Bull. Math. Sci. Downloaded from www.worldscientific.com
by 71.188.98.66 on 05/31/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

World Scientific

www.worldscientific.com

Bulletin of Mathematical Sciences [
Vol. 1, No. 2 (2019) 1950008 (39 pages) \\
© The Author(s)

DOI: 10.1142/S1664360719500085

Some trace inequalities for exponential and logarithmic functions

Eric A. Carlen* ¥ and Elliott H. Lieb:8

*Department of Mathematics, Hill Center, Rutgers University
110 Frelinghuysen Road Piscataway, NJ 08854-8019, USA

TDepartments of Mathematics and Physics
Jadwin Hall, Princeton University
Washington Road, Princeton, NJ 08544, USA
fearlen@math.rutgers. edu
Slieb@math.princeton. edu

Received 8 October 2017
Accepted 24 April 2018
Published 14 May 2019

Communicated by Ari Laptev

Consider a function F(X,Y’) of pairs of positive matrices with values in the positive
matrices such that whenever X and Y commute F(X,Y) = XPY 4. Our first main result
gives conditions on F' such that Tr[X log(F'(Z,Y))] < Tr[X(plog X + qlogY)] for all
X,Y, Z such that TrZ = TrX. (Note that Z is absent from the right side of the inequal-
ity.) We give several examples of functions F’ to which the theorem applies. Our theorem
allows us to give simple proofs of the well-known logarithmic inequalities of Hiai and Petz
and several new generalizations of them which involve three variables X,Y, Z instead of
just X,Y alone. The investigation of these logarithmic inequalities is closely connected
with three quantum relative entropy functionals: The standard Umegaki quantum rel-
ative entropy D(X]|Y) = Tr[X(log X — logY]), and two others, the Donald relative
entropy Dp(X]|Y), and the Belavkin-Stasewski relative entropy Dgs(X||Y). They are
known to satisfy Dp(X||Y) < D(X]|Y) < Dpg(X||Y). We prove that the Donald rela-
tive entropy provides the sharp upper bound, independent of Z on Tr[X log(F(Z,Y))]
in a number of cases in which F(Z,Y) is homogeneous of degree 1 in Z and —1 in Y. We
also investigate the Legendre transforms in X of Dp(X||Y) and Dps(X||Y), and show
how our results for these lead to new refinements of the Golden-Thompson inequality.
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1. Introduction

Let M,, denote the set of complex n x n matrices. Let P,, and H,, denote the
subsets of M, consisting of strictly positive and self-adjoint matrices, respectively.
For X,Y € H,,, X > Y to indicate that X — Y is positive semi-definite; i.e. in the
closure of P,,, and X > Y indicates that X € P,.

Let p and ¢ be nonzero real numbers. There are many functions F : P, x P,, —
P, such that F(X,Y) = XPY? whenever X and Y compute. For example,

F(X,Y) = XP2yaxr/? or F(X,Y)=YY2XPy/? (1.1)

Further examples can be constructed using geometric means: For positive n x n
matrices X and Y, and ¢ € [0,1], the t-geometric mean of X and Y, denoted by
X+#.Y, is defined by Kubo and Ando [26] to be

X#,Y = XV2(x~12y x—1/2)t x1/2, (1.2)

The geometric mean for ¢ = 1/2 was initially defined and studied by Pusz and
Woronowicz [36]. Equation (1.2) makes sense for all ¢ € R and it has a natural
geometric meaning [40]; see the discussion around Definition 2.4 and in Appendix C.
Then for all » > 0 and all t € (0,1),

F(X,Y)=X"#,Y" (1.3)

is such a function with p = r(1 —¢) and ¢ = rt. Other examples will be considered
as follows.

If F is such a function, then Tr[X log F'(X,Y)] = Tr[X (plog X +¢logY')] when-
ever X and Y commute. We are interested in conditions on F' that guarantee either

Tr[Xlog F(X,Y)] > Tr[X (plog X + qlogY)] (1.4)
or
Tr[X log F(X,Y)] < Tr[X (plog X + qlogY)] (1.5)

for all X,Y € P,,. Some examples of such inequalities are known: Hiai and Petz
[23] proved that

lmx log(YP/2XPYP/?)] < Tr[X (log X +log Y)]
p
< 1Tr[X log(XP/2yPXP/2)] (1.6)
p

for all X,Y > 0 and all p > 0. Replacing Y by Y%? shows that for F(X,Y) =
XP2yaxp/2 (1.4) is valid, while for F(X,Y) = Y%2XPY%/2 (1.5) is valid:
Remarkably, the effects of non-commutativity go in different directions in these
two examples. Other examples involving functions F of the form (1.3) have been
proved by Ando and Hiai [2].
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Here we prove several new inequalities of this type, and we also strengthen the
results cited above by bringing in a third operator Z: For example, Theorem 1.4
says that for all positive X, Y and Z such that Tr[Z] = Tr[X],

1T]r[X log(YP/2ZPYP/2)] < Tr[X (log X + log V)] (1.7)
p

with strict inequality if Y and Z do not commute. If Y and Z do commute, the
left side of (1.7) is simply Tr[X (log Z +1og V)], and the inequality (1.7) would then
follow from the inequality Tr[X log Z] < Tr[X log X] for all positive X and Z with
Tr[Z] = Tr[X]. Our result shows that this persists in the noncommutative case,
and we obtain similar results for other choices of F', in particular for those defined
in terms of geometric means.

One of the reasons that inequalities of this sort are of interest is their connection
with quantum relative entropy. By taking ¥ = W~1, with X and W both having
unit trace, so that both X and W are density matrices, the middle quantity in (1.6),
Tr[X (log X —log W)], is the Umegaki relative entropy of X with respect to W [43].
Thus (1.6) provides upper and lower bounds on the relative entropy.

There is another source of interest in the inequalities (1.6) which Hiai and
Petz refer to as logarithmic inequalities. As they point out, logarithmic inequalities
are dual, via the Legendre transform, to certain exponential inequalities related to
the Golden—Thompson inequality. Indeed, the quantum Gibbs variational principle
states that

sup{Tr[X H] — Tr[X (log X —logW)] : X > 0, Tr[X] =1}
= log(Tr[efTloe W]) (1.8)

for all self-adjoint H and all nonnegative W. (The quantum Gibbs variational prin-
ciple is a direct consequence of the Peierls—Bogoliubov inequality, see Appendix A)
It follows immediately from (1.6) and (1.8) that

sup{Tr[X H] — Tr[X log(X'2W~1XY?)]: X >0, Tr[X] =1}
< log(Tr[eH e W), (1.9)

The left side of (1.9) provides a lower bound for log(Tr[ef+°¢W]) in terms of a
Legendre transform, which, unfortunately, cannot be evaluated explicitly.

An alternate use of the inequality on the right in (1.6) does yield an explicit
lower bound on log(Tr[eZ 16 W]) in terms of a geometric mean of eff and W. This

was done in [23]; the bound is

Tr[(erH#terK)l/r] < Tr[e(lft)HthK]7 (110)
which is valid for all self adjoint H, K, and all » > 0 and t € [0,1]. Since the
Golden-Thompson inequality is Tr[e! =DH+E] < Ty[e(1=DH K] (1.10) is viewed
in [23] as a complement to the Golden—Thompson inequality.

Hiai and Petz show [23, Theorem 2.1] that the inequality (1.10) is equivalent
to the inequality on the right in (1.6). One direction in proving the equivalence,

1950008-3



Bull. Math. Sci. Downloaded from www.worldscientific.com
by 71.188.98.66 on 05/31/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

E. A. Carlen & E. H. Lieb

starting from (1.10), is a simple differentiation argument; differentiating (1.10) at
t = 0 yields the result. While the inequality on the left in (1.6) is relatively simple
to prove, the one on the right appears to be deeper and more difficult to prove,
from the perspective of [23].

In our paper, we prove a number of new inequalities, some of which strengthen
and extend (1.6) and (1.10). Our results show, in particular, that the geomet-
ric mean provides a natural bridge between the pair of inequalities (1.6). This
perspective yields a fairly simple proof of the deeper inequality on the right of
(1.6), and thereby places the appearance of the geometric mean in (1.10) in a nat-
ural context.

Before stating our results precisely, we recall the notions of operator concavity
and operator convexity. A function F : P,, — H,, is concave in case for all X, Y €
P, and all ¢t € [0,1],

F(1=t)X +tY)— (1 —t)F(X) —tF(Y) € P,

and F is convex in case —F is concave. For example, F(X) := X? is concave for
p€0,1] asis F(z) :=log X.

A function F' : P, x P,, — H,, is jointly concave in case for all X, Y, W, Z € P,
and all t € [0,1]

F(1-t)X +1Y,(1 - )Z +tW) — (1 — t)F(X, Z) — tF(Y,W) € P,,

and F' is jointly convex in case —F is jointly concave. Strict concavity or convex-
ity means that the left side is never zero for any t € (0,1) unless X = Y and
Z = W. A particularly well-known and important example is provided by the gen-
eralized geometric means. By a theorem of Kubo and Ando [26], for each ¢ € [0, 1],
F(X,Y) := X#.Y is jointly concave in X and Y. Other examples of jointly concave
functions are discussed as follows.

Our first main result is the following.

