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ISOMETRIES FOR THE LEGENDRE-FENCHEL TRANSFORM
BY
HEDY ATTOUCH AND ROGER J. B. WETS!

ABSTRACT. It is shown that on the space of lower semicontinuous convex functions
defined on R”", the conjugation map—the Legendre-Fenchel transform—is an
isometry with respect to some metrics consistent with the epi-topology. We also
obtain isometries for the infinite dimensional case (Hilbert space and reflexive
Banach space), but this time they correspond to topologies finer than the Mosco-
epi-topology.

1. Introduction. Initially, the study of the epi-topology for the space of lower
semicontinuous functions was motivated by the fact that on the subspace of convex
functions the Legendre-Fenchel transform, i.e. the conjugation map, is bicontinuous.
Actually, it is to state this result, which he proved for functions defined on R”, that
Wijsman [1] was led to introduce the concept of epi-convergence. Mosco [2], and
also Joly [3], generalized this theorem to functions defined on a reflexive Banach
space by considering an epi-topology generated by both the weak and the strong
topology on the underlying space. We refer to it today as the Mosco-epi-topology. A
further extension to the nonreflexive Banach case has been obtained recently by
Back [4].

Walkup and Wets [5] obtained a related result, namely that on € the hyperspace
of closed convex cones, subsets of a reflexive Banach space, the polar map is an
isometry when the distance between two cones P and Q is measured in terms of the
Hausdorff distance between P N B and Q N B with B the unit ball. In finite
dimensions this isometry implies the bicontinuity of the Legendre-Fenchel transform
on the space of lower semicontinuous convex functions equipped with the epi-topol-
ogy; details are worked out in [6]. In §4, we refine this result and show that the
isometry of the polar map yields an isometry for the Legendre-Fenchel transform,
provided the notion of distance between two functions is defined in terms of a
suitable metric.

For infinite dimensions, however, the Walkup-Wets result is not immediately
transferable to the functional setting, at least not in an operational form. This can be
traced back to the fact that the unit ball is not compact. In §2 we exhibit new
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isometries for the Legendre-Fenchel transform relying on Moreau-Yosida approxi-
mates. We obtain one isometry in terms of the approximated functionals and
another one in terms of the resolvents and subdifferentials. We then explore the
important relationship between these two isometries. Still another isometty is
brought to the fore in §3 involving the indicator functions and the support functions
of convex sets. It also relies on approximates of the original functions, to which we
refer as Wijsman approximates in recognition of the fact that these were the tools
used by Wijsman in his derivation of the bicontinuity result refered to earlier.

2. Isometries for Moreau-Yosida approximates. Let X be a Hilbert space, identi-
fied with its dual, with norm || - || and inner product - ,-). Let f: X -] — o0, 00]
be an extended real valued function, finite valued for at least some x in X. Such a
function is said to be proper; it is the only type of function that appears in this
paper. For every A > 0

C1 A= (055 = it [ 10 + 55l = o

is the Moreau-Yosida approximate of f of parameter \; here O denotes inf-convolution.
These approximates play an important role in the analysis of variational limit
problems, basically because a sequence of functions { f*: X =] — 00,00}, » =1,...}
epi-converges (with respect to the strong topology of X) to the lower semicontinuous
function f if and only if
(2.2) f = sup limsup f¥ = sup liminf fy,

A>0 vo oo A>0 V7™
provided the f” are (quadratically) minorized, i.e. there exists x, € X and 8 > 0
such that forall v =1, ...

f7(x) = =B(llx = xol” + 1),

[7, Theorem 5.37]. Recall that, given (X, 7) a first countable topological space, a
sequence { f*: X > R, v =1,...} epi-converges to f (with respect to the topology
7), if for all x in X
(2.3) liminf f*(x”) > f(x), whenever x = lim x”,

v — o0 V— o0

v

and for some sequence {x*, » = 1,...} with x = lim, _,  x
(2.4) limsup f*(x”) < f(x).

A short review of the properties of epi-convergence can be found in [7, §2] (for more
details consult the monograph [8]).

The Moreau-Yosida approximates possess a number of properties that make them
well suited for the analysis of the limit of sequences of functions. For example, with
f (quadratically) minorized, we have that f, is locally Lipschitz with the Lipschitz
constant depending only on the parameters A, x, and 8 [7, Theorem 5.8]. Thus, if a
collection { f”, » =1,...} is minorized with the same quadratic form, the { fy,
v = 1,...} are locally equi-Lipschitz. Another property [8, Proposition 2.67] needed
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later on is: For any A > 0 and p > 0, we have
(25) (f)\)n =f>\+p’

which is called the resolvent equation. Indeed
. 1 2. 1 2
(1u(x) = in | e = I+ it 1(2) + 5y = =)

- . 1 21 2
= int| 1(2) + nt (ol =P + 5l = 1)

2

(pz +Ax)—:z

2}

I 1 1
= inf f(z)+2—x +2>\”>\+

i | 1(2) + e I zn]

Note that this identity remains valid if X is a Banach space.

The analysis of the limit properties of sequences of convex functions via their
Moreau-Yosida approximates highlights the full potential of this technique. Instead
of (2.2), we have that a sequence of convex functions { f*: X =] — o0, 0], 7 =1,...}
Mosco-epi-converges to the (necessarily convex and lower semicontinuous) function
f if and only if for all A > 0

(2.6) filx) = lim f¥(x) forall x € X,

provided only that f be proper [9, Théoréme 1.2]. Recall that Mosco-epi-conver-
gence is epiconvergence for both the strong and weak topologies of X, which means
that in (2.3) one considers all weakly converging sequences while in (2.4) one
requires the sequence to be strongly converging. Also

27) (1) = (155 P) " =12 + 3117

since (|| - ||2/2A)* = A|| - ||2/2. As usual, f*: X — R, the conjugate of f, is defined
by

(2.8) f*(y)= sup [(y,x) - f(x)].

The map f — f* is the Legendre-Fenchel transform.

An important relationship between the Moreau-Yosida approximates of f and its
conjugate f * is highlighted by the next theorem. This identity was already known to
Moreau [10] in the case A = 1, see also [11, §31]. It is the key to a number of
isometries.

2.9. THEOREM. Suppose X is a Hilbert space and f: X — R is a proper convex
function. Then for any A > 0

(2.10) (7)a(h0) = 2l = i ().




36 HEDY ATTOUCH AND R.J. B. WETS

PrOOF. We have
(F)a(x) = inf | £5(0) + 2 IAx = ulf]

= inf Sl{p[<y,u> —f() + —;XIIM - ullz]

sup | /() + min((.1) + 5 I = )

sup [ =1(3) + (3. Ax = A+ 5 e = (e =) ]

—int | £(3) + Slx = oI ] + Sl

which yields (2.10). The interchange of inf and sup can be justified as follows:
Define

g(v) = min{ (o) + g IAx =l = S (1P = lx = 1),

The function g is concave, finite and continuous on X. Thus, by Fenchel’s duality
theorem [12] we have

sup [g(y) = f(»)] = inf [ /*(u) — ga(w)],
y “
where g, is the concave conjugate of g, i.e.
ga(u) = inf [(u, y) = g(»)],
and a straightforward calculation shows that
1 2
g+(u) = — gxlAx —ul’. O

As a corollary to this theorem, we obtain an interesting identity between the
gradients of (f*), and the resolvents of parameter A~ ! associated with f. Let 3f(x)
denote the set of subgradients of the convex function f at x, i.e.

