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SLICE CONVERGENCE OF PARAMETRISED SUMS OF
CONVEX FUNCTIONS IN NON-REFLEXIVE SPACES

ROBERT WENCZEL AND ANDREW EBERHARD

The objectives of this study of slice convergence are two—fold. The first is to derive
results regarding the passage of certain semi-convergences through Young-Fenchel
conjugation. These semi-convergences arise from the splitting of the usual slice
topology in the primal and dual spaces into (non-Hausdorff) topologies: the up-
per slice topology 75F; a topology 7} generating a convergence closely resembling the
bounded-weak* upper Kuratowski convergence; along with the respective primal and
dual lower Kuratowski topologies. This gives rise to topological convergences not
reliant on sequentially-based definitions found in many such studies, and associated
topological continuity results for conjugation (in normed spaces), in contrast to the
usual sequential continuity exhibited by analogues of Mosco convergence. The second
objective is to study the passage of slice convergence through addition. Such sum
theorems have been derived in other works and we establish previous theorems from
a unified framework as well as obtaining a new result.

1. INTRODUCTION

Within the context of reflexive Banach spaces Mosco~convergence has shown itself
to be the natural variational convergence to use in the study of approximation and con-
vergence of infima of convex functionals [1]. This is largely due to the fact that the
Young-Fenchel conjugation f — f* defined on I'(X), the proper lower semi—continuous
convex functions, is bi-continuous with respect to the associated Mosco topology. How-
ever, in [8] it is shown that even sequential continuity must fail when the underlying space
is not reflexive. In the context of non-reflexive spaces slice convergence displays many
of the desirable properties that Mosco convergence does in reflexive spaces [6]. Another
variational convergence which has attracted attention in the non-reflexive context is that
induced by the Attouch-Wets or epi-distance topology [7]. Despite the applicability
of this metrisable topology to the quantitative analysis of stability and convergence of
infima it has one undesirable property from the point of view of approximation. In or-
der for a increasing sequence (in the sense of set inclusion) of finite-dimensional subsets
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{Cr}nen to epi-distance converge to another set C then the limit set must be locally
compact with respect to the strong topology. On the other hand slice convergence of such
a sequence only implies separability of C. Unfortunately this gain comes at a cost. One
requires more stringent assumptions to deduce slice convergence of a sum {f, + gy }vew of
proper convex functions f, g, € I'(X) from the slice convergence of the individual fami-
lies {fy}vew and {g,}vew (here W is some topological space containing w and v — w).
Such results will be referred to as “sum theorems”. Some authors have preferred to study
the problem of convergence of { N, N M, }ycw, the intersection of two convergent families
of closed convex sets { Ny }yew and {M,}rew, [5, 19]. Such results can easily be deduced
from a sum theorem by simply choosing each of f, and g, to be the indicators of the
closed convex sets N, and M,, respectively. Indeed it is possible to deduce such sum the-
orems from results regarding the convergence of intersection of sets. Thus either point
of view has equal utility. Sum theorems are important as they enable one to study the
approximation and convergence of abstract convex optimisation problems [2, 9]. Such
results are readily applicable to specific problems as we demonstrate in our example in
Section 5.

In this paper we restrict our attention to the study of sum theorems for slice con-
vergence. Indeed much weaker assumptions may be made to ensure such a sum theorem
holds for epi-distance convergence (see [5] and [7, Section 7.4 and the associated exercise
set 8.1]). One could argue that sum theorems for epi-distance convergence have been
more extensively studied than those for slice convergence, an observation which moti-
vates this study. Our main tools are the bi—continuity of Young-Fenchel conjugation
with respect to the slice topology and the properties of the infimal convolution

(fOg)(z) = yig)f((f(y) +9(z - v))

with respect to conjugation. The slice topology 7, may be viewed (see [7]) as the join of
two non-Hausdorff topologies, one of which is the topology corresponding to the lower
Kuratowski convergence of epigraphs. The other half of slice convergence is associated
with a topology we shall refer to as the “upper slice topology” (denoted by 7;"). This
is a topology on the hyperspace C(X x R) of all (nonempty) closed convex subsets of
X x R, generated by the subbasis consisting of all sets of the form

(B9)** := {A| A closed convex with A+ B(0,¢) C B° for some ¢ > 0},

where B is a closed bounded and non-empty convex subset of X x R and B¢ denotes its
complement. Then we say f € 7;5- lim f, when:
v—w

epi fu € (B)** for all v near w whenever epi f € (B)** .

The join of these two topologies gives rise to the (Hausdorff) topology inducing slice
convergence and it is usually this convergence which is studied. Similar considerations
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apply to the dual slice topology 7;. The two associated non-Hausdorff topologies are often
better viewed as inducing semi—continuities rather than convergences and this is the point
of view we take here. In the development of our sum theorems we shall need to understand
how the Young-Fenchel conjugation interacts with such (topological) semi—continuities.
This is investigated in Section 3. The results presented here yield (in the context of
normed spaces) topological versions of existing sequential continuity results [1, 4, 24],
without reflexivity or even completeness of the underlying space. (The cited results were
derived with a view to proving sequential bi—continuity for Young—Fenchel conjugation
relative to Mosco convergence). In the context of the slice topology, this appears to be
the first time such a study has been undertaken (for the component topologies of 7,) in
that it is usually only the interaction of conjugation with the join of these topologies
(that is, the slice topology 7;) which is considered. From this point of view the results
presented here also augment those already found in the literature on slice convergence
(6, 7).

In Section 4 we apply this machinery to the development of sum theorems for slice
convergence. Our goal here is to deduce a number of results already appearing in the
literature from one unified approach for the case of Banach spaces. Indeed we are able to
deduce results previously obtained by Lahrache {7, page 275] and Penot [19] in Banach
spaces. In doing so we are able to obtain a new result using the notion of compactly
epi—Lipschitz sets, see [10, 17, 18]. Denote by recC the cone of recession directions
of the convex set C. We say a family {g,}yew has uniformly compactly epi-Lipschitz
recession cones if there exists a compact set H in X, r > 0 and neighbourhood W of w
such that for all v € W we have

(1.1) B(0,7) Crecg, — H

for all v € W where rec g, :=rec {z € X | g,(z) < a}. Note that for g, € T'(X) the cone
rec g, is independent of a. If we also assume come (dom f,, — dom g,,) = X and that the
following weak® and strong lower closures coincide;

(1.2) fe0g =f0g;

then slice convergence of {f,}vew and {g,}vew implies that of {f, + g, }vew. The lower
closure condition (1.2) is satisfied immediately if X is reflexive, and is also implied by a
number of conditions including the strengthened interiority condition 0 € core (dom f, —
dom g,,) (that is, cone (dom f,, — domg,) = X) or when both f, and g, are uniformly
bounded below. When g, is the indicator of a linear subspace N, C X the condition (1.1)
corresponds to the following uniform finite-codimensionality assumption: There exists a

finite-dimensional subspace F' C X* and a neighbourhood V of w such that |J N} C F.
vevV
From (7, Exercise 8.1.6] we know that slice convergence of the intersection of two families

of slice-converging subspaces {M, },cv and { N, }yev may fail when neither of these spaces
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satisfy this uniform finite-codimensionality condition. Thus the condition (1.1) cannot
be omitted in general from this sum theorem.

2. PRELIMINARIES

In this section we draw together a number of results and definitions. This is done to
make the development self-contained. A reader conversant with set—convergence notions
and the infimal convolution need only read the first part of this section, only returning
to consult results and definitions as needed.

We shall let C(X) stand for the class of all nonempty closed convex subsets of
a normed space X and CB(X) the closed bounded convex sets. Place d(a,B) =
inf{lla—b|| |be B}, B(0,p) ={z€X |lzll<p}and B(0,p)={z e X ||zl <p}
Corresponding balls in the dual space X* will be denoted B*(0, p) and B(0, p) respec-
tively. The indicator function of a set A will be denoted é4, and S(A,-) will denote
the support function. The polar of A C X will be written as A%, and for A C X*, °A
denotes the polar as a subset of X. We shall use u.s.c. to denote upper—-semicontinuity
and ls.c. to denote lower-semicontinuity. Recall that a function f : X — R is called
closed, proper convex on X if and only if f is convex, ls.c., is never —oo, and is not
identically +oo. The class of all closed proper convex functions on X is denoted by
I'(X), and T'*(X*) denotes the class of all weak* closed proper convex functions on X*.
We shall use the notation A for the closure of a set A in a topological space (Z,7)
and, to emphasise the topology, we may write A", Forz € Z, N, (z) denotes the
collection of all 7-neighbourhoods of z. For a function f : Z — R, the epigraph of
f. denoted epi f, is the set {(z,a) € Z x R | f(z) < o}, and the strict epigraph
epi,f is the set {(z,a) € Z x R | f(z) < a}. The domain, denoted dom f is the set
{z € Z| f(z) < +o0}. The (sub-)level set {z € Z | f(z) < o} (where a > infz f) will
be given the abbreviation {f < a}. Any product X X Y of normed spaces will always
be understood to be endowed with the box norm ||(z,y)|| = max{||z||, |lyli}; any balls in
such product spaces will always be with respect to the box norm. We also shall assume
the following convention for products Z x R where {Z,7) is topological: We assume the
product topology, where R has the usual topology, and for any subset C C Z x R, its
closure in this topology is written as C'. If f : (Z,7) — R, its 7-1s.c. hull, denoted F, is
defined by f (z) = lim inf f(z'). The (extended) lower closure cl, f is defined to coincide

x>z

with f~ if the latter does not take the value —oo anywhere, and to be identically —oco
otherwise.

