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1. Introduction

The introduction of [18, Chapter 11, Sect. E] reads as follows: While most of the
magjor duality correspondences, like conver sets versus sub-linear functions, or polar-
ity of convex cones, fit directly within the framework of conjugate convex functions
as in 11.4, others, like polarity of convexr sets that aren’t necessarily cones but
contain the origin, fit obliquely. We feel that this “obliquely” has to do with the
many different ways one finds to define the polar of a function in the literature,
especially by restricting the definitions to special classes of functions. In this paper,
we propose a unified view of the polarity of functions, that encompasses all specific
definitions, generalizes several well-known properties and provides new results, es-
pecially an anti-isomorphism between the complete lattices of bipolar sets and of
bipolar functions.

Given a pair (X,)) of (real) vector spaces equipped with a bilinear functional
(,): X x Y — R, the polar operation is defined without ambiguity over subsets
(see [16, Section 14], [18, Chapter 11, Sect. E], [2, §5.16]). The (negative, or one-
sided) polar set of a subset X C A is the closed convex set

X0={yeV|(x,y) <1, Vo e X}.
The situation is not as clear-cut for the polar operation defined over functions. We
present the main approaches now.

The polar of a function f: R® — R is defined in [16, Section 15], entitled Po-
lars of convex functions, as follows: first, for nonnegative positively 1-homogeneous

convex functions vanishing at the origin (so-called gauges) in [16, p.128] by the
formula f°(y) = inf{\ > 0 | (x,y) < Af(z),Vz € R"} and, second, extended to
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nonnegative convex functions vanishing at the origin in [16, p. 136] by the formula
foly) =inf {A > 0|(z,y) <14 \f(z),Vz € R"}. It is shown that the two defini-
tions are equivalent for gauges, and that, if f: R® — R is nonnegative convex and
vanishes at the origin, then the bipolar f°° is the greatest nonnegative lsc (lower
semicontinuous) convex function vanishing at the origin which is majorized by f
(f°° = clf). Other formulas are related to polarity, like the transform A for non-
negative convex lsc functions vanishing at zero [4, Equation (2) and after|, with
expression (Af)(y) = sup,epn((z,y) — 1)/f(z), and the perspective-polar trans-
form, for closed proper convex nonnegative functions [3, Equation (4.1)] (see other
examples in [12, Remark 5.1]). In the formulas defining polar functions, and in
derived formulas, one is often embarrassed with the treatment of 0 and +oco values,
especially in fraction terms. For instance, the expression f°(y) = sup,_o(z,y)/f(v)
in [16, p. 128] is valid when f is finite everywhere and positive except at the origin.
By contrast, there is no problem with the treatment of 0 and +oo values with the
way that the polar operation is defined on nonnegative functions in [12, §4] by the
formula f°(y) = sup,cx ((z,y), x (f(x))™") (we will explain the x later). To our
knowledge, this is the most general formula as it is defined for any nonnegative
function (without restriction to positively 1-homogeneous, or convex or vanishing at
Z€r0).

In this paper, we propose a unified view of the polarity of functions by proposing
a definition of the polar of any function, and then revisit the polar operation on
functions as one would do following the tracks of the Fenchel transform. Indeed, the
Fenchel transform is defined for any function, and then closed convex lsc functions
(we follow the terminology in [17, p.15]) appear as the class of functions that are
equal to their biconjugate (bi-Fenchel transform). We do the same by defining the
polar transfom for any function, and then bipolar functions will be defined as those
equal to their bipolar transform.

The paper is organized as follows. In Section 2, we present set polarity and the
Minkowski functional. We also introduce bipolar sets and show that they form a
complete lattice. In Section 3, we develop the polar operation on functions. First,
in §3.1, we follow the approach taken in [12, §4]: we recall the definition of the
polar of any nonnegative function (the embarrassement with 0 and +o0o values is
systematically handled by means of lower x and upper x multiplications); we

recall that the polar operation is a x-duality as in [12, §4]; we show that the polar
of any nonnegative function is a support function (of the polar set of the 0-level set
of the Fenchel conjugate). Second, in §3.2, we provide a definition of the polar of any
function, we present several properties and we show that the polar of any function
is a Minkowski functional (of the O-level set of the Fenchel conjugate). In Section 4,
we present equivalent expressions of the set of bipolar functions, that is, those equal
to their bipolar. We show that the complete lattices of bipolar sets and of bipolar
functions are anti-isomorphic. In Section 5, we add to [12, §4] by exploring three
possible notions of polar subdifferential associated with a nonnegative function. We
make the connection with the notion of alignement of vectors. In Appendix A,
we study best Isc convex lower approximations of a function. In Appendix B, we
provide background on *-dualities, as defined and studied in [12].



J.-Ph. Chancelier, M. De Lara / A Unified View of Polarity ... 229

2. Set polarity and the Minkowski functional

In §2.1, we recall notions related to functions' and to the Fenchel conjugacy. In
§2.2, we provide background on set polarity, and we also introduce the notion of
bipolar set, and show that bipolar sets form a complete lattice. In §2.3, we provide
background on 1-homogeneous functions and on the Minkowski functional.

2.1. Background on functions

We denote R = [—o0, +00], Ry = [0, 400, R, =]0, +oc[. The positive part z; of
a real number z is z; = max{z,0}. For any set W and any function h: W — R, we
introduce different possible notations for

the level sets {(h<r}=h~={weW|hlw)<r}, VreR, (la)
the strict level sets  {h <1} =h~" ={w e W | h(w) <7}, Vr eR, (1b)
the level curves {h=r}=h"={weW|hlw)=r}, VreR, (1c)
and also {s<h<ri={weW|s<h(w)<r}, Vs,reR. (1d)

For any function h: W — R, its epigraph is epih = {(w,t) € W x R | h(w) < t},
its strict epigraph is epish = {(w,t) € W x R | h(w) < t}, its effective domain is
domh = {w € W | h(w) < +oo}. A function h: W — R is said to be convex if its
epigraph is a convex set, proper if it never takes the value —oo and that dom h ## (),
lower semi continuous (Isc) if its epigraph is closed.

For any set W and subset W C W, we denote by ty: W — R the indicator
function of the set W, defined by ty(w) = 0if w € W, and vy (w) = oo if w & W.
We denote by yw: W — R, the generalized indicator function of the set W [12,
Definition 2.2], defined by yw(w) = 1 if w € W, and xyw(w) = +oo if w & W.
Thus, we have that yyw =ty + 1.

2.2. Set polarity

In §2.2.1, we recall the notions of dual pair and paired vector spaces. In §2.2.2, we
recall the definition of the polar of a set, and we introduce the notion of bipolar set.
In §2.2.3, we show that bipolar sets form a complete lattice.

2.2.1. Dual pair, paired vector spaces, Fenchel conjugacy

We refer the reader to [2] and [17] for the following backgrounds. We consider a pair
(X,)) of (real) vector spaces equipped with a bilinear functional (,): X x ) — R.
Following [17, p.13], we say that X and ) are paired spaces, when they have been
equipped with topologies that are compatible with respect to the pairing (hence
Hausdorff and locally convex topologies). Details on how to generate consistent
(or compatible) topologies [2, Definition 5.96] from a pairing is developed in [2,
§5.15]. More precisely, X and ) is called a dual pair in [2, Definition 5.90] when
the bilinear functional (,) separates the points of X and ). Then, it is proved in

1 Adopting usage in mathematics, we follow Serge Lang and use “function” only to refer to map-
pings in which the codomain is a set of numbers (i.e. a subset of R or C, or their possible extensions
with +00), and reserve the term mapping for more general codomains.
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[2, Theorem 5.93] that, from a dual pair X and ), one makes paired spaces when
X (resp. ) is equipped with the weak topology o(X,)) (resp. with the weaksx
topology o (), X)).

Now, we review concepts and notations related to the Fenchel conjugacy (we refer
the reader to [17, Sect. 3]). We consider & and Y two paired vector spaces. For any
functions f: X — R and ¢: ) — R, the different conjugates are defined by?

f*(y) 28161)13(<$,y> —f(l‘)), Vy €y ) (2&)
g (z) = sup((z,y) = g(y)), Ve € X, (2b)
f(x) = Slelly)(<$,y> =), Ve e X, (2¢)
We also recall the classic (Rockafellar-Moreau) subdifferential
Ouf(z) ={y € V| ["(y) = (x,y) = f(x)}, Vo € dom [ . (2d)

A function f : X — R, or g: Y — R, is said to be closed® if it is either lIsc
and nowhere having the value —oo, or is the constant function —oo. Closed convex
functions are the two constant functions —oo and +oco united with all proper convex
Isc functions®. It is proved that the Fenchel conjugacy — indifferently f — f* or
g +— g* — induces a one-to-one correspondence between the closed convex functions
and themselves [17, Theorem 5.

2.2.2. Support function, polar of a set, bipolar set

For any subset X C X', we denote by coX (or co(X)) the convezr hull of X — that is,
the smallest convex set in X’ containing X — by ¢6X (or co(X)) the closed convex
hull of X — that is, the smallest closed convex set in X containing X. A subset
K C X is said to be a cone® if R, K C K. For any subset® Y Cc Y, oy: X - R
denotes the support function of the set Y — defined by oy(z) = sup,ey(z,y), for
any r € X [2, §7.10, p. 288]. In the same way, we define ox: ) — R for any subset
XCAX.

The (negative) polar cone X of the subset X C X is the closed convex cone [5,
p. 122, Equation (6.28)]

X={yeY|{(z,y) <0, Vr e X} ={ox <0}, (3a)

. ’ / . ’ .
2 In convex analysis, one does not use * and **, but simply * and **. We use ** to be consistent
with the notation for general conjugacies.