Theorem 1.1. Let F': P,, x P,, — P,, be such that

(1) Foreach fixredY € P,,, X — F(X,Y) is concave, and for all A > 0, F(AX,Y) =
AF(X,Y).
(2) For each n x n unitary matriz U, and each X,Y € P,

FUXU*, UYU*) = UF(X,Y)U*". (1.11)
(3) For some q € R, if X andY commute then F(X,Y) = XY1.
Then, for all X,Y,Z € P,, such that Tr[Z] = Tr[X],
Tr[X log(F(Z,Y))] < Tr[X (log X + qlogY)]. (1.12)

If, moreover, X w— F(X,Y) is strictly concave, then the inequality in (1.12) is strict
when Z and 'Y do not commute.
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Remark 1.2. Note that (1.12) has three variables on the left, but only two on
the right. The third variable Z is related to X and Y only through the constraint
Tr[Z] = Tr[X].

Different choices for the function F(X,Y) yield different corollaries. For our first

corollary, we take the function F(X,Y) = fooo H%X M%d)\, which evidently sat-

isfies the conditions of Theorem 1.1 with ¢ = —1. We obtain, thereby, the following
inequality.

Theorem 1.3. Let X,Y,Z € P,, be such that Tr[Z] = Tr[X], Then

< 1 1
[r | X —— 77— < Tr|X X — Y)l. .
[ log </0 b\ h A)} < r[ (log log )} (1 13)

Another simple application can be made to the function F(X,Y) = yl/2xyl/2,
however in this case, an adaptation of method of proof of Theorem 1.1 yields a more
general result for the two-parameter family of functions F(X,Y) = Y?/2XPYy»/?
for all p > 0.

Theorem 1.4. For all X,Y,Z € P, such that Tr[Z] = Tr[X], and all p > 0,
Tr[X log(Y?/2ZPYP/?)] < Tr[X (log X? 4 log YP)]. (1.14)
The inequality in (1.14) is strict unless Z and'Y commute.

Specializing to the case Z = X, (1.14) reduces to the inequality on the left
in (1.6). Theorem 1.4 thus extends the inequality of [23] by inclusion of the third
variable Z, and specifies the cases of equality there.

Remark 1.5. If Z does commute with Y, (1.14) reduces to Tr[XlogZ] <
Tr[X log X] which is well known to be true under the condition Tr[Z] = Tr[X],
with equality if and only if Z = X.

We also obtain results for the two parameter family of functions
F(X,)Y)=Y"#,X"

with s € [0,1] and r > 0. In this case, when X and Y commute, F'(X,Y) = XPY?
with

p=rs and g=r(1-s). (1.15)

It would be possible to deduce at least some of these results directly from Theo-
rem 1.1. We knew that, for example, X +— Y2#1/2X2 = Y(Y X2y )%y is
concave in X. While we have no such result, it turns out that we can use Theo-
rem 1.4 to obtain the following.

Theorem 1.6. Let X,Y,Z € P,, be such that Tr[Z] = Tr[X]. Then for all s € [0,1]
and all r > 0,

Tr[X log(Y"#.2")] < Tr[X(slog X" + (1 — s)logY™")]. (1.16)

For s € (0,1), when Z does not commute with Y, the inequality is strict.
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The case in which Z = X is proved in [2] using log-majorization methods. The
inequality (1.16) is an identity at s = 1. As we shall show, differentiating it at s = 1
in the case Z = X yields the inequality on the right in (1.6). Since the geometric
mean inequality (1.16) is a consequence of our generalization of the inequality on the
left in (1.6), this derivation shows how the geometric means construction “bridges”
the pair of inequalities (1.6).

Theorems 1.3, 1.4 and 1.6 provide infinitely many new lower bounds on the
Umegaki relative entropy. — one for each choice of Z. The trace functional on the
right side of (1.6) bounds the Umegaki relative entropy from the above, and is
in many ways better-behaved than the trace functional on the left, or any of the
individual new lower bounds. By a theorem of Fujii and Kamei [17],

X, W X2 log(X V2w 1 x1/2) x1/2
is jointly convex as a function from P, xP,, to P,,, and then as a trivial consequence,
X, W — Tr[X log(X'/2W—1x1/2)]
is jointly convex. When X and W are density matrices,
Tr[X log(X/2W=1X1/2)] = Dys(X|W)

is the Belavkin—Stasewski relative entropy [6]. The joint convexity of the Umegaki
relative entropy is a Theorem of Lindblad [32], who deduced it as a direct conse-
quence of the main concavity theorem in [30]. See also [42].

A seemingly small change in the arrangement of the operators — X /21 ~1x1/2
replaced with W—12XW~1/2 — obliterates convexity;

X, W — Tr[X log(W—/2XW~1/2)] (1.17)

is not jointly convex, and even worse, the function W — Tr[X log(W*1/2XW*1/2)]
is not conver for all fixed X € P,,. Therefore, although the function in (1.17) agrees
with the Umegaki relative entropy when X and W commute, its lack of convexity
makes it unsuitable for consideration as a relative entropy functional. We discuss
the failure of convexity at the end of Sec. 3.

However, Theorem 1.4 provides a remedy by introducing a third variable Z with
respect to which we can maximize. The resulting functional is still bounded above
by the Umegaki relative entropy, that is, for all density matrices X and W,

sup{Tr[X log(W~Y2ZW~1/2)] . Z > 0, Tx[Z] < 1} < D(X||W). (1.18)

One might hope that the left side is a joint convex function of X and W, which does
turn out to be the case. In fact, the left-hand side is a quantum relative entropy
originally introduced by Donald [14] through a quite different formula. Given any
orthonormal basis {u1,...,u,} of C", define a “pinching” map ® : M,, — M,, by
defining ®(X) to be the diagonal matrix whose jth diagonal entry is (u;, Xu;). Let
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P denote the sets of all such pinching operations. For density matrices X and Y,
the Donald relative entropy, Dp(X||Y) is defined by

Dp(X||Y) = sup{D(®(X)||®2(Y)) : ® € P}. (1.19)
Hiai and Petz [22] showed that for all density matrices X and all Y € P,
Dp(X|Y) = sup{Tr[X H] — log(Tr[eY]) : H € H,,}, (1.20)

arguing as follows. Fix any orthonormal basis {u1,...,u,} of C". Let X be any
density matrix and let Y be any positive matrix. Define z; = (u;, Xu;) and y; =
(uj,Yuy) for j = 1,...,n. For (hi,...,hy,) € R", define H to be the self-adjoint
operator given by Hu; = hju;, j =1,...,n.

Then by the classical Gibb’s variational principle.

ij(loga:j —logy;) = sup Za:jhj —log Zehjyj :(hi,...,hy) ER"
j=1 j=1 j=1

= sup{Tr[X H] — log(Tr[e”Y]) : H € H,, € R"}.

Taking the supremum over all choices of the orthonormal basis yields (1.20). For
our purposes, a variant of (1.20) is useful.

Lemma 1.7. For all density matrices X, and all Y € P,

Dp(X||Y) = sup{Tr[XH]: H € H,,, Tr[e"Y] < 1}. (1.21)

Proof. Observe that we may add a constant to H without changing Tr[X H] —
log(Tr[efTY]), and thus in taking the supremum in (1.20), we may restrict our
attention to H € H,, such that Tr[eY] = 1. Then Tr[X H] — log(Tr[efY]) =
Tr[X H| and the constraint in (1.21) is satisfied. Hence the supremum in (1.20) is
no larger than the supremum in (1.21). Conversely, if Tr[eTY] < 1, then

Tr[X H] < Tr[X H] — log(Tr[efY)),

and thus the supremum in (1.21) is no larger than the supremum in (1.20). |

By the joint convexity of the Umegaki relative entropy, for each ® € P,
D(®(X)||®(Y)) is jointly convex in X and Y, and then since the supremum of
a family of convex functions is convex, the Donald relative entropy Dp(X||Y) is
jointly convex. Making the change of variables Z = W1/2e#W1/2 in (1.18), one
sees that the supremum in (1.20) is exactly the same as the supremum in (1.21),
and thus for all density matrices X and W, Dp(X||W) < D(X||W) which can also
be seen as a consequence of the joint convexity of the Umegaki relative entropy.
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Theorems 1.3 and 1.6 give two more lower bounds to the Umegaki relative
entropy for density matrices X and Y, namely

<1 1
sup Tr {X log (/ —Z—d)\)} } 1.22
ZeP,,, Tr[Z]=Tr[X] { 0o A+Y A+Y ( )

and

sup {Tr[X log(Y ' #1,22)°]}. (1.23)
ZeP,,, Tr[Z]=Tr[X]

Proposition 3.1 shows that both of the supremums are equal to Dp(X||Y).

Our next results concern the partial Legendre transforms of the three relative
entropies Dp (X |[|Y), D(X[|Y) and Dgs(X||Y). For this, it is natural to consider
them as functions on P, x P,, and not only on density matrices. The natural
extension of the Umegaki relative entropy functional to P,, x P,, is

D(X||W) := Tr[X (log X — log W)] + Tr[W] — Tr[X]. (1.24)

It is homogeneous of degree one in X and W and, with this definition, D(X||Y") > 0
with equality only in case X = W, which is a consequence of Klein’s inequality, as
discussed in Appendix A.

