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BOUNDS OF SOME TWO-PARAMETERS
RELATIVE OPERATOR ENTROPIES

ISMAIL NIKOUFAR"™, MARYAM FAZLOLAHI AND SHIGERU FURUICHI

(Communicated by M. Krni¢)

Abstract. The concept of relative operator entropy was introduced by Fujii and Kamei, and Fu-
ruta later extended it to a one-parameter family as a natural generalization. In this paper, we
study the two-parameter relative operator entropy and the two-parameter Tsallis relative oper-
ator entropy. Some upper and lower bounds for these two-parameter entropies are established.
As special cases, our results recover the corresponding bounds for the one-parameter relative
operator entropy and the one-parameter Tsallis relative operator entropy.

1. Introduction

Quantum relative entropy is a very important quantity in quantum information
theory and appears in many important relations, such as the monotonicity of relative
entropy under quantum channels. In information theory, more than thirty generaliza-
tions of Shannon entropy have been introduced, including parametric, trigonometric,
and weighted entropies. Shannon entropy represents the expected amount of infor-
mation contained in a random variable and quantifies the uncertainty or information
loss associated with it. In statistical physics, Tsallis entropy has become an essential
quantity in generalized (non-extensive) statistical mechanics. However, the notion of
entropy is essential not only in thermodynamical physics and statistical physics but also
in information theory and analytical mathematics such as operator theory and probabil-
ity theory. Mainly, the relative entropy is fundamental in the sense that it produces the
entropy and the mutual information as special cases.

Effros [6] introduced the perspective of a one-variable operator convex function
and proved its joint convexity in the commutative case. Suppose A and B are noncom-
mutative strictly positive operators. The noncommutative perspective of two variables
(depending on continuous function f) was defined in [5,25] by setting

Pf(A,B) :Bl/zf(B—l/zAB—1/2)Bl/2
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and it was shown that joint convexity holds whenever f is operator convex. Fuji and
Kami in [7, 8] defined the notion of the relative operator entropy of strictly positive
operators A and B by setting

S(A|B) = A% (logA~'/2BA™1/2)A1/2,

The notion of the generalized relative operator entropy depending on one-parameter
a € R of strictly positive operators A and B was defined by Furuta [15] by setting

Sq(A|B) = AV2(A712BA™1/2)% (1og A~ 1/2BA™1/2)A1/2,
In the special case o = 0, one obtains the relative operator entropy. In other words
So(A|B) = S(A|B).

Note that the relative operator entropy S(A|B) is the perspective of the function logz.
Indeed,
S(A|B) = Piog:(B,A).

The generalized relative operator entropy Sy (A|B) is the perspective of the function
t%*logt, in the sense that
Sa(A|B) = Praiog: (B,A).

The notion of the relative operator (a, 8)-entropy (two-parameter relative operator en-
tropy) of strictly positive operators A and B and real numbers o, 3 was defined in [20]
by setting

Sop(A|B) = API2(A=P12BA~P/2) % (10g A=P/2BA=P/2) AP /2,

In the special case 3 = 1, one obtains the generalized relative operator entropy depends
on o € R. In other words,

Ser.1(A|B) = So(A[B)
and

So.1(A[B) = S(A|B).

Some equivalent relations for the relative operator entropy have been investigated in
[24].

Marechal in [17, 18] defined generalized perspective for functions f : R" —
(—o0,00) and h: R™ — (0,00) on R by setting

Pran(t,s) = f (ﬁ) h(s).

The notion of the noncommutative generalized perspective of two variables (associated
with f and h) for strictly positive operators A and B was defined in [5,25] by setting

Pran(A,B) = h(B)' 7 f(h(B)~'An(B)~'*)n(B)'/2.
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The relative operator (o, ) -entropy is the noncommutative generalized perspective of
two variables associated with the functions f(r) =t®*logt and h(r) =t?, in the sense
that

So.p(A|B) = Pran(B,A).