DEFINITION 2.1: Let F:W — 2% be a multifunction from topological spaces W to
X.

1. limsupFw)= [ U F);

vow VeN(w) veV
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2. liminf F(v) = N U F(v);
v {BCW|weB} vEB
3. F(-) is lower-semicontinuous at w if and only if F(w) C liminf F(v). For
v

a net {Ax}rer of subsets of X;

4. limsup Ay = N U Ax;
A J residual in I AeJ
5. lin}\ian,\ = N U A

J cofinal in I \eJ
REMARK 2.1. It is easily seen that this notion of lower-semicontinuity is equivalent

to the classical formulation—namely: For any open set U intersecting F(w) there is a
neighbourhood V of w for which F(v) N U is nonempty for every v in V.
REMARK 2.2. For metrisable X, the above definitions can be shown to have the equiv-
alent forms:

1. limsupF(v) = {z € X | Janet vy —» w and 45 € F(vp) withzg -z}

= {z € X | limintd(z, F(v)) = 0}.
2. lirxlian(v) = {z € X | Vnetsvg = w, 315 = z with 75 € F(vp)

eventually }
= {z € X | limsupd(z, F(v)) = 0}

vow
with obvious analogs for nets of sets.
DEFINITION 2.2: Let A be a convex set in a topological vector space and = € A.
Then

cone A := U AA (the smallest convex cone containing A).
A>0
qriA = {z € A | cone (A — ) is a subspace of X} (the quasi relative interior of A).

The infimal convolution plays a central role in our development.

DEFINITION 2.3: Let f and g be closed convex functions on X into the extended
reals. Then

(fOg)(@) := inf (f(v) + 9(= — v))

is called the inf-convolution.

It is well known that the strict epigraph of the inf-convolution is equal to the set—
addition of the strict epigraphs of the individual functions:

epi,(f O g) = epi, f + epi,g.
Also dom (f O g) = dom f + dom g; epi fO g D epi f + epig, and
(fOg=f+¢
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where f*(z*) = sup({z,z*) ~ f(z)) is the Young-Fenchel conjugate of f.
zeX

Lower semi-continuity of the epi-graphical multi-function v — epi,(f, O g,) may be
deduced from that of its components using the following lemma. We include its derivation
due to a lack of a solid reference.

LEMMA 2.1. If Fi(-) and F3(-) are multi-functions ls.c. at w then F(v) :=
Fi(v) + F3(v) is Ls.c. at w.

PROOF: We use the classical formulation of l.s.c. (Remark 2.1). Let N be a neigh-
bourhood of a point yg € F'(w). There exist y; € Fi(w) such that yy = ¥, + .. Take two
neighbourhoods N; of y; such that N; + N, € N; there then exist neighbourhoods V; of
w for which F;(v) N N; # 0 for all v € V;. Hence for allv € VNV,

0 # Fi(v) N Ny + BR(v) NN, € (F(v) + F2(v)) N (N, + No) C F(v)N N
giving the result. 0
In [22, Lemma 4.1], it is shown that the epigraphs of the closures f,(g, (in the
strong topology on X)) satisfy
lim inf epi (f, 0 g) 2 epi (fu O gu)

under the condition that dom f}Ndom g; # 0 for v in a neighbourhood of w. This result,
however, is of limited use here as we are interested in this occurring in the dual space.
We conclude this section with a summary of variational limit notions used in this
paper. Let X and W be topological spaces, then for x € X, w € W, and {f,}vew a
collection of R-valued functions on X, define the lower and upper epi-limits by:
(eli fi)(z) == By A inf inf fu(v),

e-ls ) (= su inf  sup inf .
(e-ls f)(2) By AR W foly)

It is well known [20] that these limits correspond to the Kuratowski(-Painlevé) limit
of the epi-graph multifunction in the sense that
epi(e-Is f,) = liminf epif,,
v—=w v—=w

(2.1) epi(e:}i fv) =limsup epi f, .

vw

These definitions and relations have natural counterparts for nets {f,},¢; of functions.

DEFINITION 2.4: Let {f,},ew be a family of functions. We say that {f,}yew is
epi—u.s.c. at w € W if for all z we have

(e £,)(2) < ful)
and epi-l.s.c. if for all =

fw(z) < (ve_‘}.}) fv)(z)
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Equivalently for an epi—u.s.c. family the epi-graphs of f, are lower Kuratowski—
convergent to epi fy.
DEFINITION 2.5: A family of functions {f, }yew in R is epi—convergent to a func-
tion f,, (as v — w) if it is both epi-u.s.c. and epi-ls.c. at w.
Since e-li f, € e-ls f, on X, the relation defining epi-convergence is in fact an
v—ow oW

equality.

3. SEMI-CONTINUITIES OF THE YOUNG-FENCHEL CONJUGATE

In this section we investigate the primal upper topology and dual upper topology
whose join with their respective strong lower Kuratowski topologies gives rise respectively
to the primal and dual slice topologies. These may be investigated independently without
forming slice convergence. First consider the dual space and what would correspond to
one half of dual slice convergence.

DEFINITION 3.1: Let {f,}vew be a family of functions on X and {f}},ew the
family of conjugate functions on X~ (for a normed space X). We denote the bounded-
weak® upper epi-limit (as v = w) of {f}}yew by

bw*-limsup epi f; := {(z",a) €EX*xR | J nets v, = w; (y;,aﬂ) € epif,jﬁ

vow

such that a;, = a; y; norm bounded; y; LN x‘}.

The above closely resembles the limit—-superior of epigraphs, relative to the bounded-
weak® topology on X* (hence the terminology). The bounded-weak* topology is de-
scribed in, for example, [16]. Clearly this set recedes to +oo in the vertical direction and
so resembles the epigraph of some function. This prompts us to define

DEFINITION 3.2: For z* € X*,

(3.1) (bw*- e-li f))(z*) := inf{a €ER | (z*, @) € bw*-lim sup epi fv‘}.
oW

y-w

It then follows that
(3.2) epi, (bw -f—-;l&; fv) C bw -hrvn_)sul,lp epi fi C epi (bw -f—-}&; fv) .

Thus bw*- e-li f is essentially a variational limit in the sense of [4] or [20]. Analogous
vow

definitions can be made for nets {f,},er of functions, that is,
bw*- limsup epi f} := {(x",a) € X* xR | 3 subnet 75 : (y;,0,) € epi £,
v

such that a, = o; y; norm bounded; y; N z‘}.
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with (bw*-e-li f)(z*) defined as in (3.1).

We reqlire one half of the so—called slice convergence. The following is the best
definition for our purposes although many others are available on modification of existing
material (see (6] or [7]).

DEFINITION 3.3: We say {f,}vew in ['(X) is upper slice convergent to f € I'(X)
(as v — w) if whenever v, — w is a convergent net, {z,} a bounded net in X we have
for each (y*,n) € epi,f* that f,, (za) > (T4, ¥*) — 7 eventually. Denote the set of all
f € T(X) satisfying the above by 7;- 31_{{10 fu. (This choice of notation will be clarified in

the next paragraph.) Hereafter we shall denote the pointwise supremum of this class by
T,- e-li f, = sup (rj— lim f,,) .
v vow

Again, analogous definitions follow for nets of functions.

The definition is better understood on noting that n > f*(y*) if and only if f(z) >
{(x,y*) — n for all z. A topological way of writing this {7] is to introduce the cylindrical
slices S := {(z,a) € X xR | ||lz|| € p; &= (z,y*) — n} for any (y*,n) € X* x R and
the upper slice topology 7;5 on C(X x R) via the neighbourhood subbasis consisting of
the elements

(S == {4 € C(X xR)| A+ B(0,¢) C S° for some ¢ > 0},

for all slices S. Then f € 7}- lx_'null f, amounts to epi f, € (S)** for all v near w whenever
epi f € (S)** (in other words, f, — f in the topology 7;"). Another subbasis is that
generated by (B‘)++ where B is a closed bounded and non-empty convex subset of X.
Observe that if f € T:_li-ﬂf” and g < f, then g € T;'-l}i_l)lllufv, since epig € (B¢)**
implies epi f € (B°)**. This exemplifies the non—Hausdorff nature of 7;*. The lower
Kuratowski limit is generated by the neighbourhood subbasis consisting of all sets N~
= {B € C(X xR) | BNN # (I)} where N C X xR is norm-open. Thus we may speak of
a lower topology 7~ and the associated lower convergence e;ls fo € f by demanding that
epi f € N™ imply epi f, € N~ forallvina neighbourhoociJ o%u w. The slice topology 7; is
the join of the topologies 7,5 and 7— (that is, has as subbasis the union of the subbases
of v}t and 7_).