The natural extension of the Belavkin-Stasewski relative entropy functional to
P, xP,is

Dgs(X||W) = Tr[X log(XY2W 1 XY/2)] + Te[W] — Tr[X]. (1.25)
Introducing @ := e, the supremum in (1.21) is
sup{Tr[Xlog Q] : @ > 0, Te[WQ] < 1},
and the extension of the Donald relative entropy to P,, x P, is
Dp(X|W) = sup(TH{X log Q] : T¥IVQ) < TeX]} + TeW] ~ TX].  (1.26)
To avoid repetition, it is useful to note that all three of these functionals are
examples of quantum relative entropy functionals in the sense of satisfying the

following axioms. This axiomatization differs from many others, such as the ones
in [14] and [18], which are designed to single out the Umegaki relative entropy.

Definition 1.8. A quantum relative entropy is a function R(X||W) on P, x P,
with values in [0, oo] such that

(1) X,Y — R(X||W) is jointly convex.
(2) For all X,W € P, and all A > 0, ROAX,\W) = AR(X, W) and

ROX, W) = AR(X, W) + Aog ATt [X] + (1 — \)Tx[W]. (1.27)
(3) If X and W commute, R(X||W) = D(X||W).
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The definition does not include the requirement that R(X||W) > 0 with equality
if and only if X = W because this follows directly from (1)-(3).

Proposition 1.9. Let R(X|W) be any quantum relative entropy. Then

2

, (1.28)

1 X w
R(X|W) = 5 Tr[X] Hm i

where || - ||1 denotes the trace norm.

The proof is given towards the end of Sec. 3. It is known for the Umegaki relative
entropy [21], but the proof uses only the properties (1)—(3).

The following pair of inequalities summarizes the relation among the three rel-
ative entropies. For all X, W € P,

Dp(X[[W) < D(X[W) < Dgs(X|[W). (1.29)

These inequalities will imply a corresponding pair of inequalities for the partial
Legendre transforms in X.

Remark 1.10. The partial Legendre transform of the relative entropy, which fig-
ures in the Gibbs variational principle, is in many ways better behaved than the
full Legendre transform. Indeed, the Legendre transform F* of a function F' on R™
that is convex and homogenous of degree one always has the form

. 0, yed,
F*(y) = N

for some convex set C' [38]. The set C figuring in the full Legendre transform of the
Umegaki relative entropy was first computed by Pusz and Woronowicz [37], and
somewhat more explicitly by Donald in [14].

Consider any function R(X||Y) on P, x P,, that is convex and lower semicon-
tinuous in X. There are two natural partial Legendre transforms that are related
to each other, namely ®r(H,Y) and ¥i(H,Y) defined by

Or(H,Y) = X%élé)) {TIr[XH] - R(X||Y) : Tr[X] =1} (1.30)
and
Wn(H,Y) = sup {Te[XH] - R(X|[Y)}, (131)
XeP,

where H € H,, is the conjugate variable to X.
For example, let R(X||Y) = D(X|Y), the Umegaki relative entropy. Then, by
the Gibbs variational principle,

O(H,Y) =1—Tr[Y] + log(Tref tloeY) (1.32)

1950008-9
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and
U(H,Y) = TrefltleeY _ vy, (1.33)

Lemma 1.11. Let R(X||Y) be any function on P,, x P, that is convex and lower
semicontinuous in X, and which satisfies the scaling relation (1.27). Then for all
HeH, and all Y € Py,

Up(H,Y) = ePrXVFTNYI=T _ myly], (1.34)

This simple relation between the two Legendre transforms is a consequence
of scaling, and hence the corresponding relation holds for any quantum relative

entropy.
Consider the Donald relative entropy and define
Up(H,Y) :=sup{Tr[XH] - Dp(X|Y)} (1.35)
X>0
and
Op(H,Y) = sup {Ty[XH] - Dp(X||Y)}. (1.36)

X>0,Tr[X]=1
In Lemma 3.7, we prove the following analog of (1.32): For H € H,, and Y € P,,,
Op(H,Y)=1—Tr[Y] + inf{\max(H — log Q) : Q € P,,, Tr[QY] < 1}, (1.37)
where for any self-adjoint operator K, Apax(K) is the largest eigenvalue of K, and
we prove that ®p(H,Y) is concave in Y. As a consequence of this, we prove in
Theorem 3.10 that for all H € H,,, the function

Y inf max (H —1 1.
— eXp(Q>0,1l“fl[QY]§1)\ ( 0gQ)> (1.38)

is concave on P,,. Moreover, for all H, K € H,,,

H+K . H_K
log(Trle D)< Q>0’T§1[1<£€K]§1>\nlax(H —log Q) < log(Tr[e™e™]). (1.39)
These inequalities improve upon the Golden—Thompson inequality. Note that by
Lemma 1.11, (1.33) and (1.37), the inequality on the left in (1.39) is equivalent to
V(H,Y) < Up(H,Y), which in turn is equivalent under the Legendre transform to
Dp(X[[Y) < D(X|)Y).
The inequality on the right in (1.39) arises through the simple of choice
Q = e /Tr[YeH] in the variational formula for Wp(H,Y). The @ chosen here
is optimal only when H and Y commute. Otherwise, there is a better choice for @,
which we shall identify in Sec. 4, and which will lead to a tighter upper bound. In
Sec. 4, we shall also discuss the Legendre transform of the Belavkin-Staszewski rel-
ative entropy and from this, we derive further refinements of the Golden—Thompson
inequality. Finally, in Theorem 4.3, we prove a sharpened form of (1.10), the com-
plementary Golden-Thompsen inequality of Hiai and Petz, incorporating a relative
entropy remainder term. Three appendices collect background material for the con-
venience of the reader.
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2. Proof of Theorem 1.1 and Related Inequalities

Proof of Theorem 1.1. Our goal is to prove that for all X,Y, Z € P,, such that
Tr[Z] = Tr[X],

Tr[X log(F(Z,Y))] < Tr[X (log X + ¢qlogY)] (2.1)

whenever F' has the properties (1)—(3) listed in the statement of Theorem 1.1. By
the homogeneity specified in (3), we may assume without loss of generality that
Tr[X]| = Tr[Z] = 1. Note that (2.1) is equivalent to

Tr[X (log(F(Z,Y)) —log X — qlogY)] <O0. (2.2)
By the Peierls-Bogoliubov inequality (A.3), it suffices to prove that
Trlexp(log(F(Z,Y)) — qlogY)] < 1. (2.3)

Let J denote an arbitrary finite index set with cardinality |J|. Let U =
{U1,...,Uj7/} be any set of unitary matrices each of which commutes with Y.
Then for each j € 7, by (2),

Trlexp(log(F'(Z,Y)) — qlogY)] = Tr[U; exp(log(F'(Z,Y)) — qlog Y)U[]
= Tr[exp(log(F(U; ZU7,Y)) — qlog Y)]. (2.4)
Define

= 1
Z = — U, ZU?.
‘j| Z J J
JjeT

Recall that W+ Tr[eff+1°8 W] i5 concave [30]. Using this, the concavity of Z
F(Z,Y) specified in (1), and the monotonicity of the logarithm, averaging both
sides of (2.4) over j yields

Trfexp(log(F(Z,Y)) — qlog V)] < Trlexp(log(F(Z, Y)) - qlog Y')].

Now making an appropriate choice of U [13], Z becomes the “pinching” of Z with
respect to Y'; i.e. the orthogonal projection in M,, onto the *-subalgebra generated
by Y and 1. In this case, Z and Y commute so that by (3),

log(F(Z,Y)) — qlogY =log Z + qlog Y.
Altogether,

Trlexp(log(F(Z,Y)) — qlogY)] < Tx[Z] = Tx[Z] = 1,

and this proves (2.3). O

For the case F(X,Y) = YP/2XPYP/2 we can make a similar use of the Peierls—

Bogoliubov inequality but can avoid the appeal to convexity.
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Proof of Theorem 1.4. The inequality we seek to prove is equivalent to
1
Tr {X <7 log(YP/2ZPY?/?) —log X — logY)} <0, (2.5)
p
and again by the Peierls-Bogoliubov inequality, it suffices to prove that
1
Tr{exp(— log(Y?/22PYP/?) — logY)] <1 (2.6)
p
A refined version of the Golden—Thompson inequality due to Friedland and So [16]
says that for all positive A, B, and all » > 0,
Tr[elogA+logB] < Tr[(Ar/ZBrAr/Q)l/r]’ (2.7)

and moreover the right-hand side is a strictly increasing function of r, unless A and
B commute, in which case it is constant in 7. The fact that the right side of (2.7) is
increasing in 7 is a consequence of the Araki-Lieb-Thirring inequality [4], but here
we shall need to know that the increase is strict when A and B do not commute;
this is the contribution of [16]. Applying (2.7) with r = p,

1
Tr {exp(— log(YP/2ZPyP/?) — logY>}
p

< T[(Y P2 (Y P2 zry /)y TP/ = Ty[Z) = 1. (2.8)

By the condition for equality in (2.7), there is equality in (2.8) if and only if
(YyP/2zry?/2)1/P and Y commute, and evidently, this is the case if and only if
Z and Y commute. |

In the one parameter family of inequalities provided by Theorem 1.4, some are
stronger than others. It is worth noting that the lower the value of p > 0 in (1.14),
the stronger this inequality is in the following sense.

Proposition 2.1. The validity of (1.14) for p = p1 and for p = py implies its
validity for p = p1 + po.