Dragomir [4] achieved some bounds for the difference

logm
S(alB) -+

logeM
(MA—B) — 2%
—m M—m

(B—mA)

of strictly positive operators A and B and specified values of 0 < m < M such that
mB < A < MB. He used the fact that in general S(A|B) and S(B|A) are not equal and
obtained some bounds for the difference

1 MlogM
O™ (\A - B) + 208
M—m M—m

(B—mA) +S(B|A)

with the same assumptions of the previous problem in [3].

In this paper, we obtain the upper and lower bounds of the relative operator entropy
depending on two real parameters o and f3, as well as the upper and lower bounds of
the Tsallis relative operator entropy depending on two real parameters o and [ for the
strictly positive operators A and B. Our results recover and generalize earlier results
in [3,4] and they include the one-parameter and classical cases as special instances.

Throughout this article () indicates the C*-algebra of bounded linear opera-
tors on a Hilbert space H with inner product (-,-). If A is a self-adjoint operator in
B(H), we say A is positive if (Ax,x) > 0 for all x € H and use the notation A > 0. In
addition, if A is invertible, we say A is strictly positive and write A > 0. For operators
A and B in B(H), write A > B whenever A— B >0 [1].

2. Relative operator entropy depending on two real parameters

Bounds of the relative operator entropy depending on one-parameter were ob-
tained in [21,26]. In this section, we establish corresponding bounds for the two-
parameter relative operator entropy, recovering and extending the results in [3,4]. For
convenience, we introduce the following notation:

_ M— 1 _ M+m
R(u) := max - m7—u == u727
M—m M—m 2 M—m
. u—m M—u 1 u—@
r(u) := min —— b= — | —2 |
M—-—m M—m 2 M—m
M ¢ M o] M%*logM
Co(m,M) = (%) log< '2|‘m>_m Ogm—; og ’

where 0 < m < M. Throughout this section we assume 0 < o < 1 and consider

f(t) =t%logt,
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where the function log? is the natural logarithm function. We define
Do :={t>0:f"(t) <0}

In this case, it is clear that the function f is concave on D, . A straightforward com-
200—1
putation shows Dy = [e*(=%)  4o0). Note that as o — 0 one has Dy = (0,+o0),
consistent with the well-known fact that the logarithm is concave on Dy .
We now recall several lemmas needed for our main results.

200—1
LEMMA 1. The function f(t) =t*logt is concave on Dy = [e =% +oo).

LEMMA 2. [2] If g: C — R is a concave function on the convex set C C R,
then

2[g(x42ry)_g(X)ﬂ2Lg(y)} .

<g((I=A)x+4y) = ((1=2)g(x) +Ag(y))
<2 [g(ery)_g(X)ﬂLg(y)}R

2 2
Sforany x,y € C and A €[0,1], where r =min{A,1 — A} and R = max{A,1 —A}.
LEMMA 3. [3] If g is a real valued and concave function on the interval J, then

0.< g((1=A)v+23) = (1= A)gl) + Ag0)
SAL=2)y—x)(g"(x) — &} ()
Sforany x,y € J with x <y and A € [0,1].
LEMMA 4. [3] Let g be a real valued and twice differentiable function on an

open interval J. If there exist the constants By and [, such that B < g"(t) < B, for
any t € J, then

S APy —x) < (1= 2)gx) + Agly) —&((1— Apx-+4y)

1
<A —2)Ba(y —x)?
forany x,y € J with x <y and A € [0,1].

LEMMA 5. [22] Let fi,f2,f3 and h be real valued functions on the closed in-
terval J such that h > 0. If fi(t) < f2(t) < fz(t) for t € J, then

Pran(A,B) < Pran(A,B) < Pran(A, B)

for strictly positive operators A and B.
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We now present our main results.

THEOREM 1. Let A and B be strictly positive operators such that mAP < B <
MAP for some m,M € Dy with 0 <m <M and B € R. Then,

m%logm B M%*logM B
< _ o B —-————° " (B_—
0< Sup(AlB) ~ —— = (MAP —B) — =——==(B—mAP)
m*~ (14 alogm) —M*~1(1+ alogM
< ( £ ]\)/I—m ( & )PkAh(B»A)

where k(1) = (t —m)(M —t) and h(r) =1P.

