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Quasi-homomorphisms
by

Félix Cabello Sanchez (Badajoz)

Abstract. We study the stability of homomorphisms between topological (abelian)
groups. Inspired by the “singular” case in the stability of Cauchy’s equation and the
technique of quasi-linear maps we introduce quasi-homomorphisms between topological
groups, that is, maps w: G — H such that w(0) = 0 and

w(z +y) —w(@) —wly) =0

(in H) as z,y — 0 in G. The basic question here is whether w is approximable by a true
homomorphism «a in the sense that w(z) — a(z) — 0in H as  — 0 in G. Our main result
is that quasi-homomorphisms w : G — H are approximable in the following two cases:

e G is a product of locally compact abelian groups and H is either R or the circle
group T.
e G is either R or T and H is a Banach space.

This is proved by adapting a classical procedure in the theory of twisted sums of Banach
spaces. As an application, we show that every abelian extension of a quasi-Banach space by
a Banach space is a topological vector space. This implies that most classical quasi-Banach
spaces have only approximable (real-valued) quasi-additive functions.

Introduction and statement of the main result. This paper deals
with the stability of homomorphisms on topological abelian groups. Our
methods (and results) lie on the frontiers of stability theory, extension of
topological groups, and homology of topological linear spaces.

As a motivation, consider an additive function on the line, that is, a map
a : R — R satisfying

(1) a(s+t)=a(s)+a(t) (s,t€R).

Suppose w is a small perturbation of a, say w = a + ¢, where ¢ is a small
function, in some sense to be made precise. Then w will satisfy (1) approx-
imately, in the sense that the Cauchy difference

Aw)(s,t) =w(s+1) —w(s) —w(t) (s,t €R)
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will be small. This is the obvious way of constructing a nearly additive map.
A very natural question is whether that is the only way. Needless to say,
there are several possibilities of understanding a small perturbation or a
nearly additive map. For instance, answering a question of Ulam [25], Hyers
proved in [11] that if |[A(w)(s,t)| < e for some fixed ¢ and all s,t € R,
then there is an additive map a : R — R such that |w(s) — a(s)] < ¢
for all s € R. This result is commonly considered as the origin of sta-
bility theory, although Pélya and Szegd [18] proved a similar result for
real sequences already in 1925. The book [12] reflects the current state of
that theory. The present paper is, however, closest in spirit to the disserta-
tion [4].

There is another source that influenced our work: the theory of twisted
sums and the so-called quasi-linear techniques introduced by Kalton [13].
Here, we adopt the approach of Domaniski as presented in [8]. There, a map
w : 3 — 9 acting between topological vector spaces is called quasi-linear if
w(0) =0 and

e it is quasi-additive: A(w)(x,y) — 0in Q) as (x,y) — (0,0) in 3 x 3;
e it is quasi-homogeneous: w(Ax) — Aw(z) — 0in Y as (A, z) — (0,0) in
K x 3.

Each quasi-linear map w : 3 — 2) gives rise to an extension of 3 by 9), that is,
another topological vector space X (usually denoted by 9 @, 3) containing
2 as a subspace and such that X/9) is (isomorphic to) 3. Moreover, this
extension is trivial (that is, ) is complemented in X, and therefore X =
P @ 3) if and only if the associated map w is approximable by a true linear
map L : 3 — Q) in the sense that w(x) — L(z) — 0 as x — 0 in 3. Moreover,
if 3 and 9 are F-spaces, then every extension comes from some quasi-
linear w : 3 — 9. If in addition 3 and ) are locally bounded (that is,
quasi-Banach spaces) then w can be chosen to be homogeneous. In this case
quasi-additivity becomes

(2) [A) (@, y)lly < K(llzll5 + lyl[3)

for some constant independent of x € 3, and the linear map L approximates
w if and only if one has an estimate of the form |lw(z) — L(z)||p < C||z[3
for some C' and all z € 3. All this can be found in [8, 13, 14, 15, 5, 7].

