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1. Introduction

Working in the framework of convex-valued multifunctions one expects that an appro-
priate notion of an upper semicontinuous hull generates a convex-valued multifunction
being upper semicontinuous. This cannot be ensured by upper semicontinuity in the
sense of Painlevé and Kuratowski, in [18] called outer semicontinuity, as the following
examples show. We denote by Limsup,,_,, f(2') the Painlevé-Kuratowski upper limit of
a set-valued map f at x and by (Usc f)(x) = Limsup,,_,, f(2) the corresponding upper
semicontinuous hull, see Section 2 for the precise definitions.

Example 1.1. Let f : R = R, f(z) := {sgna}, wheresgnz =z /|z|if z # 0 and sgn 0 =
0. Then the upper semicontinuous hull of f, namely (Usc f) : R = R, (Usc f)(z) = f(z)
if x # 0 and (Usc f)(0) = {—1,0, 1}, is not convex-valued.

This could inspire us to redefine the Painlevé-Kuratowski upper semicontinuous hull in
the framework of convex-valued multifunctions as follows:

(Usc f)(z) := clconv Limsup f(z).

x—x

However, ([/Jsvc f) is not necessarily upper semicontinuous as the following example shows.
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Example 1.2. Let f: R = R,

{%} if iIneN:z e [2*2n’ 2—2n+1)
flx) = {—% ifdneN:z € [2—271—1-1’ 2_2n+2)
0 else.

The modified upper semicontinuous hull (I/J\S—(/i f) of f is obtained as

{%} ifdneN:x e (2—271’ 2—2n+1)
Usc - {_% if IneN:z e (2*2n+17 2*2n+2)
(e = [_§7%] ifdneN:x=27"

0 else.

The graph of (I/J\s/c f) is not closed. Indeed, the members of the sequence ((27",0)) belong

to the graph of ([/j\S-E f), but the limit (0,0) does not. Hence ([/]\S-(/Z f) is not Painlevé-
Kuratowski upper semicontinuous.

Let us illuminate another aspect. An important idea of Convex Analysis is the relationship
between a convex set A C RP and its support function o4 : R? — R. In particular,
for closed convex sets A, B C RP and o« € R, we have the following relationships (in
particular, we set —oo + 00 = —00, 0+ (+00) =0 (—00) =0, 0-0 = {0}):

<ACB<:>UA§O'B), 0A+ 0B = 044B, QO A = OqA-

This implies that a set-valued map f : R™ = R? is concave (i.e. graph-convex) if and
only if the functions oy(.)(y*) : R* — R have the same property for all y* € RP. But,
what can we say about a corresponding relationship for continuity properties? The usual
Painlevé-Kuratowski upper and lower semicontinuities don’t yield a positive result, as
the following example shows.

Example 1.3. Let f : R = R, f(z) := {1} if # # 0 and f(0) := {0}. Then f is
Painlevé-Kuratowski upper semicontinuous (in particular at x = 0), but oy(.)(y*) is not
upper semicontinuous at z = 0 for all y* # 0.

Motivated by these examples we look for an alternative semicontinuity concept for multi-
functions having better properties in this framework. In this article we show that Cesari’s
property (Q), which plays an important role in Optimal Control and is well-known in this
field, fits all our requirements. Property (Q) was investigated by Cesari [3, 4], Cesari and
Suryanarayana [5], Goodman [9], Denkowski [6], Suryanarayana [20], Papageorgiou [15]
and others. As a main result we give here a characterization of Cesari’s property (Q) in
terms of scalarizations by the support function. Our investigations are based on some
results on C-convergence (in connection to property (Q) usually called Q-convergence),
which were recently obtained by C. Zalinescu and the author [13, 14]'. For other notions
of convergence of convex sets see e.g. [1, 2, 7, 19] and the references given there.

L After a discussion with J.-P. Penot we realized that the convergence introduced in [13, 14] is related to
Cesari’s property (Q) introduced in [3] and studied in several articles. By Proposition 3.1 below, it is

clear that this convergence coincides with the Q-convergence considered in [9, 6]. For the origin of this
convergence see the remarks in [9, 6].
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This article is organized as follows. In the next section we shortly recall some facts on the
two types of semicontinuity, Painlevé-Kuratowski semicontinuity and Cesari’s property
(Q), and we propose our main tools. In Section 3 we present our main result and draw
some conclusions. Section 4 is devoted to a comparison of Cesari’s property (Q) and the
Painlevé-Kuratowski semicontinuity. We show their coincidence under certain assump-
tions. Finally, in Section 5 we discuss the special case of concave (i.e. graph-convex)
maps.

2. Preliminaries

Throughout the paper let Y be a finite dimensional normed vector space with dimension
p > 1. For the standard concepts of Convex Analysis we mainly use the notation of
Rockafellar’s “Convex Analysis” [17].