Recall also the definition of the dual slice topology 77 on X* xR. It is the topology on
C*(X* xR) (the class of nonempty weakly* closed convex subsets of X*xR) generated by
the subbasis {V~ | V strongly open in X* xR} U{(B)** | B € CB*(X* xR)}, where
CB*(X* x R) denotes the set of all bounded nonempty weakly* closed convex subsets of
X* x R. As for the slice topology, the dual topology is expressible as the join of upper
and lower topologies, denoted 7} and 7, respectively. Note by weak* compactness of
B € CB*(X* x R) that (B)*+ = (B)* := {A € C*(X* xR) | BN A = 0}. The dual
slice topology 77 on I'*(X*) is that induced by the map I'*(X*) 3 f > epi f € C*(X*xR).
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LEMMA 3.1. Let X benormed, W topological, and { f, }vew be a family of closed
proper convex extended-real-valued functions on X. Then

els f, 2 (bw*-e-li f})*,
vow vow
and if V := e-ls f} is in I'*(X*), then V* € 7}~ lim f,.
vw vow
ProoOF: We first prove the second statement. We show that V* € 7}- lim f,.
v w
Indeed, let (z*,7) € epiy(V*)* = epi,V # 0. Also, let v, = w, and let (z,) be a bounded
net in X. Pick # € R such that n > 8 > V(z*). As (z*,8) € epiV = liminfepi f},
v—w
there is a strongly convergent net (z3, 8,) — (z*, 8) with f; (z}) < B, eventually. Place

€ :=n—f > 0. Then eventually, 8, < 8 +¢/2 and ||z} — 2*|| < £/2M, where M is a
bound on the norms of the z.,. For such v we have from the Fenchel Inequality,

o) 2 (5532} = £3,(23) > (@) = (I3 = ="l + B + )
> (@,2,) = (B+€) = (@"2,) =1,

Hence, if V € I'*(X*) (so V* € I'(X)) then V* € 7;t- '}% fo-
For this part write U := bw*- f-»li foand V = fi,lf, fs. We show that U* < V on
X. Letz € X. fV(z) =400 or U = 400, (so U* = —o0) there is nothing to prove.
We then give a proof in the case where V(z) < 400 and U is not identically +oco on
X*. Let z* € domU. Let a, § € R with a > V(z), 8 > U(z*). Then (z,0) € epiV,
(z*,B) € epi,U C bw*-limsup epi f;, so there are nets v, — w, 5 — z (weak’),
By — B, with (z,6,) € g;iwf,,‘7 for each v and the z7 are uniformly norm-bounded.
Also, since (z,a) € li'rg'glfepi fv, there exists (z.,a,)(€ epif,,) = (z,a). For each v,
oy + By 2 f5 (23) + fo, (z4) 2 (24, 23) by the Fenchel inequality. As a result, passing to
the limit, & + § > (z, z*). (This is permissible as the 27, are norm-bounded and z, — z
strongly). Rearrange to obtain o > (z,z*) — 8. Since the a@ > V(z) and 8 > U(z*)
are arbitrary, we conclude that V(z) > (z,z*) — U(z*) and since z* € domU is also
arbitrary, it follows that V(z) > U*(z) as claimed. 0
The following is motivated by the proof of [4, Theorein 7.5.1].
THEOREM 3.2. Let X be a normed space, W a topological space and f, (v e W)
proper closed convex extended-real-valued functions on X. Suppose also that either:
1. the strong epi-limit supremum (as v = w) of {f,}vew is not identically
+00, or alternately,
2. for each net vg — w we have 7,- ebli fus Dot identically +oco.

Then for each f € 7}~ lim f,,
vw
els fo < f°
vow

where the epi-limit supremum is in the strong topology of X*.
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PROOF: Let f € 7}- lim fu. Write V .= e—ls fo. Let z* € X* and we assume that
V(z*) > —oo, otherwise there is nothing to prove We show that A < f*(z*) whenever
A < V(z*). Suppose A < V(z*). Then (z*,A) ¢ epiV = ll'!]Il’luI)lfepl fo. Then using the
alternative definition in Remark 2.2 we have limsupd ((x‘, A), epi f;) > 0 and so there is

vow

a net vg — w and € > 0 for which

(V8) ((z",X)+B(0,€)) Nepi f;, =0

where B (0,¢€) is a ball in the box norm for X* x R. By the Hahn-Banach Separation
Theorem, for each 3 there is ”(.’Eg, —aﬁ)" =1 (after rescaling in the box norm) in X xR
such that

sup (zp, —ap), (Tp, 1p)) < inf _ (x5, —ap), (¥*,9)).
(zh:18)€ePifsy < g > (v S)e(z* . \)+B (0,5)< >

As infiy. 5c5° 0. { (28, =), (4", 6)) < —e¢, it follows that

(3:3) (VB) (Y(zp, 1p) € epi f;,) ({25, 25) — appp < (2p,2°) — agh —¢).

From this follows that as > 0 for such § (for if otherwise, take zj; € dom f; # 0,
and pp = fy,(z3) + k, and let & — +oo in (3.3) to obtain the contradiction +oo <
(:Eg, IL'") - aﬂ)\ el E).

Now, if limsup a5 > 0, there exist 6 > 0 and subnet ap, such that ag, > é for all 4.
Define z, := x[: [ag,. These have norm bounded above by 1/§. Dividing (3.3) through by
ap,, letting 3 € dom f; 5, 7 0 and pg, = f,,ﬂ (z3, )therem we get (Z,, zj ) — o8 (zﬂ7) <
(Z,,z*) — A, and takmg supremum over zp € dom vs, W have f,, (Z,) < (a:,,,z )y —
for all such v, where Z, is a bounded net. Since f € 7}- 1}1_21” fv, we must have that
A< fr(z").

In particular, if z* € domV (so V(z*) is finite—recall the assumption that V(z*)
> —00), we can show that lm}’mf ag > 0,50 < f*(z*) forall fer)- Jl-ry?u fv by the pre-
vious paragraph. To see this, put p := V(z*)-A > 0. As (z*,V(z")) € litrjrl)iur]lfepi fi, then
for the net vy described above, there is a norm—convergent net (z3, ug) — (z*,V(z*)),
with f,,(z3) < pp. Then for all sufficiently large 8, ||z; — z*|| < €/2 and pg < V(z*) +p.
We may then use (3.3) to obtain for such g:

0 < (zp,2" — zp) + aplpp — A) —e < Iz” — zgll + ap(V(2") - A+ p) — €
$€/24+2pay —¢

which gives ag > €/4p, so lm}9 infag > €/4p. We are then done, for the case of V(z*)
< +00.
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It only remains to deal with the final case of V(z*) = +o0o. We clearly only need
consider the case where limsupag = 0. We claim the existence of a subnet vg, for
B

which there exists a bounded net (g,,p,) with {¢,,p0,) € epi _f,,,s,7 for each . In the
case that e-ls f, is not identically +oo, the claim follows immediately. If instead the
v-rw

assumption is made on the lower slice epi-limit (see the list of hypotheses), we argue this
by contradiction as follows: Suppose for all bounded nets gg (over the same index set of the
B) that lini?inf fus(gp) = +0o. Then for any y* € X* and any real n, fu,(qs) > (g5, ¥*) -7

eventually for any bounded net {gs}. Hence any proper convex function f will be in
- lién fus- Consequently, 74~ ebli fus = +00, a contradiction.

Let (gy, py) € epi fu,, With [|gy|| < M for all v, and |p,| < M, as per the above. Let
p > 0 be such that A < pe — M (1 + ||lz*||), and multiply (3.3) by 4. Then for all v,
(V5 1) € epify, ) (uTp,,35) — ap,ppy < (U2p,,T7) — 0, A — pie.
Also, the Fenchel inequality gives (gy,z3) < fy ( 3) + fus. (gy) and so for such v, putting
oy =S5 (T (%) for z, € dom f, s, 7 @, we have (for all 5 € dom fv‘g )

ag,ify, (23) + (26, 37) + fog, (a0) + f5s (@3) — 0, X — e
(1 +ag,u)fy, (2)) + (uzp,, 2°) + py — Cp, A — pe.