Proof. Since there is no constraint on Y other than that Y is positive, we may
replace Y by any power of Y. Therefore, it is equivalent to prove that for all
X.Y,Z € P, such that Tr[Z] = Tr[X] and all p > 0,

Tr[X log(YZPY')] < Tr[X (plog X + 2logY)]. (2.9)
If (2.9) is valid for p = p; and for p = po, then it is also valid for p = p; + pa:
y zpitp2y (YZP2/2)ZP1(ZPZ/2Y)
= (Y zP2Y)Y2Ur ze U (Y zP2y )2
= (Y zP2Y)Y2(U* ZU)P (Y ZP2Y) V2,

where U(Y ZP2Y)'/? is the polar factorization of ZP2/2Y. Since Tr[U*ZU)|
Tr[Z] = Tr[X], we may apply (2.9) for p; to conclude Tr[X log(Y ZP*TP2Y)]

IA
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p1Tr[X log X] + Tr[X log(Y ZP?Y')]. One more application of (2.9), this time with
p = pa, yields

Tr[X log(Y ZPTP2Y)] < (p1 + p2)Tr[X log X] + 2Tr[X log Y. (2.10)

By the last line of Corollary 1.4, the inequality (2.10) is strict if Z and Y do not
commute and at least one of p; or pa belongs to (0,1). m|

Our next goal is to prove Theorem 1.6. As indicated in the introduction, we
will show that Theorem 1.6 is a consequence of Theorem 1.4. The determination of
cases of equality in Theorem 1.4 is essential for the proof of the key lemma which
is explained as follows.

Lemma 2.2. Fiz X,Y,Z € P,, such that Tr[Z] = Tr[X], and fiz p > 0. Then there
is some € > 0 so that (1.16) is valid for all s € [0,¢€], and such that when Y and Z
do not commute, (1.16) is valid as a strict for all s € (0,¢€).

Proof. We may suppose, without loss of generality, that Y and Z do not commute
since, if they do commute, the inequality is trivially true, just as in Remark 1.5.
We compute

d
X log(Y?#,27)

o yp/2 yr/2
=Tr|X log(Y ~P/27y —P/2
Lo e v

= Te[W log(Y ~#/22Y ~#/?)),
where

© yp/2 yr/2
/ ——X———dt
o t+YP t4YP

Evidently, Tr[W] = Tr[X] = Tr[Z]. Therefore, by Theorem 1.4 (with X replaced
by W and Y replaced by Y1),

Te[W log(Y ~P/2ZY 7P/2)] < Te[W (log WP — log YP)].

Now note that

log Y? X OOY]D/Ql yr <mYp/zd XlogY?
Tr[W log }—Tr{ /0 Ty o8 /0 v t}—Tr[ og YP].

Moreover, by definition W = ®(X), where ® is a completely positive, trace and
identity preserving linear map. By Lemma B.2, this implies that

Tr[W log W?] < Tr[X log X7].
Consequently,
%Tr[X log(Y?#.,27) — slog X — (1 — s)log Y7]|__,
< Te[W log W?] — Tr[X log X)].
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Therefore, unless Y and Z commute, the derivative on the left is strictly negative,
and hence, for some ¢ > 0, (1.16) is valid as a strict inequality for all s € (0,¢). If
Y and Z commute, (1.16) is trivially true for all p > 0 and all s € [0, 1]. m|

Proof of Theorem 1.6. Suppose that (1.16) is valid for s = s7 and s = s, Since
(by Egs. (C.7) and (C.8))
(VP ZP)# 6, 20 =Y s, 453-515, 27,
Tr[X log(YP#s, +52—s15:27)]
— Te[X log((Y P40, 270, 77)
> Tr[X (s2log X* 4 (1 — s2)log (Y%, Z7))]
> Tr[X ((s1 + s2 — s182)log XP + (1 — s2)(1 — s1)log YP)].

Therefore, whenever (1.16) is valid for s = s; and s = so, it is valid for s =
S1 + S2 — S1S892.

By Lemma 2.2, there is some ¢ > 0 so that (1.16) is valid as a strict inequality
for all s € (0,¢). Define an increasing sequence {t, }nen recursively by ¢t; = € and
tn = 2t, —t2 for n > 1. Then by what we have just proved, (1.16) is valid as a
strict inequality for all s € (0,¢,,). Since lim,, .~ t,, = 1, the proof is complete.

O

The next goal is to show that the inequality on the right in (1.6) is a consequence
of Theorem 1.6 by a simple differentiation argument. This simple proof is the new
feature, The statement concerning cases of equality was proved in [20].

Theorem 2.3. For all X, Y € P, and all p > 0,
Tr[X (log X + log YP)] < Tr[X log(X?/?YPX?/?)], (2.11)

and this inequality is strict unless X and'Y commute.

Proof. Specializing to the case Z = X in Theorem 1.6,
Tr[X log(Y"#:,X")] < Tr[X (slog X" + (1 — s)log Y")]. (2.12)

At s = 1, both sides of (2.12) equal Tr[X log X"|. Therefore, we may differentiate
at s = 1 to obtain a new inequality. Rearranging terms in (2.12) yields
Tr[X log X" — Tr[X log(Y"#:X "))
1-s

> Tr[X(log X" —logY")].  (2.13)

Taking the limit s T 1 on the left side of (2.15) yields d‘—lTr[X log(Y"#,X™))]|s=1-
From the integral representation for the logarithm, namely log A = fooo(i - ﬁ)
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d), it follows that for all A € P,, and H € H,,,

B 1 1

o */0 )\+AHA+AdA'

d
™ log(A + uH)

Since (see (C.8)) YT #, X" = X5#,_Y* = X"/2(X /2y X —"/2)l=pX"/2

d,, .
_Y’I #SXV

1 — 7)(7"/2 log(Xf’r’/Qy'f“Xff‘/Z)X’l’/Q
S

s=1

_ X7'/2 10g(X7‘/2Y7TX7‘/2)X7‘/2.

Altogether, by the cyclicity of the trace,

d
ETr [Xlog(Y"#:X7)]

T /OO X dXlog(X™/2y T X7/?)
= I‘ _—_—
- ) (At xmzie8

= Tr[X log(X"/2Yy " X"/2)].

Replacing Y by Y ! yields (2.11).

This completes the proof of the inequality itself, and it remains to deal with the
cases of equality. Fix » > 0 and X and Y that do not commute. By Theorem 1.3
applied with Z = X and s = 1/2, there is some § > 0 such that

Tr[X log(Y#1/2X)] < Tr {X <% log X + % log Y>] - %5. (2.14)

Now use the fact that Y#3/4 X = (Y#1/2X)#1/2X, and apply (2.11) and then
(2.14),

TT[X log(Y#3/4X)] = FH[X 10%((Y#1/2X)#1/2X)]

< Tr{X(% log X + %log(Y#lmX)ﬂ

%Tr[X log X] + %Tr[X(Y#1/2X)]

IN

1 1 1 1 1

—Tr[X log X —(Tr| X | =logX + =logY — =

5 r[X log }—|—2( r{ (2 og —|—20g >] 26)
3 1 1

We may only apply strict in the last step since § depends on X and Y, and
strict need not hold if Y is replaced by Y#;,,X. However, in this case, we may

apply (2.11).
Further iteration of this argument evidently yields the inequalities

Tr[X log(Y#1-4, X)] < Tr[X ((1 — tg)log X + splog V)] — t4d, t, =27%,
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for each k € N. We may now improve (2.15) to
Tr[X log X7 — Tr[X log(Y"#,X")]
1-s

for s = 1—27%, k € N. By the calculations above, taking s — 1 along this sequence

> Tr[X (log X" —logY")] + 6 (2.15)

yields the desired strict inequality. O

Further inequalities, which we discuss now, involve an extension of the notion
of geometric means. This extension is introduced here and explained in more detail
in Appendix C.

Recall that for t € [0,1] and X,Y € P,,, X#,Y := XV2(X~1/2y x—1/2)t x1/2,
As noted earlier, this formula makes sense for all ¢ € R, and it has a natural
geometric meaning. The map ¢ — X+#,Y, defined for ¢t € R, is a constant speed
geodesic running between X and Y for a particular Riemannian metric on the space
of positive matrices.

Definition 2.4. For X, Y € P, and for t € R,
X#,Y = XV2(x~V2y x—1/2)t x1/2, (2.16)

The geometric picture leads to an easy proof of the following identity: Let X,Y €
P, and tg,t; € R. Then for all t € R,

X#(l—t)thrttlY = (X#toy)#t(X#tly)- (2-17)

See Theorem C.4 for the proof. As a special case, take t; = 0 and ¢y = 1. Then, for
all t,

X#14Y =Y#.X. (2.18)
With this definition of X#;Y for ¢t € R, we have the following.
Theorem 2.5. For all X,Y,Z € P, such that Tr[Z] = Tr[X],
Tr[X log(Z"#,Y")] > Tr[X ((1 — t)log X" + tlog V)] (2.19)

is valid for all t € [1,00) and r > 0. If Y and Z do not commute, the inequality is
strict for all t > 1.

The inequalities in Theorem 2.5 and 1.6 are equivalent. The following simple
identity is the key to this observation.