We denote by F := F(Y) the family of closed subsets of ¥ and by C := C(Y) the
family of closed convex subsets of Y. It is well-known that (F,C) and (C, C) provide
complete lattices, i.e., every nonempty subset of F (resp. of C) has a supremum and
an infimum, denoted by Sup.A (sup.A4) and InfA (inf A). Of course, for nonempty sets
AC Fand B C C we have SupA = cl |J{A| A€ A}, Inf A =N{A| A€ A}, supB =
cleconv | J{B| B € B} and inf B = (\{B| B € B}. Further, we set Inf() = SupF =Y,
Sup® = InfF =), inf) = supC =Y and sup () = infC = 0.

We frequently use the following notation of [18] (but omitting the index 00):
N :={N CN|N\N finite} and N?#:={N CN| N infinite} .
For a sequence (A,,) in F the upper and lower F-limits are defined, respectively, by

Limsup A,, = Inf Sup A4, Liminf A, = Inf Sup A,.
€

n—00 N NnGN n—0o0 NeN# pneN

Of course, the upper and lower F-limits coincide with the upper and lower limits in the
sense of Painlevé-Kuratowski (in [18] called outer and inner limits). See for instance [18]
for alternative definitions.

In the following, all concepts related to upper and lower F-limits are indicated by the
prefix F, because F is the underlying lattice. In formulas we don’t use this prefix, instead
a term begins with a capital letter.

A sequence (A4,) in F is F-convergent to some A € F if A = Limsup,_ A, =
Liminf, .., A,. Then we write A = Lim,, ., A, or (A,) 7, A

We proceed analogously in the complete lattice C. The upper and lower C-limits of a
sequence (A,) in C are defined, respectively, by

limsup A4, := inf sup A, and liminfA, := inf sup A,.
00 NeN penN n—00 NEN# peN

Upper and lower C-limits and related concepts were used in the field of Optimal Control,
see e.g. [3, 4, 5, 6,9, 15, 20]. In this area, one speaks about (upper and lower) Q-limits,
Q-convergence and so on, because these concepts are related to Cesari’s property (Q)
(the definition is given in the next section). Also, what in [15] is called Cesari’s limit of
a sequence of subsets A,, is nothing else but the upper C-limit (in our finite dimensional
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setting), see [15, Proposition 2.1]. In the present article we use the prefix C instead of @,
because C is the underlying lattice. In formulas we consequently use small letters.

We say a sequence (4,) in C is C-convergent to some A € C if A = limsup,,_, . A, =
liminf, .. A, and we write A = lim,,_,o, 4, or (4,) Ny

We next summarize some results related to C-limits. The following initial result is an

immediate consequence of [17, Cor. 16.5.1]. By o4 : ¥ — R, we denote the support
function of a set A C Y.

Proposition 2.1. Let A C C. Then oinra < infaca0a and ogupa = SUPc404.

As an easy consequence, for any sequence (A,,) in C one has

Olimsup, A, < limsupoys, and  Olminf, 4, < lirr:l infoyu,. (1)
n
The next two theorems give us sufficient conditions for the coincidence of F- and C-con-
vergence. Our condition here is weaker than the one in [15], but the underlying space is
a Banach space there. Let K C Y be a nonempty closed convex cone. By Cx we denote
the family of all members A of Cy := C \ {0} satisfying 0t A = K, where 07 A denotes the
recession cone of a convex set A C Y.

Theorem 2.2 ([14]). Let (A,) be a sequence in Cx such that sup, oy An € Cx. Then,
limsup,,_,., A, = clconv Limsup,,_, A,.

Theorem 2.3 ([14]). Let (A,) be a sequence in C such that for all N € N# there exists

some N € N'# with N C N and some nonempty closed convex cone K C'Y such that A,, €
Cx for alln € N and sup, .5 An € Cx. Then it holds liminf, .., A, = Liminf, .. Ay.

The following lemmas provide the main tools in our investigations.

Lemma 2.4 ([14]). Let A, B C Y be nonempty closed and convex. Then,
ACB & Yy e€ri(0tB)°, oaly") <op(y").
Lemma 2.5 ([14]). For any sequence (A,) in C with A :=limsup,,_,. A, # 0 it holds

Vy* €1i(0YA)°, limsupoa, (y*) = aa(y).

n—oo

We next turn to upper and lower F-limits for set-valued maps and collect some well-
known results. Analogous concepts and results for the lattice C are discussed in the next
section. Let (X,d) be a metric space. The upper and lower F-limits of f : X — F at
T € X are defined, respectively, by

Limsup f(z) = U Limsup f(x,) and Liminf f(z):= ﬂ Liminf f(z,).

z . n—oo T—T _ nm—oo
Tp—T Tp—T

where the index “x,, — z” stands for the union and intersection over all sequences in X
converging to z, respectively. The limit of f : X — F at ¥ exists if the upper and lower
F-limits coincide. Then we write

Lim f(x) = Limsup f(z) = Liminf f(x).