3 We follow the terminology in [17, p. 15], although it can be misleading. Indeed, anticipating on
the notion of valley function [15], a function taking the value —oo on a closed subset (neither the
empty set nor the whole set) and +oo outside is lsc but not closed. Some authors [6] use closed in
the sense of Isc.

4 In particular, any closed convex function that takes at least one finite value is necessarily proper
convex lower semi continuous. Notice that a function taking the value —oo on a closed convex
subset (neither the empty set nor the whole set) and +oo outside is convex Isc, but is not closed
convex (see Footnote 3).

® Hence, a cone does not necessarily contain the origin 0.

6 We use the letter X for a primal subset, and the letter  for a primal vector. We use the letter
Y for a dual subset, and the letter y for a dual vector.
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and the same definition holds for Y C ), so that we define
X9 = (X9)° . (3b)

The (negative) or (one-sided) polar set X© of the subset X C X is the closed convex
set [2, Definition 5.101, p. 216]

XO={yeV|(r,y) <1,VeeX}={ox <1}, (4a)

and the same definition holds for Y C ). For any subset Y C ), the effective
domain of the support function oy is R, Y©®.

We define the (negative) or (one-sided) bipolar set X“© of the subset X C X as the

closed convex set OO _ (X®)® 7 (4D)

and the same definition holds for Y C ). By the bipolar Theorem [2, Theo-
rem 5.103], we have that
X®® =ceo(X u{0}). (5)

We have not found the following definition of bipolar set in the literature, as most
authors simply say that a set is closed convex and contains 0. However, putting
a name on this well-known notion will be quite practical for our purposes, espe-
cially for the connection with bipolar functions. The three equivalences below are a
straightforward consequence of the bipolar Theorem. The notion of polar pair can
be found in [16, Theorem 14.6, p. 126].

Definition 2.1. A subset X C X is said to be a bipolar set if any of the following
three equivalent conditions is satisfied:

1. X is closed convex and contains 0,
2. X = X%9 that is, X is equal to its bipolar,

3. there exists a nonempty set Z C X such that X = Z®9, that is, X is equal to
the bipolar of Z.

The same definition holds for a subset Y C Y. We denote by Bp[X] the set of

bipolar sets of X.

Let X C & and Y C ) be two subsets. We say that X and Y form a polar pair
if Y = X® and X = Y®. The two elements of a polar pair are necessarily bipolar
sets.

As an example, given a subset X C X, we easily check that X© is a bipolar set —
as X999 = X© follows from (5) — and that X®® and X® form a polar pair.

We will need the following properties.

Proposition 2.2. Let {X;},.; be a family of (primal) subsets of X (or a family of
(dual) subsets of Y). We have that

(Ux) =Nx°. (60)

X; is a bipolar set for allt1 € I = (ﬂXiQ) = E(UX,O) : (6b)

el el
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Proof. Equation (6a) easily follows from the definition (4a) of a (negative) or (one-
sided) polar set (see also [2, Item 3, Lemma 5.102]).
Suppose that X; is a bipolar set for all ¢ € I. Then, Equation (6b) follows from
(Nx)"=(Nxe)
i€l el
(as, for all i € I, X; is a bipolar set, hence X; = X;® by Item 2 of Definition 2.1)

- (Ux)) (by (62))

iel
= (U XZO)@@ (by definition of Z©)
icl

=co( U X;?u{0}) (by the bipolar Theorem in (5))

iel
= E(UXZQ) . (as the polar set X;® contains 0, for all i € I)

iel
This ends the proof. [

2.2.3. The lattice of bipolar sets

The following Proposition 2.3 is easy to show. To our knowledge, it is new (see
[2, p.291-292] that points out that the set of weakx compact convex subsets is a
lattice).

Proposition 2.3. The set of bipolar sets of X', when ordered by inclusion C, is a
complete lattice (Bp|X], A, V) with bottom {0} and with top X. The greatest lower
bound \V and the least upper bound A operations are given, for any family {X;}
of bipolar sets of X, by

jeJ

]é\JXj = Q]X] s (7&)
VX = m(jLEJJXj) . (7b)

Proof. First, we prove (7a). Let X be a bipolar set such that X C X; for all
j € J (the set {0} is always a possibility). Then it is immediate that X C (;c; X;
and (7a) follows as (. ; X; is a bipolar set, being closed convex and containing 0
as the intersection of closed convex sets containing 0 (Item 1 of Definition 2.1).

Second, we prove (7b). Let X be a bipolar set such that X; C X for all j € J
(the set X is always a possibility). Then we have J,;c; X; C X and, as X is closed
convex (by Item 1 of Definition 2.1), we obtain that |J;.; X; C @(U;c; X;) € X
by the very definition of the closed convex hull. Now, (| J ics X;j) is closed convex
and contains 0 as all X contain 0. Using Item 1 of Definition 2.1, we immediately
obtain that ¢o(lJ;c ; X;) is a bipolar set and (7b) follows.

Obviously, {0} is the bottom and X is the top of the lattice. ]
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2.3. Background on the Minkowski functional

We define 1-homogeneous functions, present the Minkowski functional and some of
their properties.

Definition 2.4. Let X be a (rea_l) vector space, and K C X be a nonempty cone.
We say that a function f: K — R is (strictly positively)” 1-homogeneous, or homo-
geneous of degree 1, (on the cone K) if

fAz) =Af(z), VNeR,, Vo e K. (8)

Following [16, Section 15, p. 130], and as recalled in Sect. 1, a function f: X — R, is
said to be a gauge if it is nonnegative (strictly positively) 1-homogeneous convex and
vanishing at zero (f(0) = 0). By [2, Theorem 7.51, p.288] and [2, Definition 5.45,
p. 190], the support function of a nonempty set is convex, lsc, (strictly positively)
1-homogeneous and vanishes at the origin, hence is a Isc gauge.

For a nonnegative function, we will need the following result (although it is well-
known that a function is (strictly positively) 1-homogeneous if and only if its epi-
graph is a cone if and only if its strict epigraph is a cone, we give a proof and an
explicit expression of the cone in Item 2).

Proposition 2.5. Let K C X be a nonempty cone and f: K — R, be a function.
The following statements are equivalent:

(1) the function f: K — R, is (strictly positively) 1-homogeneous,

(2)  the strict epigraph of f has the expression epi,f = Ry (KN{f < 1}) x{1}),
(3)  the strict epigraph of f is a cone included in K x Ry, .

Proof. (1) We prove that Item 1 implies Item 2. We have that
(x,a) € epiyf <= v € K and f(z) < aand a >0

(by definition of the strict epigraph of f, and using the assumption that f > 0,
hence that a > 0)

= xEKandéf(x):f(§)<1andoz>0

(by the assumption that the function f is (strictly positively) 1-homogeneous in
Item 1)

(z)%GKﬂ{f<1}anda>0, (as K is a cone)

T

— ENeEn{f<1)x{1}anda >0,

Q

= (zr,a) e Ry (KN{f <1}) x{1}.
(2) It is straightforward that Item 2 implies Item 3.

" The definition of homogeneous function is not stabilized in the literature. For instance, in [2,
§5.8, p. 190], a real function defined on a cone is positively homogeneous if Equation (8) holds for
all A € Ry (thus including A = 0); in [16, p.30], a function on R™ is positively homogeneous if
Equation (8) holds for all A € Ry (thus excluding A = 0). This is why, we prefer to avoid all
ambiguity and speak of (strictly positively) when A € Ry . We may sometimes omit the (strictly
positively) and speak of a 1-homogeneous function.
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(3) We prove that Item 3 implies Item 1. For any x € K and o € R, we have

flax)= inf ¢ = inf t
(ow,t)€epi, f (m,t/a)eéepisf
—a inf =L (as Lepi, f = epi,f since this latter is a cone)

(z,t/a)€epi, f O

=a inf ¢ =af(x).
(w,t")€epi, f f( )

This ends the proof. O

We follow [2, Definition 5.48, p.191] to introduce Minkowski functionals.®

Definition 2.6. Let X C &X. The Minkowski functional associated with the sub-
set X C X is the function myx: X — R, defined by (with the convention that

g
inff) = +oo) mx(z) = inf{A > 0]z € AX}, Vo € X . 9)

We will need the following properties.

Proposition 2.7. Let X C X.

(1) The Minkowski functional my: X — R, is a nonnegative (strictly positively)
1-homogeneous function.

(2)  The strict epigraph epi;mx of the Minkowski functional my is the cone

epiymyx = Ry ({mx <1} x {1}) . (10)
(3)  For any function f: X — R, we have the implication
epi,f =Ry (X x {1}) = [ =mx . ()

(4)  Conversely, any nonnegative (strictly positively) 1-homogeneous function
f: X — Ry is the Minkowski functional mx of a subset X C X, which
can be chosen as the subset X = {f < 1}, that is,

f = M{f<1} . (12&)
When f(0) =0, we have that

f=my<y =my<yy - (12D)

(5)  The Minkowski functional satisfies
MUer x0) = W my, (13a)

for any family {X;},.; of subsets of X,

dom(mx) =R, X , (13b)
X is a conver set = mx is a convex function . (13c)
8 Also called gauges in [2, Definition 5.48]. The definition of gauge is not stabilized in the literature.
For instance, in [16, Section 15, p. 130], gauges are functions of the form k(z) = inf{\ > 0 | z € AX}

for some nonempty convex set X. In [20, p. 4], Minkowski gauges are defined like in (9) but with
A > 0 and for an absorbing set X.
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Proof.

(1) Item 1 is well-known and easy to prove.

(2) Item 2 is implied by Item 1 as a consequence of Proposition 2.5 (more precisely,
a consequence of the fact that Item 1 implies Item 2 in Proposition 2.5).

