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1992 ACTA UNIVERSITATIS CAROLINAE—MATHEMATICA ET PHYSICA VOL. 33. NO. 2 

A Note on Banach Spaces and Subdifferentials of Convex Functions 

JOSEF KOLOMY 

Czechoslovakia*) 

Received 10 May 1992 

A characterization of the reflexivity of Banach spaces by means of bilinear forms is given 
and subdifferenials of convex functions are studied in connection with the properties of Banach 
spaces. 

Introduction 

We characterize the reflexivity of Banach spaces by means of the so-called Lax-
-Milgram property of bilinear forms and the sequential weak completeness of Banach 
spaces. A necessary and sufficient condition for the fact that a point u**eX** 
belongs to the range R(J*) of the duality mapping J* defined on X* is derived. 
In particular, we have that u** e J*(u0) for some u* of the unit sphere in X* if 
and only if there exists a weak Cauchy sequence (un) a X such that un -> w0* 
weakly* in X** and <«*, «„> -> 1. 

Recall that the duality mapping J : X -* 2X* which is a subdifferential of the con­
vex function 1/2 [|w||2, ueX, plays an important role in the theory of monotone 
and accretive operators, the fixed point theory and the solvability of the operator 
equations and the geometry of Banach spaces. 

The proof of the last main result depends on the properties of the subdifferentials 
of convex functions and the conjugate functions. 

If X is a dual Banach space (i.e. X = Z* for some Banach space Z), M c X* 
an open convex subset, u0 e M, where u0 is a canonical image of u0 e Z in X* = Z**, 
andf : M -* R a weak* lower semicontinuous convex functional having the Gateaux 
derivative f'(w0) at u0, then f'(u0) -s a weak* continuous linear functional on X*9 

i.e. f^uo) G ^. In particular, if X is a dual Banach space and X* is smooth at the 
point w0 of the unit sphere of X*, where u0 e Z, then J*(u0) e £, where J* denotes 
the duality mapping on X*. 

*) Mathematical Institute of Charles University, Sokolovská 83, 186 00 Praha 8, Czecho-
slovakia. 
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Definitions and notations 

Let X be a real normed linear space, X* and X** its dual and bidual, respectively, 
<,> the pairing between X and X*9 Bt(0)9 B*(0)9 B**(0) the unit closed ball and 
Si(0)> S*(°)> S**(0) its unit sphere in X, X*9 X**9 respectively. By R9 R+9 C we 
denote the set of all real, nonnegative and complex numbers, respectively. By 
T : X -> X** we mean the canonical mapping, while A denotes the image o f i c l 
under T in X**. Recall that the duality mapping J : X -> 2X* is defined by J(w) = 
= {u*eX* : <w*, w> = ||wf, ||w*[| = jw||}, ueX. For each ueX9 the set J(w) 
is nonempty convex and weak* compact in X*. Let T: X -• 2X* be a multivalued 
mapping (2** denotes the system of all subsets of X*)9 D(T) = {ueX : T(u) * 0} 
its domain, G(T) = {(w, u*)eX x X*9 u e D(T), w* 6 T(w)} its graph in the space 
X x X*. A mapping T: X -*• 2** is said to be: (i) monotone [26], if for each u9ve 
e D(T) and each w* e r(w) and v* e T(v) there is <w* — v*9 u — vy = 0; (ii) maximal 
monotone [26], if T is monotone and if (w, w*) eX x X* is a given element such 
that <w* - v*9 u - vy = 0 for each (w, v*) e G(r), then (w, w*) e G(T); (iii) locally 
bounded at w0 e D(T'), if there exists a neighborhood Fof w0 such that T(D(T) n V) 
is bounded in X*. Let M c l b e a convex nonempty open subset, f: M - > i ? a con­
tinuous convex function. A subdifFerential map df off is defined [23] by Ma w -• 
-> 3f(w) = {w* eX* : <w*, v - w> = f(u) - f(w) for each veM} a X*. Note that 
df is maximal monotone on M and J(w) = 2^(||w|[2) = ||w|| d[|w||, w e Z (see [26]). 
We shall use the notion of Giles [10] for rotund (i.e. strictly convex) spaces, convex 
functions, Gateaux and Frechet differentials and derivatives. Recall that X is said 
to be: (i) smooth (Frechet smooth), if the norm of X is Gateaux (Fr6chet) differen-
tiable on St(0); (ii) sequentially weakly complete, if each weakly Cauchy sequence 
(xn) has a weak limit point in X; (iii) a dual Banach space, if there is a Banach space 
Z such that X = Z* (in the sense of the topology and the norm). A sequence (xn) a X 
is a weak Cauchy one, if <x*, xn — xm> -> 0 as n9 m -> oo, for each x* eX*9 i.e. 
lim <x*, x„y exists for each x*eK* . Recall that ll9 Lx are sequentially weakly 
n->oo 

