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1 Introduction

The mean theory arises in various contexts and recently has extensive developments and various applica-
tions. It attracts many mathematicians by its interesting inequalities and nice properties. See [1] for recent
advances in mathematical inequalities. The mean theory was introduced first time for positive real numbers
for over the last few centuries [2]. Afterward, it has been extended from positive real numbers to positive
operator arguments, see [3,4] for instance.

For over the last few years, many operator means have been extended from the case where the variables
are positive operators to the case where the variables are convex functionals, see [5-11]. Such functional
extensions were investigated in the sense that if m(A, B) is an operator mean between two positive linear
operators A and B acting on a complex Hilbert space H, then the extension of m(A, B) when A and B are
replaced by two convex functionals f and g, respectively, is a functional #(f, g) that satisfies the following
connection-relationship:

F(Qa, Q) = Qma,B)»

where the notation Q4 refers to the convex quadratic function generated by the positive linear operator A4,
i.e., Qa(x) = (1/2){Ax, x) for all x € H.

This functional approach, which was investigated under a convex point of view, stems its importance in
different facts. First, its related results can be proved in a fast and nice way by virtue of the convex character
of the functional approach. Second, its related operator version, which coincides with the previous one, can
be immediately deduced without referring to the techniques of the operator mean theory. Third, as it is well
known the operator mean theory has been investigated when the involved operators act on a Hilbert space.
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However, the functional mean theory works when the referential space is just a locally convex topological
vector space E, especially if E is a real or complex normed vector space. In this paper, this latter point will be
explored and explained in a detailed manner.

The present manuscript is organized as follows: Section 2 is devoted to state some basic notions from
convex analysis that will be needed throughout the next sections. Section 3 deals with the primordial and
typical example of convex functional generated by a positive linear operator. In Section 4, we recall some
means with functional arguments that were recently investigated in the literature. Section 5 discusses
further properties about the three standard arithmetic/harmonic/geometric functional means. Section 6
displays the logarithmic mean with convex functional variables that extends the logarithmic mean of
positive operators. Section 7 deals with some inequalities involving the previous logarithmic functional
mean. As already pointed before, the operator versions of all functional results obtained in this paper are
immediately deduced without any more tools. Otherwise, the present work highlights the importance of the
convex analysis when applied to the theory of operator/functional means.

2 Background material from convex analysis

We collect in this section some basic notions and results about the Fenchel duality in convex analysis. For
more details, we refer the interested reader to [12-16] for instance.

Let E be a real or complex locally convex topological vector space and E* its topological dual. The
notation {.,.) refers to the bracket duality between E and E*. Throughout the following, we set

R =R U {+o0}, R =R U {-0c0, +00}.
We also denote by RE the set of all functionals defined from E into R.

¢ As usual in convex analysis, we extend here the structure of the field R to R by setting, for any a € R,
a+ (+00) = +00, (4+00) — (+00) = +00, 0-(+00) = +00,

and the total order of R is extended to R by, a < b if and only if b — a > 0, with the usual convention
-00 < a < +oo, for any a, b € R. We pay attention here to the fact that a < b is not equivalent to
a — b < 0, by virtue of the convention (+c0) — (+00) = +00.

e Let f: E — R be a given functional. As usual, we say that f is convex if
fIA-Ox+ty)<1-0f0) + tf(y)

whenever x, y € E and t € [0, 1]. For a subset C of E, we denote by ¥ : E — R the indicator function of C
defined by ¥:(x) = 0 if x € C and ¥:(x) = +o0 else. It is easy to see that the set C is convex if and only if ¥
is a convex functional. Furthermore, if C is convex, then fis convex on C if and only if f + ¥ is convex. By
virtue of the definition of the indicator function and its properties, it is henceforth enough to consider
functionals defined on the whole space E.

¢ We denote by dom f the effective domain of f defined by dom f = {x € E : f(x) < +co} and we say that fis
proper if f does not take the value —oco and f is not identically equal to +oco. Clearly, if fis proper, then
dom f + @&. Furthermore, if fis a convex functional, then dom f is a convex set, but the converse is not
always true. For example, if E is a normed space and we take f(x) = —|x]|, then dom f = E is a convex set
while f is not a convex function.

¢ The notation I[L(E) stands for the set of all convex lower semi-continuous (l.s.c) proper functionals defined
on E. It is well known that f € [L(E) if and only if the epigraph of f, namely, epi(f) = {(x, 1) € E x R:
f(x) < A}, is convex and closed in E x R. It is not hard to see that if C is a nonempty convex closed subset
of E, then ¥, belongs to [(E) and vice versa. It is easy to check that [)(E) is a convex cone of RE. That is,
if f,g € [H(E) and a > O is a real number, then f + g € [L(E) and a.f € [H(E).
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e Let f: E — R. The Fenchel conjugate (or dual) of f is the functional f* : E* — R defined by
VX' eE" fr(x") = sup{Re{x", x) - f(x)} = sup {Rex",x) - f(0)}.

xeE xedom f

It is worth mentioning that if f(xo) = —co for some x; € E, then f*(x*) = +oo for any x* € E*. For fixed
x € E, thereal maps x* — ¢, (x*) = Re{x", x) — f(x) are linear affine and L.s.c and so f is convex and l.s.c
as a supremum of a family of convex and Ls.c functionals, even if f is or not convex L.s.c. The following
inequality, known as Fenchel inequality,

Rex*, x) < f(x) + f*(x) (2.1)

holds for any x € E and x* € E*. It is easy to check that (f + ¢)* = f* — ¢ for any ¢ € R. Furthermore, if for
a > 0 we define (a.f) (x) = af(x) and (f.a) (x) = af(x/a), then one can easily check that

(a.f) =f*a and (f.a) = a.f". (2.2)
The duality map f — f* is point-wisely increasing and convex. That is, for any f, g € RE andt € [0,1] we
have, f< g = g* <f* and

(A-0f+tg) <A -0f +1tg, (2.3)
where the notation f < g refers to the partial point-wise order defined by: f < g if and only if f(x) < g(x),
i.e., g(x) - f(x) = 0, for any x € E.

e For f: E — R we denote by f** the bi-conjugate (or bi-dual) of f defined from E into R by
VxeE fx)= sup{Re{x*, x) — f*(x")}.