Proof. According to Lemma | the function t*log? is concave on Dy, . Replacing
g(t)=1%logt, x=m,y=M,and A = AZ/'I_m

for z € [m,M] in Lemma 3 one gets

m*logm M*logM
< 2O 5 S =l
0<flogz——— (M —2) = —— = (z—m)
11+l —M* 11+ ologM
gm (l+a ogmA)/I_m (1+alog )k(z). 0

According to Lemma 5 and taking the noncommutative generalized perspective with
h(t) = 1P on both sides of the inequalities (1) one can reach the result. []

COROLLARY 1. Let A and B be strictly positive operators such that mAP < B <
MAP for some m,M € Dy with 0 <m <M and f € R. Then,

mo‘logm(MAﬁ _B)— M*logM

0<S,5(A|B)—
ap(AlB) M—-m M—-m

(B—mAP)

< = (M —m)(m® (1 + alogm) — M*~' (14 atlogM))AP.

ENY

Proof. The maximum value of the function k(r) defined in Theorem 1 occurs at

M 1
t= tm and this maximum value is equal to 7 (M —m)?. Replacing this maximum

value in (1) one can deduce

m%*logm M%*logM
<%logz————(M—z) — ———(z—
0 < z%logz M—m( 2) T m (z—m)
1
< Z(M—m)(mo‘*l(l + alogm) — M1 (1 + alogM)). (2)

In view of Lemma 5 and taking the noncommutative generalized perspective with
h(r) = tP on both sides of the inequalities (2) one can obtain the result. ]
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THEOREM 2. Let A and B be strictly positive operators such that mAP < B <
MAPB for some m,M € Dy with 0 < m <M and B € R. Then,

2CO¢ (m7M)P,Ah(B7A)

m*logm

M%logM
< Sup(A]B) B (b ) - M OE N

—m M—m
< 2Cq(m,M)Pran(B,A),

where h(t) =1P.

(B —mAP)

Proof. Using Lemma 2 and putting g(r) =t%*logt for t € Dy, we get

[0 o 04
2[(x—;y> log<x+y>_x logx+y logy}r

2 2
< (1= 2)x-+A9) log((1— A+ Ay) — (1 - A)x*logx-+ % logy)
o o o
<2 [()Hz—y) log ()Hz—y) X log)Hz—y logy} R 3)

where x,y € Dy, A € [0,1], r=min{A,1 —A} and R = max{A,1—A}. Replacing

x=m,y=M,and A = AZ/I__H; for z € [m,M] in the inequalities (3), we have

2Cq(m,M)r(z)

m*logm M“logM
< o - = _ - < _
S2tlogz— g (M —2) = === (2= m)
< 2Cq(m,M)R(z). 4)

Applying Lemma 5 with h(t) =P gives the desired operator inequalities. ]

THEOREM 3. Let A and B be strictly positive operators such that mAP < B <
MAP for some m,M € Dy, with 0 <m <M and f € R. Then,

1
Ema_2(206 — 1+ o(a—1)logm)Pin(B,A)
m*logm

M%logM
< 7(MAB—B)+i
M—m M—m

(B—mAP) — S, 5(A[B)
< %Maiz(ZOC — 1+ a(a—1)logM)Pian(B,A),
where k(1) = (t —m)(M —t) and h(r) = 1P.

Proof. Using Lemma 4 and putting g(¢) =t*logt for t € Dy, one has

A(1=2)Ba(y—x)? (5)



BOUNDS OF TWO-PARAMETERS OPERATOR ENTROPIES 521

where x,y € Do, A €[0,1], B1 =m* 2(200— 1+ o(oc— 1) logm), and B = M*2(20.—

for

1+ oa(a—1)logM). Replacing these values and x =m, y=M, and A = AZ/I_

—m
Z € [m,M] in the inequalities (5) we reach

m* (200 — 14 a(or— 1) logm)k(z)
m*logm M“logM

= e M- - e
U (M—2z)+

M—m
< %M"‘”(Za— 1+ oa(o—1)logM)k(z). (6)