complete [30], while the Orlicz space L0 is sequentially weakly complete if 0 satisfies 
A2-condition ([25]). Recall that a real Banach space X is said to be weakly compact 
generated (WCG), if there exists a weakly compact set K a X such that X = span K. 
This class of spaces includes separable and reflexive spaces, furthermore c0(P), 
Lx(/i) for finite \i9 C(K) spaces, where K is a weakly compact subset of a Banach 
space, etc. A Banach space X is said to be a weak Asplund, if each convex continuous 
function f on X is Gateaux differentiable on a Gd dense subset of X. By R(T) we 
denote a range of a mapping T and the symbols or(X, X*)9 G(X*9 X) are used for 
the weak and weak* topology on X and X*9 respectively. 

Results 

Lemma 1 ([8]), Let X be a Banach space, G c X an open subset, T:G -> X* 
a lipschitzian mapping such that <Tx — 7>, x — yy ^ cllx — y\\2 for some c > 0 
and each x9 y e G. Then X is reflective. 
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In view of Lemma 1, the assumption of reflexivity of X is included in the hypotheses 
of the following 

Theorem (Lax-Milgram). Let X be a Banach space, B :X x X -» C a bounded 
bilinear form such that B is coercive, i.e. \B(u, U)\ ^ c||w||2 for some c > 0 and 
each ueX. Then for each u*eX* there exists a unique point u0eX such that 
<M*, M> = B(u, u0) for each ueX. 

Hayden [13] proved the following assertion: Let X and Y be Banach spaces, 
5 : Z x 7 - > C a bounded nondegenerate bilinear form. Assume that for each 
v* e Y* there is a unique point u0eX such that <i?*, t>> = B(u0, v) for each v eY 
and for each u* eX* there exists a unique point v0 e Y such that <M*, M> = B(u, v0) 
for each u e X. Then X and Y are reflexive. If X is a Banach space which admits 
a totally nonsingular bilinear form, then X is reflexive [28]. 

Definition 1 ([18]) Let X, Y be normed linear spaces. W& shall say that X has 
the Lax-Milgram property (LMP) with respect to Y, if there exists a nondegenerate 
bilinear form B:X x 7-> C with the following property: For a given linear 
closed separable subspace F of X there exists a closed separable subspace P of Y 
such that B is bounded on F x P and for each u* e F* there exists a unique point 
vPe P such that (u*, M> = B(u, vP) for each ueF. 

Similarly, we shall say that Y has the (LMP) with respect to X, if there is a non-
degenerate bilinear form B :X x Y-» C with the following property: For a given 
linear closed separable subspace V of Y there exists a closed separable linear 
subspace E ofX such that B is bounded on E x V and for each v* e V* there exists 
a unique element uE of E such that <i?*, v> = B(uE, v)for each ve V 

The following result improves the corresponding one in [18]. First of all, we need 
the following simple 

Lemma 2. Let X be a normed linear space. Then X is sequentially weakly 
complete if and only if each closed linear separable subspace M ofX is sequentially 
weakly complete. 

Theorem 1. Let X, Y be normed linear spaces. Then: 
(i) If X has the (LMP) with respect to Y, then X is reflexive if and only if X is 

sequentially weakly complete. 
(ii) If X, Y are complete and X has the (LMP) with respect to Y and Y has the 

(LMP) with respect to X, then X and Y are reflexive. 

Proof. Let (M„) be a bounded sequence of X. Put F = span {(un)}. Then F is 
a closed separable subspace of X. By our hypothesis there exists a separable closed 
linear subspace P of Y*and a nondegenerate bilinear form B : X x Y-+ C such that 
B is bounded on F x P, i.e. \B(u, V)\ = M F P | M | | • ||i?[| for each ueF and veP 
and some constant M F P > 0 and the representation of the elements u* eF* by 
means of B and the unique points vPe P are valid. Let (vn) be a dense sequence in P. 
Define ([28]) (M*) C F* by <M*, M> = B(u, vn) for each u eF and n (n = 1, 2, . . . ) . 
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Clearly, w* e F* for each n. We claim that the sequence (w*) is dense in F* and that P 
is isomorphic with F*. Define a linear continuous mapping A : P -> F* by <w, Av} = 
= B(u, v) for each fixed veP and each ueF. Since B is nondegenerate, we have 
that A is one to one and by our assumption, onto F*. Hence by the open mapping 
theorem A'1 is continuous. As w* = A(vn) for each n and (vn) is dense in P, we 
conclude that (w*) is dense in F*. 