(2.11) af (x):== {v]|f(y) = f(x) +{v, y — x) forall y € X}
The convex function f, is differentiable, and
(2.12) vi(x) =AY x - Jx),

where J, for A > 0 is the resolvent of parameter A associated to f, i.e. the operator
from X into X defined by

(2.13) Jux = (I+Mf) '(x).
Note that

(%) = f(1x) + 55 lx =
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To obtain (2.12), observe that for any A > 0

. 1 2
yeargmm[f+ ﬁ”x“ A

if and only if

@BfF+ A ) (y)-A"x=0
or equivalently, if and only if

y=(I+Nf) 7 (x)=Jyx.

Since

(x) = { 0l(0,0) € 8 (£ + 55 x = F)),
we have

fa(x) = { oo =AY (x - Syx)},

which also means that the set of subgradients is a singleton and, f, being convex, it
is thus Fréchet differentiable with its gradient V£, given by (2.12). The resolvent J,
is a contraction and the gradient x — Vf,(x) is Lipschitz with constant A~! (for
more about resolvents and the properties of Yosida approximates (1 + Adf) ! of the
monotone operator df, consult [13]).

Combining (2.12) with (2.10), we obtain

2.14. COROLLARY. Suppose f is a proper closed convex function defined on a
separable Hilbert space X. Then for any A > 0

(2.15) V(f*)\(Ax) =Jy-1ix = x — A7 1of-i(x).

Now let SCC(X) be the cone of proper lower semicontinuous convex functions
defined on X, here a Hilbert space. For every A > 0 and p > 0 we define on SCC(X)
the distance functions

(2.16) dy,(f.8) = P [£2(x) = gr(x) |

and

(2.17) di (f.8) = Sup | {x = Jgx]|,
x||<p

where f and g are two elements of SCC(X) and J{ and J§ are the resolvents of
parameter A associated with f and g respectively. Note that in view of (2.12) we
could also define dy , as follows:

(2.18) di,(f.8) =X sup [|[Vfi(x) = var(x)|.

lIxll<e
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Recall that if f € SCC(X), so does f*, and f** = f. This suggests comparing
distances between any two functions and their conjugates. This leads us to

2.19. THEOREM. Suppose X is a Hilbert space. Then for any f, g € SCC(X) and
any A\ >0andp >0

(2.20) dy ,(f.8) =dy-1 1 (f* 8%),
and
(2.21) di ,(f,8) =Nd{1 1 (f* g%).

ProOOF. From (2.10) it follows that

| Alx) = gx(x)|=|(f*)xl(7\_1x) —(g*),‘—n(}\_lx)|

and hence
sup Ifx(x) - gA(x)|= sup ‘(f*)x-l()’) _(8*)>\‘1()’)|
lIxli<p Ivll<A™Yp

which gives us (2.20).

From (2.15) and (2.12) we see that
[ J{x = Jgx|| = NI (N x) = JE (A ) ||
which implies that

sup ||J{x —Jgx|=A sup I (y) = IE(y)||

lIxll<p Ivil<sA~™tp

and this yields (2.21). O
Of course with A = 1, as a direct consequence of the above and (2.18), we obtain

2.22. COROLLARY (ISOMETRIES). For every p > 0, the Legendre-Fenchel transform
on SCC(X) is an isometry for d, , and di , i.e. for all f, g in SCC(X):

(223) dl.p(f’ g) = dl‘p(f*’ g*)
and
(2.24) di ,(f,8) =d{,(f* g*).

Note also that for N = 1,

di (f.g) = sup |vfi(x)~- vg(x)].

IIxll<e

The distance function d, , is calculated in terms of the function values, whereas
di. , 1s in terms of slopes (2.18) or resolvents (2.17). Both distance functions generate
Hausdorff metrics, for example:

(2.25) dist(f,g):= fz—k 4,1 8)
k

=1 1+d,,(f g)
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with the {p,, kK =1,...} a sequence of positive real numbers increasing to + oo,
and

(2.26) dist’(f, g):= ,i [(2%41,.(f.8))/(1 + di,(1.2))]-

Let us note that dist(f,g) =0 implies f, =g, and hence f=g. This last
implication, which might seem at first surprising, relies on the fact that the functions
f and g are closed and convex. Indeed if for such functions and some A, > 0 one
has f, = g, then f = g. To see this, just take the conjugates of f, and g, . From
2.7

Aoy 2 Aoy 2
* —_— . = * — .
£+ 220 = g+ 22
which implies
f* =g*

It follows that f = g since the functions f and g are closed and convex. Let us stress
the fact that in order to recover general closed functions f from their Moreau-Yosida
approximates one needs all approximates f, (or at least a sequence f, with A, — 0
as n = + 00).

Similarly, dist’( f, g) = 0 implies 9f = dg and hence f = g after some normaliza-

tion of the functions.
From (2.23) and (2.24), one gets the following

2.27. COROLLARY (ISOMETRY). Suppose X is a Hilbert space. The Legendre-Fenchel
transform on SCC(X) is an isometry for the Hausdorff metrics dist and dist’ defined
by (2.25) and (2.26). In particular, we have

(2.28) dist(f, g) = dist(f*, g*)
and
(2.29) dist’(f, g) = dist’(f*, g*).

It should be emphasized that convergence for a sequence of convex functions { f:
X->R v=1,... } to a limit function f can of course be defined in terms of these
distance functions. As can be surmised from our earlier comments, there is a close
connection between epi-convergence in SCC(X) and the convergence generated by
the metrics introduced earlier. To study these relationships, we begin with comparing
the uniform structures associated to the distance functions {d, ,; A > 0, p > 0} and
(d{,;A>0,p>0).

2.30. PROPOSITION. Suppose f and g are proper closed convex functions defined on a
Hilbert space X. For any A > 0 and p > 0 let d, , and d{‘p be the distance functions
defined by (2.16) and (2.17) respectively. Then

(231) d)\.p(f’ g)<)\_lpd{,p(f’ g)+a)\(f’ g)’
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where
(2.32) oan(f.8) =|/:(0) = &:(0)| = dro( 1. 8).
PrROOF. We have that
1x) = (0) + [*(Thilrx). x) .

since f, is finite everywhere and differentiable, see (2.12). The same holds with g
and thus

() = £3(x) = /4(0) = 83(0) + [ (VAi(x) = Dg(rx). x) d.
This yields
I1(x) = &) | <1 10) = £a(0) |+ [ [{97(72) = w&s(7x). x) v

<a(f.8) +lxl- [119/(r) = vaa(x) | dr,

where the last inequality follows from the Cauchy-Schwarz inequality. Taking the
supremum on both sides with x restricted to the closed ball of radius p, we have

1
dro(f.8) < a(f.8) + o[ A", (f,8) dr,
utilizing here the relation (2.18). And this in turn gives (2.31). O

2.33. THEOREM. Suppose f and g are proper closed convex functions defined on a
Hilbert space X. For any X > 0 and p > 0 let d\ , and d{ , be the distance functions
defined by (2.16) and (2.17) respectively. Then

(2.34) d{ ,(f.8) < (1 +N)(2dy,(f.2))"
for any p, such that

(2.35) po=(1+A"p+A710,(f.8),
where

(2.36) 6:(f. ) =[|s{0]+]J%0].