//\ LT

(z—m)—z%logz

Taking the generalized perspective with h(7) = 1P yields the result, by Lemma 5. [

REMARK 1. In Theorem 1 and Corollary 1, setting § — 1, one can obtain the
bounds of the generalized relative operator entropy depending on the parameter o .
Moreover, in Theorems 2 and 3, letting f — 1, one deduces the bounds of the gen-
eralized relative operator entropy depending on the parameter o.. In Theorem 1 and
Corollary 1, as o — 0 and § — 1, one can reach the bounds of the relative operator
entropy. In addition, in Theorems 2 and 3, when o — 0 and 8 — 1, we get the bounds
of the relative operator entropy, which recover the results presented in [3,4].

3. Relative operator entropy depending on two general real parameters

In this section, we show that we can escape from the first domain D, considered
in the previous section and look at the domain a little freely. We need the following
notation

zﬁ(M (= )

¢z) =1+ ,
(m+M) Mm MM m
(M —2)(z—m)
D=1+ S
T’( ) 2m2A1/\1/1 nrlnLMM m

The operator (o, f3)-geometric mean was introduced by Nikoufar et al. [23] for
0< a,B <1 asfollows:
B B B B
Af(qp)B:=AZ(A"ZBAT7)%A?
for every strictly positive operators A and B. This is a generalization of the operator o -
geometric mean, i.e., every operator ¢-geometric mean is an operator (o, 1)-geometric
mean. The generalized perspective of the functions f(r) = 1%, h(r) = (P is the (o, B)-
geometric mean of two strictly positive operators [22]. This notion can be extended for
o, B € R as follows:

AbqpB =A% (A5 BA-T)A

We now provide the main result of this section.
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THEOREM 4. Let A and B be strictly positive operators such that mAP < B <
MAP with 0 <m < M and o, €R. Then,

mlogM — Mlogm
M —

logM —logm
M—m

Pran(B,A) < Sq p(A|B) + Afi(q.p)B Afor1,)B

< PgAh(BaA)7
where f(t) =1%log(1), g(t) =t%logn(t), and h(t) =1P.

Proof. Let 0 <x<yand A €[0,1]. Inview of (2.6) in [10] and replacing { with
x, we find that

m (Jy—c))/‘ylf’L <Axt (1-A)y< M, (;—C)x*y”% %

where

- ()_C) - A(1—=A)(x—y)?

(x—|—y)’l+1y1*7t ?
x A=) (x—y)?
M; (;) =1+ PRSI

Replacing x=m, y=M,and A = i < for z € [m,M] in (7), we see that

M-z z—m M-z z—m

O (z)md¥=—m M= 0 M Mo

3
VA
[l
VA
=
=
5
N

Taking logarithms gives

logm
I
0gp(z)+ 47

<logz
logM
M—-m

log
Y

3!
ogn(z)+ 3~

M—2z)+ (z—m).

So, multiplying both sides of these inequalities with z* one can realize that

logm

logM
o] ) < z%logz — Mz% —%th - —=—
*logp(z) < %logz M—m( 7%=z

M—m

(Za+l _mza)

< 7%logn(z).
A simplification indicates that

mlogM —Mlogm , logM —logm .,
M—-m ¢ M—-m ¢
< 2%logn(2). ®)

%logo(z) <z%logz+
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According to Lemma 5 and calculating the noncommutative generalized perspective
with A(t) =P on both sides of the inequalities (8), one can obtain the result. [J

In particular, when we consider « € R, f =1 and oo =0, = | respectively,
we reach the lower and upper bounds for the generalized relative operator entropy and
relative operator entropy as follows.

COROLLARY 2. Let A and B be strictly positive operators such that mA < B <
MA with 0 <m <M and o € R. Then,
mlogM — Mlogm
M —

logM —logm

Py(B.A) < SulA[B) + —

AlgB — Alg1B

< Pg(B’A)7
where f(t) =t%log(t) and g(t) = t*logn(z).