X*€E*

It is worth mentioning that, by definition, f** is not the conjugate of f*, and so whenever we speak for the
Fenchel duality, we use only the duality {.,.) between E and E* and that between E* and E** is omitted,
unless E is a reflexive Banach space, i.e., E = E** as Banach spaces case for which the two preceding
dualities coincide. The following inequality f** < f holds true. We sometimes call f** the convex closure
of f, i.e., f** is the greatest convex l.s.c function less than f. Furthermore, f € Iy(E) if and only if f** = f.

e Let x e dom f. The notation df (x) refers to the sub-differential of f at x defined by
of(x) = {x* € E*: f(z) > f(x) + Re{x", z - x), for any z € E}.
Note that of (x) is a subset of E* always convex and closed but possibly empty. However, if the topological
interior of dom f, denoted by int(dom f), is not empty then of (x) # @ for any x € int(dom f). The following
equivalence
x* € of (x) & f(x) + f*(x*) = Re{x", x)
holds true. If x* € of (x), then x € of *(x*), with reverse implication provided that f € IH(E).

e Let x e dom f and d € E. The directional derivative of f in the direction d at x is defined by

1 i Lo ) ~ fO
flx,d) = ltlf(l)l n ,

provided that this limit exists. We say that f is Gateaux-differentiable, in short G-differentiable, at x if
the map d — f’(x, d) is linear continuous, i.e., f'(x, d) = {z*, d) for some z* € E*. Such z* is unique and
we set z* =: Vf(x), which is called the G-gradient of f at x. If f is convex and G-differentiable at x, then
of (x) ={Vf(x)}. Inversely, if f is convex and of (x) is a singleton, then fis G-differentiable at x and 9of (x) =
{Vf()}

o letf,ge RE. The inf-convolution of fand g is defined by
VxeE fOgkx) = inf{f(z) + gx - 2)}.
zeE
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It is well known that dom(fg) = dom f + dom g. Furthermore, if f and g are convex, then so is fg,
but f, g € To(E) does not imply fOg € [H(E). Otherwise, the following relationship holds true

(fOg)y =f"+g". (2.4)

However, the relationship (f + g)* = f*[g™ is not always true. Note that by (2.4) we have (f*+ g*)* = (f0Og)*".
Therefore,

(f* + g = fOg & fOg € T(E). (2.5)

In the literature, we can find a list of assumptions under which the condition f[g € Iy(E) holds. For
example, if the following condition

int(domf*) ndomg*+ @ or domf* n int(domg"*) + &, (2.6)

holds, then f0g € IH(E). For more information and details about this latter point, we refer the interested
reader to [14-16] for instance.

3 Generated function by linear operator

In this section, we consider a typical and interesting example of a convex functional generated by a linear
operator. Here, H denotes a real or complex Hilbert space. Following the Riesz representation, the bracket
duality here is the inner product of H, also denoted by {.,.). We then denote by B(H) the space of all
bounded linear operators defined from H into itself. For A € 8(H), we say that A is positive, and we write
A > 0, if (Ax, x) = 0 for any x € H. The positiveness of operators generates a partial order between self-
adjoint operators defined by: A < B if and only if A and B are self-adjoint and B — A > 0. We say that A is
strictly positive, and we write A > 0, if A is positive and invertible. If H is a finite dimensional space, then A
is strictly positive if and only if {(Ax, x) > O for any x € E, with x # 0. We denote by 8+*(H) the set of all
positive invertible operators in 8(H).
For every A € B(H) we can derive a functional Q, defined by

Vx e H Qux) = %(Ax, x),

which will be called the quadratic function generated by A. Note that, as we will see later, the coefficient
(1/2) appearing in Q4 play a good tool for a symmetrization reason when computing the conjugate of Q4. It is
clear that Q;(x) = %||X||2, where I is the identity operator of H and | -| is the Hilbertian norm of H.

The elementary properties of Q4 are summarized in the following proposition.

Proposition 3.1. Let A, B € B(H). Then the following assertions hold:
(i) Assume that A and B are self-adjoint. Then, Q4 < (=)Qg if and only if A < (=)B.
(il) Qa + Qp = Quip and aQy = Quq for any real number a.
(iii) Q4 is continuous. Furthermore, Q, is convex if and only if A is positive.
(iv) Assume that A € B**(H). Then the conjugate of Q, is given by

VX" e E* Qux") = %(A‘lx*, X,
or, in short,

Q4 = Q. (3.1)

(v) Qq is G-differentiable at any x € H. If further A is self-adjoint, then VQu(x) = Ax. So, of (x) = {Ax}
whenever A is (self-adjoint) positive.
(vi) Let A, B € 87*(H). Then Qs0Qp = Q4,/p, where A/ /B = (A + BY)is called the parallel sum of A and B.
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Proof. The proofs of (i), (ii), (iii) and (v) are straightforward. For the proof of (iv), see [17] for instance. For
more details about (vi) we can consult [18,19]. O

Remark 3.2. By (3.1) we immediately deduce that Q} = Q; = %II -J2. That is, %II -|? is self-conjugate. By using

the Fenchel inequality (2.1) it is not hard to check that %II -|? is the unique self-conjugate functional defined
on a Hilbert space.
We have the following result as well.