ProoF. Since f, and g, are convex, finite everywhere, and differentiable with
gradients Vf, and vg,, we have that for any x and y in X:

H(y) —fA(x) > <Vf>\(x),y - x>,
an(x) = & (») = (varn(y).x = y).
Adding them up, these inequalities yield for all x and y in X:
(2.37) [A1() = &) = [A(x) = &1 (0)] = (9fi(x) = var(»). y = x).

Now fix x and choose y such that
1

(238) yi= (1 + vg) ' [(1 + 9A)0)] = 7 A+ £ )T+ v/)()];
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the last equality comes from (2.5), which implies that
Jpx=(A+1)""Ax +Jg, ,x) = (I + vg) 'x

Thus for all x € X and y as above, the inequality (2.37) becomes

1/2
(239) [ VAi(x) = var(W) I <|(A(r) = 8a()) = (fa(x) = ga(x)) [
Next, we obtain a lower bound for the left-hand side term of (2.39) in terms of
19fr(x) — Vgr(x)|- Indeed we have
1w/ (x) = var(x) [ < 9fa(x) = var(») |+ var(y) — ver(x) |
<[[vAi(x) = vaa() |+ A7 Hx =yl
< (L+A)[vA(x) = va(») s
the second inequality follows from the fact that Vg, is Lipschitz with constant A1,
and the third inequality from the definition (2.38) of y which implies that
x—y=valy) - vilx).
This last inequality with (2.39) implies
(2.40)
_ 1/2
” Vi(x) = va(x) < (1 + A 1)(|f>\()’) -+ filx) = gx(x)l) .
Now since J§, , is a contraction, so is
1 A

Kot mqt

Dy= 31

and thus for any z
1
1DAzll <[ Dyz = DAO| + 1Dy Ol <l 2]l + 577 1§41 01l
Also,

(7 + wA)(x) [ <llxl + [ i(x) = A 0) ||+ ]| w£A(0) ||

A+1 1
<22 xl+ > 4o]l,

where to obtain the last inequality we have used the facts that vf, is Lipschitz with
constant A ™! and, as follows from (2.12), that

VA(0) = 3(0 = J{0).

Thus for y, as defined by (2.38), we have

A+1 1 1
(2.41) Iyl< =—=lxll+ 5 17H0] + 555 178, 01l

Noting that for every x € X, where A — || Vg, x|| increases as A decreases to zero,
we obtain

[ vgr+1 00l <l wgaoll,
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that is

1 1
porn il 2oL B AU B
Returning to (2.41) we get

2 ;: L+ A Y| o{o] + [ sgo]).

(BYIES

Taking the supremum on both sides of (2.40) with ||x|| < p and appealing to (2.18)
and the above inequality, we obtain

Nl (fog) < (LA )] swp [AG) - () |+ sup (x) - gn(x)]]

lIvll<po lIxll<p
with
po = (1+A"1)p + A7 ([l5{0] +||750])).
Since p < p,, this yields (2.34). O

2.42. COROLLARY. Suppose f and g are proper closed convex functions defined on a
Hilbert space X such that

f(0) = inff = 0 = inf g = g(0).
Then for any A > 0 and p > 0 we have

(2.43)  Ady,(f,8) <pdi,(f.8) <p(l+N)|2dyq.r1,(f.8)]""

In particular, when \ = 1, this implies
1/2
(2.44) d\,(f,8) <pdi,(f,8) <3p(d,,(f.8)""

The inequalities (2.31) and (2.34), summarized in (2.43) in the “normalized” case
(f(0) = 0 = inff), make explicit the relationship between the uniform structures
induced by d, , and di. , on SCC(X). If we restrict ourselves to the convex cone of
“normalized” functions in SCC( X)), i.e. such that f(0) = 0 = inf f, then

(2.45) dy,(f.8) <PA'd{,(f.8) <p(1+ A "1)[2dy yqin1(f28)]

Let {f*: X—> R, v=1,...}) be a sequence of proper convex functions, and
suppose they are “normalized” as defined above. Then (2.45) allows us to compare
the convergence “rate” of the functions, or at least of their Moreau-Yosida ap-
proximates of parameter A, and that of their resolvents. And either one of these then
give us a measure of the convergence rate of a sequence of epi-convergent functions
as we show next. Let us begin with a couple of preliminary lemmas that are of
independent interest in various applications of these results.

2.46. LEMMA. Suppose X is a Hilbert space, with f and g proper, lower semicontinu-
ous convex functions defined on X. Then for all A > 0, p > 0 andp > 0

d)\+p,_p(f’ g) < d)\.po(f’ g)
for any p, such that

po=p+ p.)\'lmax{”J{OI

,gol}.
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PROOF. Let A > 0 and p > 0 and recall that, in view of (2.5), (f)), = f,- Hence

fronx) = int {7(0) + 5o lx = o)

and
— 1 1 2
Bru(x) = vlgg( a(v) + ﬁ”" - o[-
Suppose
. 1 2

vf = arg rmn(f,\(-) + ﬂ”x - )

Then
1
0= 9A(ef) + 7 (of = x)

which yields

of = (I + pvfy) '(x).
We also have that

Trn) = (of) + 3z x = of I
and, of course,
Bren() < 2a(of) + 32 x = of I,

and these two relations imply
(2.47) arn(X) = frru(x) < 8a(0f) = A()
Since x — J/*x = v{ is a contraction,
Jof < ef - g0] + 0] <hx - o1+ [0,
On the other hand, from the equality V(f)), = Vf.,, it follows that
Jhx=(A+ u)_ll)\x + p,J{ﬂx],
N0 =(A+p) wi{,,0,
and thus
lof | <lxll+ p(X + ) 7Y, ,0].
Returning to (2.47), for anyp > 0
sup (g.u(x) = frru(x)) < sup (8r(x) = /()

lixll<p lIxll<po
with

oo > p + p(A + p) " max{|lJ{,,0] [ J£.,0]}.
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Observe that A — || v{x|| and A = || V§x| are monotonically decreasing functions,
and thus the above inequality is satisfied if

po > p + pA~" max{]J{0]. lgo]}.