Now (<wf, uny)n=1 is a bounded sequence for each fixed i (i = 1, 2, . . . ) . By the 
diagonal process, one can extract a subsequence (uk) of(un) such that (<wf, uky)k=1 

is convergent for each i. In view of the density of (w*) in F*, we have that <w*, wfc> 
is convergent for each w*eF*. Hence (uk) is a weak Cauchy sequence in F with 
respect to F*. Assume that X is sequentially weakly complete. By Lemma 2, F 
is sequentially weakly complete and therefore (uk) has a weak limit point w0 in F, 
i.e. uk -> w0 weakly in F. Since G(X, X*)\F = a(F, F*), we have that uk -> w0 

weakly in X, which implies that X is reflexive, it is well-known that X is sequentially 
weakly complete, (ii) It is sufficient to apply the Hayden ([13]) result to separable 
closed subspaces of X and Y, respectively, and use the fact that if each closed se­
parable linear subspace of a given Banach space is reflexive, then this space is re­
flexive. 

Note that in the proof of the first assertion of Theorem 1, we need not assume 
in Definition 1 that a separable linear subspace P of Yis closed (or that a separable 
linear subspace E of X is closed, compare [18]). 

Lemma 3 ([22]). Let X be a Banach space, Y a norm closed subspace, of X. 
Then X**j£ is separable if and only if Y**jfand (X\Y)**j(X\Y) are separable. 
Moreover, X** is separable if and only ifX andX**jJC are both separable. 

Lemma 4. Let X be a Banach space such that the closed unit ball B**(0) of 
X** is sequentially weakly* compact. Then X is reflexive if and only if X is 
sequentially weakly complete. 

Proof. Assume that X is sequentially weakly complete and 5**(0) is sequentially 
weakly* compact. Let (un) a Bt(0) be arbitrary. By our hypothesis, there exists 
a subsequence (w„k) of (un) such that u„k -> w** weakly* in X** and w** e B**(0). 
Hence (u„k) is a weak Cauchy sequence in X. According to our assumption (unk) -> w0 

weakly in X for some u0eX and clearly w0 e Bx(0). The converse assertion is clear. 

Proposition 1. Let X be a Banach space such that one of the following three condi­
tions is satisfied: 

(i) X**\X is separable; 
(ii) X* is a weak Asplund; 

(iii) X is separable and X contains no isomorphic copy of lt. 
Then X is reflexive if and only if X is sequentially weakly complete. 

Proof, (i) We prove that if X**\l is separable, then the closed unit ball B**(0) 
is sequentially weakly* compact. Suppose that (w**) c B**(0). Since X**l% is 
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separable, then the sequential G(X**9 X*)-closure of ^ ( 0 ) in X** is equal to B**(0) 
(see [22]). Hence for each fixed n (n = 1, 2,. . .) there exists a sequence (u„fc)r=i i n 

Bt(0) such that unk -+ u** in the o-(X**,X*)-topology of X** as k -> oo. Set Y = 
CO 

= span ( U {unk})9 then y is a closed separable Banach space. By our hypothesis 
n,k=l 

X**jf is separable and Lemma 3 implies that Y** is separable and therefore Y* 
is separable. Hence the G(Y**9 y*)-topology is metrizable on B**(0) = {u** e Y** : 
: ||w**|| = 1}. From the sequence («**) c= B**(0) one can extract a subsequence, say 
(u**)9 such that u** -+ u** in the G(Y**9 y*)-topology of Y** and u*0* e B**(0) cz 
c fl**(0). Since G(Y**9 Y*) = <7(K**,X*)| Y**9 we have that B**(0) is sequentially 
<r(X**, X*)-compact. Now (i) follows at once from Lemma 4. (ii) If X* is a weak 
Asplund space, by the Stegall result [31] we have that B**(0) is sequentially weakly* 
compact. Lemma 4 gives at once the result, (iii) follows at once from the Rosenthal 
and Odell theorem (see [5]) and Lemma 4. 

Remark 1. Let X be a Banach space such that one of the following three condi­
tions is satisfied: 

(i) X is quasi-reflexive i.e. dimX**/^ < oo; 
(ii) X* is (WCG); 

(iii) X* admits an equivalent smooth norm. 