Lemma 2.6. For B,C € P, and s # 1, let A= B#sC. Then

B - C#l/(l—s)A' (220)
Proof. Note that by (2.16) and (2.18), A = B#,C is equivalent to A =
01/2(0—1/2B0—1/2)1—501/2, so that 0_1/2AC_1/2 — (0_1/230_1/2)1_5. 0

Lemma 2.7. Let X,Y,Z € P, be such that Tr[Z] = Tr[X]. Let r > 0. Then (1.16)
is valid for s € (0,1) if and only if (2.19) is valid for t =1/(1 — s).
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Proof. Define W € P,, by W" := Y"#,Z". The identity (2.20) then says that
Y" = Z"#1,1-sW". Therefore,

Tr[X log(Y"#s2") — slog X" — (1 — s)log Y")]
= Tr[X(logW" — slog X" — (1 — s)log(Z"#1,0—W"))].  (2.21)
Since s € (0,1), the right side of (2.21) is nonpositive if and only if

—S

— S

1
Tr[X log(Z"#1/1-sW")] > Tr {X (1 log X + 1—WT>]
—s

With this lemma, we can now prove Theorem 2.5.

Proof of Theorem 2.5. Lemma 2.7 says that Theorem 2.5 is equivalent to The-
orem 1.6. O

There is a complement to Theorem 2.5 in the case Z = X that is equivalent to
a result of Hiai and Petz, who formulate it differently and do not discuss extended
geometric means. The statement concerning cases of equality is new.

Theorem 2.8. For all X,Y € P,
Tr[X log(X"#,Y")] > Tr[X ((1 — t)log X" + tlog Y")] (2.22)

is valid for all t € (—o00,0] and r > 0. If Y and X do not commute, the inequality
is strict for all t < 0.

Proof. By definition 2.4,
XTH, YT = XXy T X2 X2
= X"2WTX"/2 where W := (X"/2Y T XT/2)lt/r,
Therefore, by (2.11),
Tr[X log(X"#,Y")] = Tr[X log(X™/?W" X"/?)] > #Tr[X log X + rTr[X log W].

By the definition of W and (2.18) once more,

t t
Tr[X log W] = UTf[X log(X™/2Yy " X"/?)] > urTr[X(logX —logY)].
T s
By combining the inequalities, we obtain (2.22). O

The proof given by Hiai and Petz is quite different. It uses a tensorization
argument.
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3. Quantum Relative Entropy Inequalities

Theorems 1.3, 1.4 and 1.6 show that the three functions

XY — sup {Tr[X log(Y Y22y ~V2)]} + Tx[Y] — Tr[X], (3.1)
ZeP,,, Tr[Z]=Tr[X]
XY — sup {Te[X log(Y ™41 /22)%]} + Tr[Y] — Tr[X] (3.2)
Z€eP,, Tr[Z]=Tr[X]
and
XY sup {Tr {Xlog (/OO ! Z ! d)\ﬂ } + Tr[Y] — Tr[X]
’ = N vEZN v -
ZeP,, Tr[Z]=Tx[X] 0o A+Y A+Y

(3.3)

are all bounded above by the Umegaki relative entropy X,Y — Tr[X(log X —
logY)] 4+ Tr[Y] — Tr[X]. The next lemma shows that these functions are actually
one and the same.

Proposition 3.1. The three functions defined in (3.1)—(3.3) are all equal to the
Donald relative entropy Dp(X||Y). Consequently, for all X,Y € P,

Dp(X[]Y) < D(X]Y). (3.4)

Proof of Proposition 3.1. The first thing to note is that the relaxed constraint
Tr[Y Q] < Tr[X] imposes the same restriction in (1.26) as does the hard constraint
Tr[Y Q] = Tr[X] since, if Tr[Y'Q] < Tr[X], we may replace @ by (Tr[X]/Tr[YQ])Q
so that the hard constraint is satisfied. Thus we may replace the relaxed constraint
in (1.26) by the hard constraint without affecting the function Dp(X|Y). This
will be convenient in the lemma though elsewhere the relaxed constraint will be
essential.

Next, for each of (3.1)-(3.3), we make a change of variables. In the first case,
define @ : P,, — P, by ®(Z) = Y~ Y/2ZY /2 .= Q. Then & is invertible with
®1(Q) = Y'/2QY'/2. Under this change of variables, the constraint Tr[X] = Tr[Z]
becomes Tr[X] = Tr[Y'/2QY /2] = Tr[Y'Q]. Thus (3.1) gives us another expression
for the Donald relative entropy.

For the function in (3.2), we make a similar change of variables. Define @ :
P, — P, by ®(2) = Z#,,5Y = QY2 from P,, to P,,. This map is invertible: It
follows by direct computation from the definition (1.2) that for QY2 .= Z#l/QYfl,
Z = QY?Y QY2 sothat ®1(Q) = QY/2YQ'/2. (This has an interesting and useful
geometric interpretation that is discussed in Appendix C.) Under this change of
variables, the constraint Tr[X] = Tr[Z] becomes Tr[X]| = Tr[Q'/?Y Q'/?] = Tr[Y Q].
Thus (3.2) gives another expression for the Donald relative entropy.
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Finally, for the function in (3.3), we make a similar change of variables. Define
®:P, — P, by

| 1
®(7) = — 77— dx:=Q'Y?
(2) /0 ALY AT Y @

from P, to P,. This map is invertible: ®~1(Q) = fol Y!1=*QY*ds. Under this
change of variables, the constraint Tr[X] = Tr[Z] becomes Tr[X] = Tr[fol Yi=sQ
Yods] = Tr[Y Q). m|

With the Donald relative entropy having taken center stage, we now bend our
efforts to establishing some of its properties.

Lemma 3.2. Fiz X,Y € P, and define Kxy = {Q € P, : Tr[QY] < Tr[X]}.
There exists a unique Qx,y € Kxy such that Tr[Qx,yY] < Tr[X] and such that

Tr[X log Qx,y] > Tr[X log Q]

for all other Q € Kx y. The equation

<1 1

has a unique solution in P, and this unique solution is the unique mazimizer Qxy .
Proof. Note that Kxy is a compact, convex set. Since @@ — log(Q is strictly
concave, @ — Tr[X log Q)] is strictly concave on Kx,y, and it has the value —co on
OP,, N Kxy, there is a unique maximizer Q) x y that lies in P,, N Kx y.

Let H € H, be such that Tr[HY] = 0. For all ¢ in a neighborhood of 0,
Qxy +tH € P, N Kx y. Differentiating in ¢ at ¢t = 0 yields

> 1 1
0 :/0 <Tr|:Xt+QX,YHt+QX,Y:|> a

o 1 1
N TY{H(/O t'f'QX,YX?H-(Q)(,)/dt)}7

and hence

> 1 1
/ X dt = \Y
0 t+Qxy t+Qxy

for some A € R. Multiplying through on both sides by Q%QY and taking the trace
yields A = 1, which shows that Qx,y solves (3.5). Conversely, any solution of (3.5)
yields a critical point of our strictly concave functional, and hence must be the
unique maximizer. O
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Remark 3.3. There is one special case for which we can give a formula for the
solution Qxy to (3.5): When X and Y commute, Qxy = XY L.

Lemma 3.4. For all X,Y € P,, and all A > 0,
Dp(AX,\Y) =ADp(X,Y), (3.6)
and

Dp(AX,Y) = ADp(X,Y) + Alog ATr[X] + (1 — \)Tr[Y]. (3.7)

Proof. By (3.5), the maximizer Qx,y in Lemma 3.2 satisfies the scaling relations
Qxy =AQxy and Qx vy = /\_1QX,Y, (3.8)

and (3.6) follows immediately. Next, by (3.8) again,

Dp(AX[[Y) = A(Tr[X log @x.y] + Te[Y] — Te[X]) + Aog XTx[X] + (1 — )TV,

which proves (3.7). O
Lemma 3.5. If X and Y commute, Dp(X||Y) = D(X|Y).

Proof. Let {Uy,...,Un} be any set of unitary matrices that commute with
X and Y. Then for each j =1,...,n, Tr[Y(U;QU;)| = Tr[Y Q]. Define

. 1 X
Q=D U;jQu;.
j=1

For an appropriate choice of the set {Uy,...,Un}, @ is the orthogonal projection of
@, with respect to the Hilbert—Schmidt inner product, onto the abelian subalgebra
of M,, generated by X, Y and 1 [13]. By the concavity of the logarithm,

N N
~ 1 . 1 .
Tr[Xlog Q) > > (X log(U; QU;)| = ~ > Tr[UXU* log Q] = Tr[X log Q].
j=1 Jj=1
Therefore, in taking the supremum, we need only to consider operators @ that
commute with both X and Y. The claim now follows by Remark 3.3. O

Remark 3.6. Another simple proof of this can be given using Donald’s original
formula (1.19).

We have now proved that Dp has properties (2) and (3) in the Definition 1.8
of relative entropy, and have already observed that it inherits joint convexity from
the Umegaki relative entropy though its original definition by Donald.

We now compute the partial Legendre transform of Dp(X||Y). In doing so, we
arrive at a direct proof of the joint convexity of Dp(X||Y), independent of the joint
convexity of the Umegaki relative entropy. We first prove Lemma 1.11.
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Proof of Lemma 1.11. For X € P,,, define a = Tr[X] and W := a~1X, so that
W is a density matrix. Then

Tr[XH] — R(X||Y) = aTr[WH] — aR(W||Y) —aloga — (1 — a)Tr[Y].
Therefore,
Ur(H,Y)

= il;;()){a I;lelg {Tx[WH] - Dpr(W|Y) : Tt[W] = 1} + aTx[Y] — aloga} — Tr[Y]

= ig}g{a(qm(H, Y)+ Tr[Y]) —aloga} — Tr[Y].