Repeating the same argument, but interchanging the role of f and g, and using the
definition of d, , yields

d)\+p,‘p(f’g)<d>\.p0(f’g)‘ a

2.48. LEMMA. Suppose X is a Hilbert space, with f and g proper convex lower
semicontinuous functions defined on X. Then for any A > 0, p. > 0 and p > 0

dk,p(f’ g) < d)\+,u‘p'(f’ g)’

where

pi=(1+pr Y+ y)\‘lmax{”J{O

lJg0l}.

PrROOF. With the same construction as in the proof of Lemma 2.46 we have, from
(2.47), that

fx(U{) - gA(U{) <f,\+#(x) - gHH(X).
Observe that (I + pvf, ) (v{) = x. Given any y € X, taking x = (I + uvf,)(y) we
obtain v{(x) = y and thus
(2.49) fx()’)_gx()’)Sf,\u(W{)‘“gmy(W()
with w{:= (I + pvf,)(y). Note that

Iwd [ <y I+ A= (Iy ]+ 5{0]).
When || y|| < p, it follows that
[w{ll< (1 +pA=")p + pA~Y|J{0] < o
Taking suprema on both sides of (2.49) with || y|| < p yields
sup (/i(») =& (»)) < sup (fasu() = 8asu(¥))-
Ivli<e IIvli<e’
The same holds when the roles of f and g are interchanged, and this completes the

proof. O
As a direct consequence of Lemmas 2.46 and 2.48 we obtain

2.50. COROLLARY. Suppose X is a Hilbert space with f and g proper lower
semicontinuous convex functions defined on X such that f(0) = g(0) = inf f = inf g.
Then forall A\ > 0, > 0andp > 0

d)\+p,p(f’ g) < d}x,p(f’ g) < d()\+u),p(1+)\‘lp.)(f7 g)'
2.51. THEOREM. Suppose X is a Hilbert space, and {f*: X > R, v =1,...} andf:

X — R are a collection of proper closed convex functions, such that for some X\ > 0
andall p > 0,

lim dy ,(f,/") = 0.
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Then
f = Mosco-epi-lim f”.
V=00

Moreover, if X is finite dimensional, then the reverse implication is also valid.

PROOF. In view of [9, Théoréme 1.2] a sequence of proper convex functions { f*,
v = 1,...} Mosco-epi-converges to f if and only if for all A > 0, the Moreau-Yosida
approximates of parameter A converge pointwise to f,, i.e. for all x € X and all
A>0,

fim 7(x) = f(x).
Now, if
(2.52) lim dy,(f.f")=0

for some A = A, > 0 and all p > 0, it follows from Lemmas 2.46 and 2.48 that the
above holds for all A > 0. The first one of these lemmas gives the convergence for all
A > A, and the second one for all 0 < A < A, since it implies that

d)\,p(f’ g) < d)\o,po(f’ g)’

where
po = (1 + (Ao = M)A™)p +(Ag = M)A~ max[|| 0], [ £0]]).

Since (2.52) implies the uniform (pointwise) convergence on all balls of radius p of
the fY to f,, and this for all A > 0, we have that f is the Mosco-epi-limit of the f*.
To obtain the converse observe that the convex functions {fY, » =1,...} and f,
are equi-locally Lipschitz, and this combined with pointwise convergence implies, by
the Arzela-Ascoli Theorem, the uniform convergence on compact sets, which in
finite dimensions are the closed bounded sets. O

Note that we used Lemmas 2.46 and 2.48 to pass from requiring that d, ,(f, f")
goes to 0 for some A > 0 instead of for all A > 0. This also confirms that the
epi-convergence engendered by the convergence of the distance functions d, , is
strictly stronger (in infinite dimensions) than the Mosco-epi-convergence, since
having

f» = pointwise-lim f
for some A > 0 is not sufficient to ensure that f is the Mosco-epi-limit of the f”. It
is also easy to see that we could not obtain the epi-convergence of the sequence { f*,
v=1,...} to f by requiring that d, ,(f,f") goes to 0 for all A > 0 and some
po > 0. So, we may feel that Theorem 2.51 is in this setting the best result possible.

Let us finally notice that Theorem 2.51 is certainly valid in a reflexive Banach
space. One has to extend Lemmas 2.46 and 2.48 to this setting and rely on [8,
Theorem 3.26).

The next result could be obtained from the equivalence of Mosco-epi-convergence
and the convergence of the resolvents [9, Théoréme 1.2(c),(d)]. However, it is easier
to obtain it here as a corollary of the previous theorem, Proposition 2.30 and
Theorem 2.33.
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2.53. COROLLARY. Suppose X is a Hilbert space, and { f": X — R,v=1,...) and
f: X — R are proper convex lower semicontinuous functions. If for some \ > 0 and all
p=0

lim d{ (f,f")=0 and lim d,,(f,f")=0,
V— 00 vV — o0
then

f = Mosco-epi-lim f”.

V=00
Moreover, if X is finite dimensional, then the converse is also true.

PRrROOF. It really suffices to observe that the hypotheses of the corollary imply that
foral A >0and p> 0

(2.54) lim dy,(f.f") =0,

as follows from (2.31), and then appeal to the theorem to complete the proof of the
first claim. In the other direction, we first rely on Theorem 2.51 to obtain (2.54) from
which it follows (2.34) that

lim df ,(f.f*) =0

for all p > 0, since (2.54) also implies that lim, _,  d, o(f, f*)=0. O

To conclude this section let us describe a situation that covers a number of
important applications, where the metrics d, , and d{ , appear as the appropriate
concepts for measuring distance between convex functions.

We write

f = 7x-epi-lim f*
vV—0oC

if epi-convergence is with respect to the 7-topology on X, i.e. for all x in X, (2.3)
must hold for all sequences {x*, » = 1,...} 7-converging to x and (2.4) for some
r-converging sequence. Recall that a collection of functions { f*: X > R, a € 4} is
said to be equi-coercive if there exist a function §: R, — [0, co] with lim, _, 6(r) =
oo such that for all « € 4

75x) = 0(|x|lx) forall x € X.

2.55. THEOREM. Suppose X and H are two Hilbert spaces and X = H is a
continuous compact embedding. Then, for any collection { f; f*, v =1,...} of proper,
equi-coercive, lower semicontinuous, convex functions defined on X, the following four
assertions are equivalent:

(i) f = weak y-epi-lim, _, . f*;

(i) f = Mosco-epi-lim, _,  f* on H;

(iii) for all p > 0, lim, _, . d, ,(f,f")=0;

(iv) forall p > 0, lim, d{ (f,f*) =0 and lim,_,  d,o(f,f") = 0;
where d, , and df , are defined in terms of the norm || - || ;; on H.
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PROOF. Because of the coercivity assumption, each function f* on H defined by

Fr(x) = j:(x) 1£x € X,
00 ifxe H\ X

is also a proper, lower semicontinuous convex function. We simply write f” when no

ambiguity is possible.

(i) — (ii). We begin by verifying the appropriate version of (2.4) for the Mosco-
epi-convergence, i.e. to every x € H there corresponds a strongly convergent se-
quence {x” € H, » =1,...} such that limsup, , , f*(x") < f(x). There is nothing
to prove if f(x) = oo. If f(x) < oo, then x € X and from (i) it follows that there
exists a weakly convergent sequence {x” € X, » =1,...} that gives the desired
inequality. This sequence is strongly converging in H since < is a compact
injection from X into H.