Then X is reflexive if and only if X is sequentially weakly complete. 
Indeed, if X is quasi-reflexive, thenX**/^ is separable. If X* is (WCG), according 

to the Amir and Lindenstrauss result (see [4]) X* admits a smooth and rotund 
equivalent norm such that its dual norm on X** is rotund. Hence X* is a weak 
Asplund space (see [1] or [17]). (iii) From the general result of Preiss, Phelps and 
Namioka [27], it follows that X* is a weak Asplund space (or use the Hagler and Sul­
livan result [12] that if X satisfies (iii), then B**(6) is sequentially weakly* compact). 
Proposition 1 (ii) (or Lemma 4) gives at once the result. 

Let us remark that the result of Remark 1 (i) was proved by Civin and Yood [6] 
using a different method, while the assertion of Remark 1 (iii) can be proved at 
once on the base of the Smulian characterization of differentiability of the norm 
in X* and the James characterization of reflexivity. Cudia [2, Theorem 5.4] proved 
that if a Banach space X is weakly fc-rotund, then X is reflexive if and only if X 
is sequentially weakly complete. 

If X is a Banach space, then X**j% is separable if and only if X has a norm closed 
subspace Y such that Y** is separable and X/Yis reflexive. A Banach space X is 
quasi-reflexive of order ^n (i.e. dimX**/^ ^ n) if and only if K**/J? is separable 
and X has the property Pn that every norm-closed subspace Yof X* has codim Y ^ n 
in its G(X*9 X)-sequential closure KX(Y) in X* (see McWilliams [22]). If X is 
a Banach space and X**l% is separable, then X is a direct s u m l = A © B of the 
closed linear subspaces A and B9 where A is separable and B is reflexive. A similar 
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result is valid, if X is a Frechet space and the bidual X** is provided by the strong 
topology P(X**,X*) (McWilliams [22] and Valdivia [32]). 

Note that Orlicz spaces containing an isomorphic copy of Zt were characterized 
for non-anatomic and purely anatomic measures by Hudzik [14]. 

Smith [29] pointed out that there exists a nonreflexive Banach space X such that 
X** is rotund and smooth (and hence both X and X* are rotund and smooth) and 
X*** is rotund. However, smoothness of X*** implies reflexivity of X (Giles [11]). 
Note that the James space (which is quasi-reflexive of order one and separable 
with its separable dual) admits an equivalent norm such that its third conjugate 
space X*** is rotund (Smith [29]). By Proposition 1 (i), the James space is not 
sequentially weakly complete. 

Let X be a real normed linear space, J and J* the duality mappings in X and X*, 
respectively. 

Theorem 2. Let X be a normed linear space, (M*) a sequence dense in X*, MJ* G 
e S?*(0). Then: (i) M** G R(J*), i.e. M** G J*(M*) for some u*0 e S*(0), if and only 
if the following condition is satisfied: There exists a weak Cauchy sequence (un) in 
X such that [[MJ = 1 + X\n for each n, <M**, M*> = <M*, M„> for each fixed n 
(n = 1, 2,. . .) and each i = 1, 2 , . . . , n, <M0, M„> -> 1, \un\ -> 1 and un —> M** 
weakly* in X**. 

(ii) If, in addition, X* is smooth at M* and X is sequentially weakly complete, 
then <M* M0> = 1, M0 G Si(0) and M** = J*(u0) = u0. 

Proof. Let (M*) be dense in X*, M** G S**(0), M£* G R(J*), i.e. M** G J*(M£) for 
some M* G S*(0). According to the Helly theorem, there exists a sequence (un) <= X 
such that [|MM| = []M**|| + ljn = 1 + 1/n for each n and <M**, M*> = <M*, M„> for 
each fixed n (n = 1, 2,. . .) and each i = 1, 2 , . . . , n. Define u** eX** by M** = Mn, 
i.e. <M**, M*> = <M*, M„> for every M*GK* and each fixed n. Then (M**) is uni­
formly bounded in X** and (M**) converges pointwise for each fixed M* (i = 1,2,...), 
since <M**, M*> = <M*, M„> = <M**, M*> for each n and each i = 1, 2 , . . . , n. By the 
Banach-Steinhaus theorem (M**) converges weakly* in I * * to a point M**. Since 
lim <M**, M*> = <M**, M*> = lim <M*, M„> = lim <M„, M*> for each M*GK*, we 
n-+oo n-+oo n-»oo 