Returning to nearly additive functions, it is quite natural to consider
(nonhomogeneous) mappings w : R — R satisfying

(3) [Aw)(s, ) <e(ls|+t])  (s,t €R)

for some € > 0. One may ask if such a function can be approximated by
some additive function a in the sense that

(4) w(s) —a(s)] < K[s| (s € R).
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Simple examples show that this is not the case. Actually, if 6 : R — R is a
Lipschitz function vanishing at zero, the Kalton—Peck map

wy(t) = th(logy [t])  (we(0) =0)
satisfies (3) with e being the Lipschitz constant of §. However, wy is close to
an additive map in the sense of (4) if and only if 6 is bounded. Moreover,
Kalton and Peck proved in [14] that if w is continuous at zero and satisfies
(3) then there is a Lipschitz function § (with Lipschitz constant at most )
such that

lw(t) —we(t)] < Kelt| (t € R),
where K is an absolute constant. So, the relevant question becomes whether
an arbitrary map satisfying (3) can be approximated by an additive one in
the sense that w — a is continuous at zero. This was our starting point, in
spite of the abstract approach of the paper.

As often happens in mathematics, some abstraction leads to a better un-
derstanding of the problems. By mimicking quasi-additivity, we will consider
mappings which approximately behave as homomorphisms in the following
sense.

DEFINITION 1. A mapping w : § — H acting between topological
abelian groups is a quasi-homomorphism if w(0) = 0 and the map A(w) :
G x G — H given by A(w)(z,y) = w(r +y) —w(x) —w(y) is continuous at
the origin of G x G.

In this setting, the basic question is whether w is approrimable by a
(generally discontinuous) homomorphism a : G — H in the sense that the
difference w—a is continuous at the origin of G. Of course, every perturbation
of a homomorphism by a mapping (vanishing and) continuous at the origin
of G is a quasi-homomorphism.

Our main result in this line is the following.

THEOREM 1. FEwvery quasi-homomorphism w : G — H is approzimable in
each of the following cases:

(a) G is an arbitrary product of locally compact abelian groups and H is
either R or the circle group T.
(b) G is either R or T and H is a Banach space.

The plan of the paper is as follows. §1 contains the proof of (a). First,
we prove it for a single locally compact abelian group. As in [4], the main
idea borrows from the theory of twisted sums. We show that each quasi-
homomorphism w : G — H gives rise to a topological extension of G by
‘H, that is, a further group £ containing H as a normal subgroup in such a
way that £/H = G. The key point is that the induced extension is trivial
(which means that one has a natural decomposition &€ = H @ G) if and
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only if w is approximable. The approximation of quasi-characters on locally
compact abelian groups then follows from classical results by Dixmier [6]
and van Kampen [17]. We complete the proof of (a) by using some standard
procedures from the stability of functional equations.

The proof of (b) occupies §2. Here, we adapt some ideas from [13, 14]
to show that the behavior of a quasi-homomorphism depends only on its
restriction to any dense subgroup of G when the target group H is complete.
In this way we show that every quasi-additive map from Q into any Banach
space is not only approximable, but continuous at zero—which implies (b),
thus completing the proof of Theorem 1.

Finally, in §3 we study quasi-additive maps between the groups under-
lying some infinite-dimensional (quasi-) Banach spaces. It is shown that if 3
and 2) are Banach spaces, then every abelian extension of 3 by 9) is in fact
a topological vector space. We then conclude that most classical Banach
spaces have only approximable (real-valued) quasi-additive functions.

1. Quasi-characters

1.1. Extensions. In this short subsection we present some standard facts
about extensions of topological groups. All topological groups are assumed
to be Hausdorff. The group operation is written additively in general (despite
the fact that we do not assume commutativity), with the only exception of
the circle group T. The set of all neighborhoods of the origin in a topological
group G will be denoted by Og.

DEFINITION 2. Let G and H be topological groups. A topological exten-
sion of G by H is a short exact sequence

(5) 0—-HSE5HG—0

in which £ is a topological group and the arrows represent relatively open
continuous homomorphisms.