Now to establish (2.3), pick any sequence {x* € H, » = 1,...} weakly converging
to x in H. We have to show that

liminf f*(x”) > f(x).

If liminf, |, _ f*(x") = oo, the inequality is clearly satisfied. Otherwise, passing to a
subsequence if necessary, we may assume that
liminf f”(x*) = lim f"(x") < co.
v— 00 V— 00

From the equi-coercivity of the sequence { f*, » = 1,...}, and the compact embed-
ding X = H, it follows that for » sufficiently large the x” are in X and the sequence
is weakly converging in X to x. The desired inequality now follows from (2.3) itself
since f is the weak,-epi-limit of the f”.

(i1) = (i). The argument is similar to the preceding one, simplified by the fact that
we are now going from convergence in H to convergence in X.

(i1)) = (iv). We show that to every p > 0 and & > 0 there corresponds », such that
forall » > », and x € H with ||x||; < p,

[J7x = Jixlly <e,

where J? = J{" and J, = J/. We argue by contradiction. Assume that for some
po > 0 and &, > O there exists a sequence {v(k), kK = 1,...} that goes to + oo, and
a sequence {x¥ € H, k = 1,...} bounded in norm by p, such that for all &:

(2.56) [ Rxk — x| > e

Since f = Mosco-epi-lim f? (on H) we have that for all x

filx) = ,,li»n:o f(x),

v — 00

cf. (2.6), and
(2.57) Jix = strongz~ im J/x.

v— 00

From the definition (2.13) of J;'x, we have

2
fL(x) =f7(Ix) + 5lx = x|y,
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which implies
f(x) = f7(Jix).
Pick x° € dom f. Then again f = Mosco-epi-lim, _,  f” implies the existence of a
sequence { x°, » = 1,...} strongly converging in H to x° such that
f(x%) = lim f(x®);
v — 00
using here conditions (2.4) and (2.3). By definition of f}
F(x) < 70 + = 2%

and hence from the above, for k =1, ...

fv(k)(le(k)xk) <fv(k)(xo,u(k)) + %ka _ xo'"(k)”H.
Now, the {x®*® k=1 ...} converge to x° and the {x*, k =1,...} are norm-
bounded (by p,). Thus

sup f”“‘)(Jl"“"x") < o0,
k

which implies that

sup || 7 ®xk| < oo
K

since the collection {f*®), k =1,...} is equi-coercive. This means that the se-
quence {J®x* k =1,...} is (strongly) relatively compact in H since < is a
compact embedding of X into H. Similarly, the sequence {J;x*, k=1,...} is
relatively compact in H. We can thus extract subsequences that we still denote by
{x*, k=1,...} and {J'®, k = 1,...} such that

x = weak ;- lim x*,
k— o0
(2.58) u = strong,~ lim Jyx*,
k— o0
v = strong, lim Jy®x*
k— o0
for some u and v in H.
For any y in H, from the monotonicity of the operator df*—the functions f” are

convex—and (2.13) the definition of J,x which implies x — J’x € 9f”(Jy'x) and
y = Jy € 39f"(J)y), we have
(Jty = Jix, (v = Jty) =(x = Jyx)) > 0,
that is
2
<J1vy —Jix, y = x> =7y = Jx| .

From the continuity of x — Jx it follows that these operators are maximal
monotone [13] from H into H. Moreover, the sequence of operators {J', » =1,...}

is graph convergent to J; as follows from (2.57), which implies the following closure
property, see [9]:

h = weak ;- lim x”; and y = strong,- im y”, and
(2.59) whenever x H y_‘oox nd y gy kqu
yr=J'x", it follows that y = J x.
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Using this result, with the sequences identified by (2.58), it yields
Jix = strong ;- lim Jyx*;  Jyx = strong - klim Jy Rk,
k— o0 — 0

which clearly contradicts (2.56).
(iii) = (iv) — (ii). This follows from Proposition 2.30 and Theorem 2.51. O

3. Isometry for Wijsman-approximates. In [6, §6] it is shown that the study of the
epi-convergence of a sequence { f*, » = 1,...} to a limit function f can be reduced
to the study of the convergence of a parametrized family of functions { f*(A; -);
v=1,..., A > 0} obtained from the f” by inf-convoluting them with a collection
{g(A,-), A >0}, called a cast in [6]. One is allowed to choose this collection
{g(A, ), A > 0} so as to endow the “regularized” functions { f*(A; -); » =1,...,
A > 0} with some desired properties, provided naturally that as A |0 the f*(A; -)
converge (pointwise) to f*, and that if f= epi-lim,_, . f*, then a formula of the
type

RN

holds. One possibility is to choose for A > 0
1 2
g ) = o= I

This leads to the Moreau-Yosida approximates { fy, » = 1,...}, introduced in §2,
that have played such an important role in the theory and the applications of
epi-convergence beginning with [9]; for a more recent account consult [8]. Another
possibility is to choose the g(A, ) so that they are adapted to the sequence in
question such as done by Fougéres and Truffert [14] in their work on lower
semicontinuous regularizations, in particular of integral functionals, by a reference
function. Each cast { g(A, -), A > 0} is potentially the source of new isometries for
the Legendre-Fenchel transform. In this section, we work with g(A, -) = A7}| - || to
construct for given f, the “regularized” function:

(3.1) fog(x):= (FOA)(x) = ix;f[f(y) + A7 Yx - p]].

We refer to f,, as the Wijsman-approximate of f of parameter X in recognition of the
role played by this type of function in the seminal work of Wijsman [1]. Of course,
we have that

epi fi\) = {(x,a = infa’)[(x,a’) Eepif+ epi)\"‘ll-ll}

and if f is a proper lower semicontinuous convex function, then so is f[,; for all
A > 0. Moreover, f[, is Lipschitz assuming only that there exists a constant y > 0
such that f(x)+ y(||x]| + 1) > 0 for all x (see [14, Theorem 3.2]). Here, unless
specified, we let X be a Banach space with norm || - || paired with its dual X*
through the bilinear form ( -, ). The norm on X* is denoted by || - |l«. Let f:
X — R be a proper lower semicontinuous convex function. Then

(32) (fin)*(0) = F*(0) + ¥x-15,(0),
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where - is the indicator function of the set C, i.e.

_ 10 if xe C,
(33) Yelx) = [ +00 otherwise,

and B, = {v|||v]ls < 1} is the unit ball of X*. Also

3.4. LEMMA. Suppose X is a reflexive Banach space and f is a proper lower
semicontinuous convex function defined on X. Then

(3.5) f[x](x)= sup [<U,x>—f*(v)].