Theorem 3.3. Let ® : I[)(H) x [H(H) — R and v : Ih(H) x IH(H) — R be two binary maps such that ®(f, g)
<W(f,g) forany f, g € I[H(H). Assume that, for any A, B € B8**(H) we have

D(Qy, Q) = Qoa,p) and ¥Y(Qa, Qp) = Qya,p)
where 6(A, B), y(A, B) € B(H) are self-adjoint. Then
0(4, B) < y(A, B).

Proof. Since A, B € 8**(H), by Proposition 3.1(iii) we have Qy, Qp € IH(H). It follows that ®(Q4, Qp) <
W(Qa, Qp) and so Qg,p) < Qyu,p), With (4, B) and y(A, B) € B(H) are self-adjoint. By Proposition 3.1(i),
we conclude that 8(A4, B) < y(A, B) and the proof is complete. O

Theorem 3.3 is a simple and central result which will be substantially used throughout this paper. It
shows how to obtain an operator inequality from an inequality involving convex functionals. The following
examples give more explanation about the use of this theorem as well as the preceding properties and
concepts. Further examples of interest will be seen in the next sections.

Example 3.4. Let A, B € 8**(H). Assume that A < B, then by Proposition 3.1(i), we have Q4 < Q. By the
point-wise decrease monotonicity of the Fenchel duality we infer that Q5 < @ and by (3.1) we deduce that
Qg < Q4. Again by Proposition 3.1(i) we conclude that B! < AL, This means that the map X — X1, for
X € B**(H), is operator monotone (increasing).

Example 3.5. For fixed t € [0, 1], we set

O(f,g) = (1 -t)f +tg) and ¥(f,g) = (1 - O)f" + tg".
Following (2.3) we have ®(f, g) < ¥Y(f, g) for any f, g € [L(H). Since A, B € B8**(H), by Proposition 3.1(iii)
one has Qu, Qg € Iy(H). Furthermore, by Proposition 3.1(ii) and (3.1) we can write

D(Qy, Qp) = Qoa,p, with 6(A,B) = (1 - t)A + tB)},

Y(Qy, Qp) = Qy(A,B), with y(A, B)=(1- t)A71 + tB1,

According to Theorem 3.3 we conclude that 6(A, B) < y(A, B). This means that the map X — X1, for
X € B**(H), is operator convex.

4 Functional means

In this section, we recall some functional means already investigated in the literature. Throughout this
section and the next ones, E denotes a real or complex topological locally convex vector space, as previous,
and H denotes a real or complex Hilbert space.

Let (f, g) € Io(E) and A € (0, 1). The following expressions [7]

tA—l
_ t)/\

1
fUg=(1-Nf+Ag fug=(1-Nf +1g"), fiag = S‘“;”A) | Tfisdt @
0
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are known as the A-weighted functional arithmetic mean, the A-weighted functional harmonic mean and
the A-weighted functional geometric mean of f and g, respectively. For A = 1/2, they are simply denoted by
fVg, flg and f#g, respectively. For another definition of f#g as point-wise limit of an algorithm des-
cending from fVg and f!g we can refer to [5].

Remark 4.1.
(i) The A-weighted functional geometric mean can be written as follows:

1
fig = jf!tg dv(®), Ae (0,1,
0

where v)(t) defines a family of probability measures on the interval (0, 1) defined by

_sin(md) !
dvy(t) = E— i 0 dt, A€ (0,1). (4.2)

(ii) Although the previous functional means can be defined, by the same expressions, even f, g ¢ IH(E), we
restrict ourselves throughout this paper to assume that f, g € Iy(E). In this case, fVig,flag and f#, g
belong to IH(E) provided that dom f N dom g + &.

We extend the previous functional means on the whole interval [0,1] by setting:
fvog=flog=f#g=f and fVig=fhig=Ffthg=g. (4.3)

We pay attention that these latter relations cannot be deduced from (4.1), by virtue of the convention
0.(4+00) = +00. The previous functional means satisfy the following relationships:

fng=8gvaf, fag=8ghaf, f#rg=8#H-rf, (4.4)

for any A € [0, 1]. The two first relationships of (4.4) are immediate and for the third one we can consult [7].
In particular, if A = 1/2, the three previous functional means are symmetric in f and g. Note that fV, f =
faf =f#rf = f. Furthermore, the following inequalities hold, see [7]

fag<sfmrgs<fwrg, (4.5)

and fVig,fla 8, f# 8 € Io(E) provided that dom f N dom g # &. Denoting by m, one of any mean among
Vi, 12, #2 and utilizing (2.2), we can easily see that, for any a > 0,

a.fma.g =a.(fmg) and f.amyg.a = (fmyg).a. (4.6)
Otherwise, for any A, B € B8**(H), we have the following relationships:
Qa1 Qp = Qawp, Qa\ Q= Qaue, Qu#r Qs = Qams, (4.7)
where
AV}B = (1-A)A +AB, A}ZB = ((1-MN)A" +AB ), A#\B = AV2(A/2BA/2)\A1/2 (4.8)

stands for the A-weighted operator arithmetic mean, the A-weighted operator harmonic mean and the
A-weighted operator geometric mean of A and B, respectively. For A = 1/2, they are also simply denoted
by AVB, A!B and A#B, respectively. The relationships (4.7) justify that the previous functional means are,
respectively, extensions of their related operator means. Furthermore, according to Theorems 3.3, (4.5) and
(4.7) immediately imply that the following operator inequalities