conclude that (u0, M„> -> 1, un -> MJ* weakly* in K** and (M„) is a weak Cauchy 
sequence in X. We have that 1 = lim <M0, M„> = liminf ||MW| ^ lim sup [|Mn|| ^ 

n-*oo n-->oo n->oo 

= lim (1 + 1/n) = 1 and therefore [[M Î —> 1. Conversely, if un -> M** weakly* inK** 
n-*oo 

and <M0, MII> -> 1 for some sequence (un) a X and some u0 e S*(0), then 1 = 
= lim <M0, M„> = lim <M0, Mn> = <M0, M**>, which gives that M** G J*(M*) and 

n->oo n-*oo 

M** eR(J*). Let us assume (ii). We have that un -> M0 weakly for some u0eX. 
Hence <M0, M0> = 1 and ||M0|| _ 1. On the other hand, we have that |M0[| — lim inf. 
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. Jii.,11 = lim \\unl = 1. Hence w0 e St(0) and u* e J(u0). Since X* is smooth at u*9 
n->co 

we have that w0 = J*(u*) = u**9 which proves our theorem. 

Corollary 1. Let X be a normed linear space, u** e S**(0). Then w** e J*(u*) 
for some u* e S*(0) if and only if there exists a weak Cauchy sequence (un) a X. 
such that un -> u** weakly* in X** and <w*., wrt> -> 1 as n -> oo. 

Recall that by the Bishop-Phelps theorem each Banach space X is subreflexive, i.e 
the set of all linear continuous functionals of X* which attain their norm on S^O) 
is norm dense in X*, which implies that R(J) = X* and R(J*) = X**. By the James 
theorem, both R(j) and R(J*) are not closed in a nonreflexive Banach space X. 
Using the properties of the duality mapping reflexivity of Banach spaces was studied 
in [3], [18], [19] and [24]. If X is a normed linear space, then X is reflexive if an 
only if R(J) = X* and R(J*) = X** (De Prima and Petryshyn [3]). If X is a Banach 
space, J : X -> 2X* a duality mapping, F = span J(X), then X is reflexive if and 
only if the closed unit ball of X is a(X, F)-compact (Laursen [24], see also [20] 
for another proof of this result). If X is a real Banach space, q> :X -> R n { + 00} 
a lower semicontinuous convex function such that intdom q> -# 0, then the following 
are equivalent; (i) R(dq>) = X*; (ii) X is reflexive and for all w* eX*9 the function 
w* — q> is bounded above (Fitzpatrick, Calvert [8]). 

Let X be a normed linear space, J, J* duality mappings on X and X*, respectively. 
Then (see [3]) w* e J(u0) for some u0eX if and only if w0 e J*(w*). 

Propositon 2. Lei" X be a Banach space (a sequentially weakly complete Banach 
space) such that X* is Frechet smooth (X* is smooth) at some point u* e S*(0). 
Then there exist sequences (un) c 5^0), (w*) c: S*(6) and a point u0 e Si(0) such 
that u* -> w0, <w*, w„> = 1, <w0, w0> = 1, un -> w0 in the norm of X (un -> w0 

weakly in X) and J*(u*) e %. 

Proof. By the Bishop-Phelps theorem for a given w* e St(6) there exist sequences 
("„) c Si(0), ("*) c -5?(0) such that w* -> w0 in the norm of X and <w*, ww> = 1 
for each n. Then |<w*, w„> - l | = <w*, w„> - <w*, wn>| ^ ||w* - w*||. Hence 
<wo> M«) ^ 1 as n -^ 00. Since X* is Frechet smooth (X* is smooth) at w0, according 
to the Smulian theorem, we conclude that (wj is a Cauchy (a weak Cauchy) sequence 
in X. By our hypothesis, there exists a point u0eX such that un —> w0 in the norm 
of X (un -> w0 weakly in X). Clearly <w0, w0> = 1 and w0 e S^O), which implies 
that w* e J(w0). Since X* is smooth at u*, we have that J* is singlevalued at w* 
and therefore w0 = J*(u*). Hence J*(u0) e %. 

Theorem 3. LetX be a dual Banach space (i.e. X = Z* for some Banach space Z), 
M != X* a convex open subset, u0 e M, where u0 is a canonical image of u0eZ 
in X*. Let f: M -> R be a weak* lower semicontinuous convex functional having 
the Gateaux derivative f(u0) at u0. Then: 

(i) f'(u0) e $, i.e.f(u0) is a weak* continuous linear functional on X*; 
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(ii) if (w*) e M , w* -> w0 in the norm of X* and xn e df(un) for some sequence 
(xn) <= X, then xn -> f'(w0) weakly in X. 