T—T r—T

T—T
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The function f is said to be upper F-semicontinuous (F-usc), lower F-semicontinuous
(F-lsc), F-continuous at = € X if f(z) D Limsup, ; f(z), f(Z) C Liminf, ; f(x),
f(z) = Lim, .z f(z), respectively. If f is F-usc, F-lsc, F-continuous at every z € X we
just say f is F-usc, F-lsc, F-continuous, respectively. The epigraph and the hypograph of
f X — F are defined, respectively, by

Epif:={(z,A) € X x F| A> f(z)}, Hypf:={(z,A) € X x F| AC f(z)}.

Note that for all z € X we have (z,()) € Hyp f and (z,Y") € Epi f. For a characterization
of F-semicontinuity we need to know what is meant by closedness of the epigraph and
hypograph. A subset A C X x F is said to be (sequentially) F-closed if for every
sequence ((x,,F,)) in A with (z,) — z € X and (F},) L. F € F it is true that
(z, F) € A. The (sequential) F-closure of a set A C X x F, denoted by Cl A, is the set
of all such limits (Z, F) € X x F of sequences ((x,, F,)) in A. In the following we omit
the term “sequential”, because the whole article is written in this context.

We have the following characterization of F-upper semicontinuity
Hyp f is F-closed < fis F-usc < grf C X xY is closed. (2)

The first equivalence is a consequence of the cluster point description of upper F-limits,
see e.g. [18, Proposition 4.19], the second one is easy to show.

Likewise (compare [18, Exercise 5.6 (d)]), lower F-semicontinuity of f is equivalent to the
F-closedness of the epigraph. Note that the description by the graph fails in this case,
i.e., a function f : X — F that is F-lsc has not necessarily a closed graph, see [18, Fig.
5-3 (b)].

Let us collect some basic properties of the upper F-semicontinuous hull of f, defined by
(Usc f) : X — F, (Usc f)(z) := Limsup,,_,, f(z').

Proposition 2.6. Let f: X — F. Then it holds

(i) gr (Uscf)=cl (grf),

(i2) Hyp (Usc f) > Cl (Hyp f),

(#i) (Usc f) is F-usc,

(iv) Voxe X : (Uscf)(xz)D flx),

(v) fisF-uscatze X <« (Uscf)(z)=f(z),
(vi) grf conver = gr (Uscf) convex,

where X is assumed to be a normed space in (vi).

Proof. (i) Let (Z,y) € gr (Uscf), i.e., there exists a sequence (x,) — Z such that
y € Limsup,_ ., f(z,). Recall that y € Limsup,,_,. f(z,) if and only if y is a cluster
point of some sequence (y,,) with y,, € f(z,) for all n € N, see e.g. [12, page 243]. Hence,
(z,79) € gr (Usc f) is equivalent to (Z,y) € cl (gr f).

(ii) Let (2, A) € C1(Hyp f). Then there exist sequences (z,,) — = and (A,,) %, A such that
An C f(zy) for all n € N. Hence, (Usc f)(7) = Limsup,_; f(z) D Limsup,,_, f(z,) D
Limsup,,_, . A, = Lim, . A, = A, i.e., (z,A) € Hyp (Usc f).

(17i) By (i), gr (Usc f) is closed. Thus (Usc f) is F-usc, by (2).
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(1v) Choosing the special sequence (z,) with x,, = x for all n € N, we obtain (Usc f)(z) =
Limsup,,_,, f(2’) D Limsup,,_, . f(x,) = Limsup,,_, ., f(x) = f(z).

(v) By definition, f is F-usc at & if and only if f(z) D (Usc f)(Z). By (iv) we obtain
equality.

(vi) Since gr f is convex, cl (gr f) is convex, too. Hence, the convexity of gr (Usc f) follows
from (7). O

The next example shows that the opposite inclusion in assertion (i) of the previous
proposition is not true, in general.

Example 2.7. Let f : R — F(R), f(z) := {z/|z|} if @ # 0, f(0) := 0. Then,
(0,{—1,1}) belongs to Hyp (Usc f) but it does not belong to Cl (Hyp f).

Remark 2.8. As noticed in [18], an analogous definition of the F-lower semicontinuous
hull, namely by (Lsc f)(x) := Liminf, . f(2'), is not constructive in the sense that
(Lsc f) is not necessarily F-lsc. In the framework of C-valued functions we will have
similar problems, see Example 3.9 below.