(3) We prove Item 3. We consider a subset X C X and a function f: X — R,
such that epi,f = R, (X x {1}). For any z € X, we have that

)= inf t = inf t by assumption
f@) (z,t)€epi, f (zt)€R++ (X x{1}) (by P )
:t>(}2£txt (as (z,t) e Ry (X x {1}) <= t>0and z € tX)
=mx(z) . (by definition (9) of the Minkowski functional)

(4) We prove Item 4. Let f: X — R, be a nonnegative (strictly positively) 1-
homogeneous function. The implication of Item 2 by Item 1 in Proposition 2.5 gives

that (with K = X) epi,f = Ro ({f <1} x {1}),

hence (12a) follows from implication (11), proved in Item 3 of this very Proposi-
tion 2.7.

Now, the epigraph of the nonnegative (strictly positively) 1-homogeneous function
f: X — R, is given by

epif = ({f =0} x{0}) UR . ({f <1} x{1}). (14)
Indeed, we have that

(z,a) € epif <= f(z) <aand a >0,

(by definition of the strict epigraph of f, and using the assumption that f > 0)

either  a=0and f(z)=0, as 0 < f(z) <0,
<= (or éf(x) = f(2) <land a > 0, as the function f

is (strictly positively) 1-homogeneous by assumption in Item 1,

{either (z,a) € ({f =0} x {0}),
<
or (z,a) e Ry ({f <1} x {1}),

— (z,0) e {f =0} x {0 UR L ({f <1} x{1}).
Thus, we have proved (14). As a consequence, for any x € X, we get that

f(x)= inf ¢

(z,t)€epif

= inf inf t, inf t by (14
{(w,t)E{fZO}X{O} (zt)ERy+ ({F<1}x{1}) J (by (14))

. {(x:t)e{lfnzo}x{o} ymy<ay ()}

by definition (9) of the Minkowski functional (see the details in the proof of Item 3)
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B {inf{iﬂftzo t,m{fgl}(l')} ifrve {f = 0} )
inf{inf(m,t)e@ t,m{fg}(x)} ifx € {f=0},

_ {mf{O,m{fSl}(x)} =0 if x € {f = O}, as m{f§1}<l’> >0 ;
inf{-+oo, mys<1y(®)} = myp<iy(x) ifx & {f =0}.

To prove (12b), there remains to show that f(z) =0 = my<i3(x) = 0.

Now, for any z € {f = 0} and any a > 0, we have that x € a{f < 1} — because
f(£)=21f(z) =0<1 - and we deduce that mys<;j(z) = inf Ry; = 0.

We conclude that f(z) =0 = mys<iy(x). Thus, we have obtained (12b).

(5) The proofs of Item 5 are left to the reader (see [2, Lemmas 5.49, 5.50]).

This ends the proof. O

3. Polar operation on functions

In this Sect. 3, we consider X and ) two (real) vector spaces that are paired (see
§2.2.1). In §3.1, we define the polar of any nonnegative function, and study proper-
ties of the polar operation. In §3.2, we define the polar of any function, and study
properties of the polar operation.

3.1. Polar operation on nonnegative functions

In §3.1.1, we provide background on upper and lower multiplications. In §3.1.2,
we follow [12] to define the polar (transform) of any nonnegative function, and we
recall that, thus defined, the polarity operation is a x-duality. Then, in §3.1.3,
we provide several results about the polar of nonnegative functions, some well-
known (and scattered in the literature) and some new. Finally, in §3.1.4, we provide
examples of polar transforms as support functions.

3.1.1. Background on upper and lower multiplications

Following Appendix B, we consider R, = [0,400] as the canonical enlargement
(R4, <, x, x) of the complete totally ordered group (R4, <, x) with the two ele-

ments 0 and +o0o by [12, §4], that is, R, =R, U{0}U{+oo} with order extended
by 0 < a < 400, for all « € R, and with upper multiplication x and lower multi-
plication x given by (see [14, Equations (14.8)—(14.9)], [12, Equations (1.4)-(1.8)]

)

axf=axf=axpf, Yo, €Ry (15a)
(+00) x @ = a x (+00) = +o00, Ya € R, , (15Db)
Oxa=ax0=0, Va e Ry; U{0}, (15¢)
(+00) x v = a X (+00) = +00, Ya € Ry U {400}, (15d)
Oxa=ax0=0, Va e R, , (15e)

and the inverse operation extended as

07" =400, (+00) ' =0. (15f)
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Both upper and lower multiplications are associative and commutative [12, Re-
mark 1.2|, and isotone in the following sense

B<y = axf<axy, axf<axy. (15g)

3.1.2. Definition of the polar of a nonnegative function

We follow [12, §4,§5 B)] (see the background in §B.2) to define the polar (transform)
of any nonnegative function.

Definition 3.1. For any function f: X — R, the polar (transform) f°: Y — R,
of the function f is defined by

foy) =sup ((z,y) . x (f(x))"), Vye). (16a)

reX

For any function ¢g: Y — Ry, the reverse polar transform ¢°: X — R, of the
function g is defined by

’

9% (x) = sup ((z, ), x (9(y)) "), Ve e X (16b)

yey

For any function f: X — R, the bipolar transform ' : X — R, of the function
f is defined by

’

=) (16¢)

The following Proposition 3.2 is a direct application of [12, §4]. Surprisingly, the
Inequality (17c) is not stated in [12].

Proposition 3.2. ([12, Theorem 4.1]) The polarity mapping @f Sfe fPeERY
is a X-duality, that is, it satisfies [12, Definition 2.3]:

(inf £i)° = sup /7, V{fikier CRY, (17a)
(fxa)P=fxal, VaeR,, ¥feRY, (17b)
< f, VfeRY. (17¢)

Proof. We follow [12, §4] and the background in §B.2. We define the coupling ¢
between X and ) by c(x,y) = (z,y),, for all z € X,y € Y, and also (see [12,
Equation (4.11)] and Equation (76a))

FPOy) = sup ({z,y), x (f@)7), vy €Y. (18)

re
By [12, Theorem 4.1], the mapping Ef > f = fP@ ¢ RY is a x-duality, that
is, it satisfies (17) (which corresponds to [12, Equations (2.7)-(2.8)]). The last
Inequation (17c¢) follows from Equation (78) in §B.2. O

9 We adopt the notation f OO/, and not f°°, to be consistent with the notation for general conjugacies
(see also Footnote 2).
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3.1.3. Polar transform as a support function

The following Proposition 3.3 gathers properties of the polar transform of a nonneg-
ative function.

1. Ttem 1 (polar inequality) is not stated in [12] (although it can be easily deduced);
it is established in [16, p. 130], but only for functions that are themselves gauges,
and for vectors in the respective domains.

2. Item 2 — expressing the polar transform of a nonnegative function f: X — R,
as the support function O e<0}© of the polar set {f* < 0}® of the 0-level set

{f* < 0} of the Fenchel conjugate!® f* - is stated neither in [12] nor [16] (the
set {f* < 0} appears in [16, Theorem 13.5, p. 118], [16, Theorem 14.3, p. 123]).

3. Item 3 is not stated in [12] (although it can be deduced from the proof of
[12, Theorem 5.2] which, however, lacks some details). It is established in [16,
Theorem 15.1, p. 128], but only for functions that are themselves gauges.

Item 4 is stated and proved in [12, Corollary 4.1].
As for Item 2, we suspect that Item 5 is new.

Finally, Ttem 6 is related to [16, Theorem 15.4, p. 137], but our assumptions are
weaker.

Proposition 3.3. Forany function f: X — R, the following statements hold true.

(1)  Polar inequality (x,y) < f(z) x f°(y), Ve e X, Vye Y. (19)
(2)  The following set
X =purdr=0u U {7} (20a)
ze{0< f<+o0}
is such that X, = {f*<0}?, (20b)

where { f* < 0} is a bipolar set. The polar transform f° is a support function

as follows .
f = O-Xf = O-{f*SO}@ . (21)

(3)  The polar transform f° is convex lsc (strictly positively) 1-homogeneous and
vanishes at the origin (f°(0) = 0) — that is, the function f° is a lsc gauge,
with effective domain domf° =R,  {f* < 0}.

(4)  The polar transform f° is also given as an infimum by
f(y) = inf{X €]0, +00[[ (z,y), < Af(x), Ve e X}, Vyey,  (22a)
= inf{\ €]0, +oo[| (x,y) < Af(z), Ve e X}, Vye ). (22Db)

(5)  The bipolar transform f°°: X — R, satisfies'!
foo’ = O{f*<0} - (23)
As a consequence, the bipolar transform f°°: X — R, is convex Isc (strictly
positively) 1-homogeneous and vanishes at the origin (f°'(0) = 0) — that is,
the function f°° is a lsc gauge.

10 The classic Fenchel conjugacy f +— f* is outlined in §2.2.1.
11 Equation (23) is valid even if f is not proper, that is, even when f = +oc.
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(6) If 0 € dom f, the bipolar transform f°: X — R, is the greatest (strictly
positively) 1-homogeneous proper convez lsc function below f.

Proof. We consider a function f: X — R,.