AZB<A#AB < AV)B (4.9)
hold for any A, B € 8**(H) and A € [0, 1]. It is worth mentioning that (4.9), which are well known in the

operator mean theory, are here again obtained in a simultaneous manner and under a convex point of view
that does not need to refer to the techniques of functional calculus.
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5 More properties for fVag, f'ag, f# g

In this section, we will be interested in studying other properties of the functional means fV, g, f1 g and
f#rg. First, let A, B € 8**(H). It is well known that AV, B, A!} B and A#, B are monotone increasing with
respect to both A and B [20]. Otherwise, obviously the map (4, B) — AV, B is linear affine while (4, B)
— Al B is operator concave, see [21], and so (4, B) — A#, B is also operator concave. In what follows, we
present the extensions of these latter operator properties for convex functionals. It is clear that (f, g) — fVi g
is linear affine and point-wisely increasing with respect to f and g. We now state the following result.

Proposition 5.1. Let f, g € Io(E) and A € [0, 1]. Then the two binary maps (f,g) — flag and (f,8) — f#:1 8
are both separately point-wisely increasing.

Proof. Let fi, f> € Io(E) be such that f; < f>. By the point-wise decrease monotonicity of the map f — f*, we
deduce(1 - A)f; + Ag* < (1 - A)ff + Ag*and again (1 - A)f] + Ag")* < (1 - A)f; + Ag™),ie, ihg<fihg,
which means that (f, g) — f!, g is point-wisely increasing with respect to the first argument f. By virtue of
(4.4) we then deduce that (f, g) — f!i g is point-wisely increasing with respect to the second argument g,
too. This, with the relation of f#, g given in (4.1) and the linearity of the integral, implies that(f, g) — f#1 g
is separately point-wisely increasing. The proof is complete. O

In order to give another result of interest, we need to introduce the following notation:
W ={(f,g) € [L(E) X IL(E) : dom f* = E* and dom g* = E*}.

Obviously, ‘W is a cone, with (f,g) € ‘W if and only if (g, f) € W. Note that Q4, Qg € W for any
A, B € 8**(H). Furthermore, it is easy to check that ‘W is convex, i.e., if (fi,g) € W and (f;, 8) € W,
then (1 - Ofi +th, (1 - t)g + tg,) € W for any t € (0,1). We now state the following result.

Theorem 5.2. Let (f, g) € ‘W and A € [0, 1]. Then the two binary maps (f, g) — flx g and (f, g) — f#rg are
both point-wisely concave.

Proof. By the same reasons as in the proof of the previous proposition, we need to prove that (f, g) — flx g
is point-wisely concave with respect to the first argument f. By definition of f!; g, with the help of (2.2) and
(2.4), we can write

fag =@ -Nf" +Ag) = (f.(1 - AHDOg.A)". (5.1)

Since (f, g) € ‘W, it is easy to verify that condition (2.6) is satisfied here, i.e., int(dom(1 — A).f*) n dom
(A.g") + @. It follows that f.(1 - A)Og.A € [L(E) and so (5.1) becomes

flig=f.(1-)Og.A. (5.2)

Now, let (fi, ), (f2,8) € W and t € (0, 1). By (5.2) and the definition of the inf-convolution, we have for
any x € E

(1 -0f + tH)Ha(@ - 0)g + t8) ()
= izlelg{((l -0 +th).(1-N@) + (1 - 0g + 18).Ax - 2)}

= izlelg{(l -(fi.A =D (2) + g.Ax - 2)) + t(,.(1 = V) (2) + &.Alx - 2))}
>(1- t)izrelg(ﬁ.(l -N2) + 8. Ax-2)) + tglEf(fz.(l - (2) + g.Ax - 2))
=(1-0(f.01-D0g.D)X) + t(LH.A - ANHOg. D)) = 1 - Hfilag(x) + tH}ag ().

Hence, the desired result. O
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Remark 5.3. Let (f, g) € ‘W. Then, for any A € (0, 1) we have
dom fn domg c dom(f#,g) c 1 - A)domf + A dom g. (5.3)

Indeed, it is easy to see that dom(fV, g) = dom f n dom g for any A € (0, 1). Otherwise, by using (5.2) it is
not hard to check that

dom(f!3g) = (1 - A)dom f + A dom g.
This, when combined with (4.5), yields (5.3).

Now remark that, for f, g € Io(E) fixed, the map t — fV; g is point-wisely affine (so convex and con-
cave). Otherwise, we have the following result.

Proposition 5.4. Let f, g € T[H(E) be fixed. Then the map t — f; g is point-wisely convex on [0, 1].

Proof. By definition we have f!; g = (1 - t)f* + tg*)". Since the map ¢p — ¢" is point-wisely convex and the
map t — (1 - t)f* + tg* is point-wisely affine, the desired result follows immediately. O

Now, we construct a family of functional means which enjoys interesting properties. Let f, g € [H(E)
and A € [0, 1] be fixed. For s € [0, 1], we set

1
Gy(f, g: A) = j Flraong dua(e), (5.4)
0]

where dvy(t) is defined by (4.2). Observe that Gs(f, f; A) = f for any s, A € [0,1] and f € IH(E). The family
Gs(f, g; A), when s describes the interval [0, 1], includes the functional means f!) g and f#, g in the sense
that Go(f, g; A) = fl1 g and Gi(f, g; A) = f#1 g. The basic properties of the maps s — Gs(f, g; A) are encap-
sulated in the following result.