(q‘7 + [l/xﬂ,’, x"y) s
<

Note that we have ||zg|| < 1. Dividing through the preceding inequality by 1+ ag, 4, and
taking the supremum over z, € dom f,:‘B’ (then with f3* = f,,)

5 (qv + l“”ﬁ—,) < Pr eyt pzp,,2°) — (45, 3°) — phog, — pe
vg,

1+agp 1+ ag,pu
- (ot v + pe = ML+ [l
' 1+ app’ 1+og,p '
Since ay — 0 and since also ||(gy + pz3,)/(1 + o, p)|| < M + p, from (3.4) it follows on

using the definition of the upper slice convergence that
@) 2 -MQA+|z)) +pe 2 )

This completes the proof. 1]

Similarly, a dual result holds for the bounded-weak® lower epi-limit. Initially we
assume the existence of the strong epi-limit of the net of functions on the primal space
X, but this assumption will be subsequently removed. As preparation, we need a lemma,
whose proof will be based on that of [4, Theorem 7.5.1]—however, the original argument
in the cited reference fails unless existence of the epi-limit is assumed, as we do in the
following proof. The point at which the original proof fails will be indicated at the
corresponding point in the modified proof below.
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LEMMA 3.3. Let X be anormed space, and {fz}ges a net of proper closed convex
extended-real-valued functions on X. Suppose also that the strong epi-limit of {fs}ger
exists. Also, assume that either:

1. this epi-limit takes a finite value somewhere, or
2. bw"-ebli f5 is not identically +oo.

Then
ebls fa(= ebli fs) £ (bw‘-ebli 3

ProoF: Write U := bw*- ebli fpandV := ehls fs(= e;}li fg). Assume that V is not
identically —oo, otherwise the result follows trivially. Let z € X. It suffices to consider
the only non-trivial case—that where V(z) > —o0, and U(z*) > —oo for all z* in X*.
To show that V(z) < U*(z) we show that A < U*(z) whenever A < V(z). Suppose
A < V(z). Then (z,)) ¢ epiV = limﬁsupepi fs and by reasoning analogous to that in

the proof of Theorem 3.2, there are nets ||(zf,, —ag)“ =1 in X* x R such that for some
€ > 0 and some F; (compare with (3.3)),

(3.5) (VB > Bo) (Y(zp, 1p) € epi f) ((z5,Tp) — g < (T}, ) ~ ap) —€).

From this follows again as in the proof of the preceding Theorem that ag > 0 for such v.
Now, if limsupag > 0, we have the existence of § > 0 and subnet ag, such that ag, > 6
B

for all 7. Define ¢} := zj /ag,. These have norm bounded above by 1/4. Dividing
(3.5) through by ap_, letting x5, € dom fs, # 0 and pg, = fs (z5,) therein, we get for
all v, (¢}, %p,) — fp,(zp,) < (g},2) — A, and taking the supremum over zg, € dom fg,,
f5,(@3) < (g3, z)— A for all such . By their norm-boundedness, the {g}} has a convergent

subnet ¢ N q¢*, and so
(43,,4a;, 2) — N5 (¢ (g z) - A € b'w‘—limﬂsup epi f3 C epiU.

Thus U(gq*) < {¢*,z) — A, so A € U*(z). (Note that then ¢* € domU).
In particular, if z € dom V so V(z) is finite, we can show in an identical fashion to
the proof of Theorem 3.2 that lirr}9 inf ag > 0 and so A < U*(x) by the previous paragraph

and we are done, for the case of V(z) < +o0.

Note that under the current assumption, either, there exists a point where V is finite
(at which point we may argue as above to conclude that domU # @), or, no such point
exists, in which case it is assumed that dom U is nonempty (see assumption 2).

It only remains to deal with the final case that V(z) = +o00. Let ¢* € domU (which
we know to be nonempty). Then U(g*) is finite (for at the beginning of this proof we
assume U > —oo on X*), so (¢*,U(g*) +1) € epi,U C bw‘—limﬁsup epi f; and there is a
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subnet B, such that there exists (g, p,) N (¢*,U(g") + 1), with for some M, g3l < M
for all v, and f3 (g3) < poy-

(From this point on, the argument from [4] is questionable, since if assumption (1)
holds only for the upper epi-limit, without requiring the existence of the epi—limit—this
being the assumption in [4, Theorem 7.5.1], so V = 5:;13’ fo # 5;13) fu, then (3.5) will
hold merely along some subnet. However the subnet just obtained in regard to U(q*) has
no clear relationship to that along which (3.5) is valid, so information derived on these
subnets cannot be merged as they are in the arguments to follow.)

Suppose lim sup ap, > 0. Then restricting (3.5) to the £, we may deduce again that

A < U*(z). We are left with the case of limag, = 0.
v
Let u > 0 be such that (¢*,z) — U(q*) + pe — 1 > A, and multiply (3.5) by u. By
suitable imitation of arguments in the proof of Theorem 3.2 (compare with the derivation
on (3.4)), (3.5) implies

>+ ury + (uzh , 1) — prag, — pe
(3.6) f§7(‘1~, L ﬁ.,)<Pv (1 By ) B '

1+oag p 1+ ap,p
By passing to a subnet 3, whereby zgm has a weak® limit z*, then in the limit over
Vs, the right-hand side of (3.6) goes to U(g*) + 1 + (uz*,z) — pe (since ap, — 0), and

(g + pzp )/ (1 + ag, 1) Y, ¢* + pz*. Since also H(qﬁ‘, +pzp )/ (1 + ozﬁ.,u)” < M+pit
follows from (3.6) that

(¢* + pz*,U(q") + 1 + (uz*,z) — pe) € epiU.

That is:
U(g* + pz*) S U(g*) + (uz’, z) — pe + 1
and so
Ulg" + pz*) — (¢" + pz’, ) S U(F") — (0" 7) —pe + 1.
Therefore
U(z) 2 (¢" +pz’,z) ~U(g" + pz*) 2 (¢",2) —U(g") +pe - 1 > ).
This completes the proof. 0

We now remove the requirement that the epi-limit exists.

THEOREM 3.4. Let X be a normed space, W a topological space; let {f,}vew
be a family of proper closed convex extended-real-valued functions on X. If either:
1. the strong epi-limit supremum f_'.l.i fv is not identically +o0, and for each
z€X, (f;li Fu)(z) > —o0; or
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2. for each convergent net vg — w, bw‘-e—ﬂli f;ﬁ is not identically +oo, then,
els fy = (bw- e-li ;)"

PROOF: Let vy — w. By Mréwka’s Theorem [7] there is a strongly epi-convergent
subnet fv,,_’, so that
e-ls f, > e-ls f%’ =e-li f%, 2 el f,.
vow ¥ ¥ v w
(So under assumption (1), the epi-limit of the f,, takes at least one finite value.) By
Lemma 3.3 (applied to f%’),

oW

e:yls fug, < (bw'- e;li fjﬁﬁ)‘ € (bw*-e-li f)*.
Since this inequality holds for a subnet of each convergent net vg — w, we conclude that

e-Is f, < (bw*- e-li f)".

vw yw

The reverse inequality is the result of Lemma 3.1. 1]

This result extends to non—separable X and non—first-countable parameter space W
(hence admitting nets and other generalisations of sequences), some existing results of
sequential character [1, 4, 24]. These use the sequential analogs of the bounded-weak*
lower epi-limits introduced in Definition 3.1. These shall (for sequences of functions f})

be denoted by seq-w* e_—’li fr. It is easily verified if X is separable (so the weak* topology
n—oo
is metrisable on bounded subsets of X*), complete, and W is first-countable, that

bw*- e-li f; =seq-w™e-li f.
v v—=w
Now, for the sequence f, € I'(X), the equality
(3.7) &ls fo = (seqw™ eli f7)
holds if either:

1. [4, Theorem 7.5.1] e-Is f, is proper and X is separable; or
n—o00

2. [1, Theorem 3.7] X is reflexive, and there is a bounded sequence z}, in X*
for which sup fi(z}) < +oo. (Note, however, that by {24, Theorem 1.2]
neN

the semicontinuity result implied by (3.7) is in fact valid if the assumption
on X is weakened to that of separability, with no completeness assumption.
The result in [24] is in fact asserted for any separable metrisable topological
linear space, where the boundedness condition on the z;, is understood to
be relative to the appropriate topology).
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The proof given in [4], however, contains a gap: the argument therein at one stage
attempts to combine information derived on possibly incompatible subsequences; without
further assumption, it is not clear that these subsequences have even one point in common,
let alone an infinity of such (see also the in-line comment in the proof of Lemma 3.3).
This proof is rescued if an assumption on the strong lower epi-limit is appended, as in
assumption (1) of our Theorem 3.4.