As a preliminary result, observe that

0e{f" <0} & sup((z,0) - f(z)) <0 sup(—f(z)) <0 [ =0, (24)

TeEX reX

(1) We prove (19). If (x,y),. = 0, the inequality (19) is satisfied. Thus, we suppose
that (z,y); € Ry,. For any x € X, y € ), we have that

f@)x foly) = f@) x ((z.y), x (F@)7)

(by definition (16a) of the polar transform f° and by isotony (15g) of the upper
multiplication x )

Fl@)x ((2.9), % (f(2)™) (because (), € Ry)
fl@)x (f(z)™" x (z,y), (by associativity and commutativity of x)
> 1% (2,y), (because f(z) % (f(2))~" € {1,+00})
> (z,y) . (as (z,y), = sup((z,y),0) = (z,y))

(2) We first prove that f° = ox, in (21).
By definition (16a) of the polar transform f°, we have that

fo = 2161}3 (<$, '>+ X (f(x))_l)

where (x,-) denotes the continuous linear form Y 3 y — (z,y),

= Sup ( sup <$7 '>+ X 07 sup <$a '>-|- X (.f(x))_lv sup <$a '>+ X (+OO))
ze{f=+oo} ze{0<f<+o0} ze{f=0}

where we have used (15f), (15b),

= sup ( sup 0, sup <L, > , sup (x,-), X (+oo))
ve{fmtoo}  we{0<f<toc} V(B 1 peri—oy
where we have used (15e). In the above expression with three terms, the middle
term is
sup <L > = sup  sup(0 <L .>)
vef0<fetoot M@ T4 pefocetoo} f(x)
X

=sup( sup 0, sup <(, >) ‘
ze{0<f<+oo} ze{0<f<+oo} )

In the last term, we have that (by (15d), (15e))

0 if (z,y) <0

(z,9), x (+00) = {+OO it (2.} > 0 = L{(wy<0}(Y) = or 2 (Y)
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so that the last term can be rewritten as

sup <33 > X("—OO): sup ORr,z = O R,z = OR i = OR, {f=0} -
seff=0} velf=0} Usets=op R +Use(s=0p @ +1/=0}

Thus, finally, we have obtained that

fo=sup( sup O,sup( sup 0, sup <fév)a'>),0'R+{f:0})

z€{f=+o00} ze{0<f<+oo} we{0<f<too}

sup( sup 0, sup 0, sup <JCZE),->,0R+U:0})
ze{f=+o0} ze{0<f<+oo} ze{0<f<+o0}

0, Lj. : _
sup( sup 0, swp (55 )somas-0)
(as {0 < f} ={f =+o0} U{0 < f < +00})

;

sup (0, SUPye (o< f<-to0) <fé:); '>7 or,(=0y) H{0<[}#D,

o U gl urdr=0)

z€{0< f<+o0}

X

sup (— oo,—oo,0R+{f:0}) if{0< f}=0(as {0<f<+o0}C{0< f} =0)

R {f=0}>
————

\ Xy

= ox,; where X; is given by (20a).

Thus, we have shown that f° = ox,, which is the left hand side equality in (21).
The right hand side equality in (21) is a consequence of (20b), that we are going to

prove now.
We have
(@6X;)? = X, (by definition (4a) of a (negative) or (one-sided) polar set)
z 10\ @
= (urdr=0ty U {55
ze{0< f<+o0}
(by definition (20a) of the set X)
=0 n®AF=00"0 ) {55 (by (6a))
ze{0< f<+o0}
=Yn{f=0}"n ﬂ {%}Q (by the polar cone definition (3a))
ze{0< f<+o0} ’
= (] weYl@y<on () {y€y|<%,y>§1}
ze{f=0} ze{0< f<+o0}
= () weYliwy <f@in () {veYl{ny < f@)
ze{f=0} ze{0< f<4o0}

= () WweYly<f@)=yed| () < f)

ze{f<+oo} reX
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={yeV|(z.y) - flz) <0, VeeX} ={yc)| Sug((w,m — f(z)) <0}
Te

={yed | f(y) <0} ={f <0}.

As the set €0X is closed convex and contains 0, it is a bipolar set (by Item 1 of
Definition 2.1) and we deduce, using the bipolar Theorem expressed in (5), that

X, = (X)) = {f* < 0}°
which exactly is (20b). As we have shown that f° = o, the right hand side equality
in (21) follows from oy, = oex, = O p<0}@-
We also have that {f* < 0} is a bipolar set: indeed, it is closed convex as a level set

of a closed convex function and 0 € {f* < 0} by (24), and we conclude with Item 1
of Definition 2.1.

(3) By the just proven Item 2, the polar transform f° is the support function o (F*<0}®
of a nonempty set, hence it is convex, lsc, (strictly positively) 1-homogeneous and
takes the value 0 at the origin (f°(0) = 0), as recalled in §2.2.2. The effective domain
of the support function o . g0 is Ry {f* < 0}“, which is equal to Ry {f* < 0},
using the fact that {f* < 0} is a bipolar set, as proved above in Item 2.

(4) Finally, we prove (22a)—(22b). For any y € ), we have that

foly) = fPOy) (by definition (16a) of the polar transform f° and by (18))
=inf{a € Ry | (z,y), xa " < f(z), Vo € X} (by [12, Equation (4.17)])

= inf{\ €]0, +oo[| %(x,yh < f(z), Ve e X}, (by [12, Equation (4.17)])

= inf{X €]0, +oo[[ (z,y), < Af(z), Vz € X},
= inf{\ €]0, +oo[| {z,y) < \f(x), Vx € X},

because (z,y), = max{(z,y),0} and Af(z) >0, as A €]0,+00[ and f(z) € Ry.

(5) We prove (23) as follows:

’

f = (o cop)’

’

(by definition (16¢) of the bipolar transform and by (21))
= U{f*SO}QQ

by (26a) proven below (there is no circularity in the reasoning, as (26a) is proven
by only using (21) established before)

= oyfe<o} - (since {f* < 0} is a bipolar set as seen in Item 2)

The rest of the assertions in Item 5 are proven in the same way than for Item 3.

(6) Using Equation (24), we obtain that 0 € {f* < 0}. Thus, {f* <0} # 0 and, by
assumption, we also have 0 € dom f. Thus, using Proposition A.2 postponed in Ap-
pendix A, we obtain that the greatest Isc convex (strictly positively) 1-homogeneous
lower approximation of f is given by oys«<o. As this function is also proper (as the
support function of a nonempty set), we conclude that it is also the greatest lsc
proper convex (strictly positively) 1-homogeneous lower approximation of f. Now,
using Equation (23), we have that f°° = oys+<o0} and the conclusion follows for foo.

This ends the proof. O
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3.1.4. Examples of polar transforms as support functions

Using Item 2 (Equation (21)) and Item 5 (Equation (23)) in Proposition 3.3, we
obtain expressions of the polar transforms of nonnegative support functions, of
Minkowski functionals, of indicator functions and of generalized indicator functions
as support functions. Equations (26) can be deduced from [16, Corollary 15.1.2,
p. 129].

Proposition 3.4.

(1)  Polar transform of a nonnegative support function as a support function.
For any bipolar sets X C X and Y C Y, we have that

oy = 0Oyo , (26a)
0% = 0xo , (26h)
o =0y . (26¢)

(2)  Polar transform of a Minkowski functional as a support function.
For any subsets X C X and'Y C ), we have that

m% = oxoo , (27a)
m; = Oyoo , (27b)
m¥ = oxo . (27¢)

(3)  Polar transform of an indicator function as a support function.
For any subsets X C X and'Y C Y, we have that

1% = O0xee = Lxo , (28a)
Lifl = Oyee = lys , (28b)
1 = oxe = txee , (28¢)

(4)  Polar transform of a generalized indicator function as a support function.
For any subsets X C X and'Y C ), we have that

Xx = 0xoo , (29a)
XOY/ = oyoo , (29b)
XX =oxo . (29¢)

Proof. (1) As both X and Y are bipolar sets, they both contain 0 (see Item 1 of
Definition 2.1), and thus both ox > 0 and oy > 0. As the set Y is nonempty closed
convex (see Item 1 of Definition 2.1), the function ¢y is proper closed convex. As the
Fenchel conjugacy g — ¢* induces a one-to-one correspondence between the closed
convex functions on ) and themselves (see [17, Theorem 5| recalled in §2.2.1), we
get that 1y = 13 = o} as the equality ¢ = oy follows from the very definition of
the support fonction oy. Thus, we get that {0} < 0} = {ty < 0} =Y and then,
by (21), we obtain (26a).
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Because the reverse polar transform (16b) acts like the polar transform (16a) on
nonnegative functions, we obtain (26b) in the same fashion.

Finally, by definition (16¢) of the bipolar transforrn we apply (26a) and then (26b)
with X = Y©, which is a bipolar set, and get 0%° = (05)° = (0ye)® = oyee = oy,
since Y®® =Y as Y is a bipolar set. Thus, we have obtained (26¢).

(2) The Minkowski functional in (9) associated with the subset X C X can be
written as mx = infyegr, (A + tax), from which we obtain the Fenchel conjugate

my = (inf (A+0x))”

AER 4

= sup (—A\+3x) (by property of conjugacies)
AER ¢

= sup (AM(ox — 1)) (as iy = Oax = A\ox)
AER 4

. 0 lfO'Xg]_
—+00 ifO')(>1

= l{ox<1} = LXO - (by definition (4a) of X©)

Thus, we get that my =txe, and {m} <0} =X (30)
and then, using (21), we obtain (27a) by m$% = 0 {ims <0} = OX00.

Because the reverse polar transform (16b) acts like the polar transform (16a) on
nonnegative functions, we obtain (27b) in the same fashion.

Finally, by definition (16¢) of the bipolar transform, we apply (27a) and then (26b)
to the support function of the bipolar set X®® and get

/ /

my = (m%)°” = (0x00)” = oxeoe = oxo ,

since X9 = X©. Thus, we have obtained (27c¢).

(3) We have that 1§ = ox, and hence {¢tk < 0} = {O‘X < 0} = X® by (3a).
By (21), we get that 1% = 0y,s <gy0 = 0(ye)o, where (X©)® = (X©)® because X©
is a cone. By (3b), we get that 1% = oxes. Finally, as X©© is cone, we have that
Oxee = Lyees = Lxe since X9 = X©. We have proven (28a).