Now use the fact that for all @ > 0 and all b € R, aloga + e*~' > ab with equality
if and only if b = 1 + loga to conclude that (1.34) is valid. m|

The function Dp evidently satisfies the conditions of this lemma. Our immediate
goal is to compute ®r(H,Y) for this choice of R, and to show its concavity as a
function of Y. Recall the definition

Op(H,Y) = X>OSEI[)X]=1{Tr[XH] — Dp(X|IV)}. (3.9)

We wish to evaluate the supremum as explicitly as possible.

Lemma 3.7. For H € H,, and Y € P,
Op(H,Y)=1—Tr[Y]+ inf{\pax(H —log @) : Q € P,,, Tr[QY] < 1}, (3.10)
where for any self-adjoint operator K, Apmax(K) is the largest eigenvalue of K .

Our proof of (3.10) makes use of a Minimax Theorem; such theorems give con-
ditions under which a function f(z,y) on A x B satisfies
sup inf f(z,y) = inf sup f(x,y). (3.11)
z€A yeEB yeEB z€A
The original Minimax Theorem was proved by von Neumann [44]. While most of
his paper deals with the case in which f is a bilinear function on R™ x R" for some
m and n, and A and B are simplexes, he also proves [44, p. 309] a more general
result for functions on R x R that are quasi-concave in X and quasi-convex in y.
According to Kuhn and Tucker [27, p. 113], a multidimensional version of this is
implicit in the paper. von Neumann’s work inspired host of researchers to undertake
extensions and generalizations; [15] contains a useful survey. A theorem of Peck and
Dulmage [34] serves our purpose. See [39] for a more general extension.

Theorem 3.8 (Peck and Dulmage). Let X be a topological vector space, and let
Y be a vector space. Let A C X be nonempty compact and convex, and let B C Y
be nonempty and convex. Let f be a real valued function on A x B such that for
each fizred y € B, x +— f(x,y) is concave and upper semicontinuous, and for each
fized x € A, y— f(x,y) is convex. Then (3.11) is valid.
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Proof of Lemma 3.7. The formula (3.10) has been proved above.
Define X =Y =M, A= {W € P, : Tt[W] = 1} and B := {W € P, :
Tr[WY] < 1}. For H € H,,, define
f(X, Q) == Te[X(H —log Q)].
Then the hypotheses of Theorem 3.8 are satisfied, and hence

sup inf f(X,Q)= inf sup f(X,Q). (3.12)
X€eA QeB QEB XcA

Using the definition (3.9) and the identity (3.12),

Op(H,Y)+ Tr[Y]—1:= sup {Ty[XH] - sup {Tr[X log Q]}}
X>0,Tr[X]=1 Q>0,Tr[QY]<1

= su inf Tr( X (H — lo
X>O,TrI[)X]:1 Q>0,Tr[QY]Sl{ X sl

inf su Tr[ X (H — lo
Q>0.Tr[QY]<1 X>0,T1-I[)X]:1{ X Q)

— inf M (H — 1 . 1
osoh o) Ama ( 0g Q) (3.13)

Lemma 3.9. For each H € H,,, Y — ®p(H,Y) is concave.aaa

Proof. Fix Y > 0 and let A € H,, be such that Y. := Y + A are both positive. Let
@ be optimal in the variational formula (3.10) for ®(H,Y). We claim that there
exists ¢ € R so that

Tr[YiQe] <1 and Tr[Y_Qe € <1. (3.14)

Suppose for the moment that this is true. Then
A (H =108 Q) =~ Nax (H — 108(Qe) & A (H — log(Qe™))).
By (3.14),
p(H,Y) > JBp(H,Yy) + L8p(H,Y),

which proves midpoint concavity. The general concavity statement follows by con-
tinuity.

To complete this part of the proof, it remains to show that we can choose ¢ € R so
that (3.14) is satisfied. Define a := Tr[QA]. Since Y £ A > 0, and Tr[Q(Y £ A)] > 0,
which is the same as 1 4+ a > 0. That is, |a| < 1. We then compute

Tr[Y;Qef] = e“Tr[YQ + AQ] = e°(1 4+ a)
and likewise, Tr[Y_Qe™¢] — e~ ¢(1 — a). We wish to choose ¢ so that

e“(1+a)<1 and e “(1—a)<1.
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This is the same as
log(1 —a) <e¢ < —log(l+a).

Since — log(1+a)—log(1—a) = —log(1—a?) > 0, the interval [log(1—a), — log(1+a)]
is nonempty, and we may choose any c in this interval. O

We may now improve on Lemma 3.9: Not only ®p(H,Y) is concave in Y its
exponential is also concave in'Y .

Theorem 3.10. For all H € H,,, the function

Y — exp ( Amax (H — log Q)) (3.15)

inf
Q>0,Tr[QY]<1
is concave on P,. Moreover, for all H /K € H,,,

log(Tr[ef+ET]) < inf Amax (H —1 < log(Tr[eeX]). 3.16
og(e™ Y < it Amax(H —log @) < log(Trle"eX]). (3.16)

These inequalities improve upon the Golden—Thompson inequality.

Proof. Let Up(H,Y') be the partial Legendre transform of D(X|Y) in X without
any restriction on X:
Up(H,Y) :=sup{Tr[XH] - Dp(X||Y)}. (3.17)
X>0

By [9, Theorem 1.1], and the joint convexity of Dp(X||Y), Up(H,Y) is concave in
Y for each fixed H € H,,. By Lemma 1.11,

\I/D(H, Y) — 6(I>D(X,Y)+Tr[Y]71 _ TI'[Y],

and thus we conclude

Up(H,Y)=exp (Q>0,T1‘?[fQY]S1 Amax (H — log Q)> — Tr[Y]. (3.18)

The inequality ¥(H,Y) < Up(H,Y) follows from Dp(X|[|Y) < D(X|Y) and the
order reversing property of Legendre transforms. Taking exponentials and writing
Y = e yield the first inequality in (3.16). Finally, choosing Q := WIZIY] so that
the constraint Tr[QY] < 1 is satisfied, we obtain ®p(H,Y) < log(Tr[e”Y]). Taking

exponentials and writing Y = ¢ now yield the second inequality in (3.16). m|

The proof that the function in (3.15) is concave has two components. One is
the identification (3.18) of this function with Up(H,Y'). The second makes use
of the direct analog of an argument of Tropp [41] proving the concavity in Y of
Tr[ef e Y] = W(H,Y) + Tr[Y] as a consequence of the joint convexity of the
Umegaki relative entropy. Once one has Eq. (3.18), the convexity of the function
in (3.15) follows from the same argument, applied instead to the Donald relative
entropy, which is also jointly convex.
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However, it is of interest to note here that this argument can be run in reverse
to deduce the joint convexity of the Donald relative entropy without invoking the
joint convexity of the Umegaki relative entropy. To see this, note that Lemma 3.9
provides a simple direct proof of the concavity in Y of ®(H,Y’). By the Fenchel-
Moreau Theorem, for all density matrices X

Dp(X||Y)= sup {TIx*[XH] —Pp(H,Y)}. (3.19)
HeH,
For each fixed H € H,,, X,Y + Tr[XH] — ®r(H,Y) is evidently jointly convex.
Since the supremum of any family of convex functions is convex, we conclude that
with the X variable restricted to be a density matrix, X,Y +— Dp(X|Y) is jointly
convex. The restriction on X is then easily removed; see Lemma 3.11. This gives
an elementary proof of the joint convexity of Dp(X|Y).

It is somewhat surprising that the joint convexity of the Umegaki relative
entropy is deeper than the joint convexity of either Dp(X||Y) or Dps(X||Y). In
fact, the simple proof by Fujii and Kamei that the latter is jointly convex stems from
a joint operator convexity result; see the discussion in Appendix C. The joint con-
vexity of the Umegaki relative entropy, in contrast, stems from the basic concavity
theorem in [30].

Lemma 3.11. Let f(x,y) be a (—o0, 0] valued function on R™ x R™ that is homo-
geneous of degree one. Let a € R™, and let K, = {x € R™ : (a,z) = 1}, and suppose
that whenever f(z,y) < oo, (a,x) > 0. If f is convex on K, x R™, then it is convex
on R™ x R™.

Proof. Let z1,z0 € R"™ and y1,y2 € R™ We may suppose that f(z1,y1),
f(z2,y2) < oo. Define oy = (a,z1) and as = {(a,x2). Than aj,as > 0, and
ur/oq,xe/as € K. With A := a1/(aq + a2),

F@s + 22,1 + 92) = (0a + ) f (Aﬂ AL A)y—Q)
1 a9 a1 (%)

< (o1 + oM <ﬂy;) ¥ (a1 +az)(1 = N f <ﬁ &)

a1’ o as’ as

= f(z1,y1) + f(z2,92)

Thus, f is subadditive on R™ x R™, and by the homogeneity once more, jointly
convex. O

We next provide the proof of Proposition 1.9, which when we recall says that
any quantum relative entropy functional satisfies the inequality
2

X w
RX|W) > ITr[X] || = — =—— 3.20
(X > 41x) | s~ s | (3.20)
for all X, W € P,,, where || - ||1 denotes the trace norm.
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Proof of Proposition 1.9. By scaling, it suffices to show that when X and W
are density matrices,

1
R(X[|W) = 51X = Wi (3.21)

Let X and W be density matrices and define H = X — W. Let P be the spectral
projection onto the subspace of C" spanned by the eigenvectors of H with nonneg-
ative eigenvalues. Let A be the x-subalgebra of M, generated by H and 1, and let
E .4 be the orthogonal projection in M,, equipped with the Hilbert—Schmidt inner
product onto A. Then A — E4A is a convex operation [13], and then by the joint
convexity of R,

R(X|Y) > REAX||EAY). (3.22)

Since both E4X and E4Y belong to the commutative algebra A, (3.22) together
with property (3) in the definition of quantum relative entropies then gives us

R(X|Y) = D(EAX|[EAY).