Note that there is no open mapping theorem for topological groups, and
so the requirement of having relatively open homomorphisms is not super-
fluous. Less technically, we can regard £ as a topological group containing
H as a closed normal subgroup in such a way that £/H is (topologically
isomorphic to) G. First of all, one needs to know when two extensions are
essentially the same. A topological extension 0 — H — F — G — 0 is
equivalent to (5) if there is a continuous homomorphism 7" : &€ — F making
the following diagram commutative:

0 H & g 0

I

0 H F g 0
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It follows from the five-lemma [24, Lemma 9.1.5] that such a T' must be
bijective. The following nice result, due to Roelcke [20], implies that T is
in fact a topological isomorphism and shows that equivalence of topological
extensions is an equivalence relation. For a proof, see [20] or [8, Lemma A].

LEMMA 1 (Roelcke). Let 0 - H — & — G — 0 be a topological exten-
ston. Suppose T is a group topology on £ weaker than the original topology.
If0 - H — (£,7) — G — 0 is topologically exact, then T is the original
topology of €. m

The extension (5) is said to be trivial (or to split) if it is equivalent
to the direct sum extension 0 — H — H® G — G — 0. This happens if
and only if there exists a continuous homomorphism P : £ — H such that
P o1 = 1dy. For abelian extensions (that is, those in which £ is abelian) this
is still equivalent to the existence of a continuous homomorphism S : G — £
such that m0S = Idg. In general, the latter condition is strictly weaker than
triviality and leads to the notion of a semi-direct product. See [24, §9.2] for
basic information in the algebraic setting.

Let us say that a property P is a three-group property if whenever (5)
is a topological extension in which H and G have P then £ also has P.
For instance, local compactness [10, Theorem 5.25], metrizability [21] and
completeness [22, Theorem 12.1] are three-group properties, while commu-
tativity is not [24, Exercise 9.6.11].

1.2. Quasi-homomorphisms versus extensions. The basic connection be-
tween quasi-homomorphisms and extensions is: every quasi-homomorphism
w : G — H induces a topological extension of G by H which splits if and
only if w is approximable.

The proof of the following result is contained in that given for topological
vector spaces in [8, Proposition 3.1].

LEMMA 2. Let w : G — H be a quasi-homomorphism acting between
abelian groups. Then the sets

WWV,U)={(y,2):y—w(z) eV, zeU} (Ue€Og,V e Oy)
form a neighborhood base at the origin for a group topology on H X G. =

Let ‘H @, G denote the group H x G equipped with the above topology.
Clearly, the homomorphism H — H @, G given by y — (y,0) is injective,
continuous, and relatively open, so that H can be regarded as a closed
subgroup of H &, G. Moreover, the map H &, G — G given by (y,z) — z
is a continuous open homomorphism onto G whose kernel is the image of
the preceding one. Thus, the sequence 0 - H - H®, G — G — 0is a
topological extension of G by H.
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Note that a homomorphism H &, G — H is a projection onto H (in the
purely algebraic sense) if and only if it has the form P(z,y) = =z — a(y),
where a : G — H is an algebraic homomorphism. As in the linear case [8,
Corollary 3.1], it turns out that P is continuous (equivalently, continuous at
the origin) if and only if w — a is continuous at the origin of G. Thus one
has:

LEMMA 3. A quasi-homomorphism is approximable if and only if the
induced extension splits. m

1.3. Proof of (a). We are ready to prove the first part of the main
theorem for a single locally compact abelian group.

Suppose w : G — L is a quasi-homomorphism, where LL is either R or T
and G is a locally compact abelian group. Consider the induced extension

0O—-L—-L&,G6—G—0.

Clearly, L&,,G is also locally compact and abelian. By [10, Theorem 24.36] (if
L =) and [10, Theorem 24.11] (for L = T), there is a continuous character
X : L&, G — L extending the identity on L. Clearly, x is a continuous
homomorphism projecting IL @, G onto L. An appeal to Lemma 3 shows
that w is approximable.

The case where G is a product of locally compact abelian groups requires
some preparations. First, we need a classical result by Hyers (see [11] or [12,
Theorem 1.1 and Corollary 1.2]. Although only the case ) = R is necessary
here, the general case will be used later.