Theorem 5.5. With the above, the following assertions are met:
(i) The map s — Gy(f, g; A) is point-wisely convex on [0, 1].
(ii) For any s € [0,1], we have

g <Glf, 8N < (fa)Vs(fhrg) < fthg (£fN18), (5.5)

which refines the left inequality in (4.5).
(iii) We have
inf Gi(f,g;A) =flag and sup Gi(f, g A) =f# g, (5.6)
se[0,1] s€[0,1] ‘
where the infimum and supremum are taken for the point-wise order.
(iv) The map s — Gy(f, g; A) is point-wisely monotone increasing.

Proof.
(i) Sincethemapt — f g is point-wisely convex on [0, 1] and the real-function s — st + (1 — s)A € [0, 1]is
affine, we deduce the desired result.
(ii) By the point-wise convexity of t — f; g, we get

f!st+(1—s)/1 g< Sf!t g+ (1 - S)f!/\ 8.

If we multiply this latter inequality by dvi(f) and we integrate over t € [0,1] we get the middle
inequality of (5.5). The right inequality of (5.5) is obvious by virtue of the inequality fl1 g < f# g.
Now, let us show the left inequality of (5.5). For the sake of simplicity for the reader, we fix f, g € Io(E)
and we set @(s) = f!s g. By Proposition 5.4, @ is point-wisely convex on [0, 1]. With this, (5.4) takes the
following form:
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1
Gif, 85 ) = [ @lst + (1= )N duo).
0
We can apply the integral Jensen inequality to this latter equality [22], and we then obtain
1
G(f,g; )= I (st + (1 = s)A) dvy(t) |. (5.7)
0

We have

1 1

1 1
J- (st+ (1 -95)A)dwy(t) =s _[ tdwyi(t) + 1 -s)A J- dvy(t) = s I tdwi(t) + 1 - s)A.
0 0

0 0

In another part, let us denote by I' and B the standard special gamma and beta functions, respectively.
By (4.2), we get
1 1
I t dw(t) = %’m) I A1 -ty rdt = %’M)Ba +A,1-2)
0 0

_ sin(mAd) T1 + A)I'A - A) _ sin(ntd)
m

- ) ATAOTA-A) = A

Substituting these in (5.7) we obtain
Gs(f, 80 2 DA + (1 - s)A) = D) =) g,

and the left inequality of (5.5) is obtained.
(iii) Since Go(f, g; A) = flag and Gi(f, g; A) = f#r g, (5.6) is immediate from (5.5).
(iv) If 0 < 51 < s; < 1, the point-wise convexity of s — Gy(f, g; A) implies that
Gs(f, 85 1) - Gs(f, 8 1) _ Go(f, 85 4) — Go(f, 85 )
-5 S1
This, with Go(f, g; A) = f1 g and (5.6), yields the desired result. The proof is complete. O

6 Logarithmic mean of two convex functionals

In this section, we introduce a logarithmic mean of two convex functionals. Let f, g € [H(E). As pointed out
in [7], the map t — f# g is point-wisely continuous on (0, 1). We can then put the following.

Definition 6.1. Let f, g € [L(E). The expression
1
Lf.9) = [ e at (6.1)
0

is called the logarithmic mean of fand g.

The terminology used in the preceding definition will be justified later. The basic properties of L(f, g)
are embodied in the following result.

Proposition 6.2. Let f, g € [L(E). Then the following assertions hold:
@) L(f,f) =f and L(f, 8) = L(g, f)-
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(i) Foranyc,d € R, L(f+c,g + d) = L(f, g) + cVd, where cVd = C;d denotes the extension of the arith-
metic mean for any two real numbers.

(iii) Let a, B > O, then
La.f,B.g) = (@#B). La#p™ .f,a'#B . g),
L(f.a,g.B) =L(f.a#tB, g.a'#B).(a#tB),

where a#f = \/af is the scalar geometric mean of a and f. In particular, one has

La.f,a.g)=a.L(f,g) and L(f.a,g.a) = L(f, ). a.

Proof. (i) Since f# f = f foranyt € [0, 1], (6.1) gives L(f, f) = f. Making the change of variablest = 1 — uin

(6.1) we deduce L(f, g) = J; f#1_,gdu. This with (4.4) implies L(f, g) = L(g, f).

(ii) and (iii) According to (2.2), with some basic operations and manipulations, we immediately deduce
the desired equalities. The details are straightforward and therefore omitted here. O

The following result contains more interesting properties of L(f, g).

Theorem 6.3. Let f, g € Io(E). Then

@) If(f,g) € W, then the binary map (f, g) — L(f, 8) is separately point-wise increasing and separately
point-wise concave.

(ii) The functional arithmetic-logarithmic-harmonic inequality holds, i.e.,

flg < L(f,8) < fVg. (6.2)
Thus, L(f, g) € Io(E) provided that dom f n dom g # @.

Proof. (i) Follows from Proposition 5.1 and Theorem 5.2, with (6.1), respectively. (ii) By the right inequality
in (4.5), we have f#: g < fV,g for all t € [0, 1]. Integrating this latter inequality over t € [0, 1], and noting

that .[; fVig dt = fVg we get the right inequality of (6.2). Now, we prove the left inequality of (6.2). First,
recall that we have f!; g = (f*V;g")". In another part, by (6.1) with the left inequality of (4.5) we get

1

1 1
L(f.g) = jf#tg dt > ff!tg dt = j (FVig™) dt.
(0] 0

0

According to (2.3), the duality map ¢ — ¢* is point-wisely convex. Following [22], such map satisfies the
integral Jensen inequality. Thus, we obtain

. .
L(f,g) = If*Vtg* dt| = (f'Vg'y =flg.