COROLLARY 3. Let A and B be strictly positive operators such that mA < B <
MA with 0 <m <M and oo € R. Then,
mlogM — MlogmA logM — logmB

M—m M—m

Py (B,A) < S(A|B) +
< Pgy(B,A),

where fy(t) =logo(t) and go(t) =logn(z).

Corollary 3 is a revised version of [11, Theorem 2.1] and we have modified the
definitions of ¢ and 1.

4. Tsallis relative operator entropy depending on two real parameters

Yanagi et al. [30] introduced the notion of the Tsallis relative operator entropy, and
Furuichi [13] extended this notion as a parametric generalization of the relative operator
entropy, establishing several operator inequalities related to the Tsallis relative operator
entropy. For noncommutative strictly positive operators A and B and 0 < o < 1, the
one-parameter Tsallis relative operator entropy [8] is defined by

AT(A"IBA"I)%AT — A
- .

Ta(A|B) =

o _

Equivalently, using the function Ing X = for the positive operator X, one may

express this as
1 1 1 1
To(A|B) =AZ(Ing A"2BA™2)A2.
The two-parameter Tsallis relative operator entropy introduced in [20] is given by

T, p(A|B) :Ag(lnaA_gBA‘g)Ag = T, (AP B)
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for the strictly positive operators A and B and real numbers o # 0, 3. In the special
case when § =1 we have
Ty1(A|B) =Ty (A|B).

It is also clear
éi%Ta=5(A‘B) = Soﬁ(A|B).

This entropy can also be written as a generalized perspective:

TOCﬁ (A|B) = PlnatAtﬁ (BaA)7

which links it naturally to the theory of noncommutative perspectives. Throughout this
section we set

m+M 1 1
Uoc(m7M) == lna (T) - Elnam_ ElnaM.

LEMMA 6. [15] The function f(t) =1Ingt is concave on the interval (0,+e) for
any o € (0,1].

Let f:J — R be a continuous function. The quasi-entropy (quantum f -divergence)
[27]
S¥(A|B) = TrX*Ps(La,Rp)X, VX € M(n,C)

is defined by perspective for A,B > 0 where Ls(X) = AX, Rp(X) = XB for any oper-
ator X . Another important quantity is the maximal f-divergence [16,28],

S¢(A|B) := TtBf (B’l/zAB’m) .
For operator convex functions f on (0,c0), one has the fundamental inequality [16, 19]:

SH(A|B) < $/(A|B). ©)

_ -
As an example of this inequality, take f(x) := x!~%Ingx = % for —1 <

o < 1 with o # 0. Since this function f is operator convex on (0,°), we obtain
B B Epa-8)] =
Do (AP,B) < —Tr |APIng (A"2BA™2 )| = —TrT, g(A,B),

for —1 < a <1 with a #0 and 8 € R. Where the Tsallis relative entropy is defined
by [14]

Do(A,B) :=Tr [A'"%(Ing A — Ing(B))] = w, (o0 #0).

However, the following inequality is known [9,29] for -1 < o <1, a #0 and y > |/,

Du(AB) < —Tr[Alng (A ¥BYA~5)7]. (10)
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This inequality can not be derived from the inequality (9) as an example of the operator
convex function. Replacing A by AP we getfor -1 <a<1,a#0,y>|a| and
B ER,
By
Du(AP|B) < —Tr[AP Ing (A~ F B4~ F)1].

Since T, g(A,B) = Ty (AP B) is a special case of the Tsallis relative operator entropy
Tw(A,B), it is natural to consider the behavior of the right-hand side of (10). Lower
bounds for Tsallis relative entropy D, (A|B) were also studied in [12].

THEOREM 5. Let A and B be strictly positive operators such that mAP < B <
MAP with 0 <m <M, B €R, and o € (0,1]. Then,

1 1
n”‘m(MAﬁ B)— oM T (B —mAP)

0<Typ(AlB) -

— _MOC—I -
M—-m
where k(1) = (t —m)(M —t) and h(t) = 1P.