Case (2) of Theorem 3.4 subsumes the cited result from [1] (or [24]), in the con-
text of normed X, since the assumption therein implies assumption (2) of our result.
Indeed, given a subnet ng of N, z; has a weakly* convergent subnet (from the as-
sumed boundedness) with a limit z*. Then if A € R majorises sulg fi(z}), we obtain

ne

(z*,A) € bu* limﬂsup epi fny, whence bw™ e;}li fns is not identically +oo.
The following theorem summarises the results obtained so far in this section.

THEOREM 3.5. Let X be a normed space, W a topological space, and { f,}yew
a family of proper closed convex extended-real-valued functions on X. Then:

+
1. Iff, ™ f, and either e-Is f, is not identically +co, or for each net ug = w,
VW
7s-¢e-li f,; is not identically +oo, then e-Is f; < f5.
B8 v—w

Iff, ™ f, (that is, els f, < fu), then f, < bw*-e-li 3 on X*.

If fo < bw*- f-'.l,i fs on X*, and either 1(}e;llsu fv is not identically +oo and
(e-li f,)(z) > —oo for all z € X, or for every convergent net vg — w,
bz;:lfe-ﬂli fs, is not identically +oo, then fy, 2 53;13 fu-

4. Iff2 75 f2 (that is, els f2 < f2), and els f7 € T*(X*), then f, & f.
vow v—w

1. From Theorem 3.2.
2. By Lemma 3.1, f} < (e-Is f,)* < (bw*- e-li f3)** < bw*-e-li f;.
=W v v—w

3. By Theorem 3.4, e-ls f, = (bw*- e-li f3)* < f2* = fu-

v=w vow
4. By Lemma 3.1, (e-Is f})* € 7}- lim f, and hence likewise for f,,, since

v y—w

fw = 1:,‘ < (e-ls f;)‘
vow
a

As discussed earlier, the slice convergence f, — f,, is characterised by:
e-ls f, < fu and f, € 7} lim f,.
oW v-w

The result to follow, (combined with the bicontinuity of Young-Fenchel conjugation,
with respect to the respective slice topologies on X and X*), demonstrates that dual
slice convergence g, — g,, (for functions in I'*(X*)) has the alternate form:

(3-8) e-ls g, € g € bw'-e-lig, on X"
v—w VW
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(Note since bw*- e-li g, < e;ls g» always, the inequalities in (3.8) are in fact equalities.)
1—=w v—w

COROLLARY 3.6. For functions f, € I'(X), f, slice-converges to f, if and only
if
els fi < fo, Shw'-eli f7

vow
ProoF: The forward implication is immediate from the first two parts of Theo-
rem 3.5. Conversely, for any net vg — w,

- »* < e- * < * < t_ -l' * < ‘_ ~' *
eﬂlsfvﬂ < ,,_.lf,f” < fo Shw f—n},f” < bw eﬁh

vg?

*

and since bw"-e;ili fos < e;}ls v+ the above forms a chain of equalities. Hence bw*- ebli s

= f, which is not identically +oc0. Consequently f, LN fw by Theorem 3.5 (3). Also,
since e;ls fr = fi e '*(X*), we have f, i) fw by Theorem 3.5 (4). 0
vow

4. SuM THEOREMS FOR SLICE CONVERGENCE

We shall now discuss the passage of slice convergence through addition. Such the-
orems are closely related to results regarding the passage of the upper (Kuratowski—
Painlevé) epi-limit through addition. Indeed one only needs to conjoin such a result
with Lemma 4.10 (a relatively trivial sum theorem for the upper slice convergence) in
order to obtain a result pertaining to slice convergence. Even though Lemma 4.10 is true
in normed spaces it requires the coincidence of the weak*— and strong closure of a certain
convex function in the dual space. This condition may easily be established in a Banach
space under a weak assumption (see Remark 4.3) entailed by the hypotheses in the most
powerful results on epi-u.s.c. of sums [19)], but it is unclear whether one can establish
this condition without X being complete. Thus the natural context to frame such results
appears to be in a Banach space. Thus we begin assuming X is normed but are often
compelled to invoke completeness in stating the main results.

Another approach to such results for slice convergence, to be the concern of this
Section, proceeds as follows: Using our duality results of Section 3 we note that the
upper slice convergence of f, + g, to f, + g, (as v — w) dualises to the lower (Ku-
ratowski) epi—convergence of f; O g;"" to f;,Dg;,"'.. This in turn relates to the lower

Kuratowski convergence of the sum of the (strict) epigraphical multifunctions v — epi f;
and v — epi g, which may be established quite generally. Thus in order to establish slice
convergence of {f, + g, }vew We may utilise the continuity results of section 3 to reduce

-

the problem to one of establishing the dual upper slice convergence of {f;Og;" }, o
The dual upper slice topology is, similarly, related to the upper Kuratowski convergence
of epigraphs relative to the bounded-weak* topology, an observation which motivates us
to investigate the boundedness of the sets given in Definition 4.1. These considerations

appear to be fundamental to the approach taken here.
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DEFINITION 4.1: Following [3], define for K € R,
Hi = {(21,23) € X* x X" | f*(z}) + ¢"(#3) < K, ||z} + 23] < K},
and for functions f,, g, (v € W),

Hi(v) := {(z*,¥") € X* x X*

1@ +gy") < K, lIz" +y| < K}.

LEMMA 4.1. Let f and g be in I'(X) for a Banach space X, such that Hg is
bounded for each K € R. Then f*0g¢* € I'*(X*).

PROOF: For the weak* lower-semicontinuity, it suffices by the Krein-Smulian The-
orem [14], to prove that {f*0g* < u} N B (0, M) is weak* closed for each u, M.

Let zj Y z* with zy € {f*0Og* < u} NB’(0, M) for each 3, and let € > 0. Then
llz*]l € M by the weak* lower—semicontinuity of the dual norm. Also, for each 3, there
is y; € X* such that

flap—yp) + 9’ (yp) < p+e.
Then (z}; - y3,y5) € Hk whe‘:re K = max{u +¢, M}, so y; is b‘ounded, and passing to a
subnet, we may assume yj 2y y* for some y*. Then, since Ty % z*, we conclude
(f"8g9) ") < =" -y") +9°(y")
< lin}’inff‘(z;, —yp) + lin%infg'(y;,)
< lirr}iinf (f(zh—yp)+9°(¥p) Sp+e,

and hence, on letting € — 0, that the level-set of f* [ g* is weakly* closed.
To verify the properness, suppose to the contrary that (f*0g*)(z*) = —oo for some
z". Then lién(f‘(z‘ —y5)+9*(y3)) = —oo for some net yj, and since (z* —y3, y5) € Hiry)s

we have yj N y* on taking a subnet. Then
—00 < f*(@* —y") +¢"(¥") < liminf f*(z* - y5) + liminf g*(y5)
< lim inf (f(z* —yp) + g*(¥p)) = —o0,
a contradiction. 1]

The following lemma provides bounds which will be of use in the next Theorem.

LEMMA 4.2. Let {f.}vew be a family of proper closed convex extended-real-
valued functions on a normed space X. Suppose that {f,}vew is strongly epi-u.s.c. with
respect to f,. Then for each M > 0,

(4.1) AV € N(w))@u € R)(V € V)(VIs"ll < M) (£3(=") > ).
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PrROOF: Let M > 0 and suppose the assertion false. Then there are nets vz —
w, ||z3ll < M such that limgf; (z3) = —co. By taking a weakly* convergent subnet
zj, — =, it follows for any real A, that (z*,A) € bw*- hm sup epi f; C epi (bw- e~11 fu)
so (bw*- e_-’li f2)(z*) = —oo, which in turn implies via Lemma 3.1, that f, > e;ls) fo
> (bw*- g;li f2)* = +o00, contradicting the properness of f,.

We now state a preliminary version of our main result, which will be the starting-

point for all subsequent investigations in this Section.

THEOREM 4.3. Let {f,}vew and {g,}vew be families of proper closed convex
extended-real-valued functions on a normed space X, which are slice convergent (as
v — w) to f, and g, respectively. Assume also the following:

1. f:0Og; € I'*(X*) for all v near w;
2. for each K 2 0, there is V € N (w) for which |J Hg(v) is bounded.

veV
Then {f, + gv}vew Is slice convergent to f, + g, as v — w.