LEMMA 4 (Hyers). Let G be an abelian group (no topology is assumed)
and Y a Banach space. Suppose w : G — ) is a mapping such that

lw(z +y) —w(z) —wy)lly <e
for all x,y € G. Then there exists an additive mapping a : G — ) such that
|lw(z) —a(z)||lp <€ for all z € G. If G is torsion-free, then a is unique. =

LEMMA 5. Let w: G — ) be a quasi-additive mapping, where G is an
abelian topological group and ) a Banach space. If w maps a neighborhood
of the origin in G into a bounded set in ), then w is continuous at the origin

of G.

Proof. The hypothesis implies that there is V' € Og such that ||w(x)|| <
K for some K and all z € V. Fix ¢ > 0. Choose n such that K/2" < ¢/2.
Now, take W € Og, with W C V, such that

lo(+y) —w@) —w@)| <5 (@yew)
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induction on k =1,...,n yields
lw(@ta) = 2w < @ -1)5  (@eU).

Taking £ = n and dividing by 2", we obtain

w(g;‘x) . (x)‘

and so

e K e €
\\w(w)]\§§+2—n§§+§:5 (xeU). =

When the target group is the circle, it will be convenient to introduce
the following invariant metric on T:

d(z,w) = [Arg(z/w)| (=7 < Arg(() < ).

Note that d(z,w) represents the arc length between z and w. The following
lemma is a stability result of “Hyers—Ulam” type proved in [2] for discrete
amenable groups. Note that every abelian group is amenable.

LEMMA 6. Let G be an abelian group (no topology is assumed) and let
w: G — T be any mapping such that for some ¢ < w/3 the estimate
dw(z +y),w(@)w(y)) <e
holds for oall x,y € G. Then there is a unique character a : G — T such that
dw(z),a(x)) <e forallx € G. u

LEMMA 7. Suppose that w : G — T is a quasi-character such that
d(w(zx),1) < mw/3 for all x € G. Then w is continuous at the origin.

Proof. Define f: G — R by f(x) = Arg(w(z)). We see that f is quasi-
additive. Since —7/3 < Arg(w(z)) < 7/3 for all z € G, one has

Flz+ ) — f() — Fy) = Arg(w(z + y)) — Arg(w(z)) — Arg(w(y))
_ A w(z +y) _
=4 g<w<w>w<y>> 0

as z,y — 0 in G. On the other hand, f has bounded range. According to
Lemma 5, f (and so w) is continuous at the origin of G. =

End of the proof of (a). Write G = [[;c; G, with G; locally compact
abelian groups, and let I denote either R or T. We use additive notation
for L. Let w : G — LL be a quasi-homomorphism. By the very definition there
is U € Og such that
(6) dw(z +y),w@)+twy) <1l (z,yel).

Clearly, U = ([I;e; U;) x (ILiep s i), where J is a finite subset of I and
Uj € Og, for all j € J.
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Write G = G% x G!, where G = HjEJ G; and Gt = HieI\J G;. Since (6)
holds for all z,y € G', we can apply Lemma 6 (for L = T; note that 1 < 7/3)
or Lemma 4 (for L = R) to get a unique homomorphism a; : G} — L with

dw(z),a(z)) <1 (xzegh).

It follows from Lemma 7 (for L = T) and Lemma 5 (for L = R) that w; —ay
is continuous at the origin of G'.

On the other hand, G° is locally compact, and so there is a homomor-
phism ag : G° — L such that wg—ag is continuous at the origin of G°. Clearly,
the homomorphism a : G = G° x G! — L given by a(z,y) = ao(z) + a1(y)
approximates w near the origin of G.

2. Vector-valued maps

2.1. Restriction to dense subgroups. In this subsection we quickly adapt
the corresponding results from the linear theory to show that if the target
group H is complete, the behavior of a quasi-homomorphism w : G — H
depends only on its restriction to any dense subgroup of G. This is the
crucial step in the proof of the second part of Theorem 1. Since topological
groups tend to exhibit some pathologies with regard to completeness, let us
remark that:

e If £ is a metrizable, complete abelian group and H a closed subgroup
of £, then £/H is complete under the quotient topology [22, Theorem
11.18].

e The completion of a topological abelian group always exists, as a com-
plete abelian group, and has the usual uniqueness property. Arbitrary
topological groups need not admit completions. This is due to the fact
that a noncommutative topological group has two uniform structures
rather than one. See [1, chapitre III, §3].

