(Fg’ira T

Proof. We use the following properties of || - |:

(1) Yo,y € B :flo+y | < max(z |, Iy ) .
(2) Vo,y e BN la-yl <zl Iyl
3) VAEC ,z € BN [Az] =]l

They are consequences of basic properties of seminorms and of p(z, + y,)™ <
2" max(p(xy,), p(yn))™ for [@). Using the above three inequalities, (i)—(iv) follow
straightforwardly from the respective definitions. O

Example 2.1 (Colombeau-generalized numbers and ultracomplex numbers). Take
Ef =Ror C, and p# = | - | (absolute value) for all y,v € N. Then, for r, = @,
we get the ring of Colombeau’s numbers R or C.

With the sequence 7, = n~'/™ for some fixed m > 0, we obtain rings of ultra-

m

complex numbers c” (cf. [4]).

Example 2.2. Consider a Sobolev space E = W*>°(Q) for some s € N. The
corresponding Colombeau-type algebra is defined by Gy s.~ = F/K, where

1
Fe {u € (W) | Tim sup [[un|| ™ < oo} ,
S,00

1
K= {u e (W) | limsup |Ju, | *™ =0 } :
5,00

Example 2.3 (simplified Colombeau algebra). Take E¥ = C*(R?),
pe(f) = sup  |fD()],

la|<v, [z]<p

and r, = @. Then, g<_,,7r = .<7?p77n/l<€p7r is the simplified Colombeau algebra.
The full algebra of Colombeau-generalized functions can be described in an anal-
ogous but more complicated setting, as will be explained in a forthcoming paper

(see [A], Example 5).

Lover (CN,|| - llj.}); not over C: scalar multiplication is not continuous because of ().
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3. COMPLETENESS

>
Without assuming completeness of E , we have

Proposition 3.1.
—
(i) Fp,r is complete.

(ii) Assume that for every p € N, a subset of ?gﬂn is bounded iff it is a bounded

subset of (E,’j)N for some v € N. Then ?p,,, is sequentially complete.

—
Proof. If (f™),,cn € Fp,r is a Cauchy sequence, then there exists a strictly increas-
ing sequence (m,,),c of integers such that

o 1
Vu e NVE, £ > my :limsupp, (fff—ff;) < — .

Thus, there exists a strictly increasing sequence (nu)u cn of integers such that

, o1

Vu e NVE L€ [my,my1] Vn > n, :pl, (fff — ff;) < o

(Restricting k, £ to [m,,, m,+1] allows us to take n,, independent of k,¢.) Let u(n) =
sup{ i | n, < n}, and consider the diagonalized sequence

froifn € [ng,nq)

F= (o), e, fo=

foe i € )

_ «—
Now let us show that f™ — f in F,, as m — oo. Indeed, for ¢ and pk° given,

choose > pg, v such that 2—1M < %5. Since p# is increasing in both indices, we have

for m > m,, (say m € [myts, Myutst1]) :

p;ljo (fern _ fn)rn < pﬁ(f,:n — f;’lmn))m
m(n)—1

< pz(f;n L Z p,’j,(fﬁ”“’ — M)
p=pts+1

and for n > n,s, we have of course n > n,,(,). Thus finally

u(n) 1 9
m £ \Tn
P = f)m < Y o <gu <€
w=p+s

and therefore f™ — f in F.
-
For (f™),,, a Cauchy net in F, ., the proof requires some additional considera-
tions. We know that for every p there is v(u) such that

P = ) <&y

where (e,), decreases to zero. For every p we can choose v(u) so that p’:(m <

ph EZ1+1)' Now by the same arguments as above, we prove the completeness in the
—
case of Fp ;. O

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



GENERALIZED FUNCTION ALGEBRAS AS SEQUENCE SPACE ALGEBRAS 2035

4. GENERAL REMARKS ON EMBEDDINGS OF DUALS

>
Under mild assumptions on E', we show that our algebras of (classes of) se-

>
quences contain embedded elements of strong dual spaces E’. First we consider
the embedding of the delta distribution. We show that general assumptions on test
spaces or on a delta sequence lead to the non-boundedness of a delta sequence in
R —d

E.