Because the reverse polar transform (16b) acts like the polar transform (16a) on
nonnegative functions, we obtain (28b) in the same fashion.

Finally, from (28a) and (28b), we deduce (' = (1%)° = (%o = txos, where we used
Lyeoe = oxeo because X© is a cone.

(4) As xx = tx + 1, we have that x5} = (tkx + 1) =% — 1 = ox — 1, and
hence that {x% < 0} = {ox < 1} = X© by (4a). By (21), we deduce (29a) by
Because the reverse polar transform (16b) acts like the polar transform (16a) on
nonnegative functions, we obtain (29b) in the same fashion.

Finally, from (29a) and (26b), we deduce x¥ = (x%)° = 0%eo = Oxooo = Oxo
since X®9® = X©, O
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When Y is a unit ball, oy is a norm ||-|| and oy = oye = |||, is the so-called dual
norm.

3.2. Polar operation on functions

In §3.2.1, we propose an extension of the polar transform from nonnegative to any
functions. Then, in §3.2.2, we express the polar transform of any function as a
Minkowski functional, and we provide several results about the polar of functions,
some well-known (and scattered in the literature) and some new. Finally, in §3.2.3,
we provide examples of polar transforms expressed as Minkowski functionals.

3.2.1. Definition of the polar of a function

The equality (22b) is taken as the definition of the polar transform of a gauge in [16,
p. 128]. In fact, we can use the formula (22b) to extend Definition 3.1 to all functions,
and not necessarily nonnegative ones.

Definition 3.5. For any function f: X — R, we define the polar transform
f°: Y — R, by
f°(y) = inf{A €]0, +o0[| (z,y) < Af(x), Ve e X}, Vye ). (31a)

For any function g: J — R, the reverse polar transform ¢°: X — R, of the func-
tion g is defined by

¢ (z) = inf{\ €]0, +o00[| (z,y) < N\g(y), Yy € Y}, Yz € X . (31b)

For any function f: X — R, we define the bipolar transform f°°: X — R, of the
function f by

£ =) (31c)
By the formula (22b), which coincides with (31a), the three definitions are consistent
with those in Definition 3.1 when f: X — R,.

3.2.2. Polar transform as a Minkowski functional

We display systematic relationships of polar functions with Minkowski functionals.
To our knowledge, the results in Proposition 3.6 are new, if only because they
hold for any function, in contrast to [16, Theorem 15.1], [8, Proposition 2.1], [3,
Theorem 4.1]) established for functions that are convex, or vanishing at zero, or
(strictly positively) 1-homogeneous, or nonnegative.

Proposition 3.6. For any function f: X — R, we have the following properties.

(1) The function f°:Y — R is the Minkowski functional mysr<o} of the closed
convex subset { f* <0} : .
fr=mype<op - (32)

As a consequence, the polar transform f°: Y — Ry is convex (strictly posi-
tively) 1-homogeneous'?, with effective domain domf° =R, {f* < 0}.

12 Note that here, in contrast to Item 3 in Proposition 3.3, the function f° may not be lsc. As
an example, consider the function f = of3 on & = R. Using Equation (38a), we obtain that

° = Uf{’l} = Mg} = M1y. Now, myqy () is equal to oo for < 0 and to x for z > 0. As a
consequence, the function myy, is not lIsc at 0.
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(2) If f(0) =0, the (Rockafellar-Moreau) subdifferential satisfies
of(0) ={f" =0} ={f"<0}. (33a)
As a consequence, we have that
J7 = mype<op = mygpe=op = Moy() - (33Db)
(3)  The function f>': Y — Ry is the Minkowski functional my <oy of the bipolar
set {f*<0}“: oo = Mg (34)

As a consequence, the bipolar transform f°°: X — R, is convez lsc (strictly
positively) 1-homogeneous and vanishes at the origin (f°°(0) = 0) — that is,
the function f°° is a lsc gauge.

Proof. We consider a function f: X — R.
(1) Let y € Y. We have that
f(y) = nf{A €]0, +00[ | (z,y) < Af(x), Vo € X},
(by expression (31a) of the o-polar transform f°)
inf{\ €]0, +o0[| (z,y) + AM(—f(x)) <0, Vx € X},
inf{X €]0, +oo[| sup ((z 5) = f(@)) <0},

= inf{A €]0, +oc[ | f*(§) <0},
(by definition (2a) of the Fenchel conjugate f*)
= myp<o}(y) - (by definition (9) of the Minkowski functional)

Thus, we have proven (32). As {f* < 0} is a closed convex subset, the func-
tion f°: R® — R, is a nonnegative (strictly positively) 1-homogeneous convex func-
tion, by Item 4 in Proposition 2.7 (nonnegative (strictly positively) 1-homogeneous),
and by (13c) (convex). The effective domain domf° =R, {f* < 0} by (13b).

(2) If f(0) =0, then 0 € dom f and the (Rockafellar-Moreau) subdifferential 0 f(0)

in (2d) can be expressed cither as
Of0) ={y e V[ /) =09 - f(0O}={yeV | fy) =0} ={f =0}, (35)
or as (using the property that f*(y) > (0,y) — £(0) = 0 by definition (2a))
0f(0) ={y e V| f*(y) <{0,y9) = f(0)} ={y € V[ f*(y) <0} ={f" <0} . (36)
(3) This is a simple application of Item 1. Indeed, we have that
=0y

= (myp<0y)°

= My p+<0}© »

/

(by definition (31c) of the bipolar transform)
(by (32) in Item 1)

’
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by the expression (37b) of m$. = myo (there is no circularity in the reasoning, as
(37b) is proven by only using (32) established before).

Thus, we have proven (34). We also have that 0 € {f* < 0}“, by definition (4a) of
{f* <0}, hence that

f00/<0) = m{f*go}G (0) = lnf{A >0 | 0e A{f* S O}G} = infR++ = 0. L]

3.2.3. Examples of polar transforms as Minkowski functionals

Using Item 1 (Equation (32)) and Item 3 (Equation (34)) in Proposition 3.6, we
obtain expressions of the polar transforms of Minkowski functionals, of support

functions, of indicator functions and of generalized indicator functions as Minkowski
functionals. Equation (37a) can be found in [16, Theorem 15.1, p. 128].

Proposition 3.7.

(1) Polar transform of a Minkowski functional as a Minkowski functional.
For any subsets X C X and'Y C Y, we have that

m_(;( = Mxo , (373)
my = myo , (37b)
my = myeo . (37¢)

3

(2)  Polar transform of a support function'® as a Minkowski functional.

For any subsets X C X andY C Y, we have that

0'10/ = Mgoy , (38&)
0% = Maesx (38b)
03 = myo . (38¢c)

(3)  Polar transform of an indicator function as a Minkowski functional.
For any subset X C X, we have that

L% = mxe = Lxo , (39a)
1y = mye = Lyo , (39b)
Li?/ = Mxeo = lLxeo , (39¢)

(4)  Polar transform of a generalized indicator function as a Minkowski functional.
For any subset X C X, we have that

X% = mxo , (40a)
X;/ = myo , (40b)
Y = myoeo . (40c)

13 To the difference of Item 1 in Proposition 3.4, the support functions that we consider here are
not supposed to be nonnegative.
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Proof.

(1) By (30), we know that {m% < 0} = X®. Then, using (32), we obtain (37a) by
m} = m{mkgo} = MmMxo.

Because the reverse polar transform (31b) acts like the polar transform (31a), we
obtain (37b) in the same fashion.

Finally, by definition (31c) of the bipolar transform, we apply (37a) and then (37b)
and get m¥ = (m%)® = (mxo)® = myos. Thus, we have obtained (37c).

(2) We have that o} = sy, from which we get that {o} < 0} =coY and then, by
(32), we obtain (38a) by oy = M43 <0} = Meoy -

Because the reverse polar transform (31b) acts like the o-polar transform (31a), we
obtain (38b) in the same fashion.

Finally, by definition (31c¢) of the bipolar transform, we apply (38a) and then (37b)
and get 03° = (05)° = m<, = M (e5yye = Myo, since (6Y)® = Y©. Thus, we have
obtained (38¢c).

function Fenchel | 0-level set of the o-polar transform
conjugate | Fenchel conjugate
f fr {/ <0} fo =m0y
by (32)
Oy Loy coY oy = My
by (38a)
f=0 I* {f*<0}30 fO:m{f*SO}:U{f*go}Q
by (32) and (21)
Oy 2 0 lesy coY 0’; = Mgy — Oyo
0 € coY by (38a) and (26a)
Lx ox X@ L%:mxezaxeezLxe
by (39a) and (28a)
xx(=tx +1) ox — 1 X© X% = Mxo = Oxoo
by (40a) and (29a)
mx LXO X® mg(:mxe = 0 X006
by (30) by (37a) and by (27a)
myo Ly ©6 Y®® m§,® = Myoco = 0yo6 by
by (30) (37a), (27a) and YOO = Y©

Table 3.1: Fenchel conjugates and polar transforms, for any function f: X — R,
any subset X C X (in the primal space) and any subset Y C ) (in the dual space).

(3) We have that 1% = oy, and hence {¢% < 0} = {ox < 0} = X® by (3a). By
(32), we deduce that 15 = mys <oy = mxe. Now, as X© is a cone, we easily see that
mxe = txe by definition (9) of the Minkowski functional. Thus, we proved (39a).
Because the reverse polar transform (31b) acts like the polar transform (31a), we
obtain (39b) in the same fashion.