Let G and H be metrizable complete topological abelian groups. Sup-
pose w : Gy — H is a quasi-homomorphism, where Gy is a dense subgroup
of G. Consider the induced extension 0 — H — H Dy, Go — Go — 0. Let
&(w) denote the completion of H @, Gp. One has a commutative diagram of
continuous homomorphisms

0 H H®wGo —— G —— 0
g H I |
0 H (w) —— E(Ww)/H —— 0

It is clear that the vertical arrows are injective and also that Gp — £(w)/H
is relatively open, with dense range. Therefore, £(w)/H (which is complete)
turns out to be topologically isomorphic to the completion of Gy, that is,
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to G. Thus, the lower row in (7) can be regarded as a topological extension
of G by H, the homomorphism £(w) — &(w)/H being the extension of
HD.,Go — Go to the completions. Moreover, the upper row in (7) splits if and
only if so does the lower one. Indeed, let P be a continuous homomorphism
projecting H @, Go onto H. Then the extension of P to £(w) is a projection
onto H. Conversely, if P : £(w) — H is a splitting homomorphism for the
lower row, then the restriction of P to H @, Gy is a projection onto H. We
have proved the following.

LEMMA 8. Let G and H be metrizable complete topological abelian groups
and Gy a dense subgroup of G. Every quasi-homomorphism w : Gy — H gives
rise to a topological extension 0 — H — E(w) — G — 0. That extension
splits if and only if w is approximable by a homomorphism a : Go — H. =

COROLLARY 1. Let G be a subgroup of Q. Then every quasi-additive map
w: G — R is continuous at zero.

Proof. 1If G is discrete this is obvious. Otherwise G is dense in R and so
there is an additive map a : G — R such that w — a is continuous at zero.
Since G C Q we see that a(x) = tx, for some fixed ¢t € R and all z € G, and
so a is continuous at zero. Hence w is itself continuous at zero. =

A direct proof of this result for some dense subgroup of Q would be inter-
esting in view of the following result. (For mappings satisfying the estimate
(3) this was done in [3].)

PROPOSITION 1 (cf. [3, Lemma 1] and [4, Theorem 5.14]). Let w:G—H
be a quasi-homomorphism between abelian groups, where H is complete. If
w 18 approximable on some dense subgroup of G, then it is approzimable on
the whole of G.

Proof. One has a commutative diagram

0 H H P G g 0
| | |
0 H H & Go Go 0

It is clear that the middle vertical arrow embeds H®,, Gy as a dense subgroup
of H ®, G. Since H is complete, we conclude that the upper row splits if
and only if so does the lower one. =

2.2. Proof of (b). We are now ready to complete the proof of our main
result. In view of Proposition 1, if the domain group is R, this is a straight-
forward consequence of

PROPOSITION 2. Let %)) be a Banach space. Every quasi-additive map
w:Q — 9 is continuous at zero.
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Proof. According to Lemma 5 all that remains is to show that there is a
neighborhood of zero in Q where w is bounded. Otherwise there is a sequence
(qn)n converging to zero in Q such that w(qy,) is unbounded in ). The
uniform boundedness principle of Banach and Steinhaus yields a continuous
linear functional y* € P* such that y*(w(gn)) is an unbounded sequence of
real numbers. This implies that the quasi-additive map y* ow : Q@ — R is
discontinuous at zero, which contradicts Corollary 1. m

The following result allows one to “transfer” approximability from R
to T and completes the proof of Theorem 1. Note that there are plenty
of (necessarily discontinuous) homomorphisms from T into any topological
vector space.

LEMMA 9 (see [9, Theorem I11.4.1] and [15, Chapter 5, §§1-2]). Let S be
a closed subgroup of G and let H be another abelian group. Suppose that all
quasi-homomorphisms G — H are approximable and that every continuous
homomorphism & — H can be extended to a continuous homomorphism
G — H. Then every quasi-homomorphism w : G/S — H is approzimable. In
particular, so is every quasi-homomorphism from T = R/Z into a Banach
space.