We consider F' = C°(R?®), the space of continuous functions with the projective
topology given by sup norms on the balls B(0,n), n € N* or F = K(R®) =
indlim,,_, . (KCp, || - ||o0), Where

Kn={¢€C(R?) [suppy C B(O,n)} .

(Recall that K'(R®) is the space of Radon measures.)
R g > >
We assume that F is dense in F and F — F. This implies that 6 € F/ C E".

Proposition 4.1.
>
(i) For F = C°(R®), a sequence (8,),, with elements in E N (C°(R®))" such that
M >0,VneN: sup |[0,(z)] <M ,
|z|>M
> >
converging weakly to 6 in E', cannot be bounded in E. With F = K(R?®), if for
R —d
(6n),, € (E )N there exists a compact set K so that suppd,, C K, n € N*, then this
sequence cannot be bounded in ‘E.
(ii) Assume:
>
1. Any ¢ € E defines an element of F' by ¢ — [o, d(x) () da.

2. If (¢n),, is a bounded sequence in ‘E, then sup | ()| < 0.
neN,zeRs
Then, if E is sequentially weakly dense in E' and (6y),, is a sequence in E

converging weakly to § in f)’, then (0r),, cannot be bounded in E .

Proof. (i) We will prove the assertion only for F' = C°(R?®). Let us show that
(0n),, is not bounded in ‘E. First consider E. Boundedness of (0n),, in B implies:
VueN, W eN, 30, > 0, Vn € N : pi(8,) < Cy. Continuity of £ < CO(R?) gives
VkeN,3peN,Jv e N,3C, > 0,9 € B : sup |(z)| < Caph () .
|| <k

It follows that 3C' > 0,Yn € N : sup,cg. |0n(z)] < C, which is impossible. To
show this, take ¢ € C°(R®) so that it is positive, ¢)(0) = C + 1, and [+ < 1. The
assumption &, € (C°(R*))" implies that it acts on CO(R®) by ¢ — [ 6, () ¢(z)dz.
This gives C + 1 = ¢(0) « | [ da| < C.

For E), simply exchange Vv < Jv in the above. _

(ii) Assumption 2 and the boundedness of (0,,), in E would imply that 3C' >

0,Vn € N : sup,cgs |0n(z)] < C. Now, by assumption 1, we conclude the proof as
in part (i). O

>
Remark 4.1. One can take for E one of Schwartz’ test function spaces or a Beurling
or Roumieau test function space of ultradifferentiable functions. Since the delta
distribution lives on all functions that are continuous at zero, one can consider also
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>
F and E to consist of holomorphic functions with appropriate topologies. This was
the reason for considering C°, although there are many classes of test spaces which
would imply the necessary accommodation of conditions of the previous assertion.

Thus, the appropriate choice of a sequence r decreasing to 0 appears to be
important to have at least § embedded into the corresponding algebra. It can be
chosen such that for all 4 € N and all v € N (resp. some v € N in the E case),
limsup,, o, pk(6,)™ = AL and Jug, v : AL # 0.

So the embedding of duals into corresponding algebras is realized on the basis
of two demands:

(1) E is weakly sequentially dense in E’.
>
(2) There exists a sequence (r,),, decreasing to zero, such that for all f € E’

> >
and corresponding sequence (fy,), in E, f, — f weakly in E’, we have

for all 4 and all v (resp. some v), limsup p#(f,)™ < oc.
n—oo

Remark 4.2. In the definition of sequence spaces ?W«, we assumed 1, \, 0 as
n — oo. In principle, one could consider more general sequences of weights. For
example, if r,, € (o, ), 0 < a < 3, then ‘E can be embedded, in the set-theoretical
sense, via the canonical map f +— (f)n (fn = f). Moreover, this embedding is
continuous (thus, topological embedding). It is clear for the projective case E. For
the inductive case F, the assumption that for every p the inductive limit is regular
implies the continuity. Indeed, if there is a function f and a sequence (f,),, in E¥
such that limsup p#(f, — f) < 1, then

. Tn . lim inf r,,
I fr = fllpe » = limsup (pL(fo — £)) " < (limsuppl(f — f)) ===

n—oo n—oo

and pi(f, — f) — 0 implies || fn — f [|,%, — 0.
> >
If r,, — oo, E is no more included in F , ..