Nofle <A™

PROOF. We have
foa(x) = int [f(x = y) + A7y l]

= irgf sup [(v,x = y) = £*(v) + A7 Y| y]l]

4

sup | =1 *(2) + (0. 5) = sup((e,) = 21|

sgp[(v,x> - f*(v) - ‘Px"B.(U)]’

where the interchange of inf, and sup, can be justified by the same arguments as
those used in the proof of Theorem 2.9; we have also used the fact that [[-11* = ¢p,.
O

To begin with we exhibit a relationship between indicator and support functions.
We need a couple of lemmas, whose proofs we include for easy reference. The
second one is due to Hormander [15], whereas the first one is, or should be, part of
the folklore. Recall that if C and D are two nonempty subsets of X, the Hausdorff
distance between C and D is given by

(3.6) haus(C, D):= sup| sup dist(x,C), sup dist(x, D)]|,

x€D xeC

where dist(x, C):= inf,  |x — y||

3.7. LEMMA. Suppose C and D are nonempty subsets of a Banach space X with norm
|| - || such that haus(C, D) is finite. Then

(3.8) haus(C, D) = sup |dist(x,C) — dist(x, D) ]|.

xeX

PrOOF. Given any nonempty set S, and any pair ( y, z) in X, we always have
(3.9) ly = z| + dist(y, S) > dist(z, S).
Indeed, for any £ > 0, let
x, € e-argmin(||y — -| + ¢5):= { x € S| |y — x| — e < dist(y,S)},
Then

Iy =zl +dist(y, S) + e >y =zl +]ly = x| 2]z = x|l > dist(z, §)
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which yields (3.9) since the above holds for all € > 0. Now take any point x € X,
then for any & > 0 there always exists y € C such that

(3.10) |dist(x,C) — dist(x, D)| <|dist(y, D)| + ¢,
or a point z € D such that
(3.11) |dist(x,C) — dist(x, D)| <|dist(z, D)| + .

If dist(x, C) = dist(x, D) there is nothing to prove. Suppose that
a = dist(x, D) — dist(x,C) > 0.
Forv=1,..., let
y" € (1/v)-arg min(flx = || + yc).
Then by (3.9), for v = 1,...
dist( y*, D) > dist(x, D) — || x — y”|| > dist(x, D) — dist(x,C) — »~!
which gives (3.10). We have to rely on (3.11) if & < 0. This means that
sup |dist(x,C) — dist(x, D)| = sup |dist(x,C) — dist(x, D)|,

xeX x€eCuD
which in view of (3.10) and (3.11) can also be written:

sup[sup dist(x, D), sup dist(x,C)

xeC x€eD

and this is the definition of the Hausdorff distance. O
The conjugate of the indicator function {¢ of a set S is the support function of S
denoted by Y%, i.e.

2 (v) = sup| (v, x)|x € §].

3.12. LEMMA [15]. Suppose C and D are nonempty closed convex subsets of a
reflexive Banach space X with norm || - || such that haus(C, D) is finite. Then

(3.13) haus(C,D) = sup |¢%(v) —¥3(v)].

llolle<1
PROOF. First, observe that for C nonempty convex we have
dist(x,C) = (II- |0 ¥c)(x)
sup [ (x,0) = (I-199c)" (0)]
sup [(x,0) = (Y, ca(0) +¥2(0))]
sup [(x,0) — ¥&(v)] = (Ye)u(x);

llvlla <1

compare with (3.5). Now

haus(C, D) = inf[() |6 > sup dist(x, D), 6 > sup dist(x,C)]
xeC x€D
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as follows from the definition of the Hausdorff distance. Since

sup dist(x,C) = sup sup [(x,v) — ¢X(v)]

x€D x€D |jv|le<1
= sup [—xpé(v)+ sup (x,0)| = sup [¢h(v) —yE(v)]
llolle<1 x€D llolle<1

we have that

haus(c,D)=inf[0|0> sup (y&(v) —¥3(0)). 0> sup (¥3(v) —vE(v))

lolle<1 llelle <1

which is just another version of (3.13). O

Equipped with these two formulas, we are now ready to state the main result of
this section. For any pair (f, g) of proper functions defined on X, we define the
Wijsman distance d, , between f and g as follows:
(3-14) d[x],p(f,g)= sup |f[>\](X)—g[>\](x)|.

IIxil<e

If the functions are defined on the dual space X* then we write df,, to
emphasize the fact that the dual norm has been used in the definition of the
Wijsman distance.

3.15. THEOREM. Suppose X is a Hilbert space and C, D are closed convex subsets of
X such that 0 € C N D. Then, for all A > 0 and p > 0 we have

(3~16) d[x].p(‘Pc»‘PD) = d[p”],x'("b?"l/’g)-
PrOOF. By definition (3.14) of 4|, ,
d[)\],p(‘l/c’ ‘PD) = Ssup |(4’c)[>\](x) _(‘PD)[A](X)]

lIxll<e
=A"! sup |dist(x,C) — dist(x, D)|
lIxll<e
= A1 sup |dist(x,C N pB) — dist(x, D N pB)]|,
lIxll<p

where B = {x|||x|| < 1} is the unit ball in X. The second equality follows from the
definition of ()5}, and the third one from the fact that, whenever C is a closed
convex set containing the origin and x € X satisfies || x|| < p, then

(3.17) dist(x,C) = dist(x,C N pB).

Let us first notice that dist(x, C) < dist(x, C N pB). On the other hand since X is
a Hilbert space, the mapping y — proj. y is a contraction. From 0 € C it follows
that

Iprojc x|l <llx[l < .
Consequently, proj- x belongs to C N pB and
dist(x,C) =||x — proj-x|| > dist(x,C N pB)

which combined with the opposite inequality yields (3.17).
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Let us return to the computation of d,, (¢, ¥p) and note that from (3.10) and
(3.11)

sup |dist(x,C N pB) — dist(x, D N pB)|

xeX

= sup |dist(x,C N pB) —dist(x, D N pB)|,

[Ixll<e

the supremum being achieved (up to an arbitrary small quantity) on the set
(C U D) N pB. From Lemma 3.7 we obtain

d[)\],p(‘PCv ‘IJD) = A—l haus(C N pB? Dn pB)

Lemma 3.12 yields the dual formulation of haus(C N pB, D N pB), that is,
haus(C 1 pB, D 1 pB) = sup |(¥cnpn)"(v) = (¥0ps) " (0)]
llvlle <

Let us observe that

(Yenps)™ = (Ve +¥,5)" =200 llx = (¥E),-1)-

Combining these last equalities and using the positive homogeneity of support
functions, we finally obtain

d[)\].p(‘l’c"l’o) = Ssup |(‘1’§)[p“](v) _(‘PD)E.:;“](U)I = d[p*'],)c‘(‘l’?v‘l”zk))~ a

flolle<A™!

3.18. COROLLARY (ISOMETRY). Suppose X is a Hilbert space and C, D are closed
convex subsets of X such that 0 € C and 0 € D. Then

(3-19) d[l],l(‘I’C"I/D) = d[l],l(‘l’?"l/*z‘)),

i.e. the Legendre-Fenchel transform is an isometry as a map between the space of
indicator functions of convex sets and the space of support functions of convex sets when
the distance is defined in terms of d ;.