0

From (6.1) we deduce that L(f, g) is convex l.s.c, as integral of a family of convex l.s.c functionals.
Furthermore, from the right inequality in (6.2) we infer that L(f, g) is proper whenever fVg is, i.e.,
dom f n dom g # &. The proof is complete. O

The following result is as well of interest and justifies the terminology used in Definition 6.1.

Proposition 6.4. Let A, B € 8**(H). Then we have
L(Qu4, Q) = Qra,B) (6.3)

where Q, refers to the generated function of A previously defined, and



DE GRUYTER The logarithmic mean of two convex functionals =— 1677

1
L(A, B)= I A#B dt = AV2F(AV2BATY2) A2, (6.4)
0

with F(x) = ’; ;)1( forx >0, x+1,and FQ1) = 1. That is, L(A, B) is the operator logarithmic mean of A and B.

1

Proof. By (6.1), with the third relation in (4.7), we can write

1 1
L@ @) = [ Q@i = [ Qupdt-Q [ ausa Qs
0 0 0

with
1 1
L(A, B) = j A#B dt = A2 _[ (AV2BATV2)t QA2 = AV2F(A12BAY2) A2,
0 0

where, for x > 0,

1

t T _
F(x)::jxfdtz Xl oX=1 vz, FO) =1
logx |, logx

0

The proof is complete. O
In order to state another result of interest, we need the following lemma.

Lemma 6.5. Let x > O then we have

1

p(x)= f xV sin(v) dv =

0

x+Dm
% + (log x)? (65)

1
Proof. We consider (x) = IO x'cos(nv) dv and we compute P(x) + ih(x), where i? = 1. Elementary com-
putation of integral leads to

1 1

PY(x) + ip(x) = J x'e™ dv = I expv(im + logx) dv = L_l
im + logx
0 0
Separating real part and imaginary part, we get the desired result, hence the proof is complete. O

In Definition 6.1, L(f, g) is defined in terms of the weighted geometric functional mean. The following
result gives an expression of L(f, g) in terms of the weighted harmonic functional mean.

Theorem 6.6. Let f, g € [H(E). Then
1
L(f,8) = jf!tg du(t), (6.6)
0

where u(t) is the probability measure on (0, 1) defined by
dt

du(t) = .
u(t) t(l—t)(ﬂ”(logl%)z) (6.7)




1678 —— Mustapha Raissouli and Shigeru Furuichi DE GRUYTER

Proof. By (6.1) and the third relation in (4.1) we can write

1

sin(7s)
L(f,g) = jf#sg ds = [ j - t)sf'tg dt ds,

0

or, equivalently,

L(f,g) =

S
o'—‘H

1
fs
, I 1n(ns)[ )ds dt.
0

This, with (6.5) and a simple reduction, yields

1

flig dt
L(f,8) =
s '!- ta1-1t) (rr2 + (log ﬁ)z )

The fact that L(f, f) = f and f; f=f for any t € (0, 1) and f € IH(E) implies that j; du(t) =1, i.e., u(t)is a
probability measure on (0, 1). The proof is complete. O

1
= jf!tg du(t).
0

The preceding theorem, when interpreted in terms of functional mean and operator mean, brings us
some information of great interest. In fact, first mention that the operator version of (6.6) is given in the
following.

Corollary 6.7. For any A, B € B**(H) we have
L(A, B) = I A1B du(t), ©6.8)

where L(A, B) is given by (6.4) and u(t) is defined in Theorem 6.6.

Proof. Taking f = Q4 and g = Qg in (6.6), with the help of (6.3), we get

1 = .
QJ.O AlB du(t) QL(A’B)

L(Qu, Qp) = .[ Qu!Qp du(t) = j Qu, B du(t) =
0
The desired result follows. a

Now, let us observe the following remark which explains some interesting topics.

Remark 6.8. The Kubo-Ando theory for monotone operator means, [3], tells us that every operator mean
AoB can be written in the following form:

AoB = f A B dp(), 6.9)

where p(t) is a certain probability measure on (0,1) depending on the operator mean ¢. This, when
combined with (6.8), gives us the explicit probability u(t) on (0, 1) corresponding to the logarithmic operator
mean L(A, B). Furthermore, combining (6.6) and (6.9) we can infer that L(f, g), previously defined, is a
reasonable extension of L(A, B) when the positive operator variables A and B are replaced by convex
functional arguments f and g, respectively.

The following remark may be of interest as well.
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Remark 6.9. Theorem 6.6 may be a good tool again for bringing us some information about computation of
some integrals that are not simple to compute directly. Indeed, the fact that du(t) is a probability measure
on (0, 1), with a simple decomposition, yields

1
1

1
'([ t(n2 (log— ) '([ 1-t (nz log —)2) 2 (©10)

By simple change of variables in these latter integrals, we get

/2 /2

J‘ tan z dz _ J cotz dz 1
2 + 4(log(tan z))?

2 + 4(log(cot )2 4~

and then

J‘ u du _1
A+ )+ (logu?) 4
0
Another remark which gives more explanation about the interest of (6.6) is recited in what follows.