In the case we consider (r,, — 0), the induced topology on E s obviously a
discrete topology. But this is necessarily so, since we want to have “divergent”
sequences in ?Wﬂ. Thus, in our construction, in order to have an appropriate
topological algebra containing “”, it is unavoidable that (r,), tends to zero and
so our generalized topological algebra induces a discrete topology on the original
algebra E.

In some sense, this is the price to pay, in our construction, to overcome the con-
clusion of Schwartz’ impossibility statement for multiplication of distributions [I8].
Of course, our arguments are completely different and are not related to Schwartz’
arguments.

5. SEQUENCES OF SCALES

The analysis of previous sections can be extended to the case where we consider
a sequence (™), of decreasing null sequences (r},"),,, satisfying one of the following
additional conditions:

. am4l m . om+1 m
Ym,neN:r ™ >r" or VmneN:r <prt.
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Then, in the first (resp. second) case, let

> > A wd >
Fopr = ﬂ Fpaom s Kpr= U K prm

meN meN

> R d >
(resp. Fp, = U prm s Kpr = ﬂ K prm ), where p = (p’j)lw .

meN meN

“]

o . . — — — .
Proposition 5.1. With the above notation, G .= F /K, is an algebra.

Proof. In the first case, 7™ > r™ = || f|l,m+1 > || f |l»= if p(fn) > 1, hence
Fmt1 C Fm, and conversely, p(k,) < 1 ~ ||k |lpmer < [[E]lrm ~ K1 D K.
Thus, F is obviously a subalgebra. To see that K is an ideal, take (k, f) € K x F.
Then 3Im : k € Ky, but also f € F,,,, in which IC,, is an ideal. Thus k- f € IC,,, C K.

If ™ is decreasing, F,,41 O Fi and Kpp1 C Ky Because of this inclusion
property, F is a subalgebra. To prove that K is an ideal, take (k, f) € K x F, i.e.,
Ym : k € K, and 3m’ : f € F,v. We need that Vm : k- f € K,,,. Indeed, if
m < m/, then K.,y CKyp;thus k- f € Ky - For C Ky C Koy and if m’ < m, then
Foo CTFmythus k- f € Ko - For C K+ Frn C Ko O

Example 5.1. ' = 1/|logam,(n)|, where (@, : N —R) _, is an asymptotic
scale, i.e., Vm € Z : ame1 = 0(am), a—m = 1/am, 3IM € Z : apr = o(a2,). This
gives back the asymptotic algebras of [6].

Example 5.2. Colombeau-type ultradistribution and periodic hyperfunction alge-
bras will be considered in [4].

Example 5.3. 7" = X[g ), i-€., ;' = 1if n < m and 0 else, gives the Egorov-type
algebras [7], where the “subalgebra” contains everything, and the ideal contains
only stationary null sequences (with the convention 0° = 0).

In the case of sequences of scales our second demand of the previous section

should read: “There exists a sequence ((7;"),,),, of sequences decreasing to 0, such
> >

that for all f € E' and the corresponding sequence (fy), in E, f, — f weakly in

R —d m

E’, there exists an mg such that for all g and all v (resp. some v), lim sup p~(f,)"™ ’

n—oo

< 00.”

Topological properties for such algebras are a little more complex, but the ideas
of constructing families of ultra(pseudo)metrics are now clear. An important fea-
ture of our general concept is to show how various classes of ultradistribution and
hyperfunction type spaces can be embedded in a natural way into sequence space
algebras as considered in Section 2, [4].
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