Proof. Let w : G/S — H be a quasi-homomorphism. If 7 : G — G/S
denotes the natural quotient homomorphism, it is clear that wonw : G — H
is a quasi-homomorphism. Let a : G — H be any homomorphism approxi-
mating wo. Since w o vanishes on §, it is clear that the restriction of a to
S is a continuous homomorphism & — H. Let a* : G — H be a continuous
homomorphism extending it. Then a — a* : G — H is a (generally discon-
tinuous) homomorphism vanishing on S. It follows that there is a unique
homomorphism b : G/S — H such that a — a* = bo 7. It is easily seen that
b approximates w. m

2.3. A uniform approximation principle for quasi-additive functions on
the line. We conclude this section by showing that a family of functions
R — R which are “uniformly quasi-additive” can be “uniformly approxi-
mated” by additive functions. Precisely:

COROLLARY 2. Let {2 be a family of quasi-additive mappings w : R—9),,
where Y, are possibly different Banach spaces. Suppose (2 is uniformly
quasi-additive in the sense that for every e > 0 there is § > 0 such that

(8) lw(s +1) —w(s) —w(t)llo <& (Is], |t] <)

for all w € 2, where || - ||, denotes the norm of Y. Then 2 is uniformly
approximable in the sense that to each w € {2 there corresponds an additive
map a, : R — 9, in such a way that the family {w — ay, : w € 2} is
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equicontinuous at zero: that is, for every e > 0 there is § > 0 such that
lw(s) —aw(s)llw <& (Is| <9)
for all w € (2.

This can be deduced from Theorem 1(b), as in the proof of the implica-
tion (d)=-(e) of Theorem 2.1 in [7], but we give the details for the sake of
completeness.

Proof. We can regard the whole family 2 as a map R — [[,c0Dw,
taking £2(s) = (w(s))wen- Let €oo(£2,9.) denote the Banach space of all
families (yu)wen € [ cn Dw for which the norm

[(Ye)wlloo = sup [l
wes?

is finite. Choose dg such that (8) holds for € = 1. It is clear that £2(s+¢)
— 2(s) = 2(t) € lo(92,9.) whenever |s|,|t| < do. Let IT be any linear
projection of [[,cnDw onto Lo (£2,9.,) and define QR — loo(2,9,,) as
2 = II o £2. Since

Qs +1)— Q2>s) — Q(t) = Qs +t) — 2(s) — 2(t)  (Is], |t] < o)
it follows from (8) that 2:R— loo(£2,9).,) is quasi-additive, and also that
2 — (2 is additive on [—~d0/2,00/2], as a map R — [] .o Do It is clear that
there is a unique additive map A" : R — [, ., Do extending £2— 0. Finally,
by Theorem 1, there is an additive mapping A” : R — ¢ (£2,9).,) such that

12(s) — A”(5)[|so — 0 as s — 0.

Since 2 = A’ + A” + 2 — A” on [—60/2,00/2], we see that 2 — A’ — A" :
[—00/2,00/2] — loo($2,9.) is well defined and continuous at zero. Putting
aw(s) = (A'(s) + A”(s))w, one concludes that {w — a, : w € 2} is equicon-
tinuous at zero. m

3. Quasi-additive functions on locally bounded spaces. The pur-
pose of this section is to show that quasi-additive functions on most classical
(quasi-) Banach spaces are approximable. This will be done by connecting
extensions of topological groups to F-space extensions. By an F-space ez-
tension we mean a short exact sequence of (real) F-spaces and (continuous
linear) operators

(9) 0-95x53-0.

The open mapping theorem [15] guarantees that 7 is open and also that
1 is an isomorphic embedding, so that F-space extensions are topological
extensions with respect to the underlying additive structures. On the other

hand, any continuous additive map between topological linear spaces is lin-
ear (over R). Hence (9) splits in the category of topological linear spaces
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(that is, there is a continuous operator projecting X onto %)) if and only if
it does as an extension of topological groups.