Proof. Since f is weakly* lower semicontinuous convex and finite on M, we get 
thatf is continuous on M. Hence D(df) = M and the mapping M a w* -> df(u*) is 
maximal monotone on M ([26]). As f is a weak* lower semicontinuous convex 
function and M equals the domain of the norm continuity off, then, by the Phelps 
variant of the Bishop-Phelps theorem ([10]), the set of all w* e M, where df(d*) n 
n $ #= 0, is norm-dense in M. Hence there exist sequences (w*) c M and (x„) c X 
such that w* -> w0 in the norm of X* and xn e Of(w*), where &n denotes the weak* 
continuous subgradients of the subdifferential df at the points w*. As w* -> w0 and 
Of is monotone on M, we have that Of is locally bounded at the points of M. Therefore 
(xn) is bounded in X** and hence there exists a subnet (xn<x) of (£,.) and a point 
x** G X** such that (X„K) converges to x0* weakly* in X**. We have that <ĵ „a — w**, 
u*x - M*> = 0 for each (w*, w**) e G(df). Since Of is locally bounded on M, (£,.J 
is bounded and therefore <x0* — w**, w0 — w*> ^ 0 for each (w*, w**) e G(Of). 
By the maximal monotonicity of the mapping M a w* -> Of(w*) on M we get that 
*o* = df(u0) = f'(w0). Now we prove that f'(u0)eX> i.e. that f'(w0) = {*o} for 
some x 0 e K . First of all, xnedf(u*) gives that ([16]) <*„, w*> =f(w*) + /*(*,,) 
for each w, wheref* is a dual convex function defined byf*(w**) = sup {<w**, w*> — 
f(w*) : w* e M } , u** e l * * . By our assumption, X is a dual Banach space, hence 
there exists a Banach space Z such that X = Z* in the sense of the topology and 
the norm. Since (x;i) is bounded, thee exists a subnet (xnfi) of (x„) and a point x0 eX 
such that xM/? -> x0 in a(Z*, Z)-topology of X. We have thatf*(^„) = sup {<£,., w*> — 
— f(w*) : w* e M} = sup {<xw, w*> — f(w*) : w* e M} = f*(x„) for each n. Let us 
embed X into X**. Since f* is weakly* lower semicontinuous on X** and xn0 -> x0 

weakly* in X, we get that f*(x0) g lim^ inff*(xn/}). Furthermore, \(unp,xn/iy — 

- <w0> ^o>| -̂  !<«», - w0, xn^>| + |<w0, xW/? - x0>| and <w0, xn/, - x0> = 
= <w0, xnp — x0> -> 0, as xnfi -> x0 in the cr(Z*, Z)-topology and w0 e Z. Since 
(xM/}) is bounded, we get that <w*/J, xn/}> -> <w0, x0>. Now the continuity off on M 
gives that f(w0) + f*(x0) ^ lim^/(n* ) + Jim, inf f*(xj ^ lim, inf(f(«* ) + 
+ / * W ) = Hm, inf <u* , jcBil> = lim, <w* , xw^> = <w0, x0>. 

On the other hand, the Young-Fenchel [16] inequality gives that <w0, x0> g 
^f(w0) +f*(x0). Therefore <w0, x0> = f(u0) +f*(x0), which implies that £0 = 
= x0 = f'(w0) = x**, where ^0 denotes the canonical image of x0eX in X**. 
Hence for the whole sequence (xn), we have that jtn -> x0 weakly* in X** and there­
fore xn -+f'(u0) weakly in X, which proves (ii). 

Note that the assertion (ii) of Theorem 2 follows also at once from the fact that 
the mapping M a w* -> df(u*) is norm to weak* upper semicontinuous on M, the 
result (i) of Theorem 2 that Of(w0) = f'(w0) e X and the fact that the canonical 
embedding x : X -> X** is a homeomorphism of (X, c(X, X*)) into 
(X**,<r(X**,X*)). 
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Let X be a linear normed space such that X is smooth at u0 e X. Then J(u0) = 
= a(i|«0|-) = |K|| grad |«0|. 

Corollary 2. Let X be a dual Banach space (i.e. X = Z* for a Banach space Z) 
such that X* is smooth at u0, where u0 e Z, [|w0||z = 1 and u0 is a canonical image 
of u0 in X*. Then J*(u0) e l , where J* denotes the duality mapping on X*. 