PRrRoOF: From the bicontinuity of the Young-Fenchel transform (with respect to the
slice topology), and the relation f, + g, = (f; Og)*, it suffices to prove the dual slice
convergence of fr g} to fi Og;. From Corollary 3.6, v ~—> epi f; and v — epig] are
both strongly lower-semicontinuous at v = w. Then

epis fy, O g,, € epi f,, +epig,
C liminf (epi f; + epig]) by Lemma 2.1
W
C liminf epi f; O g,
vTow
and since the latter set is strongly closed,
epi f,, O g, C epi,fy gz, C liminf epi f; O gy,
v—w
that is, v — epi f; O g, is strongly lower-semicontinuous at v = w.
The remaining task (by Corollary 3.6), is to show that
foOg, < bw'-eli f70gy,
v—=rw
or equivalently,

(4.2) bw*- limsup epi f; Og; C epi f, O gy, .

vTow -
Let (z*,a) € bw*- limsupepi f; Og;. Then there is M > 0, and nets vs — w, (T}, op)
vrow

€ B'(0, M) Nepi fs, D g;, with the latter weakly" convergent to (z*, @). Redefining the
index set for the net, we may, without losing generality, assume that (z}, ag) is in the
strict epigraph of f;ﬂ Og5,-
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For each 3, we then have the decomposition
(z5, ap) = (z1,, 01,) + (33, 02,) € (epi f;, +epig;,) N B*(0, M),

from which follows that (z},,23,) € Hum(vs) and hence are eventually bounded, from
assumption (2). This implies likewise for the o, and as,. Indeed, if ||(z} 5 T35) | < M’ for
some M, then from Lemma 4.2, there is p € R such that eventually oy, > f; (23,) >
and @y, > [ (z;ﬂ) 2 p, and since a1, + oz, — a € R, it follows that they are also
bounded above.

Hence, from the boundedness of ||z} ||, |e,| (¢ = 1,2), we may extract convergent
subnets

* w? . * L
Ty, Ty, Tay TH Iy, Qup O, O T A2,

s0
(z*,0) = w*-]im7((zfﬂ7,alﬂ7) + (x;B7,a2h)) = (z},01) + (25, a2)

€ bw"- limsup epi f, + bw*- limsup epi g

vow vw
C epi{bw*- e-li f}) + epi (bw*- e-li g)
v—w vow
C epi f, +epig;, from the slice convergence of f, and g, (Corollary 3.6)
Cepif,Ogs,-
hence proving (4.2). 0
From this we can recover a result alternately deducible from a theorem of Penot {19]
(valid on a normed space) on the epi—upper-semicontinuity of sums.

COROLLARY 4.4. Let {fy}vew and {g,}vew be families of proper closed convex
extended-real-valued functions on a Banach space X, which are slice convergent (as
v — w) to f, and g, respectively, such that for some 1 > 0,8 > 0

(4.3) B(0,6) C {fo < u}NB(0, 1) — {gs < u} N B(0, u)
for all v in a neighbourhood V of w. Then {f, + g,}vew is slice convergent to f,, + g, as
v—w.

PRroor: To verify condition (4.3) in Theorem 4.3, we follow an argument in [3].
Indeed, it suffices, in view of the Uniform Boundedness Principle, to check that for each
element (z,y) of X x X there is a constant C(z, y) such that for all (z*,y*) € |J Hk(v),

1€V
we have (z*,z) + (¥*,y) < C{z,y). Now, z — y € AB(0,4) for some X > 0, so that for
eachveV,z—y= ’\(xv - yv) with fu(xv) < 4, gu(yu) < p and ”Iv” < W, ”yv” < B
Then, since (z*,y*) € Hk(v) for some v,

(z°,2) + (", y) = Mz", 2) + A", 1) + (2° + 4",y — Aw)

SA(£3(2") + fulz) + 05(¥") + 90(90)) + Iz +3°(| - lly — Al
<MK +20) + K (|lyll + M) = C(z,y)-
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Hence |J Hgk(v) is bounded for each K, which, along with Lemma 4.1, implies all the
veV

conditions of the Theorem. 0
This result itself subsumes an earlier result of Lahrache (see [7]).

COROLLARY 4.5. In particular, the above result follows if {g,}yew is uniformly
bounded above on a neighbourhood of some point of dom f,,.

PROOF: The epi~u.s.c. of {f,}yew at w along with the assumption implies (4.3). [

We now briefly digress, to discuss the derivation of Corollary 4.4 from the cited
result of [19]. This result asserts the epi—u.s.c. of the sum from that of its components,
under the condition (4.3), and is valid in general normed space. On combination with
Lemma 4.10 (a sum theorem for the upper slice topology) it yields the slice convergence
of the sum (if the components slice—converge) subject to (4.3) and the weak* closure
condition

(4.4) fe0gs = fu0g.

From Remark 4.3 following Theorem 4.11, 0 € int(dom f, — domg,) implies, if X is
Banach, that f; Og} € I'*(X*) which in turn implies (4.4). However, if X is not complete,
it is not immediately obvious that 0 € int (dom f,, —dom g,,) indeed entails (4.4). If it did,
then {19] would yield the assertion of Corollary 4.4 in a general normed space. However,
the above considerations suggest (but do not prowve, of course) that completeness of X
seems necessary for slice convergence in this situation. We shall not further pursue the
resolution of this issue.

Note that the assumption (4.3) acts simultaneously on both {f,},ew and {g,}vew,
whereas that of Corollary 4.5 is only on one of these families. (This condition however,
is so strong that in this context, it implies (4.3)). Guided by the form of this latter
assumption, we shall use Theorem 4.3 to seek conditions that can be isolated to one of
{fo}vew or {gv}vew, but not so strong that the results obtained are manifestly subsumed
by Corollary 4.4.

The sufficient conditions we shall derive rely on recession properties of level-sets.
We therefore begin with a review of some relevant concepts.

Recall for any closed convex subset A of a topological linear space X, the recession
cone rec A is defined by

rec A := ﬂ AMA —a)
A>0
for any fixed a € A. It is easily seen to be independent of the particular choice of a, so
is well-defined. Further, we have the equivalent form

recA:={zeX|z+ ACA}
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Evidently rec A is a closed convex cone.

The recession function [21] f0* of the closed convex function f is the (closed convex)
function with epigraph rec (epi f). An explicit formula for this function (when f is proper)
is (fO*)(y) = ’\11’1{.10 (f(z+ Ay) — f(z))/X and is independent of the choice of z € dom f.
Thus clearly f07 is positively homogeneous. If f is also proper then all nonempty level-
sets {f < a} have the same recession cones which at times will be denoted by rec f.
Indeed, by definition (f0%)(y) < 0if and only if the recession cone for epi f contains (y,0)
andso f(z +Ay) < f(z) < aforall A >0andanyz € {f < a}orz+ Ay € {f < a}.
Hence y € rec {f < «a} if and only if (f0*)(y) < 0. Finally we note that if f € ['(X),
then the support function to dom f is the recession function f*0% of f*, and the support
function to dom f* is the recession function fO* of f 21, Corollary 3D].

LEMMA 4.6. Let g € I'(X). Then (rec g)° = cone” dom g*.

PrROOF: From the relations of the previous paragraph,
recg = {g0* < 0} = {S(domg",-) < 0} = {S(cone*"domg*, ) < 0} = °(cone* dom ¢*).

Taking polars of both sides gives the result. 0

LEMMA 4.7. Suppose f and g are proper closed convex functions on a normed
space X. Then for any y* € dom f* + dom g*,

(cone (dom f — domg))° =rec[f* + ¢*(y* - )].

PRrooF: Define § € I'(X) by g(z) = g(—z) + (v*,z). Then if h := fO7, we have
R* = f*4+5* = f*+g¢*(y* =) € ['*(X*) since y* € dom f*+dom g*. Thus the closure h of
his in T(X), and so S(domF, ) = &'0+, from which it follows that S(dom h, ) = h*0*,
(since domh C domh C domh, so that S(domh,z*) = S(dom h,z*) by continuity of
z*). As a result,

(cone (dom f — dom g))° = (cone dom h)°
= {S(domh,-) < 0} = {h*0* < 0} =rech*.

0

REMARK 4.1. The hypothesis cone (dom f — dom g) = X in fact implies that rec Hg
= {0}. Indeed, let (z*,y¥*) € Hk and (z],23) € rec Hx. Then for all A > 0, f*(z* + Az})
+g*(y*+22z3) < Kand ||z° +y* + A(2} + 23) [ £ K. The latter implies that z} + 23 =0,
so placing 2* := z{ = —z} in the former, we obtain that 2* € rec [f*(z*+)+g¢*(y*—-)] =
rec [f* + ¢*(y* + z* — )] = {0} by the Lemma, since z* + y* € dom f* + domg".

In finite dimensions the knowledge that the recession cone of a convex set is a
singleton is sufficient to deduce boundedness of the set. This generally fails in infinite
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dimensions. From Theorem 4.3, we want to establish the boundedness, uniformly in v,
of the sets Hi(v). If we merely assume one (dom f, — domg,) = X at each v, then
Hg(v) has no recession directions by Lemma 4.7, but as noted earlier, this is insufficient
to ensure even the boundedness of any one such set, much less a bound uniform in v.