3. Upper and lower C-Semicontinuity

In this section we deal with upper and lower limits for functions with values in C. The
upper and lower C-limits (compare [3, 4, 6, 9, 20]) of a function f: X — C at 7 € X are
defined, respectively, by

limsup f(z U limsup f(z,) and liminf f(x ﬂ liminf f(z,,).

T—T n—oo T n—oo
Tn—T Tpn—T

The C-limit of f at T exists if the upper and lower limits coincide. Then we write

lim f(z) = limsup f(x) = lirri)ipff(:c).

T—T T—T

In case of upper F-limits it is well-known that

Limsup f(x) = Sup Limsup f(x,) ﬂ cl U f(z (3)

T—T Tp—T N—00 §>0  2eBy(3)

where Bs(z) := {x € X| d(z,T) < d}; see e.g. [10, Proposition 2.3.5 (ii)] (with a slightly
different definition of Limsup) or modify the proof of Proposition 3.1 below. An analogous
result is valid for upper C-limits.

Proposition 3.1. Let f: X — C and x € X. Then it holds

limsup f(z) = sup limsup f(z,) = ﬂ cl conv U f(x)

T InT Moo >0 z€Bs(T)

Proof. Since A := (1., clconv |
A =limsup,_,, f(z) =: B.

veBs() ) (x) is closed and convex, it remains to prove
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(i) A C B. Letting y € A, for all n € N we have y € conv UxeBl/n(@ f(x) + Byn, where
By ={yeY] |yl <<} Hence

Vn € N,3b, € Byjp, Fkn € NVi € {1,2,... k,}, 3N, > 0,32, € By (),

kn kn
J J J —
y—by € E N f(xl), g Ao=1.
=1 =1
Consider the sequence (x,,) — Z defined as
_ 1 .2 k1 1 2 ko 1 2 k
(Tp)nen i= (27,27, -, Ty, Ty Ty oo T2 T T o T L),

We conclude that
Vn e NYm >n: y—b, € conv U f(zp),

k>n

hence for all n € N we have y € clconv | J,,, f(zx). That means we have found a sequence

(zn) — @ such that y € clconv |J,c v f(z,) for all N € N, ie., y € B.

(i) B € A. For arbitrary y € B there is a sequence (z,) — Z in X such that y €
cleonv [,y f(2n) for all N € NV. For all § > 0 there exists N; € N such that {J, oy, #n C
Bs(z). Thus for all § > 0 we have y € clconv U, o, f(2s) C cleonv U,ep, @ f(2), i€,
y € A. O

As an easy consequence of the definition we have the following relationship between up-
per and lower F- and C-limits: limsup,_,; f(z) D Limsup,_, f(x), liminf,_; f(x) D
Liminf, .z f(x).

A function f : X — C is said to be upper C-semicontinuous (C-usc), lower C-semicontinuous
(C-lsc), C-continuous at T € X if f(Z) D limsup,_; f(z), f(Z) C liminf, .z f(z), f(Z) =
lim, .z f(z), respectively. If f is C-Isc, C-usc, C-continuous at every z € X we just say
f is C-lsc, C-usc, C-continuous, respectively. It is easy to see that C-usc implies F-usc
and F-lsc implies C-lsc. By Proposition 3.1 it is clear that upper C-semicontinuity is the
same as Cesari’s property (Q) (A multifunction f: X =2 Y satisfies property (Q) at z if

M50 clcony UxEB(g(i)f<x) = [(2)).

Remark 3.2. Of course, C-semicontinuity can also be defined for arbitrary set-valued
maps rather than C-valued functions, and the following results can be easily rewritten
in this case. We prefer to suppose C-valued functions, because this makes the notation
easier and underlines the role of the complete lattice C.

With the aid of Lemmas 2.4 and 2.5 we obtain our main result, a characterization of
upper C-semicontinuity or in other words a characterization of Cesari’s property (Q).

Theorem 3.3. Let f : X — C and * € dom f. Then the following statements are
equivalent:

(i) f isC-usc at Z,
(1) For all y* € 1i (0% f(2))° the function op.\(y*) : X — R is usc at .

Proof. Let be given an arbitrary sequence (x,) — = in X.
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(1) = (ii). Let the sequence (Z,) — Z be defined by Zs, := x, and T,y := Z. From
(1) and by the special choice of the sequence, we deduce that f(z) = limsup,,_, .. f(Z,).
Lemma 2.5 implies

Yy* € ri (0+f(§3))°, opz)(y") = limsup oy, (y") > imsup o, (y").

n—oo n—oo

(17) = (i). We have

: —\\° * : * @ *
Vy* i (07 f(2)), op@(y*) > limsup o) (Y") > Olimsup, fan) (7).

n—oo

Lemma 2.4 yields f(Z) D limsup,,_, f(xn). O

Remark 3.4. By standard arguments one can show: If o;y(y*) : X — R is upper
semicontinuous at = for all y* € Y*, then f is upper C-semicontinuous at Z. A result of
this type, even for Y being an arbitrary Banach space, can be found in [15, Proposition
2.1]. The proof of the above result, however, is based on additional arguments, see the
proof of Lemma 2.4 and Lemma 2.5, which can be found in [14]. Therefore we restrict
ourselves to a finite dimensional space Y.