Giles [9] proved that if X is a Banach space, x e Si(0), then X** is smooth at £ 
if and only if every support mapping Sx(0) B X -> x* e S*(0) is continuous at x 
when X has the norm topology and X* has the cr(X*, X**)-topology. Recall that 
a Banach space is said to be very smooth, if there exists a support mapping Si(0) B 
B x -> x* e S*(0) which is norm to weak continuous on Si(0). Corollary 2 and the 
Giles result imply the following 

Corollary 3. Let X be a dual Banach space such that Z is very smooth. Then 
{J*(u) : u e Z , ||n||z = 1} c= X, where J* is the duality mapping on X*. 

Recall that if X is a Banach space, then X is reflexive and rotund if and only if X* 
is very smooth (Giles [11]). 

The following useful result was proved by John and Zizler [15]. Assume that X 
and X* are both (WCG). Then there exists an equivalent norm ||| • ||| on X such that: 
(i) HI • HI is locally uniformly rotund; (ii) the dual norm of ||| -||| on X* is locally uni­
formly rotund; (iii) the second dual norm of ||| 'HI on X** is rotund. Since the second 
dual norm of ||| "||| on X** is rotund, we conclude that the dual norm of ||| *||| on X* 
is smooth. 

Let X = Z* for some Banach space Z. Assume that X and Z are both (WCG). 
Let I • I be an equivalent norm on Z such that its dual norm on X* is smooth. 
Then {grad |||u||| : u eZ, \\\u\\\z = 1} c X. 

Let G cz Rn be an open subset such that mes G < + oo, <P and M-function (in the 
sense of [21]), L0(G) an Orlicz space provided by the Orlicz norm, B(G) the set of 
all bounded functions defined on G. Then E0(G) cz L0(G) cz L0(G), where L0(G)is 
the Orlicz class of all measurable functions u defined on G and such that Q(U, 0) = 
= JG 0(u(t)) dt < +00. Let E0(G) be a space defined as the closure of B(G) in the 
Orlicz norm || • J^ of L0(G). Then E0(G) cz L0(G). Moreover, if 0 satisfies the 
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-condition, then E0 = L0 = L0. Let 0* be a dual function. Then E0*(G) cz L#*(G) 
and (E0*)* = LQ and hence L 0 is a dual Banach space. If &*(t) has a continuous 
derivative which is monotone and positive for each t > 0, then the Orlicz norm of 
Eq>* is Frechet differentiate on E0* away the origin. Hence {s — grad [|w|| : u e E0*, 
||M|| = 1} c= L0, where s-grad ||w|| denotes the Frechet gradient of the norm at u. 
A similar result is valid for the gradient of the norm of L0 under the weaker assump­
tion that E0* is only very smooth. 

Each dual norm, each dual function [16] and each support function of a convex 
closed subset of X are weak* lower semicontinuous functionals on X*. Moreover, 
if X is a Banach space, M a weakly* closed linear subspace of X*, then the pseudo-
norm X* B u* -+ dist (u*, M) is a weak* lower semicontinuous function on X* [10]. 
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Recall that Asplund [1] proved the following assertion: LetX be a Banach space, 
f:_Y -• ( — co, +oo] a lower semicontinuous function such that f =£ -j-oo. If the 
dual function f* denned on X* is Frechet differentiable at some point M*eX*, 
then (/*)' (a*) e 1 . 

The results of Theorems 1 — 3 have been communicated at the 19th Winter School 
on Abstract Analysis, January 1991, Srni, Czechoslovakia. I thank J. Danes for 
helpful comments which allow to shorten the part of the original proof of Theorem 1. 

References 

[1] ASPLUND E., Fréchet diffeгentiability of convex functions, Acta Math. 121 (1968), 31—47. 
[2] C U D I A D. F., The geometry of Banach spaces: Smoothness, Trans. Ameг. Math. Soc. 110 

(1964), 284-314. 
[3] D E P R Ш A C R., PETRYSHYN H. V., Remarks on strict monotonicity and suгjectivity proper-

ties of duality mappings deňned on real normed linear spaces, Math. Z. 123 (1971), 49—55. 
[4] DIESTEL J., Geometry of Banach Spaces — Selected Topics, Lecture Notes in Math. N o 485, 

Springer-Verlag, 1975. 
[5] DIESTEL J., Sequence and Series in Banach spaces, Springer-Verlag, New York, 1984. 
[6] Civш P., Y O O D B., Quasireflexive spaces, Proc. Amer. Math. Soc. 8 (1957), 906—911. 
[7] FITZPATRICK S. P., Continuity of non-linear monotone operators, Proc. Amer. Math. Soc. 