Pran(B,A),

S

Proof. In view of Lemma 6 the function Ing 7 is concave on (0,+<0). By putting

g(t)=Ingt,x=m,y=M and A = AZ/I_ ™ forze [m,M] in Lemma 3 one can observe
—m

that
Ingm Ing
0<Ingz— —2)— -
Moz = g, M =2) =g e =m)
mOC—I_MOC—l
< ———k(2). 11
k@) (11)

We yield the result by Lemma 5 and calculating the noncommutative generalized per-
spective with A(t) = t# on both sides of the inequalities (11). [J

COROLLARY 4. Let A and B be strictly positive operators such that mAP < B <
MAP with 0 <m <M, B €R, and o € (0,1]. Then,

1 Ing M
0 < T p(A|B) — n”‘m(MAﬁ B)— — T (B —mAP)
1
< Z(M—m)(m“_l —M% AP,

Proof. As mentioned in Corollary 1, the function k(z) attains its maximum value

M
at t =

1
™ and this maximum value is equal to Z(M —m)?. Replacing this maxi-
mum value in the inequalities (11) we get

Ing,m
M—7)—
M—m™M =3~ 3=

(M —m)(m* ' — M%),

Ing M

(z—m)

Oglnaz_

4>|»—

Applying Lemma 5 with A(1) = t# completes the proof. [
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THEOREM 6. Let A and B be strictly positive operators such that mAP < B <
MAP with 0 <m <M, B €R, and o € (0,1]. Then,

2Ua(m7M)P,Ah(B A)
ln m
oc B(A‘B) B

X ZUO( (maM)PRAh(BaA)7

Ing M

( MAP —B) — (B mAP)

where h(t) =1P.

Proof. Using Lemma 2 and putting g(¢) = Ing ¢ for 1 € (0,+oe), it follows that

1 1
Z[Ina (?) — Elnax— Elnay]r

<Ing (1 —=A)x+Ay)— (1 —A)Ingx—Alngy

1 1
2 [lna <x¥> — Elnax— Elnay} R,

where x,y € (0,+) and A € [0,1], r = min{A,1 — A}, and R = max{A,1—A}.
Replacing x=m, y=M,and A = AZ/I__m
find that

for z € [m,M] in the above inequalities, we

22Uy (m,M)r(z)

Ing m Ing M
<1 — M—7z)— —
floez M—m( 2) M—m(Z m)
< 2Uq(m,M)R(z). (12)

Taking the noncommutative generalized perspective on both sides of the inequalities
(12) and using Lemma 5 with h(r) =P yields the desired bounds. [J

THEOREM 7. Let A and B be strictly positive operators such that mAP < B <
MAP with 0 <m <M, B €R, and o € (0,1]. Then,

where k(1) = (t —m)(M —1t) and h(r) = 1P.
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Proof. Due to Lemma 4 and putting g(r) = Inyt for 7 € (0,+e0) we have

A(1=2)Bi(y—x)?
—A)Ingx+Alngy—Ing((1 —A)x+Ay)

AL =2)Ba(y —x)?, (13)

A N =

(
1
< —
2
where x,y € (0,0), A € [0,1], B; = (¢ —1)m*~2, and B = (ot — 1)M*~2. Replacing

™ forz € [m,M] in the inequalities (13),

these values and x=m, y=M,and A = <

we observe that
(o —1)m*%k(z)
Ing m
M —
M — m( 9+ M—m
(a0 —1)M* k(). (14)

N =

(z—m)—1Ingz

The result follows by Lemma 5 and taking the noncommutative generalized perspective
with A(t) =P on both sides of the inequalities (14). [J

REMARK 2. By setting § = 1, we get

lim T, (A[B) = So,1(A|B) = S(A|B).

According to this equality and Theorems 5, 6, and 7 and Corollary 4, reproduce the
corresponding bounds for the relative operator entropy. Moreover, setting 3 = 1 in all
results of this section, gives the bounds for the one-parameter Tsallis relative operator
entropy.

REMARK 3. The function Iny(z) is convex for o > 1. Consequently, when this
function is used in Theorems 5, 6, and 7, all of the corresponding inequalities are re-
versed.
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