Finally, using (39a) and (39b), we get (39c).
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(4) As xx = tx + 1, we have that x = (tx +1)" =% — 1 = ox — 1, and hence
that {x% <0} ={ox <1} = X® by (4a). By (32), we deduce (40a).

Because the reverse polar transform (31b) acts like the polar transform (31a), we
obtain (40b) in the same fashion.

Finally, using (40a) and (37b), we get (40c). O

Tables 3.1 and 3.2 are consequences of Propositions 3.3, 3.4, 3.6 and 3.7.
Tables 3.1 and 3.2 lead to the following results.

function polar of 0-level set o-polar bitransform
of the Fenchel conjugate
f {fr<0® Fo = mypecope
by (34)
oy Y® 0’;0/ = Myo = 0yoo
by (38¢c) and (41b)
[=0 {fr<0}”>0 fo = mypcqpe = 0gpe<oy
by (34) and (23)
Lx X©© ngl = Mxeo = 0xo — lLxeo
by (39¢) and (28c¢)
XX(:LX+1) X®® X;?l = Mxo6e = 0x06
by (40c) and by (29c)
mx X®® mgg = Mxeo = 0x06
by (37c) and by (27¢)
myo Yy©® mg’/o(; = Myo = 0Oyoeo
by (37¢), YOU© =Y® and (27¢)

Table 3.2: Fenchel biconjugates and bipolar transforms, for any function f: X — R,
any subset X C X (in the primal space) and any subset Y C ) (in the dual space)

Proposition 3.8. For any subset X C X (in the primal space) and any subset
Y C Y (in the dual space), we have that

myo = oxoe and Myoee = oyo , (41a)
myo = oyee  and Mmxoee = Oxo , (41b)

which, in the case of a polar pair (see Definition 2.1), gives
X, Y polar pair — mx =oy and my =ox . (41c)

For any nonnegative (strictly positively) 1-homogeneous function f: X — R, we
have that

{fr<op={r<1}?, (42a)
and, when f(0) =0, we have that

{fF<op={f<1”={r=<1)”. (42b)
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Proof. The last two lines of Table 3.1 give (41), which are well-known results (see
[16, Theorem 14.5, p. 125], [16, Corollaries 15.1.1-2, p. 129]).

On the one hand, by line 4 of Table 3.2, we have that f°° = o(fr<oy- On the
other hand, by (12a), we have that f = mys.q}. Then, by line 7 of Table 3.2 with
X = {f <1}, we get that [ = 0(r<1ye- As both sets {f* <0} and {f < 1}© are
closed convex, we obtain Equation (42a) from the equality f°°" = O(f+<0} = O(p<1}®-
When f(0) = 0, by Equation (12b) in Proposition 2.7, we have that f = mys<}.
Equation (42b) follows in the same way as above. O

4. Bipolar functions

In this Sect. 4, we consider X and ) two (real) vector spaces that are paired (see
§2.2.1). We present in a systematic fashion different expressions for the set of bipolar
functions defined as follows.

Definition 4.1. We say that a function f: X — R is a bipolar function if

fOo/ _ f ) (43)
We denote by Bp[R¥] the set of bipolar functions from & to the extended reals.

The following equivalences — between Item 1 and all but the last Item 7 — have
been long established in the class of gauges (see [16, Theorem 15.1, Corollary 15.1,
Corollary 15.2]). The equivalence between Item 1 and Item 6 has been established
in [12, Theorem 5.2] in the class of nonnegative functions. The equivalence between
Item 1 and Item 7 has been established in [12, Corollary 4.3], for a large class of cou-
plings which includes the coupling X x Y > (z,y) ~ c(z,y) = (v, y),. Once again,
the novelty of Proposition 4.2 is to provide equivalence in the class of all functions
(and not necessarily convex ones, or lsc, or (strictly positively) 1-homogeneous, or
gauges, or even nonnegative), and to display the equivalences in a unified fashion.
Item 2 is possibly new.

Proposition 4.2. For any function f: X —R, the following statements are equivalent.
(1) The function f is a bipolar function, that is, f* = f.

(2)  The function f is the Minkowski functional of the bipolar set {f* < 0} and
also the support function of the bipolar set { f* < 0}:

f = m{f*go}G == O‘{f*go} . (44)

(3)  There exist a polar pair X C X, Y C Y (that is, Y = X®, X =Y?) such
that f = mx = oy.

(4)  There exists a bipolar (primal) set X C X such that the function f is the
Minkowski functional mx.

(5)  There exists a bipolar (dual) setY C Y such that the function f is the support
function f = oy.

(6)  The function f is a nonnegative (strictly positively) 1-homogeneous convez lsc
function satisfying f(0) = 0, that is, the function f is a lsc gauge.

(7)  The function f is the pointwise supremum of a family of functions of the form
Aoy) o, withyeY and X € Ry .
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Proof.
(1)=(2): Suppose that f° = f. By (31c) and (31a), we get that f°° > 0, hence
f > 0. By line 4 in Table 3.2 (or by (34) and (23)), we get (44). By Item 2 in
Proposition 3.3, we know that {f* < 0} is a bipolar set. The set {f* < 0}“ is
bipolar.

(2)=(3)=(4)<(5): Obvious. Note that (4) and (5) are equivalent, using (41c).

(5)=(6): Because the support function of a subset containing 0 is a nonnegative
(strictly positively) 1-homogeneous convex Isc function satisfying f(0) = 0.

(6)=-(4): Suppose that the function f is a nonnegative (strictly positively) 1-
homogeneous convex lsc function satisfying f(0) = 0. By (12b), we know that
[ = mys<1y, where {f < 1} is a closed convex subset containing zero, hence is a
bipolar set, by Item 1 of Definition 2.1.

(4)=-(1): Using (37c).

(1)<(7): This is an application of [12, Corollary 4.3] to the case of the coupling
c(z,y) = (z,y),-

This ends the proof. ]

The one-to-one correspondence between bipolar sets and lsc gauges (or, equivalently,
bipolar functions) is outlined at the beginning of [16, Sect. 15]. We show that this
correspondence is an anti-isomorphism between complete lattices. To the best of
our knowledge, this result is new (and different from [2, p.292], which points out
an isomorphism between the lattice of weakx compact convex subsets of ) and the
lattice of continuous gauges on X').

Theorem 4.3. The set of bipolar functions, ordered by <, is a complete lattice
(Bp[RY], A, V). Consider a family {f;},.; of bipolar functions f;: X — Ry, i € I.
The greatest lower bound A, f; is given by

/\ fi= ONerlfr<oy = m@(UieI {rr<0}®) > (45&)

iel
whereas the least upper bound \/,_, f; is given by the supremum

\/.fi = sup f; . (45b)

iel el
The two mappings

¢ : Bp|X] — Bp[RY], X — mx = oxo,
(46)
0 : Bp[RY] — Bp[X], [~ {f" <0}"

define an anti-isomorphism between the complete lattice (Bp[X], A, V) oibz'polar sets
(see Definition 2.1 and Proposition 2.3) and the complete lattice (Bp[RY], A, V) of
bipolar functions.
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Proof.

« First, we prove that the set of bipolar functions, ordered by <, is a complete
lattice (Bp[R™], A, V).

> We consider a family {f;},.; of bipolar functions f;: X — R., i € I, and we
prove (45a). The greatest lower bound A, f; is the greatest bipolar function be-

low infie; fi, hence is (infie; f;)°° (using that, for any h: X — R, we have that
h°®" < h by the Inequality (17c), where h°" is a bipolar function). We have that

ie/\[ fi = (mf f;)™ (47)
= (inf oie<op)” (as f; = oyyr<oy, for all i € I, by (44))
= (S‘u}?("{fi*SO})O)O/ (by (17a))

1€

’

== (Slellp O-{f: SO}Q )O (by (263))

/

= (UUieI (rr<0y©)” (as is well known for support functions)
= TWUies 117204°)° (by (26Db))
- O-ﬂiel{fi*go} '

(by (6a) as {f* <0}, i € I, are bipolar sets by Item 2 in Proposition 3.3)

Thus, we have proved the left equality in (45a). The right equality is a consequence
of (41c) and (6b).

> We consider a family { f;},.; of bipolar functions f;: X — R., i€ I, and we prove
(45b). We are going to show that the supremum h = sup,; f; is a bipolar function.
Indeed, on the one hand, we have that h°® > SUP;cr foo' = sup,c; fi, where we have
first used that the bipolar operation is isotone, and second that f;, ¢ € I, are bipolar
functions (hence fiool = fi, @ € I, by Definition 4.1). Now, on the other hand, we
have that h°® < h by the Inequality (17c). We conclude that h*®" = h, that is,
h = sup;¢; fi is a bipolar function. Thus, the least upper bound \/,.; f; = sup;¢; fi,
which is (45b).

» Second, we show that the two mappings (46) define a one-to-one correspondence
between bipolar sets and bipolar functions.

We show that the mapping ¢ takes values in Bp[R*]. Indeed, when X is a bipolar
set, we obtain that ¢(X)° = m_gg/ = mxoo = myx = p(X) by line 6 column 3 of
Table 3.2, and thus p(X) € Bp[R¥]. It is immediate to check that the mapping 6
takes values in Bp[X].