We recover in the Hilbert case the Walkup-Wets result [5] as a direct consequence
of this corollary. Indeed if C and D are nonempty closed convex cones, then both C
and D contain the origin and

Ve = \Ppolc»
where pol C = {v € X*|{v,x) < 0forall x € C} is the polar cone of C. Then
dy (Y, ¥p) = haus(C N B, D N B)
and
dm‘l(tppolc, l{/PolD) = haus(polC N B, pol D N B).
Thus

3.20. COROLLARY (ISOMETRY [5)). Suppose € is the space of nonempty closed convex
cones included in a Hilbert space X. Then pol: € = € is an isometry in the following
sense: Given P and Q in €

haus(P N B, Q N B) = haus(pol P N B, polQ N B).
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Given {C?, v = 1,...} a sequence of subsets of X, the formula (3.16) allows us to
define a convergence rate for the epi-convergence of their support and indicator
functions. Indeed we have

3.21. THEOREM. Suppose X is a reflexive Banach space, and {f": X — R,
v=1,...} and f: X > R are a collection of proper lower semicontinuous convex
functions uniformly minorized by the quadratic form —a(||x|| + 1) for some a > 0,
such that for all A > 0 and all p > 0

Jim dyy,(f,f7) = 0.
Then
f = Mosco-epi-lim f”.

v— + 00

Moreover, when X is finite dimensional, the reverse implication is also valid.

PrROOF. Let us first verify that given any sequence {x’, » =1,...} weakly
converging to x, the inequality (2.3) holds, i.e.

(3.22) liminf f"(x*) > f(x).
By definition of f}},, for every A > 0
f7(x") >f{”>‘](xy)~

The sequence { x”, » = 1,... }, being weakly convergent, is contained in a fixed ball
B, of X. By definition of d|,,,

ian(x") = fo (") | < dpn o (£7. f)-
Therefore
fr(x") >fm(X,,) - d[)\],p(f”’f)'

Using the assumption that d|,, ,(f”, f) goes to 0 as » goes to oo, and the weak lower
semicontinuity of the convex continuous function f,,, this inequality yields

liminf f*(x,) > f5,(x).

Since f = sup, . ¢ f(5; (see [6, §6]), we obtain (3.22).

Let us now verify the second assertion (2.4) of the Mosco-epi-convergence
definition, i.e., the existence of a sequence {x*, » = 1,...} for every x € X strongly
converging to x such that

(3.23) f(x) > limsup f*(x").

ForA>0,andv=1,2,..., let

h

. 1
(3.24) Jiyx € argmin, o () + 51 = |

which means that

1
(3.25) foa(x) =17 (Ipgx) + 5 llx = I
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Note that J,x is not necessarily unique. Since f > f(,), and fj5; = lim, _, . f{}, it
follows that for every x € X,

f(x) > hmsup limsup f33,(x),

ALO v — 00

which with (3.24) yields

. . 1
(3.26) f(x)> hr)l\lsup limsup | f*(Jjx) + X“" = Jhx H]

10 v— 00

We can now rely on a diagonalization process [8], to choose a sequence {A,, » € N}
decreasing to zero such that

(3.27) f(x) > lir)r\llsgp [f”(J['g\v]x) + }%"x —Jhx "]

If f(x)= oo, there is nothing to prove, the inequality (3.23) is trivially satisfied by
any sequence, converging to x. So let us assume that f(x) < co. Since the functions,
{f?, v =1,...} are uniformly minorized by x — —a(||x|| + 1), we have that

£(x) < ""‘("J[VA.J"" + 1)
and hence for » sufficiently large
(3.28) f(x)+13 [-a(nf[;y,x” 1)+ - J;Mxn].
This in turn implies that
7 —>\a}\ (f(x) +alx]+a+1).
Since A, | 0, it follows that with x”:= Ji, x that

(3.29) (ER ||

x = strong- lim x”,

V=00
which with (3.27) yields (3.23).

For the converse observe that for all A > 0, the functions { f3;, »=1,...} and
finy are equi-Lipschitz and this combined with pointwise convergence [6, Theorem 5]
implies, by the Arzela-Ascoli Theorem, the uniform convergence on compact sets,
which in finite dimensions correspond to the closed bounded sets, i.e. for all A > 0
and p>0

0 = lim sup | fog (%) = fiu(x) | = lin:o Aoy O

v — o0 "

3.30. COROLLARY [16, p. 523; 17, §4]. Suppose X is a reflexive Banach space and
{C; C", v=1,...} is a collection of closed nonempty convex subsets of X and for all
p =0,

lim haus(C N pB, D N pB) = 0.
v—00

Then C = Mosco-lim, _,  C?, i.e. Y = Mosco-epi-lim, _, ., ¢ -». Moreover, if X is a

finite dimensional Euclidean space, the reverse implication is also valid.
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PROOF. Returning to the beginning of the proof of Theorem 3.15, we see that in
general

diny, (e ¥p) = A7 sup |dist(x,C N pB) — dist(x, D N pB)]|

Ixll<e

<A™ sup |dist(x,C N pB) — dist(x, D N pB)]|

IIxll<e
= A"thaus(C N pB, D N pB),

with equality if X is a Hilbert space. Thus, lim, _ haus(C N pB, C* N pB)=0
implies in the reflexive Banach case that lim, _, _ d|,,(¥¢, ¥ ) = 0, and is equiva-
lent to that condition when X is the finite dimensional Euclidean space. It now
suffices to apply Theorem 3.21 with f = ¢~ and " = .. O

Note finally that as a consequence of this corollary, (3.16), and (3.13), in finite
dimension, we have that

Y& = epi-lim Y ¥

if and only if

(3.31) lim | sup |(¥& ) (v) = (&) (v) ]| = 0.
2o | el

It is not known, as is the case for Moreau-Yosida approximates, if the pointwise
convergence of all the Wijsman approximates does actually imply Mosco-conver-
gence, although it is natural to conjecture that it does.

As with the distance functions d, , and d{, generated by the Moreau-Yosida
approximates (see (2.25) and (2.26)), we can define a Hausdorff metric on the spaces
of indicator and support functions, equivalently on the space of closed convex sets,
for which the Legendre-Fenchel transform is an isometry. We would refer to it as the
Wijsman metric. We can also go one step further in using the preceding results to
build a distance function on the space SCC(X) of proper lower semicontinuous
convex functions defined on X. One way to achieve this is detailed in §4; here we
record another possibility. Let f, g € SCC(X) and p > 0 such that C:= epif N
(pB X R)and D:= epig N (pB X R) are nonempty.

Then, by (3.13),

(3.32)
haus(epi f N(pB X R),epig N(pB X R)) = Sup II\VE(v,B) — (v, 8)|
jo.Bllx <
since here the Hausdorff distance is finite. By straightforward convex calculus we
have

‘P:pifn(prR)(UsB)= sup [(v,x>+aﬁ|a>f(x)]

lIxll<pe
+ 00 if 8> 0,
sup (v, x) if =0,
= | lixli<p

sup [(v,x)—(=B)f(x)] ifB<0.

lIxll<e
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For h € SCC(X) and 6 € R, the epigraphical multiplication 8 * h is defined by

0 if=0,x=0,
(6xh)(x) = [0h(0-1x) if9>0.