THEOREM 2. Let Q) be a Banach space and 3 a locally bounded F'-space.
Then every topological abelian extension of 3 by Q) is equivalent to an F-
space extension.

That is, if 0 - P — & — 3 — 0 is an abelian extension of topological
groups, then there is an F-space extension (9) and a topological isomorphism
of groups £ — X such that the diagram

0 D) £ 3 0
I
0 D) x 3 0

is commutative. The following example shows that the hypothesis on £ can-
not be removed:

EXAMPLE 1. There is an extension 0 — R — £ — R — 0 in which & is
not abelian.

Proof. Let £ = AT(R) be the group of all orientation preserving affine
automorphisms of the real line endowed with the topology of convergence
on compact subsets. A typical member of AT (R) can be regarded as (a,b),
with a,b € R, a > 0, where (a,b)(t) = at + b. The composition law in
AT(R) is then given by (a,b) o (¢,d) = (ac,ad + b), and the unit is (1,0).
A neighborhood base at (1,0) is given by

{(a,b) : la—1]+|b| <e} (¢>0).

Let H be the subgroup of translations: H = {(1,b) : b € R}. Clearly, H is a
normal subgroup of AT (R) isomorphic to (R, +). It is not hard to see that
AT(R)/H is topologically isomorphic to the multiplicative group (RT,-),
so that we have an extension 0 — (R,+) — (£,0) — (R*,:) — 0. The
observation that the logarithm defines a topological isomorphism between
(R*,-) and (R, +) completes the proof. =

The proof of Theorem 2 requires the knowledge of when an extension is
induced by a quasi-homomorphism. The next two lemmas are basically due
to Domanski.

LEMMA 10. A topological abelian extension (5) is (equivalent to one)
induced by a quasi-homomorphism if and only if it splits algebraically (there
is an algebraic homomorphism P : € — H such that P o1 = Idy) and w
admits a section continuous at the origin (a section for w is a map 9 : G — &€
such that mo o = Idg, with o(0) = 0).
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Sketch of the proof. Both conditions are obviously necessary: the re-
quired maps P: H®, G — H and 0: G — H @, G are given by P(y,z) =y
and o(z) = (w(2),2).

The sufficiency is proved as in the linear case (in which the first condition
is automatic): the composition w = P o p defines a quasi-homomorphism
between G and H and the starting extension (5) is equivalent to the extension
induced by w: the map T : £ — H &, G given by T'(z) = (P(z),n(z)) is a
continuous homomorphism making the following diagram commutative:

0 H £ g 0
H | H
0 H H&w G g 0

The details are as in [8, proof of Lemma 3.2] (see also [7, Lemma 1.1]). m

Actually, the second condition is always satisfied for metrizable groups:

LEMMA 11. Let w: £ — G be a quotient homomorphism of topological
groups, that is, a continuous homomorphism which is surjective and open.
If € is metrizable, then 7 admits a (not generally additive) section which is
continuous at the origin of G.

The proof is contained in that given for the linear case in [8, proof of
Lemma 2.2(a)].

Our immediate aim is to show that every abelian extension of two linear
spaces splits algebraically. To this end let us call an abelian group G divisible
if for every € G and n € N there is a unique 2’ € G such that na’ = z.

It is clear that divisible groups are torsion-free (since nx = 0 implies
x = 0) and also that every divisible group can be regarded in the obvious
way as a linear space over (. We now prove that divisibility is a three-group
property for abelian groups.

LEMMA 12. Let 0 = H — & — G — 0 be an abelian (algebraic) exten-
sion. If both G and H are divisible, then so is £. Consequently, the extension
18 linear over Q and so it splits algebraically.

Proof. Let x € £ and n > 2 be fixed. We prove there is a unique 2’ € €
such that nz’ = x.

Let ¢ : £ — H denote the natural quotient homomorphism. Put z = ¢(z).
Then there is 2’ € G such that nz’ = z. Let 2” be any element of £ such
that ¢(z”) = 2/. Clearly, x — nz” € H. Hence x — nz” = ny for some y € H.
So, n(y + 2") = x is the required decomposition.