Now, we have that fo¢ = Ig,x) as, for X € Bp[X], line 6 column 2 of Table 3.2
gives

(0op)(X) =0(mx) = {my <0}? =X =X. (48a)
We have that ¢ o0 = Iz,gx as, for f € Bp|[R¥], line 1 column 3 of Table 3.2 gives

(pob)(f) = p({f* <0}°) =mpogyo = [ = f. (48b)
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o Third, we show that the two mappings (46) define an anti-isomorphism between
complete lattices. For this purpose, we consider a family {X;},., of bipolar sets,
that is, X; € Bp[X], for all i € I. On the one hand, we have that

90(/\ Xi) = @(ﬂ Xi) (by (7a))

i€l icl
= Uﬁ(UieI Xi@) (by <6b))
=0\, X,° (as is well known for support functions)
= supoy,o (as is well known for support functions)

iel
=\ oxe (by (45b))

el
=\ e(xy). (by (46))

icl

On the other hand, we have that

p(\/ Xi) = w(eo(| X0) (by (7b))

el i€l

= O(ao(User X0)° (by (46))
= O(Uyer X0)© (using (@(Uief Xi))G (Uze[ X; )G)
P (by (60)
= ONeslol <0} (as {00 < 0} = {170 <0} = Z9)
= Noxe (by (45a))

i€l
= N\ e(Xi). (by (46))

i€l
This concludes the proof. [

Now recall that the infimal convolution (or inf convolution) fog of two functions
f: X > Rand g: X — R is the function defined by

epi,(fog) = epiyf + epiyg . (49)

Proposition 4.4. Consider two bipolar functions f: X — Ry and g: X — R,.
The function f A g is related to the infimal convolution fog, as we have

fAg< fog<inf{f g}. (50)

Moreover, when fog is Isc, it coincides with f N g.
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Proof. We have that
(fog)™ = (f*+g)" (by [20, Theorem 2.3.1 (ix)])
= (Uff*SO} + O-fg*SO})*/ (aS f = O-{f*SO} and g = U{g*SO} by (44))

= (tgpe<0p + t{ge<0})”

(as {f* <0} and {g* < 0} are closed convex sets, using Item 6 in Proposition 4.2)

/

= (1 <opnfgr<0})”

= O{f*<0}n{g*<0}

=fAg (by (45a))
= (inf{f,g})*" . (by (47))

We therefore get that

fAg=(nf{f,g}) = (fog)*™ < fog <inf{f,g}, (51)

as fog <inf{f,g}. Indeed, we have that

epi, (inf{ f, g}) = epi, f Uepig C epi, f + epi,g ,

because (0,0) € epi, f Nepi,g, as bipolar functions vanish at the origin.

When the function fog is Isc, we deduce from Equation (51) that fAg = fog. O

5. Polar subdifferentials and alignement

In this Sect. 5, we consider X and ) two (real) vector spaces that are paired (see
§2.2.1). In §5.1, we present three possible definitions for the polar subdifferential
of a nonnegative function. The first two definitions are inspired by definitions of
subdifferentials of dualities [1, 13]. We propose a third definition which, to our
knowledge, is new and will be explored in more detail in §5.2 in relation to the
notion of alignement.

5.1. Polar subdifferentials of a nonnegative function

In duality in convex analysis, one uses the (Rockafellar-Moreau) subdifferential (2d)
which is defined over the effective domain of a proper function (in general convex
Isc, but this is not compulsory). By restricting to proper functions, one avoids
the value —oo, which is the bottom of the ordered set (R, <). By contrast, with
polarity one deals with nonnegative functions than can take the value 0, which is
the bottom of the ordered set (R, <). This explains the three formulas (3), for the
polar subdifferential of a nonnegative function, which do not necessarily give the
same result, especially when f(z) =0 or +oc.
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Definition 5.1. For any function f: X — R, , we define

1. the lower polar subdifferential of f (inspired by [1, Equation (10a)]) by

Oof(x) ={y € V| f(y) = {x,y), x (f(2))7'}, Vo e X, (52a)

2. the upper polar subdifferential of f (inspired by [13, Equation (1.7) in Defini-
tion 1.2]) by

°f(x) ={y € Y| fz) = (x,y), x (f°(y))'}, Ve e X, (52b)

3. the middle polar subdifferential of f (inspired by the equality case in the Fen-
chel-Young, Cauchy-Schwarz and polar inequalities) by

Gf(@)={yeV|(r,y, =f@)x [y}, Ve ek (52¢)

The first two expressions (52a) and (52b) are inspired by definitions of subdifferen-
tials of dualities in [1] and [13]. We propose the third expression (52c) which, to the
best of our knowledge, is new and will be explored in more detail in §5.2.

Each of the three definitions, for the polar subdifferential of a nonnegative function,
in Definition 5.1 have their own advantages as shown in Proposition 5.2.
Proposition 5.2. For any function f: X — R, we have the following results.

(1) Regarding definition (52a) of the lower polar subdifferential O, f of f, we have
the alternate expressions, for any x € X,

0.f(x) = {y € V| () < {o), x ()} (552)

— reY | @) x U@ < (@0)y x (F@) 7 Vo' eR) - (53D)

= {ve ¥ |z cagmax((eg), x (/=) )} (550)

(2)  Regarding definition (52b) of the upper polar subdifferential &° f of f, we have

the property that )
Fflz)#0 = [ (z) = f(z). (54)

(3)  Regarding definition (52¢) of the middle polar subdifferential 02 f of f, we have
the alternate expression, for any v € R",

Gf(x)={y eV |(xy = flz)x f°(y)}. (55)
Proof.

(1) Equations (53) come from the definition (16a) of f°(y).
(2) Let y € 0°f(x). The Implication (54) is a consequence of

£ (x) = sup ({29 x ()
(by definition (16¢) of (£°)°" and by definition (16b) of g°')
> (z,y), x (f°(y) ™" = f(z) . (by (52b))
As f°(z) < f(z) by the Inequality (17c), we conclude that f°°'(z) = f(x).
(3) Equation (55) follows from the fact that f(z) x f°(y) > 0. O
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5.2. Middle polar subdifferential and alignement

When the function f: X — R, is a norm ||| on &, then f° is the so-called dual
norm |-« on Y. Couples (x,y) € X x Y of vectors satisfying (z,y) = ||z||||y||« are
said to be ||-||-dual in [11, page 2], to form a dual vector pair in [9, Equation (1.11)],
to be dual vectors in [10, p.283], or to satisfy polar alignment in [7, Definition 2.4].

We propose the following definition that encompasses the above definitions, and
goes beyond.

Definition 5.3. Let X C X, Y C Y be a polar pair (that is, Y = X© X =Y©).
We call the couple (x,y) € X x Y aligned w.r.t. (X,Y) (or w.r.t.(oy,ox)) if

0 < (z,y) and (z,y) = oy () x ox(y) . (56)

In this definition, oy can be replaced by my and ox by my, because of (41c).

The relationship between alignement and the middle polar subdifferential (52c) is
as follows.

Proposition 5.4. Let X C X, Y C Y be a polar pair, and (x,y) € X x Y. Then,
we have that
either xly (i.e (z,y)=0),

y € 0oy (1) < x € ox(y) —
v(2) x(y) {Or (x,y) is aligned w.r.t. (X,Y) .

(57)

Proof. The proof follows from the very definition (52c) of the middle polar sub-
differentials 020y and 050 x. ]

As in [7, §3.3], we relate alignement to well-known geometric objets in convex anal-
ysis.

Definition 5.5. For any nonempty closed convex subset C' C X', the exposed face
of C' by the dual vector y € ) is

F\ (C,y) = argmax(z,y) , (58)

zeC

and the normal cone N(C, ) at any primal vector x € C is defined by the conjugacy

relation
reC and ye N(C,x) < z€ F,(C,y), (59)

that is, equivalently, by

N(Cz)={ye Y| (&' —z,y) <0, Va' e C}, Ve eC. (60)

14 Equation (56) could be replaced by oy (z),0x(y) € Ryy and (z,y) = oy (x)ox (y). Indeed, the
upper multiplication x can be replaced by the usual multiplication x since

0<(z,y) =0y(z)xox(y) <= 0< (z,y) =oy(x)ox(y),
because oy () # 400 and ox(y) # 400 (else the right hand side would be +00).
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The following Proposition is in the vein of [7, Proposition 3.3], but more detailed.
The proof is left to the reader.

Proposition 5.6. Let X C X, Y C Y be a polar pair, and (x,y) € X x Y. Then,
we have that

(x,y) is aligned w.r.t. (X,Y), (61a)
< oy(z) € Riy, ox(y) € Ryy and (2,y) = oy (z)ox(y) , (61Db)
< oy(r) €Ryy, ox(y) ER,y and UXy(y) € FL(Y, JY:E(:E)) : (61c)
< oy(x) eR,, ox(y) € R,y and %(y) e F (Y,x), (61d)
< oy(r) € Ryt , ox(y) €ERy and z € N(Y, UXy(y)) , (61e)
= oy(z) ERyy, ox(y) Ry and — o € N(Y, ny(y)) : (61f)
< oy(r) €Ryy, ox(y) ER,y and %(x) € F (X, ny(y)) ) (61g)
< oy(x) eRy, ox(y) €ER,y and aym( ) e F(X,y), (61h)
< oy(r) € Ryy, ox(y) € Riy andy € N(X, aym(x)) : (61i)
= oy(x) €Ry, ox(y) €Ry and —L— e N(X, ——) . (61j)

In this Proposition, oy can be replaced by mx and ox by my, because of (41c).

A. Best Isc convex lower approximations of a function
We consider X and ) two (real) vector spaces that are paired (see §2.2.1).

Consider A € R¥, a nonempty subset of the functions defined on A and taking
values in the extended reals. Then, for any function f: X — R, we define the subset
A[f]CAby

ALf] = {h € A h() < f(x), ¥ € X}, (62)

Then, the best lower A-approzimation of f, denoted by A[f]", is defined as the
greatest element of A[f] (which always exists as +o0o is always a possible value).

Now, we are going to consider two cases for the subset A C RY: lsc convex extended
functions in §A.1 and lsc convex (strictly positively) 1-homogeneous extended func-
tions in §A.2.