For this, some kind of (weak*) local compactness (uniformly in v) will be needed.
This will permit an argument by contradiction in that if there is no such uniform bound-
edness, then unbounded nets in these sets can be constructed, which, upon normali-
sation, converge weak® to a non-zero member of Hy(w), contradicting the assumption
cone (dom f, — dom g} = X at w.

The following definition and lemma will furnish the required constraint qualification.

DEFINITION 4.2: For hy, .., h, in X,

K(hy, . hm) = {z" € X*

llz*)] € jmax |:1: h)|}-

Clearly this forms a weak” closed convex cone. Further, it is weak* locally compact [18].
LEMMA 4.8. Let {g,}.ew be a collection of functions in T'(X). Then the condi-

tion

(4.5) (3r > 0; H compact in X; V € N(w))(Vv € V)(B(0,7) C recg, — H )

holds if and only if there exist hy, .., h,, in X such that

dom g, C K(h1, .., hmm)

for all v in a neighbourhood of w.

REMARK 4.2. The condition (4.5) is equivalent to {recg,},ew being compactly epi-
Lipschitz at 0, but uniformly in v near w. (For definition of “compactly epi-Lipschitz”
see [10, 17]). Also, as shown in [10, Lemma 2], the content of (4.5) is unaltered if H is
taken to be in addition, finite~dimensional.

PROOF: (The argument to follow is a specialisation of one used in [17].) Assume
(4.5). Let 0 < ¢ < r be such that H C U (ki + B(0,¢)) for some k; € H (from

compactness of H). Place h; := k;/(r —¢). Let v € V and z* € cone” dom g} = (recg,)°.
Then (z*,z) < 0 for all z € rec g,. If ||u|| < 1, then 7u € recg, — H, so ru+ h € recg,
for some h € H. Then since (z*,7u+ h) < 0, we obtain

(z*,7u) < —(z*, h) < I(z‘,h)l < I(x‘,k,-)l +llz*||
for some i. Hence, since u is arbitrary,

z* | < ma.xl(z k/r—e))l-—maxl(z hi)|
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that is, z* € K(h1, .., Am)-

Conversely, if dom g; C K, then (rec g,)° = cone” domg; C K and hence °K C
recg,. As (°K)° = K is weak® locally compact, it follows from [10, Lemma 2.1} that
B(0,r) C°K — H for some r > 0 and compact H. Hence (4.5) obtains for such v. 0

We have arrived at our first statement of a new sum theorem for slice convergence.

COROLLARY 4.9. Let {f,}yew and {g,}sew be families of proper closed convex
extended-real-valued functions on a Banach space X, which are slice convergent (as
v — w) to f, and g, respectively. Assume also the following:

fv and g, are uniformly bounded below on X;
{9v}vew satisfies condition (4.5);
3. cone (dom f,, —domg,) = X.
Then f, + g, is proper for all v near w, and is slice convergent to f, + g, as v = w.

PROOF: We prove that

(4.6) (3V e N(w))(¥ (U Hg(v) is bounded).

veV
Clearly this will imply the second condition of Theorem 4.3. That it also implies the
first, follows from Lemma 4.1 for each v € V.

To verify (4.6), we suppose it false and derive a contradiction. If so, then there
are nets vg = w, Ky € R, and (z,,23,) € Hg,(vp) with ||z}, ], [|z3,] = +oo, and
lim K137, | = 0.

To see this, note that (4.6) is false if and only if

(4.7) (YW e N(w))(3K 2 1)(Vé > 0)(3v € V)(3(z},73) € Hr(v))(||(=}, 23)

),

> 6+ K%in (4.7).

and from the freedom in § > 0 we may instead choose that ||(z}, z})
Since M {w) x (0, +00) is a directed set under the partial order:

(V,6) < (V',d') if and only if both V' C V and §' > 6

(representing the limit as V' | {w} and § — +o00), we have nets vy — w,
Kwg = Kv 2 1, (21, %) € Hry(uv) with ||(z3 .25, )| = 6 + K3, As
23 .4, + T35l < Kv, then ||z{(v_5)|| > 6+ K% — Ky, so (1‘1,{?) 23,41l = +oo. Further,
Kv/|zi, Nl < Ky/(6+ K% — Kv) = 0if Kv5 — +00, and if K(v;5) does not converge
to +00, so it has a bounded subnet, then along this subnet, lim S;lp Ky/lzi,,ll =0,

§

since ||z}, | = +o0. In either case, this gives the desired construct.
Place 77, := 3715/”-'515” and 7; Toy = zzﬁ/”f’?lﬁ” Then ”9315 +-’L'25" Kﬂ/”xlg | —o0.

Clearly the 77, and 73 are bounded. Passing to a subnet, we may assume that Zj, Yot
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and T3, Y3 v* for some u* and v* which must then be in the unit ball and satisfy
u* +v* =0
Let A > 0. We first assert that

fo(Au®) < lxmlnff (AT3,) -
Indeed, for any p € R such that +00 > p > lin},inff (z), {8 | £3,0073,) < u} is

cofinal and so indexes a subnet. Therefore (Au*, u) € bw*-limsup epi fv, and hence is in

ept fr by Corollary 3.6. The claim then follows from the arbgat;riness of .
Similarly, g5 (—Au*) = g5, (Av*) < llm inf g (AT3,). By convexity, since 0 € dom f;, N

dom 955 eventually in 8,

. [ymee . A . .
i 01,) + 83,023, < g 2 (Fanti) + a3, (a,) + (1 - m) (15,(0) +43,(0)

< AKg/||l=, 1l + ISlel‘I; 2 (0) + g3 (0)] = AKp/llzi, |l + €

for all B such that also A/||z7,{| < 1, and where the latter supremum is taken over a
neighbourhood of w, as per assumption (1). Then

fo(Au®) + g (—Au*) € lin}’inff,:ﬂ()\f{ﬁ) + lim infg;ﬁ(/\a'v‘;B)
< lirr}jinf( 5 (AZ],) + gvﬂ()\x%))
< lin}’inf/\Kﬁ/Hx;Bll +€=¢.
Since A > 0 is arbitrary, and £ is independent of A,

u* € rec [fy + g5(— )]
= (cone (dom f,, — dom g,,))° = {0} by Lemma 4.7, (3) and (1).

Since 73, € domgy, € K(hi,...,hm) for all B, the convergence Z}, Bvt=—u =0
now implies ||Z3,|| — 0, and hence that 1 = ||Z] || — 0, a nonsense. 0

This sum property holds for the upper slice topology under much weaker hypotheses.
o+ -+

LEMMA 4.10. Suppose that X is a normed space, f, = f, and g, = gy, in T'(X),

with dom f,Ndom g, nonempty for each v near w. Assume also that f; Og:~ = frOg?.
+

Then f, + gy = fuw + Gu-

PRrooF: Note that (f, + gu)* = f2 I:lg;,”' = fzOgz. Let (y*, @) € epis(fu + gu)*.
Let ~y satisfy (f20g5)(»") < v < a and € be such that Y+ < a. Let {zg} C B(0, M) be
a bounded net, and vg — w. There is §* such that ||7" —y*]| < ¢/M with (f; Og.)(T) <
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7. Then (7*,7) € epi, f; O g;, has the decomposition (y}, 1) + (¥3,72) € episfy, + episgy,.
Hence we obtain

(fog + 9us)(z8) > (W1, z8) — M + (3, Z6) — 712
=¥z — 72 ¥ 1) - M7 -yl -~
2 Yz — (+7) > (¥ 25) —

eventually in 8. 1|

Since upper slice convergence roughly corresponds to (strong) lower~Kuratowski
convergence of the conjugates (Theorem 3.5), the above lemma may be viewed as a
result on epi—upper—semicontinuity of inf-convolutions (see [22, Lemma 4.1]).

We now state our main sum theorem for slice convergence.

THEOREM 4.11. Let {f,}vew and {g,}vew be families of proper closed convex
extended-real-valued functions on a Banach space X, which are slice convergent (as
v — w) to f,, and g, respectively. Assume also the following:

1. {gv}vew satisfies condition (4.5);
2. tone(dom f, —domg,) = X;
3. foOg, =fi0g:
Then {f, + g, }vew is slice convergent to f,, + g, as v = w.