The following example shows the importance of the the restriction y* € 1i (07 f(z))” in
statement (ii) of the previous theorem.

Example 3.5. Let f : R — C(R?), f(z) := {A-(2,1)"| A > 0}. Then, f is C-usc at 0,
but for 7* := (1,0) & ri (0% f(0)) we have o, (§*) = 0o if z > 0 and o, (§*) = 0 else,
Le., & — 0()(y") is not usc at 0.

The next assertion about nested upper C-limits is essential for an expedient definition of
the upper C-semicontinuous hull. An analogous assertion for the lower C-limit is not true,
see Example 3.9 below.

Proposition 3.6. Let f: X — C and x € X. Then it holds

limsup f(z) = limsup limsup f(w).

T—T T—T w—r

Proof. Clearly we have f(x) C limsup,,_,, f(w) for all x € X. This implies the inclusion
“C”. Tt remains to show that for an arbitrarily given sequence (z,) — ¥, one has A :=
lim sup,, _, o, limsup,,_, f(w) C limsup,_., f(z,) =t B. For all y* € ri (07 B)" it holds

) em. 2.5 *
04(y") < limsup limsup o) (y*) = limsup oy, (y*) =" op(y’).
Lemma 2.4 yields that A C B. [

The upper C-semicontinuous hull of a function f : X — C is defined by

(usc f) : X — C, (usc f)(x) := limsup f(z').

' —x
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The hypograph of a function f : X — C is the set hyp f := {(x,A) € X xC| A C f(x)}.
A subset A C X x C is said to be (sequentially) closed if for every sequence ((z,, An))
in A with (z,) — 7 € X and (A4,) £, 4 € C one has (z,A) € A. The (sequential)
C-closure of a set A C X x C, denoted by cl A, is the set of all such limits (z, 4) € X xC

of sequences ((z,,, A,)) in A. For the notion of C-closure compare the remarks in Section
6.

Let us collect some properties of the upper C-semicontinuous hull.

Proposition 3.7. For f : X — C the following statements hold true:

(1) gr(uscf) Dcl(grf),

(4) hyp (usc f) D cl(hyp f),

(@ii) (usc f) is C-usc,

(i) Vze X, (uscf)(z) D f(x),

(v) fisC-uscatz e X < (uscf)(z)= f(z),
(vi) gr(usc f) is C-closed,
(vii) hyp (usc f) is C-closed.

Proof. (i) Let (z,y) € cl(gr f). Then there exists a sequence ((x,,,y,)) — (Z,7) in gr f.
For all n € N, we have {y,} C f(z,). Hence

{7} = lim {y,} = limsup {y,} C limsup f(z,) C limsup f(z) = (usc f)(z),

n—o00 n—o00 T—T

ie., (Z,7) € gr(usc f).

The proof of (i7) is similar.

Statement (#ii) follows from Proposition 3.6.

The proofs of (iv) and (v) are analogous to those of Proposition 2.6 (iv) and (v).

(vi) Let ((zn,yn)) — (Z,7) € X X Y be sequence in gr (usc f). Proceeding as in (i), but
replacing f by (usc f), we obtain {g} C (usc (usc f))(Z). From (iii) and (v) we conclude
that (usc (usc f))(Z) = (usc f)(Z). Hence (z,7) € gr (usc f).

The proof of (vii) is similar to that of (iv). O

The next example shows that neither C-closedness of hyp f nor closedness of gr f implies
that f is C-usc.

Example 3.8. Let f : R — C(R) be defined by f(x) := {1/z} if z # 0 and f(0) := 0.
Then, gr f C R x R is closed and hyp f C R x C(R) is C-closed, but f is not C-usc.

In Remark 2.8 (due to [18]) we noticed that the lower F-semicontinuous hull that is defined
analogously to the upper F-semicontinuous hull is not necessarily lower F-semicontinuous.
There are analogous problems with the lower C-semicontinuous hull. This is due to the
fact that there is no assertion analogous to Proposition 3.6 for lower C-limits, as the
following example shows.

Example 3.9. For functions f : X — C, in general, we have

liminf f(z) # liminf liminf f(w).

r—T T—T w—x
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Indeed, consider the function f : R* — C(R) defined by

oy dUlzll} i >0
o {{—lell} if 21 < 0.