Remark 6.10. Let ¥:(0, 1) —» R be defined by:
1

- o(r + (105 ) ) (6.1)

It is easy to see that ¥ is a symmetric density function on (0, 1), i.e., ¥(t) > 0 and ¥(t) = ¥(1 - ¢t) for any

Vte (0,1) V() =

1
t € (0,1)and IO Y(t)dt = 1. Since t — f1; g is point-wisely convex, see Proposition 5.4, we can then apply

the so-called Féjer-Hermite-Hadamard inequality, [23], to (6.6). In fact, for any x € E, we have
log(x) + flhigx
fangt < [ w0 de < L8 S48

This, with flog=f, fig =8, fh,2 & = f!g and (6.6), immediately yields again (6.2).

7 Further inequalities about L(f, g)

In this section, we give more inequalities involving L(f, g). We first state the following result which will be
needed in the sequel, see [10].

Lemma 7.1. Let f, g € [(E). For each t, s € (0, 1), we have
0<ns(f%sg-fs8 <f%ug-fe8 <R s(f%g-fsg), (7.1)

where we set

Ts = mln(£ l_—tj and Rts—max(t l_t)
s 1 1-s

Now, we are in the position to state the following result which concerns a refinement and reverse for the
right inequality in (6.2).
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Theorem 7.2. Let f, g € I[H(E). Then for any s € (0, 1) we have

Og(l_lst

2 < fvg - L(f, g) < 108 ~L58

s(1-s) s1-s) (7.2)

where we set

S

1-s
L=s I W) dt + (1 —s) f o) dt,  w(t) =
0 0

1
t(r[2 + (log ﬁ)z ) ’

1
Proof. Using (6.10), it is easy to check that fVg = IO fVig du(t), where u(t) is defined in Theorem 6.6. It
follows that

te(0,1).

1
Vg~ L(f.g) = j (FYig - fieg) dp(t).
0

This, with (7.1), yields
a(fVsg - flsg) <fVg - L(f,8) < bs(fVsg - fs 8),

where we set

1

1
a = [ nodu®, b= [ Res .
0

0

Let us remark that R; s = 2 ift>sand R;s = i_;; if t < s. By the elementary techniques of integration, it is
not hard to check that
s 1-s
bs = 1 w(t) dt + 1 J. w(t) dt = ! L.
1-s g S ! s(1-5)

For computing as, we use the fact that

1-t t1-s)+s1-1)

s+ Res=—+ =
bs TS 1-s s(1-5s)

Multiplying by du(t) and integrating over ¢ € (0, 1), with the help of (6.10), we get as + b = ﬁ Other-
wise, by (6.10) again we can write
1 1

1
L<s | wt)dt+ (1 -5s) | wt)dt ==.

Summarizing, we get (7.2), hence the proof is complete. O

Remark that (7.2) implies that% <k < % for any s € (0,1). Taking s = % in (7.2) we immediately obtain
the following result, which refines the right inequality of (6.2).
Corollary 7.3. Let f, g € Io(E). Then one has
0<@2-D(fvg-fig) <fvg - L(f, 2,
or, equivalently, as an upper bound of L(f, g) in convex combination of fVg and f'g
L(f,g) s -DfVg+ (2 - Df'g < fVg,

where we set
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1

2
I::4I%:4J‘w(t)dt, 1<I<2.

0

Note that the operator versions of Theorem 7.2 and Corollary 7.3 are immediate. Otherwise, the exact

1
value of the integral I% = .[()2 w(t) dt € E, ﬂ seems to be uncomputable.

Corollary 7.3 gives an upper bound of L(f, g). For giving a lower bound of L(f-g) we need the following
lemma.

Lemma 7.4. Let f,g € [(E) and t € (0, 1). Let x € E be such that of (x) + & and dg(x) + &. Then, for any
x* € of(x) and z* € dg(x), we have the following inequality:

(0 <)fVig - f# g <t - O)(Fglx, X )VFr(x, 27)), (7.3)
where, foranyy €e E,y* € E* and h : E —» R U {-00, +00}, we set

Fr(y,y") = h(y) + i*(y") - Rey", y> = 0. (7.4)

Proof. This result was proved in [24] when E is a Hilbert space. The same proof works when E is an arbitrary
locally convex topological space. O

For f, g € IH(E), we also need to introduce the following notation:

fog(x) = sup {Rex", x) — g"(x")}, (7.5)
x*€df (x)
with the usual convention supg(---) = —0co. The elementary properties of the law (f, g) — fog are summar-
ized in the following result.

Proposition 7.5. Let f, g € [L(E). The following assertions hold:
(i) For any x € E, we have

fog(x) = (8" + Warn))" (X).
(ii) Let A, B € B**(H). Then one has
QuoQp = Quop, With AoB =2A — ABA.

(iii) fog is not always convex.
(iv) fog < g and so B — A+B is positive for any A, B € 8**(H).

Proof.
(i) Follows from (7.5), with the definition of the conjugate duality.
(ii) We use (3.1) and Proposition 3.1(v) with some algebraic manipulations. The details are straightforward
and therefore omitted here.
(iii) It follows from (ii), since 24 — AB~'A is not always positive.
(iv) It is a consequence of (i) and (ii). O

Before stating another main result, we mention the following remark which is of interest.
Remark 7.6. Since our involved functionals can take the values oo, we have to be careful with certain
critical situations. In fact, the equality f — f = 0 is not always true. Precisely, we have f — f = Wjom by virtue
of the convention (+0c0) — (+00) = +00. For the same reason, the equality f — g = —(g — f) is not always

true. Also, the inequality f < g is equivalent to g — f > O but it is not equivalent to f - g < 0.