62(1977), 111-116 . 
[8] FITZPATRICK S. P., CALVERT B., On a nonreflexive space the subdifferential is not onto, 

Math. Z. 189 (1985), 555-560. 
[9] GILES J. R., On smoothness of the Banach space embedding, Bull. Austral. Math. Soc. 13 

(1975), 6 9 - 7 4 . 
[10] GILES J. R., Convex Analysis with Application in the Differentiation of Convex Functions, 

Pitman, Melbourne, 1982. 
[11] GILES J. R., A non-reflexive Banach space has noп-smooth third conjugate space, Canad. 

Math. Bull. 17 (1974), 117-119 . 
[12] HAGLER J., SULLIVAN G., Smoothness and weak* sequential compactness, Proc. Ameг. 

Math. Soc. 78 (1980), 4 9 7 - 5 0 3 . 
[13] Hayden T. L., Representation theorems in reflexive Banach spaces, Math. Z. 104 (1968), 

4 0 5 - 4 0 6 . 
[14] H U D Z I K H., Orlicz spaces containing a copy of l t , Mathematica Japonica 34 (1989), 747— 

759. 
[15] J O H N K., ZIZLER V., Projections in dual weakly compactly generated Banach spaces, Studia 

Math. 49(1973), 4 1 - 5 0 . 
[16] JOFFE A. D., TICHOMIROV B. M., Theory of extremal problems (iп Russian), Nauka, Moscow, 

1974. 
[17] КENDEROV P. S., Multivalued monotone operators are almost everywhere single-valued, 

Studia Math. 56 (1976), 199—203. 
[18] КOLOMÝ J., Remarks on duality mapping and the Lax-Milgram property, Zeitschr. Anal. 

Anw. 3(1984), 5 6 9 - 5 7 6 . 
[19] КOLOMÝ J., A note on duality mappings and its application, Bull. Math. Soc. Sci. Math. 

R. P. Roumaine 30 (1986), 2 3 1 - 2 3 7 . 
[20] КOLOMÝ J., Duality mappings and characterization of reflexivity of Banach spaces, Boll. 

U.M.I. (6) 1-B (1982), 2 7 5 - 2 8 3 . 

82 



[21] KRASNOSELSKII M. A., RUTICKII JA. B., Convex functions and Orlicz spaces (in Russian), 
Gos. izd. fiz. mat. lit., Moscow, 1958. 

[22] MCWILLIAMS R. D., On certain Banach spaces which are w*-sequentially dense in their 
second duals. Duke Math. J. 37 (1970), 121-126. 

[23] LAX P. D., MILGRAM A. N., Parabolic equations, Annals of Math. Studies 33 (1954), 
167-190. 

[24] LAURSEN K. B., A characterization of reflexivity of Banach spaces, Math. Scand. 16 (1965), 
169-174. 

[25] ORLICZ W., Uber eine gewisse Klasse von Raumen vom Typus B, Bull. Acad. Polon. Sci. 
Ser. A (1932), 207-220. 

[26] PHELPS R. R., Convex Functions, Monotone Operators and Differentiability, Lecture Notes 
in Math. 1364. Springer-Verlag, 1989. 

[27] PREISS D., PHELPS R. R., NAMIOKA I., Smooth Banach spaces, weak Asplund spaces and 
monotone or usco mapping, Israel J. of Math. 72 (1990), 257—280. 

[28] SAUER N., Representation theorems in a reflexive B-space, Math. Z. 93 (1966), 202—205. 
[29] SMITH M. A., Rotundity and smoothness in conjugate spaces, Proc. Amer. Math. Soc. 61 

(1976), 232-234. 
[30] STEINHAZS H., Additive und stetige Funktionaloperationen. Math. Z. 5 (1918), 186—221. 
[31] STEGALL C , The Radon-Nikodym property in conjugate Banach spaces, II. Trans. Amer. 

Math. Soc. 264 (1981), 507-519. 
[32] VALDIVIA M., On a class of Banach spaces, Studia Math., 60 (1977), 11—13. 
[33] VALDIVIA M., Resolution of identity in certain metrizable locally convex spaces, Rev. 

Real Acad. Cienc. Exact. Fis. Natur. Madrid 83 (1989), 75—96. 

83 


		webmaster@dml.cz
	2012-10-06T01:29:17+0200
	CZ
	DML-CZ attests to the accuracy and integrity of this document