Then it holds
{||=]|} if z; >0

liminf f(w) := {=ll=l|} ifx <O
w—x . @ ifl’lzoand x27£0
{0} if 1 =0 and 2, = 0.

Hence we obtain {0} = liminf, o f(x) # liminf,_liminf, ., f(w) = 0.

4. A generalization of local boundedness

The concept of local boundedness of a set-valued map plays an important role in Vari-
ational Analysis, see [18]. It turns out that a generalization of this concept provides a
sufficient condition for the coincidence of F-limits and C-limits.

A function f : X — C is said to be recessively constant on U C dom f if z — 07 f(z)
is constant on U. A function f : X — C is called recessively rigid at * € dom f if there
exists a neighborhood V' of Z such that f is recessively constant on V N dom f and

0% sup f(z) = 07 f(z). (4)

zeV

If f is recessively constant (rigid) on its whole domain, we just say f is recessively constant
(rigid). In the case where () # f(Z) C Y is bounded, f is recessively rigid at T if and
only if f is locally bounded at z. In this case, the condition that f is recessively constant
around 7 is superfluous, because it follows from (4).

Theorem 4.1. Let f : X — C be recessively rigid at x € dom f. Then,

limsup f(z) = clconv Limsup f(z).

r—T T—T

Proof. Clearly we have limsup,_,; f(x) D clconv Limsup,_,; f(x). To show the opposite
inclusion let y € limsup,_,; f(z) be given. Then there exists a sequence (z,) —  such
that y € limsup,,_ . f(z,). Without loss of generality we can assume that (x,) is a
sequence in dom f. The function f being recessively rigid at z, we find some ng € N such
that f(x,) € Ck for all n > ng and sup,,-,,, f(zn) € Cx, where K := 0% f(z). Theorem
2.2 yields y € clconv Limsup,,_.,. f(z,) C clconv Limsup,_.; f(z). O

The following examples show that the assertion of the preceding theorem may fail if one
of the two conditions on f is not satisfied.

Example 4.2. Let f : R — C(R) be defined by f(z) := {2} if  # 0 and f(0) := {0},
i.e., f is recessively constant on R, but not recessively rigid at 0, because (4) is violated.
Then, R = limsup,_,, f(x) # clconv Limsup,_,, f(z) = {0}.
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Example 4.3. Let f : R — C(R?) be defined by f(z) = {y e R} y1 =2, yo =1} if
r # 0 and f(0) := {y € R?| y, =0}, i.e., (4) is satisfied, but f is not recessively con-
stant around 0. It is easy to check that {y € R?| 0 <y, <1} = limsup,_, f(z) #
clconv Limsup,_, f(z) = {y € R?| y, = 0}.

The assumption that f : X — C being recessively rigid at £ € dom f also implies that
the lower F-limit and lower C-limit coincide (see Corollary 4.6 below). As shown in the
following theorem, a weaker assumption is already sufficient.

Theorem 4.4. Let f : X — C and * € dom f be such that for all sequences (x,) — T
in X there exists a subsequence (xy,) and a nonempty closed convex cone K C 'Y with
f(zr,) € Ck for all n € N and sup,cy f(xr,) € Cx. Then it holds liminf, ; f(z) =
Liminf, .; f(x).

Proof. Of course, liminf, .; f(x) D Liminf, .z f(z). In order to show the opposite
inclusion let y € Y\ Liminf, .z f(x) be given (the case Liminf, .; f(z) =Y is obvious).
Hence there exists a sequence (z,) — Z such that y € Liminf, ., f(z,). Our assumption
ensures that Theorem 2.3 is applicable. Hence y ¢ liminf, ., f(x,), and so y € Y \
liminf, .z f(z). O

In the next example the conclusion of the previous theorem fails, because the assumption
is not satisfied.

Example 4.5. Let f : R — C(R?) be defined by f(z) :=conv {(—2,-1),(%,1)} if z >

0 and f(x) := R?if x <0, i.e., the condition in the previous theorem is not satisfied. Then

we have {y € R?| —1 <y, <1} =liminf, ., f(x) # Liminf, o f(z) = {y € R?| yo = 0}

Corollary 4.6. Let f: X — C be recessively rigid at © € dom f. Then,

liminf f(z) = Liminf f(z).

T—T T—T

Proof. We can assume that € int dom f, otherwise both lower limits equal the empty
set. Since f is recessively rigid at Z, for every sequence (x,) — Z there exists some
no € N such that f(z,) € Cx for all n > ng and sup,,>.,, f(zn) € Cx, where K := 0% f(Z).
Theorem 4.4 yields the desired assertion. 0

Corollary 4.7. Suppose f : X — C is recessively rigid. Then it holds

hyp f is C-closed <  fisC-usc < grf C X XY s closed.