Since [[E4X — E4Y |1 = || X — Y1, the inequality now follows from the classical
Csiszar—Kullback—Leibler—Pinsker inequality [12, 28, 29, 35] on a two-point proba-
bility space. O

Remark 3.12. The proof of the lower bound (3.21) given here is essentially the
same as the proof for the case of the Umegaki relative entropy given in [21]. The
proof gives one reason for attaching importance to the joint convexity property,
and since it is short, we spelled it out to emphasize this.

We conclude this section with a brief discussion of the failure of con-
vexity of the function (X,Y) = TrXY2log(Y '/2XY~1/2)X1/2. We recall
that if we write this in the other order, i.e. define the function ¥(X,Y) =
TrX /2 log(X /2y —1 X1/2)X1/2  the function v is jointly convex. In fact, 1 is oper-
ator convez if the trace is omitted. We might have hoped, therefore, that ¢ would at
least be convex in Y alone, and even have hoped that log(Y ~'/2XY ~1/2) is opera-
tor convex in Y. Neither of these things is true. The following lemma precludes the
operator convexity.

Lemma 3.13. Let F' be a function mapping the set of positive semidefinite matrices
into itself. Let f : [0,00) — R be a concave, monotone increasing function. If
Y — f(F(Y)) is operator convex, then Y — F(Y') is operator convezx.

Proof. If Y — F(Y) is not operator convex, then there is a unit vector v and there
are density matrices Y7 and Y5 such that with Y = %(Yl +Y3),

(v, F(Y)v) < %((v, F(Y1)v) + (v, F(Y2)v)).
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By Jensen’s inequality, for all density matrices X, (v, f(F(X))v) < f({v, F(X)v)).
Therefore,

%((v, FFMY))o) + (v, f(F(Y2))v))

IN

By the lemma, if Y + log(Y~1/2ZY~/2) were convex, Y + Y~ 1/2Zy~-1/2
would be convex. But this may be shown to be false in the 2 x 2 case by simple
computations in a neighborhood of the identity with Z a rank-one projector. A
more intricate computation of the same type shows that — even with the trace —
convexity fails.

4. Exponential Inequalities Related to the Golden—
Thompson Inequality

Let U(H,Y) be given in (1.33) and ¥ p(H,Y) be given in (3.17). We have seen in the
previous section that the inequality Dp(X||Y) < D(X||Y) leads to the inequality
U(H,Y) < ¥p(H,Y). This inequality, which may be written explicitly as

Tr[e" 108 Y] < exp(inf{Amax(H —log Q) : Q € P,,, Tr[QY] < 1}), (4.1)

immediately implies the Golden-Thompson inequality through the simple choice
Q = e/Tr[YeH]. The Q chosen here is optimal only when H and Y commute.
Otherwise, there is a better choice for @, which will lead to a tighter upper bound.

A similar analysis can be made with respect to the BS relative entropy. Define
Wps(H,Y) by

Ups(H,Y) :=sup{Tr[HX] — Dps(X||Y): X € P, }. (4.2)
The inequality D(X||Y) < Dps(X||Y) together with Lemma 1.11 gives
Ups(H,Y) < U(H,Y) = Tr[ef™os Y] — Tr[Y]. (4.3)

It does not seem possible to compute Wps(H,Y') explicitly, but it is possible to give

an alternate expression for it in terms of the solutions of a nonlinear matrix equation

similar to the one (3.5) that arises in the context of the Donald relative entropy.
Writing out the identity X#,Y = Y#1_,X gives

Xl/Q(Xfl/QYXfl/Z)tXl/Q — Y1/2(Yfl/Znyl/Q)lftyl/Q.
Differentiating at ¢ = 0 yields
X1/2 10g(X1/2Y_1X1/2)X1/2 — Yl/z(Y_l/zXY_l/Q)log (Y_I/QXY_I/Q)Y1/2.

This provides an alternate expression for Dgg(X ||Y) that involves X in a somewhat
simpler way that is advantageous for the partial Legendre transform in X:

Dps(X||Y) = Te[Y f(Y 12Xy ~1Y/2)] — Tr[X] 4 Tx[Y], (4.4)

where f(z) = xlogz. A different derivation of this formula may be found in [23].
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Introducing the variable R = Y ~1/2XY 12 we have, for all H € H,,,
Te{X H] — Dps(X||Y) = Te[X(H + 1)] - T'Te[Y f(y~/2XY~1/2)] - o[y
— T[R(YY2(H +1)YV/2)] = Te[Y f(R)] - Tr[Y ).
Therefore,
Wos(H.Y) + TelY] = sup {T{R(YV2(H + DYV3) = Y (R)]). (45)

a2

When Y and H commute, the supremum on the right is achieved at R = e

since for this choice of R,
Tr[R(Y1/2(H + 1)Y1/2)] —Tr[Y f(R)] = TI‘[Y@H] _ Tr[eH+10gY],

and by (4.3), this is the maximum possible value.
In general, without assuming that H and Y commute, this choice of R and (4.3)
yields an interesting inequality.

Theorem 4.1. For all self-adjoint H and L,
Tr[efeX] — Tr[e®+E] < Tr[e Het] — Tr[ef et /2 Hel /2. (4.6)

Proof. With the choice R = el the inequality (4.3) together with (4.5) yields
Te[e? (YV2HYY? 4 V)] - Te[Yell H] < Tr[efHlos Y],
or, rearranging terms,
Tr[efY] — Tr[eff 108 Y] < Tr[e? HY] — Tx[e® (YV/2HYV/?)].

The inequality is proved by writing ¥ = e. O

We now turn to the specification of the actual maximizer.

Lemma 4.2. For K € H, and Y € P,,, the function
R — Tr[RK] — Tr[Y f(R)]
on P,, has a unique mazimizer Ry in P,, which is contained in P,,, and Ry y is

the unique critical point of this function in P,,.

Proof. Since f is strictly operator convex, R — Tr[RK]—Tr[Y f(R)] is strictly con-
cave. There are no local maximizers on the boundary on P,, since lim, o(—f(x)) =
00, so that if R has a zero eigenvalue, a small perturbation of R will yield a higher
value.

Finally,

Te[RK] — TY[Y f(R)] < ||K||Tx {R - éRlog R] ,
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where a = || K||||Y~!||. This shows that

sup {Tr[RK] — Tx[Y f(R)]} = sup{Tr[RK] — Tx[Y f(R)] : R > 0, ||R|| < e'/*}.
REP,,
Since the set on the right is compact and convex, and since the function R +—
Tr[RK]—Tr[Y f(R)] is strictly concave and upper-semicontinuous on this set, there
exists a unique maximizer, which we have seen must be in the interior, and by the
strict concavity, there can be no other interior critical point. O

It is now a simple matter to derive the Euler-Lagrange equation that determines
the maximizer in Lemma 4.2. The integral representation for f(A) = Alog A is

</ A A
Alog A = L
°8 /0 </\+1 +A+A>CM’

and then one readily concludes that the unique maximizer Ry y to the variational
problem in (4.5) is the unique solution in P,, of

<y 1 1
- Y =Y'2(H +1)Y'/2
/0 <)\+1 TR )\+R)d)\ (H+1)

When H and Y commute, one readily checks that R = e’ is the unique solution
in P,.

We now show how some of the logarithmic inequalities that follow from Theo-

rem 1.1 may be used to get upper and lower bounds on Tr[ef 18],

Given two positive matrices W and V, one way to show that Tr[W] < Tr[V] is
to show that

Tr[W log W] < Tr[W log V. (4.7)
Then
0 < D(W|V) = Te[W log W] — Tx[W log V] — Tx[W] + Tr[V]
< —Tx[W] + Tr[V]. (4.8)

Thus, when (4.7) is satisfied, one not only has Tr[IV] < ¢r[V], but the stronger
bound D(W||V) + Tr[W] < Tr[V].

Theorem 4.3. Let H K € H,, For r > 0, define
W= ("B # eV and V= I HFSK, (4.9)
Then for s € [0,1],
D(V||W) + Tr[W] < Tx[V]. (4.10)
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Proof. By the remarks preceding the theorem, it suffices to show that for this
choice of V and W, Tr[W log W] < Tr[W log V]. Define X = el and Y = €. The
identity

A= (A#:B)#_s/0-5B (4.11)

valid for A, B € P,, is the special case of Theorem C.4 in which t; = 1, t =
—to/(t —to) and to = s. Taking A = X" = ¢ and B = Y = ¢, we have
X" =W"#gY" with 8 = —s/(1 — s). Therefore, by (2.22),

Tr[Wlog X] = %Tr[W log(W"#3Y")]
> Tr[W((1 — B)logW + SlogY)].
Since
1 g

1 _
—5 8%~ 15

this last inequality is equivalent to Tr[W log W] < Tr[W log V]. O

logY = (1 —s)logX + slogY =logV,

Remark 4.4. Since D(W||V) > 0 unless W = V, (4.10) is stronger than the
inequality Tr[W] < Tr[V] which is the complemented Golden-Thompson inequal-
ity of Hiai and Petz [23]. Their proof is also based on (2.22), together with an
identity equivalent to (4.11), but they employ these differently, thereby omitting
the remainder term D(W||V).