We are now in the position to state the following result which reverses the right inequality in (6.2).
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Theorem 7.7. Let f, g € To(E). Let x € E be such that of (x) + @ and 0g(x) + &. Then, for any x* € of (x) and
z* € og(x) we have

0 < fV8(0) - L(f, ) (x) < %(afg(x, X)VFH(x, 2°)). (7.6)
Or, equivalently,

0<fVg-Lif.8) < %(ng ~ (fog)V(gof)). (7.7)

Proof. Integrating (7.3) side by side over t € [0, 1], with (6.1) and the fact that I; fVig dt = fVg, we get (7.6).
We now prove (7.7). According to the previous remark, we begin by discussing some typical situations. Let
x € E. If of (x) = & or 0g(x) = &, then by (7.3) we infer that fog(x) = —co or gof(x) = —co, respectively. In
this case, we have (fog)V(gof)(x) € {—00, +00}. If (fog)V(gef)(x) = +00, then by the first part of Proposi-
tion 7.5(iv) we deduce that f(x) = +0o or g(x) = +co and so all sides of (7.6) take the value +co at x. If
(fog)V(gof)(x) = —oco thus the two right sides of (7.6) are both equal to +oco, by virtue of the convention
(c) — (—00) = +oo forany ¢ € R U {-00, +00}. It follows that (7.6) is satisfied at the point x, since ¢ < +oo for
anyc € R U {-o00, +00}. Now, assume that of (x) # & and 0g(x) # &. Then (7.6) is satisfied at x and it is then
equivalent to the following inequality:

0 < fVe(x) - L(f, 8)(x) < l[ inf F,00x)V inf FHx, z*)]. (7.8)
6 (x*cdf(x) 2" €dg(x)

By (7.4) and (7.5), we have

Anf Folx, x) = g(x) — fog(x),  inf Fp(x,z") = f(x) — gof ().
x*€df (x) z"€0g(x)

Substituting this in (7.8) we get the right inequality of (7.7) at x. The proof is complete. O

By using Proposition 7.5(ii) we leave it to the reader the routine task to check that the operator version
of Theorem 7.7 may be recited as follows.

Corollary 7.8. For any A, B € B**(H) there holds

0<AVB-L(A,B) < %((AB’lA)V(BAle) — AVB). (7.9)
Remark 7.9. It is easy to check that the scalar version of (7.9) reads as follows: for any real numbersa, b > 0
we have

0<avb - L(a, b) < %(aVb)((aVb)2 — (a#b)?),

where L(a, b) is the standard logarithmic mean of a and b, i.e., L(a, b) = %, for a # b, and

" loga-
L(a, a) = a.

Now, we will be interested in refining the left inequality of (6.2). Let f, g € Io(E) be fixed. For s € [0, 1],
we set

1
Ut 8) = [ (Fheeo18) duo), 7.10)
0

where du(t) is defined by (6.7). Remark that Uy(f, f) = f forany f € [4(E) and s € [0, 1]. Themap s — Uy(f, g)
enjoys nice properties which we embody in the following result.
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Theorem 7.10. The following assertions hold true:

(@)
(i)

(iii)

The map s — U(f, g) is point-wisely convex on [0, 1].
For any s € [0, 1], we have the inequalities

f'g < U(f, 8) < (f18)VsL(f, 8) < L(f, 8), (7.11)
which refines the left inequality in (6.2).
We have
inf U(f,g) =flg and sup U«f,g) = L(f, 8), (7.12)
s€[0,1] s€[0,1] :

where the infimum and supremum are taken for the point-wise order.

(iv) The map s — U(f, g) is point-wisely monotone increasing.
Proof.
(i) By Proposition 5.4, with the fact that s — st + %(1 - s) is affine for fixed t € [0, 1], we deduce that, for

(i)

(iii)
(iv)

anyt € [0, 1], the family of maps s f!s“.%(/\_s) g is point-wisely convex on [0, 1]. Thus, s — Us(f, g) is
also point-wisely convex on [0, 1].
Since t — f!; g is point-wisely convex, we can write

flstria-9 8 < sfleg + 1 - s)fl1 8.
Multiplying this latter inequality by du(t) and integrating over ¢ € [0, 1] we obtain the middle inequality
in (7.11), since f11 g = flg. The right inequality in (7.11) is immediate, since f!g < L(f, g). Now, we prove
the left inequality in (7.11). As for the proof of Theorem 5.5, we fix f, g € [L(E) and we simply set

@(s) = fls g. By Proposition 5.4, @ is point-wisely convex on [0, 1]. In another part, (7.10) can be written
as follows:

Usf,8) =

© t—

cp[st +la- s)j du(o).

Writing this equality point-wisely we can then use the integral Jensen inequality, see also [22], and
we get

1
U(f.g) > 0 [ [st+ 30 - 9)] dueo| 7.13)
0

We have, by utilizing (6.7) and (6.10),
1

1
I[sn L1-s) dy(t)—s.[tdy(t)Jr (1—s)_[dy(t) Lsvla-s) =
0

0

Substituting this in (7.13) we obtain

U(f, 8) = O3] = f1y g = g,

whence the left inequality in (7.11).
By (7.10), it is clear that Uy(f, g) = f'g and Uy(f, g) = L(f, g). This, with (7.11), implies (7.12).
Let s1, 5; € [0,1] be such that s; < s;. Since s — Uy(f, g) is point-wisely convex, we have

Usz(f’g) - Usl(fag) > Usl(f’g) - UO(f’g)
Sy — S - st '
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By (iii) we have Us(f, g) — Uo(f, g) = O for any s, € [0, 1], since Uy(f, g) = f!g. Hence the desired result, so
the proof is complete. O

Remark 7.11. We leave it to the reader the task for formulating in an immediate way the analog of Theorem
7.10 when the two convex functionals f and g are replaced by two positive invertible operators A and B,
respectively.
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