Proof. By Theorem 4.1 and Corollary 4.6, f is F-usc if and only if f is C-usc and
JF-convergence coincides with C-convergence. Hence the result follows from (2). O

5. Graph-convex set-valued maps

Let (X, ||||) be a normed space. It is well-known that the graph of a function f: X — C
is convex if and only if

VA€ [0,1], Vo, 0 € X, fN 214+ (1= X)-22) DX f(z) + (1= N) f(ag).
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Since the relation D has the meaning of “greater or equal” throughout the paper, a
function f : X — C satisfying the latter condition is said to be concave, even though the
term “convex” is mostly used in the literature. The reason is that the usage of the term
“concave” entails more analogies between the following results and the corresponding
results for real-valued functions. For instance, it is easy to see that a function f: X — C
is concave if and only if hyp f C X x C is convex.

We show that F-semicontinuity and C-semicontinuity coincide in the concave case (at
least for X = R%, see Corollary 5.9 and the remark in Section 6).

Theorem 5.1. Let f: X — C be concave. Then, for all € X it holds

limsup f(x) = Limsup f(x).

Proof. By Proposition 3.1 we have limsup,_,; f(2) = (55, clconv U, c g,z f(2). Since f
is concave, the sets [ J, . Bs(x) (x) are convex. The statement now follows from (3). O]

Corollary 5.2. Let f: X — C be concave. Then the following statements hold true:

(1)  (uscf) = (Uscf),

(i) (usc f) is concave.

Proof. (i) follows from Theorem 5.1 and (éi) follows from (i) and Proposition 2.6 (vi). O

Corollary 5.3. For any concave function f : X — C the following assertion holds true:

hyp f is C-closed <  fisC-usc << grf C X xY is closed.

Proof. The second equivalence follows from (2) and the fact that f is F-usc if and only
if fis C-usc. If hyp f is C-closed, then gr f is obviously closed. On the other hand, if f
is C-usc, Proposition 3.7 (v), (vii) yields that hyp f is closed. O]

In the next statement, riU denotes the relative algebraic interior of a subset U of X. If
U is convex, it holds (see [21, (1.1)])

zenlU < VereU IA>0: (1+N)z— A xel.

If X = R? this concept coincides with the relative interior as defined in [17].

Proposition 5.4. Any concave function f : X — C is recessively constant on ri(dom f).
Proof. Of course, dom f is convex. Letting z € ri(dom f) and z € ri(dom f), there
exists A > 0 such that Z := (1 + A\)Z — Az € dom f. The concavity of f yields f(Z) D

1J%\f(i) + H%f(x) Since z € dom f, it follows 07 f(Z) D 0 f(z). Analogously, we get
the opposite inclusion. O

Proposition 5.5. Let f : X — C concave. Then, (usc f) : X — C is recessively constant.

Proof. Since g := (usc f) is F-usc and concave, its graph is closed and convex. For any
closed convex set A of a topological vector space it holds

VaeA: 07A=(t(A-a) (5)

t>0
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see e.g. [21, (1.3)]. Consequently, for arbitrary z € dom g we have

ke0fg(z) <= Vyegx),Vt>0: ket(glx)—y)
— VYyeg(x),Vt>0: (0,k) et(grg— (x,y))
<~ (0,k)e0fgrg

This proves that 2 — 07 g(x) is constant on dom g. O
Theorem 5.6. Let f : X — C. Then the following statements are equivalent:

(i) f is concave and C-usc,
(i) f is recessively constant with recession cone K and for all y* € ri K° the function
o) : X — R is concave and usc.

Proof. Follows from Theorem 3.3 and Proposition 5.5. O

For finite dimensional spaces we obtain the following continuity properties for concave
functions. Since in the present case F-semicontinuity and C-semicontinuity coincide (see
also Corollary 5.9 below), the following statements are just reformulations of well-known
results, see e.g. [18].

Corollary 5.7. Let f : R? — C be concave. Then the following assertions hold true:

(i)  f is C-usc on ri(dom f),
(ii) f is C-continuous on int (dom f).

Proof. (i) Let z € ri(dom f) be given and let K := 07 f(Z). By Theorem 3.3, it remains
to show that for all y* € ri K°, oy(.)(y*) is usc at z. By Proposition 5.4, f is recessively
constant on ri(dom f). Hence for all y* € ri K° it is true that € ri (domoy(.)(y*)).
Thus (see e.g. [17, Theorem 7.4]), o(.y(y*) is usc at Z.

(i7) By [18, Theorem 5.9 (b)], f is F-Isc at z € int (dom f). Hence f is C-Isc at Z. Now
the assertion follows from (7). O

Next we show that a concave function is recessively rigid on the relative interior of its
domain, in case of being C-usc even on the whole domain. These assertions can be
regarded as generalization of well-known statements concerning local boundedness of both
real-valued functions and set-valued maps.