PrOOF: Let M € R. Then f, VM := max{f,, M} and g, V M are uniformly
bounded below in z € X and v € W. Also, dom f, VM = dom f, and similarly
for g,. Since {gy VM < A} = {g» € A} for all A > M, then recg, VM = recgy,.
Further, we have the slice convergence f, VM — f, VM and g, VM — ¢,V M, by
Corollary 4.5 (considered as a result on the slice convergence of intersections of sets,
applied to epi f, V M = epi f, N (X x [M, 4+00))). We may now apply Corollary 4.9 to
infer that f, vV M + g,V M is proper for v near w, and slice-converges to f,VM+g, VM.
In particular, dom f, intersects dom g,, and

fuVM+g,VM 2 els(fu VM +g, VM) 2 els(fy, + gu)
vow vr—w

and since M is arbitrary,
Ju+ 9w 2 els(fy + gu).
oW

The upper slice convergence follows from Lemma 4.10. D

REMARK 4.3. Note that (3) is automatically satisfied in reflexive X. If X is not reflex-
ive, this condition can be taken care of as follows: If (2) is strengthened to

cone (dom f,, —domg,) = X,
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then f;Og; € I'*(X*) by [3]; alternately, if instead, f,, and g,, are assumed bounded
below on X, we may apply the argument of Corollary 4.9 with W = {w} to deduce that
Hg(w) is bounded for each K, implying by Lemma 4.1 that f; O g is in [*(X*).
Another option is to assume some (weak) compactness condition on the limit func-
tions, and to apply the following
LEMMA 4.12. Let f and g be in I'(X), with intersecting domains, and such that
for each K 2 0, dom f N B(0, K) is relatively weakly compact. Then

ftht‘".:ftht.

PROOF: The assumption on the domain implies that for each K, dom f N B(0, K)
is weakly compact. Letting J : X — X** denote the canonical embedding, J(dom f) N
B (0, K) = J(dom fNB(0, K)) is then o (X**, X*)~closed in X**. Indeed, if J(x) 2 o
with 23 € dom fNB(0, K), then by weak compactness 75 — x € dom f NB(0, K) (along
a subnet), or equivalently J(z5) % J(z), so z** = J(z) € J(dom J N B(0, K)).

Hence J(dom f) = J(dom f) is o(X**, X*)-closed in X** by the Krein-Smulian
Theorem, with the consequence that the o(X**, X*)—closure of J(dom f) is in J(X)
Place 3 := f*Dg*. Then since ¢* = f + g € ['(X), it follows that [*(X*) 5 9™ ="
(the o(X*, X)-1s.c. hull of ), which impl.ies that 7 is also proper. Hence also the

o(X*, X**)-ls.c. hull %" is proper, since §° < ¥ < 3.

For emphasis, we distinguish the conjugation operator relative to the standard pair-
ing of (X*,0(X"*, X**)) with (X**,0(X**, X*)) by writing it as *, with * reserved for the
operation relative to the pairing of (X,o(X,X*)) with (X*,0(X*, X)). Then for any
function ¢ on X,

-

*

o=,
where @ : X** — R is defined by

~_{<p(J“(-)) on J(X)
v= +o0 on X"\ J(X).

Then .
0 s T (FFAnNT o, w =
hi=y*=(f0g)Y=(09)=f"+3"=f +3g ,
where the latter summands are o (X**, X*)-l.s.c. hulls, and since their domains intersect,
h is proper, with

(X**.X")

— .
domhCdomf Cdomf = J(dom f) C J(X)

so h = ho for some proper hg : X —» R. Thus ¥* = ™ = h* = hy, the latter
being o(X*, X)-closed, and so ¥° =", which coincides with the strong closure % by
convexity. 0

The above Theorem takes a neat form for the slice convergence of subspaces.
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COROLLARY 4.13. Let M, and N, (v € W) be closed subspaces of the Ba-
nach space X, slice convergent (as v — w) to M,, and N,, respectively, such that also
M, + N,, = X, and for some finite-dimensional subspace F' C X* and neighbourhood V
ofw, |J N} C F. Then M, N N, slice converges to M,, N N,,.

veV

PROOF: The condition on the N is equivalent to assumption (1) of the Theorem.
Indeed, if (1) holds for N,, then by Lemma 4.8, N;* C K (for v near w) for some weakly*
locally compact cone K, and hence N € K N —K := F', a weakly* locally compact
subspace, which must therefore be of finite dimension. The second part of the proof
of Lemma 4.8 yields the reverse argument, by the weak* local compactness of finite—
dimensional subspaces. 0

We note that in general, the result does not hold if the uniform finite-codimensionality
condition (1) is omitted. For example, (see [7, Exercise 8.1.6]) let X = 2, M, := {z €
| zpy1 = 0}, N, := {z € ? | Zoy1 = z1/n}. Then M, and N, are closed subspaces
slice converging to M = N = X. However, M,N N, = {z € I? | z; = 0, zp4; = 0},
which slice converges to {z € I |z, =0} # X = M N N. Since M} = spane,; and
N1 = span (e; ~ ne,y;) for each n (where e, denote the standard basis elements in [2),
the uniform containment of M or N7 in any fixed finite-dimensional subspace is not
possible.

This example also shows that any proposal to weaken the assumption in Corollary 4.4
to, say,

B(0,0) € {fy < ,LL} - {gv < /l'}
for v near w, will in general, fail to yield slice convergence for the sum f, + g,, since for
all n, M, + N, = X, so the indicator functions certainly satisfy this relation.

5. AN APPLICATION TO ! CONTROL PROBLEMS

We end with a brief application, which resolves an issue in the theory of {!~optimal
control. All the system-theoretic concepts to be discussed can be found in detail in: [13]
for general systems theory; [23] for general control theory for linear systems; and [12] for
'~optimal control.

We shall restrict ourselves to single-input/single-output linear time-invariant (LTI)
discrete-time systems.

Such systems always take the form of a convolution operator hx for some real se-
quence h = {h;}2, (called the pulse response, since h = h * § where § := (1,0,0,...) is
the unit pulse), with the operator acting on the space of all real sequences. It is known
that this operator is BIBO (bounded-input/bounded—-output) stable (that is, h * € € I®
Ve € [*) if and only if h € I [13].

Let P be a LTI system (the ‘plant’ to be controlled). A system K is said to
(BIBO-)stabilise P if the closed-loop system depicted in Figure 1 is BIBO-stable in
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the sense that for any input w € [* and any bounded disturbances applied additively at
any point in the loop, all resulting signals within the loop are also bounded {13], [23].

d
w + e U Y
—O— K P %L—-

Figure 1. A closed-loop control system

The stated control problem amounts to finding, among all controllers K stabilising
P, that which performs best according to some chosen criterion. If we restrict P and K

to have rational z—transforms P, K (where P(z):= E P;z* for z € C inside the radius of

convergence of the series) then by the use of the YJ BK parametrisation [23] for the set of
all stabilising controllers K, the corresponding set of error signals e has the structure of an
affine set. It should be noted that there is a one-to—one correspondence between an error
e and the associated K, with a simple algebraic equation connecting them. Hence the
control problem can be restated as a minimisation over the affine space of error signals,
and hence is in a form nearer to that which can be treated by the traditional techniques
of optimisation theory.

If further, we require e € ! (this represents, if w ¢ {*, a “tracking” requirement for
the output, and is superfluous if w € {!), then the set of prospective candidates for the
minimisation can be expressed as the subset of members with rational z—transform, of
{e € I* | Ae = b}, where b € R" and A : ' = R" is bounded linear [12]. In the general
“multiblock” case, (which we do not consider here), A would map into some infinite-
dimensional space Z, with b € Z, where A usually has closed range—for more on this,
see [12].

If we also want to apply time-domain constraints on e, by requiring that e € C :=
{e € I' | B; < e; < A; for all ¢}, this leads to the minimisation
(5.1) Juf, f(e)
for some performance measure f, say, the ['-norm. This is the abstract form of what is
computed in ['-optimal control (see [12, 15]). However, since the YJBK parametrisation
applies only to K with rational z-transform (which then corresponds to rational e),
we observe that generally, (5.1) is merely a lower bound for the best performance by
‘physically realisable’ controllers (that is, those with rational transform). This leads to
the important question of whether equality obtains, that is:

(5.2) ng{/{f =inf {f(e)|ee CNM, € rational }
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We henceforth assume that f is continuous on I'. Let X, := {e € I! | € s rational} (a
subspace of I!). Since it can be shown without much difficulty that M N X, is dense in
M, it follows by an elementary convexity argument that if M Nint C is nonempty, then
CNOMNX, =CnM, so the required equality follows in this case. If C lacks interior,
things are a bit less obvious.

From use of a duality theorem of Borwein and Lewis [11] in both X and X, it can
be shown that (5.2) obtains if qri (C) N M N X, # 0. By use of our Corollary 4.4, we can
find a complementary sufficient condition.

CoroLLARY 5.1. Ifcone(C — M) =1' then (5.2) follows.

PROOF: Place f, == 6¢,, Ch ;= {e € C | e, = 0foralli > n}, g, = g = 8.
Then f, slice converges to f and trivially g, converges. Since rec M = M and M has
finite codimension, so g, satisfies (4.5), we may apply Corollary 4.9 to infer the slice
convergence C,, N M — C N M. In particular, C " M N X, is dense in C N M since C,
consists of elements of finite length, which must have rational z—transform. 0
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