For 8 > 0, we have
(0xh)*(v) = 0n*(v).
Thus for 8 < 0

sup [(v,x)~(=B)f(x)] = sup [(v,x) —((~=B)=f*)*(x)]

Ixll<p lIxll<p
= ((—B)*f*)[p_l](v)

as follows from (3.5). Also for 8 = 0 we have a similar formula and thus
‘P:pifn(prR)(v’ B) = ((_B)*f*)lp_‘](v)'

Substituting this in (3.32), with an obvious change of variable and epij, f =
{(x. @) f(x) < &, |Ix]| < p}, we get

haus(epi[p]f, epi[p]g) = sup |(B * f*)[p—l](l)) —(B= g*)[p—l](v) |
llo.plle<1
From this relation we could extract a notion of distance between f and g and their
conjugates.

4. The cosmic distance. In [18, §1.F] Rockafellar and Wets introduce the notion of
extended real vector space by adjoining to the finite dimensional space R” its
horizon, hor R", consisting of all direction points; each direction point corresponding
to an equivalence class determined by the congruence relation that identifies parallel
closed half-lines. In contrast to a 1-point compactification of R”, the compactifica-
tion by direction points allows us to discriminate between different directions of
unboundedness of sets and sequences. Geometrically, one can identify this extended
space with the surface of an n-dimensional hemisphere with the rim (the horizon)
representing the direction points, and the open half-sphere the points of R”, cf.
Figure A. Given any normed linear space (X, || - ||), the same construction enables
one to identify the extended real vector space X U hor X, where hor X consists of the
direction points of X, with a closed hemisphere in X X R_; the unit ballin X X R
is {(x,n)|(Jx||> + n*)*/? < 1}. In general this is not a compactification of X but it
suggests defining a metric on X that makes it a bounded space. The cosmic metric
was introduced in [18, Definition 1F3] when X is a finite dimensional Euclidean
space. Here we extend its definition to a more general setting.

4.1. DEFINITION. The cosmic distance between two points x and y of an extended
normed linear space X U hor X, denoted by dist‘(x, y) is the geodesic distance between
the corresponding elements of the hemisphere H, i.e. the distance along the great circle
Jjoining the elements in question.

We shall not pursue here a detailed study of the cosmic metric. This is done in the
Euclidean case in [18, §§1F and 3B]. We only use it to exhibit an isometry for the
Legendre-Fenchel transform that does not rely on approximates.
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Hemisphere

FIGURE A. The cosmic view of X

Every extended-real-valued function f defined on X, a reflexive Banach space, is
completely determined by its epigraph, epi f, a subset of X X R. Given any subset
of (X X R), in particular epi f, we can identify it as in [6] with a closed convex cone
in (X X R)X R_,viz.:

c{ A(x,a, —1)|(x,a) € epif, A > 0} =:clen(epi f X {—1}),

or equivalently with a closed subset of the hemisphere H in (X X R) X R_. Given
two proper functions f and g we can use as a measure of the distance between them
the Hausdorff distance between the (bounded) subsets of the hemisphere determined
by the preceding construction or equivalently, in view of Definition 4.1, the
cosmic-Huasdorff distance, denoted by haus®, between the (unbounded) subsets epi f
and epi g of X X R,

(4.2) haus‘(epi f, epig)

= max| sup dist‘((x,a),epig), sup dist‘((y,B),epif)
(x,a)Eepif (v.B)€epig

and
dist’((x,a),epig):=  inf  dist((x,a), (y,B)).
(v.B)eepig

If f and g are convex functions on a Hilbert space X, then the closed cones they
generate in (X X R) X R_ are also convex. For closed convex cones we already have
an isometry for the polar map in terms of the Hausdorff distance between their
intersections with the unit ball, or equivalently between their intersections with the
unit sphere. Since, by construction and definition of the cosmic distance,
(4.3)

haus(epi f, epi g) = haus(cl cn(epi f X { —1}) N H,clen(epig X {—1}) N H),

which by Corollary 3.20 equals
haus|(pol en(epi f X { —=1})) N H, (pol cn(epig X { —1})) N H],
which again by Definition 4.1 is equal to
haus‘( E¥, E}),
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where
Efi= { (0,8)|(v, —1,8) € pol cn(epi f x {~1}))
and E} is defined similarly. Now observe that (v, 8) belongs to E/* if and only if
(v,x)—a—B<0 forall(x,a) € epif,
or equivalently if (v, B) € epi f *. And thus
(4.4) haus¢(epi f, epi g) = haus‘(epi f*, epi g*).

Let us denote by d“(f, g) the cosmic distance between two proper functions f and g,
defined by

(4.5) d°(f,g) = haus‘(epi f, epig).
We thus obtain the theorem below that completes a similar result to Rockafellar and
Wets [18, Chapter 3]:

4.6. THEOREM. Suppose X is a Hilbert space and f and g are proper lower
semicontinuous convex functions defined on X. Then

(4.7) d’(f.g) =d(f* g*).

Given a collection of convex functions { f*, » = 1,...} defined on X, a reflexive
Banach space, we can introduce a notion of convergence in terms of the cosmic
distance. We say that f is the cosmic-epi-limit of the sequence { f*, »=1,...}
which we write

f=epi®lim f”, if lim d°(f*,f)=0.
v— 00 v—= o0
The next theorem justifies referring to f as an epi-limit.

4.8. THEOREM. Suppose X is a reflexive Banach space and { f; f*, v =1,...} isa
collection of proper lower semicontinuous convex functions defined on X such that
f=-epi“lim,_  f*. Then

f = Mosco-epi-lim f”.

v—00
Moreover, if X is a finite dimensional Euclidean space, then f = epi-lim, _,  f” if and
only if f = epi®lim, _,  f”.
PROOF. We know that
vlipgo haus‘(epi f”, epif) =0
if and only if
lim haus([cl cn(epi f* X { —1})] N B, [clen(epif x {—1})] N B) = 0.

The last equality holds if and only if the same holds with B replaced by pB with any
p > 0, the sets involved being closed convex cones. We now apply Corollary 3.30
and we see that the above implies that

clen(epi f X { —1}) = Mosco-lim cl en(epi f* X { —1}),
v—00




60 HEDY ATTOUCH AND R. J. B. WETS

and this in turn implies that
epi f = Mosco-lim epi f”.
v — 00

If X is the Euclidean n-space, to obtain the second assertion we argue as above
except that we rely on the second part of Corollary 3.30:

lim haus®(epi f*, epi f) = 0
v—> o0
if and only if
clen(epif X {—1}) = lim clen(epi f* X {—1}).
V=00

By [6, §4] this occurs if and only if epif= lim,_ _epif’, or equivalently, f=
epi-lim,_,  f*. O
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