Theorem 5.8. Any concave function f : R? — C is recessively rigid on ri(dom f). The
function f being additionally C-usc is recessively rigid (on its whole domain).

Proof. Set g := (usc f). Let z € domg, V := {z € RY| ||z — z|| <1} and K := 07¢(2).
By Proposition 5.5, g is recessively constant.

We next show that 0% sup,.y g(x) = K. Indeed, let k € 07 sup,.y g(z) be given. Since
V' is convex and compact and gr g is convex and closed, the set A := |, g(x) is convex
and closed; thus k € 07 A. By [17, Theorem 8.2], k is the limit of a sequence (\,y,) where
(An) | 0 and y, € A. Clearly, for all n € N there exists x,, € V such that y, € g(z,).
Since V' is bounded, we have ((A,z, A\vyn)) — (0,k). Applying [17, Theorem 8.2] to the
set grg C R?x Y, we obtain (0, k) € 0*grg. As in the proof of Proposition 5.5 we obtain
k € 0tg(z) = K. Thus we have 07 sup,.y g(z) C K. Since K = 0"¢(z) we have equality
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in the latter inclusion. We have shown that ¢ is recessively rigid. If f is C-usc, we have
f =g, ie., f is recessively rigid.

The first assertion now follows from Corollary 5.7 (7). O

Corollary 5.9. Let f : R? — C be concave. Then for all z € X it holds

liminf f(x) = Liminf f(z).

T—T T—T

Proof. If z € int (dom f), this follows from Theorem 5.8 and Corollary 4.6. Otherwise,
we have liminf, .z f(z) = Liminf,_; f(z) = 0. O

6. Some remarks and open questions

In [14] is is shown that Co = C \ {0} equipped with (sequential) C-convergence is an
L*-space (see e.g. [11, 12]). As a consequence (see Kisynski [11]), C-convergence in Cy is
induced by a Tj-topology 7. This means, each sequentially open subset of Cy is 7-open (A
subset A of Cy is sequentially open iff each sequence in Cy, C-converging to a point in A is
eventually in A). Such spaces are called sequential spaces in [8]. Franklin [8] has shown
that there are sequential spaces that are neither first countable nor Fréchet-spaces (A
topological space X is called a Fréchet-space iff the closure of any subset A of X is the set
of limits of sequences in A). It is an open question whether (Cy, 7) is a Fréchet-space or
even first countable. We thus do not know whether the (sequential) C-closure as defined
in Section 3 coincides with the 7-closure.

Penot and Thera [16] defined the following very general semicontinuity notion for functions
from a topological space (X, Tx) into a preordered topological space (Y, 7y, <). A function
f: X — Y is said to be upper semicontinuous at * € X" if for any 7y-neighborhood V of
f(z), there exists a Ty-neighborhood U of z with

FU) C{Y eY|IVeV:V>Y).

In our setting, namely for functions from a metric space (X, d) into the ordered topological
space (C,7,C), a function f : X — C is upper semicontinuous at = € dom f in the sense
of Penot and Thera (shortly PT-usc) if

YW eN(f(z)), 36 >0,Vo € Bs(z),3V eV: f(x)CV, (6)

where N'(f(z)) is the family of all 7-neighborhoods of some f(z). Let us show that f
being upper C-usc implies that f is PT-usc.

Proposition 6.1. Let f: X — C be C-usc at * € dom f. Then f is PT-usc at x.

Proof. We have f(2) = (5. clconv U, ¢,z f(2). The sequence (A,) defined by A, :=
clconv |, By (#) f(z) # () is monotone decreasing with respect to set inclusion. Thus

(A,) C-converges to f(Z), see e.g. [14, Proposition 2.3]. Consequently, for all V € N'(f(7))
there exists n € N such that A,, € V. Hence for all V € N(f(Z)) there exists 6 :==1/n >0
such that for all © € Bs(z) there is V € V with f(x) C V. O
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We didn’t succeed in showing that f being PT-usc at € dom f implies that f is C-usc
at Z. In case we would know that (Cp,7) is first countable (and hence a Fréchet-space),
this could be proved as follows:

Let f be PT-usc at & € dom f, i.e., (6) is satisfied. For an arbitrary sequence (z,,) — &
and a countable neighborhood base (V,,)nen of f(Z) we obtain

VneN, Ik, >n, IV, €V, : f(zg,) C V.

Since (zy,) — Z and (V},) S f(z), it follows (z, f(z)) € cl (hyp f) C hyp (usc f), i.e., f is
C-usc at 7.

Another open questions is whether Corollary 5.9 remains valid if the origin space of f is
not supposed to be finite dimensional.
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