For the uniqueness, suppose nz’ = nz” = x. Then n(z’ — 2”") = 0. Since
G is torsion-free, we see that »’ — 2” € H. But H is torsion-free too, and so
=1" u
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Proof of Theorem 2. We may assume that £ = 9@, 3, wherew : 3 — 2)
is a suitable quasi-additive map. Clearly, ) ®,, 3 is a vector space over Q.
We claim it is a topological vector space over QQ, that is, the multiplication

(10) QxVBu3) - Va3 (¢,(y,2) — (qu,q2),

is (jointly) continuous. By the argument in [8, proof of Proposition 3.1 and
Lemma 3.1] this amounts to verifying that

lgw(z) —w(gz)lp — 0 as (g,2) — (0,0) € Q x 3.
Let U be the unit ball of 3. For z € U, define w, : R — 2 by w.(t) =
w(tz). Since U is bounded, it is straightforward to check that the family
{w; : z € U} is uniformly quasi-additive. By Corollary 2, there are additive
maps a, : R — 2) such that {w, —a, : z € U} is equicontinuous at zero. Fix
¢ > 0. Choose § > 0 such that
lw:(t) —az(t)llp <& (EeR,[t] <6, zel).

Then, for ¢ € Q, we have

lgw(tz) — wlgtz)lly = llqw:(t) = w=(at) ]l
= [lqw-(t) — a-(qt) + a-(qt) — w=(qt)[lp
< llg(w=(t) = a= ()l + llaz(qt) — w=(qt)|lp
<lgle+e (teR,|t]|<d, zeU).

~— —

Hence |lqw(2) — w(qz)|ly < (1 + |g|)e whenever ||z||3 < 6, which proves our
claim.

Since ) @, 3 is complete (a three-group property) it is clear (see, e.g.,
[1, chapitre III, §6.6 et le théoreme 1 du §6.5]) that the outer multiplication
in (10) extends to a (jointly continuous) multiplication

*RXx(YDu3) —D D3

which makes ) @, 3 into an F-space—we remark that this product by real
numbers in 2 @, 3 need not be the “obvious one” t(y, z) = (ty,tz), which
is generally discontinuous. Finally, it is easily seen that

0—-P— Pd,3,%x) >3—0
is an extension of F-spaces. This completes the proof. m

Since every extension of locally bounded spaces comes from a homoge-
neous quasi-linear map (which forces the estimate (2) for some constant
K) the real meaning of Theorem 2 is that every quasi-additive mapping
w: 3 — 9 is “equivalent” to a homogeneous quasi-linear map n in the sense
that w — 7 is approximable. So, one has a representation w = 1 + a + ¢,
where 7 is homogeneous, a additive, and € continuous at the origin.
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COROLLARY 3. Let 3 be a locally bounded F-space and %) a Banach
space. The following statements are equivalent:

e Fvery quasi-additive map w : 3 — ) is approximable.
e Fvery F-space extension 0 — ) — X — 3 — 0 splits. m

An F-space satisfying the latter condition for ) = R is said to be a
K-space (see [13, 15]). The main examples of K-spaces have been supplied
by Kalton and co-workers: for instance, infinite-dimensional L,, spaces (0 < p
< 00) are K-spaces if and only if p # 1 [13, 16, 15, 19]. Also, B-convex spaces
(that is, Banach spaces having nontrivial type p > 1) are K-spaces and so
are quotients of Banach K-spaces. This provides us with many examples
of Banach spaces on which every quasi-additive (real-valued) function is
approximable. Also, Theorem 2 can be used to read many classical results
about extensions in terms of quasi-additive mappings. A sample: if 3 is a
separable Banach K-space, then every quasi-additive map w : 3 — ¢ is
approximable, and so on. We refrain from going into details here. We take
our leave of the reader with the following:

PROBLEM. Is “being topologically isomorphic to an F-space” a three-
group property for abelian groups? And “being a locally bounded space”? Is
(at least) every quasi-additive function from the line into a locally bounded
F-space approximable? What if the target space is £, or L, for 0 < p < 17
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