A.1. The case of Isc convex extended functions

Let I" denote the set of Isc convex extended functions on X. When A = T'; the great-
est Isc convex lower approximation of the function f, that is T'[f]T, is given by [19,
Theorem 3.1] that we reproduce in Proposition A.1. Following the terminology of
[15], the wvalley function v4 of a subset A C X is defined by va(z) = —0 if z € A
and va(z) =400 if x € X'\ A.
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Proposition A.1. ([19, Theorem 3.1]) For any function f: X — R, the greatest
Isc convex lower approzimation of the function f is given by

- find if f is proper,
F[f]T = f + les(dom f) = . . (63)
Vss(dom f) Uf f is mot proper .

The function A[f]" is also classically denoted by co(f).

A.2. The case of Isc convex (strictly positively) 1-homogeneous extended
functions

Let I'y denote the set of Isc convex (strictly positively) 1-homogeneous extended
functions on X. For A = 'y, we give in Equation (64) the expression of I'y[f]", the
greatest 1sc convex (strictly positively) 1-homogeneous lower approximation of the
function f which is, to our knowledge, a new result. Recall that coneX is the closed
conical hull of X C X, that is, the smallest closed cone in X containing X.

Proposition A.2. For any function f: X — R, such that 0 € dom f, the greatest
Isc convex (strictly positively) 1-homogeneous lower approximation of f is given by

T = 4 7<) if {f*<0}#0, 64
[f] {Ucone(co(domf)) Zf {f* < O} =0. ( )

Proof. Let f : X — R be given. We will successively consider the two disjoint

cases: {f* <0} =0and {f* <0} #0.

o We consider the case where {f* <0} = (). We are going to extend [19, Lemma
2.3] in order to obtain that

PH[f]T = Ucone(co(dom f)) - (65)

We denote by g = I'y[f]". We observe that the function g is not proper. Indeed,
otherwise g would admit a continuous affine minorant and, being also (strictly pos-
itively) 1-homogeneous, it is easily deduced that it would admit a continuous linear
minorant; thus, as ¢ < f, the function f would also admit a continuous linear mi-
norant, which would imply that {f* <0} # (0 (contradiction). Consequently, the
function g is not proper and, by [19, Lemma 2.2], we get that ¢ = Vdom -

As the function g = vgom g is in I'y[f], it is Isc. Hence, we obtain that vgom 4 is Isc and,
using the definition of a valley function, that the subset dom g is closed. Combined
with the fact that the function g is convex and (strictly positively) 1-homogeneous
as an element of I'y[f], this gives that dom ¢ is a closed convex cone.

AS Vgomg = g < f, we get that dom f C dom g, from which we obtain that
cone(co(dom f)) C cone(co(dom g)) = dom g.

Finally, we observe that vesme(es(dom f)) is in I'y [f], and is therefore smaller than g
by definition of g = T'y[f]". This implies that Veons(eo(dom f)) < Vdomg and thus
dom g C cone(co(dom f)). We conclude that dom g = cone(co(dom f)), from which
we derive the equalities ¢ = Vqom ¢ = Veons(eo(dom f))-
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» We consider the case where {f* < 0} # 0.

First, the function o(s«<g is (strictly positively) 1-homogeneous convex lsc as a
support function and smaller than f (by (17c)). Moreover, using using the fact that
{f* <0} # 0 we obtain that ofs<oy is proper. Therefore, we have by definition of
Ly[f]" that

o{p<op < Tulf]" . (66)

Second, as the function T'y[f]T is (strictly positively) 1-homogeneous, by definition,
and proper, as it is minorized by a proper function and thus cannot take the value
—00, we have —oo < Ty[f]T(0) < £(0) < +o0 since we have assumed 0 € dom f. We
obtain, using Lemma A.3, that the greatest proper lsc convex function majorized
by Culf]" i 0fp,(s7*<0y- Now, as the function Ty[f] is also lsc convex by definition,
it must coincide with its best proper Isc convex lower approximation, that is, we have

Pulf]" = oy <o0y-
Third, by definition of T'y[f], we have I'y[f]" < f, and thus

{Tulf] <0} c {fr <0}
We obtain FH[f]T = O'{FH[ﬂT*SO} S U{f*SO}7
which combined with (66) gives T'u[f]" = o +<q)-

This concludes the proof. [

We give here an instrumental lemma used in the proof of the previous Proposi-
tion A.2.

Lemma A.3. Assume that h : X — R is a (strictly positively) 1-homogeneous

proper function. Then, the greatest lsc proper convexr lower approximation of the
Junction h is given by o <oy

Proof. We start by proving some properties of h*.

(i) If A*(y) > 0 then h*(y) = +oo. Indeed, if h*(y) > 0 there exists o > 0 and
x € X such that (x,y) — h(x) > «. Thus, for all A > 0, we obtain that

W (y) > (a,y) — hda) = A{z, ) — h(z)) > Aa, (67)

and thus that h*(y) = +o00 by letting A go to +oo.
(ii) If h*(y) <0, then h*(y) = 0. Indeed, for all A > 0 and = € X', we have that

A(z,y) = h(z)) = (Az,y) — h(Ar) <h*(y) <0,

and the result follows by chosing z such that h(z) € R, which exists as h is proper,
and letting A go to 0.
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Now, we turn to the proof of the Lemma. As h is assumed to be proper, the
greatest lsc proper convex lower approximation of the function A is given by the
Fenchel biconjugate h** in (2c) of the function h, which is

/

™ = sup({-,y) — h*(y))

yey
=sup ( sup ((,y) —h*(y), sup ((y)—h"(v)))
ye{h*>0} ye{h*<0}
= sup ( 6331;0}«-,@ — (+00)), E?fligo}«wy) —0)) (using (i) and (ii))

= Sup(—oo, U{h*go}) = U{h*SO} .

This ends the proof. ]

B. Background on *-dualities

We provide here the necessary background on *-dualities, as defined and studied by
Martinez-Legaz and Singer in [12].

B.1. Canonical enlargement of a complete totally ordered group

A complete totally ordered (commutative'®) group is a triplet (A, <,x*), where
(A, <) is a totally ordered set (either a < borb < a), (A, *) is a (commutative) group
— such that all translations are isotone (a < b = ax*c < bxc), and any nonempty
(order) bounded subset admits a supremum and an infimum.

As defined and studied in [12, Sect. 1], we describe the canonical enlargement
(A, <, %, %) of a complete totally ordered group (A, <, x) by

A=AU{-c0}U {400}, (68)
with order extended by o

—0o<a< 400, Vae A, (69)

and with upper composition % and lower composition * given by [12, Equations

(1.4)—(1.8)]
70a

70b

aib=axb=axb, Ya,be A, (70a)
) (70b)
% (—o0) = —00, Ya € AU{—00}, (70c)
) (70d)
) (70e)

8

=400, Ya € AU {400}, 70d

(+o0
(=
(
(— 70e

(0.9]

As *, the operations % and * are associative and commutative on A. The unit
element e satisfies [12, Equation (1.9)]

ake=axe=a, Vac€ A, (71)

15 See [12, bottom of page 296] for why we restrict to commutative groups.
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and we extend the group inverse operation (-)~! by [12, Equation (1.11)]
(+00)™t = —00, (—o0) ! = +o00. (72)
With the conventions [12, Equation (1.13)]
inf() = 400, supl) = —oo as elements of A, (73)

we have the following properties, where a,b are any elements of A and {ait;er,

{b; }je ;» are any collections, indexed by any sets I, J, with values in A

'fiflz fl i*lz'f‘fl 74
(inf a;) Supa; -, (S}é?“ )" =infa;, (74a)
inf(a % a;) = ak infa;, sup(a*a;) = a* supa, , (74b)
i€l i€l icl icl
inf (a;%b;) = infa; % infb; | i b;) < supa & supb; , 74
pL (aixby) = infaii fubb;, sup (aikb;) < supagk supb;, - (7de)
ieslggj(ai *bi) = slg) a; ¥ jlrelﬁ b;, ZEijr;fej(ai *bj) > 1lr€1£ a; * ;I€1§ b; . (74d)
b< 400 = inlf(ai *b) = (inf a;) b, (74e)
1€ 1€
—00 < b = sup(a;%b) = (supa;) «b, (74f)
i€l icl

and the following properties, where a, b, ¢ are any elements of A,

b<c¢c = aib<asic, axb<a*c, (75a)
(aib) ™ =at*b7, (axb)P=a"tib7 (75b)
axb<aib, (75¢)

a bt > (asb)t, Tt kb < (axb) Tt (75d)
asa'>e, axa ' <e, (75e)
axbl'<e < a<b < e<bsial, (75f)
axb ' <c¢ < a<bic < axc ' <D, (75g)
c<bia ! < a*c<b < a<bic!, (75h)
)

(akb)*c<ai(b*c). (751

B.2. *-duality

Let be given two sets X (“primal”), Y (“dual”), together with a coupling function
c: X x)Y — .71_. We define a mapping D(c): A5 Zy_as follows: for any func-
tion f: X — A, we define the function D(c)f: Y — A, denoted fP), by [12,
Equation (2.9)]

FPOy) = sup (c(z,y) = (f(x)"), WeY. (76a)

reX
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By [12, Corollary 2.1], and using [12, Lemma 1.5] (which establishes equation (75g)),
we have that 16

fPOy) =inf{a € A| c(z,y) < f(z)ia, Yz € X}, (76b)

and, by [12, Theory 2.1], D(c) satisfies the following properties, that define a *-
duality [12, Definition 2.3

(inf £ =sup f7 9 {fi}iey © A, (77a)
¢ i€
(f#a)P@ = fP@xg™l VYaec A. (77b)

We also have that (deduced from [12, Equation (2.27)]):

FPEPE < f (78)
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