We remark that one may obtain at least one of the cases of (1.10) directly from
(4.2) and (4.3) by making an appropriate choice of X in terms of H and Y: Define
X2 .= Y4el . Then

XV2y-1x1/2 — x1/24 |y — H
and, therefore, making this choice of X,
Ups(H,Y) > Tel(Y #e )2 H] — Te{(Y #eH2H] + Te[(¥ #e)?] — Tr[Y]
= Te[(Y#e™)?] - Tr[y].

This proves Tr[(Y#e!?)?] < Tr[ef+1°eY] which is equivalent to the r = 1/2, ¢ = 1/2
case of (1.10).

Appendix A. The Peierls—Bogoliubov Inequality and the
Gibbs Variational Principle

For A € Hy, let 0(A) denote the spectrum of A, and let A = 37, (1) AP
be the spectral decomposition of A. For a function f defined by o(A4), f(A) =
Yreo(a) f(A)Px. Likewise, for B € Hy, let B = ZMEU(B) @, be the spectral

1950008-29



Bull. Math. Sci. Downloaded from www.worldscientific.com
by 71.188.98.66 on 05/31/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

E. A. Carlen & E. H. Lieb

decomposition of B. Let f be convex and differentiable on an interval containing
0(A) Uo(B). Then, since 37\ o4y P =2 ,co(p) @u = 1,

Tr[f(B) = f(A) = ['(A)(B - A)]
= D> > )= fO) = N~ wIT[PAQ- (A1)

A€o(A) peo(B)

For each p and X both [f(p) — f(A) — f/(A) (A — p)] and Tr[P\Q,] are nonnegative,
and hence the right side of (A.2) is nonnegative. This yields Klein’s inequality [25]:

Tr[f(B)] = Tr[f(A)] + Tx[f'(A)(B — A)]. (A.2)
Now suppose that the function f is strictly convex on an interval containing
o(A)Uao(B). Then for pn # X, [f (1) — fF(A) = f/(A) (A= )] > 0. If there is equality in
(A.2), then for each A € 0(A) and p € o(B) such that A # p, Tr[PA\Q,,] = 0. Since
Yneom) T[PAQu] = Tr[PA] > 0, A € 0(B) and Py < Q. The same reasoning
shows that for each p € 0(B), i € 0(A) and @, < P,. Thus, there is equality in
Klein’s inequality if and only if A = B.
Taking f(t) = e, (A.2) becomes Tr[e®] > Tr[e?] + Tr[e?(B — A)]. For ¢ € R
and H, K € H,,, choose A =c+ H and B = H + K to obtain
Tr[eT5] > eTr[e”] 4 e“Tr[e! (K — ¢)).
Choosing ¢ = Tr[ef K]/Tr[e#], we obtain Tr[eH+K] > ¢Trle” KI/Trle” I Ty[eH] which
can be written as
Trlef K]
Tr[eH]
the Peierls—Bogoliubov inequality [8], valid for all H, K € H,,.
The original application of Klein’s inequality was to the entropy. It may be used

< log(Tr[e®T5]) — log(Tr[e”]), (A.3)

to prove the nonnegativity of the relative entropy. Let A, B € P,,, and apply Klein’s
inequality with f(z) = xlogz to obtain
Tr[Blog B] > Tr[Alog A] + Tr[(1 + log A)(B — A)] = Tr[B] — Tr[A] 4+ Tr[Blog A].
Rearranging terms yields Tr[B(log B — log A)] + Tr[A] — Tr[B] > 0; that is,
D(B||A) > 0.

The Peierls-Bogoliubov Inequality has as a direct consequence the quantum

Gibbs Variational Principle. Suppose that H € H,, and Tr[ef/] = 1. Define X := e
so that X is a density matrix. Then (A.3) specializes to

Tr[X K] < log(Tr[e'e X+K]), (A.4)

which is valid for all density matrices X and all K € H,,. Replacing K in (A.4)
with K —log X yields

Tr[X K] < log(Tr[e®]) + Tr[X log X]. (A.5)
For fixed X, there is equality in (A.5) for K = log X, and for fixed K, there is
equality in (A.5) for X := & /Tr[eX].
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It follows that for all density matrices X,
Tr[X log X] = sup{Tr[X K] — log(Tr[e"]) : K € H,,} (A.6)
and that for all K € H,,,
log(Tr[e”]) = sup{Tr[X K] — Tr[X log X] : X € P,,, Tr[X] = 1}. (A.7)

This is the Gibbs variational principle for the entropy S(X) = —Tr[X log X].
Now let Y € P,, and replace K with K +logY in (A.5) to conclude that for all
density matrices X, all Y € P, and all K € H,,,

Tr[X K] < log(Tr[e® 1Y) + Tr[X (log X —logY)]

= (log(Tr[e®XF1eY]) 1 — Tr[Y]) + D(X||Y). (A.8)

For fixed X, there is equality in (A.8) for K =log X —logY’, and for fixed K, there

is equality in (A.5) for X := eKF1o8Y/Ty[eK+loe Y] Recalling that for Tr[X] = 1,

Tr[X (log X —logY)] = D(X||Y) + 1 — Tr[Y], we have that for all density matrices

X,and all Y € Py,

D(X|Y) = sup{Tr[X K] — (log(Tr[eXTeY]) 4+ Tx[Y] - 1) : K € H,}  (A.9)

and that for all K € H,, and all Y € P,,,
log(Tr[e® 108 Y]) 41 — Tr[Y] = sup{Tr[X K] — D(X|Y) : X € P,,, Tr[X] = 1}.
(A.10)

The paper [3] of Araki contains a discussion of the Peierls-Bogoliubov and
Golden—Thompson inequalities in a very general von Neumann algebra setting.

Appendix B. Majorization Inequalities

Let x = (x1,...,2,) and y = (y1,...,Yn) be two vectors in R” such that z;41 < z;
and y;41 < y; for each j =1,...,n — 1. Then y is said to majorize x in case

k k n n
Z:rjgzw for k=1,...,n—1 and ij:Zyj, (B.1)
j=1 j=1 Jj=1 Jj=1

and in this case we write x <y.

A matrix P € M,, is doubly stochastic in case P has nonnegative entries and
the entries in each row and column sum to one. By a theorem of Hardy, Littlewood
and Pdlya [19], x < y if and only if there is a doubly stochastic matrix P such that
x = Py. Therefore, if ¢ is convex on R and x < y, let P be a doubly stochastic
matrix such that x = Py. By Jensen’s inequality,

2925(951') = Z¢> (Z P',kyk) < Z Pjro(yr) = Z¢(yk)-
Jj=1 k=1 k=1

j=1 jk=1
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That is, for every convex function ¢,
X<y =Y o) <D dly)- (B.2)
j=1 Jj=1

Let X,Y € H,, and let A% and AY be the eigenvalue sequences of X and Y,
respectively, with the eigenvalues repeated according to their geometric multiplic-
ity and arranged in decreasing order considered as vectors in R™. Then Y is said
to majorize X in case A% < )\Y, and in this case, we write X < Y. It follows
immediately from (B.2) that if ¢ is an increasing convex function,

X <Y = Tr[p(X)] < Tr[p(Y)] and Tr[X] = Tr[Y]. (B.3)
The following extends a theorem of Bapat and Sunder [5].

Theorem B.1. Let ® : M,, — M,, be a linear transformation such that ®(A) > 0
for all A > 0, ®(1) = 1 and Tr[®(A)] = Tr[A] for all A € M,,. Then for all
X eH,,

P(X) < X. (B.4)
Proof. Note that ®(X) € H,,. Let ®(X) = >7_, Aj|v;)(v;| be the spectral reso-
lution of ®(X) with A\; > A\j4q for j=1,...,n—1. Fix k € {1,...,n — 1}.and let

P = Z?zl |vj)(vj]. Then with ®* denoting the adjoint of ® with respect to the
Hilbert—Schmidt inner product,

k
> A = Te[P2(X))]

= Tr[®* (Py) X] < sup{Tr[QX],0 < Q < 1, Tr[Q] = k} = Z“j’

where {p1, ..., i} is the eigenvalue sequence of X arranged in decreasing order.
O

Bapat and Sunder prove this for ® of the form ®(A) = ZJTL V* AV, where
Vi, oy Vin € M, satisfy

dNViVr=1=> V'V, (B.5)
i=1 j=1

Choi [10, 11] has shown that, for all n > 2, the transformation

B(A) = ((n — 1)Tx[A]1 — A)

n?—n-—1
cannot be written in the form (B.5), yet it satisfies the conditions of Theorem B.1.
Lemma B.2. Let A € P, and let ® be defined by

00 A1/2 A1/2
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Then for all X € H,,, (B.4) is satisfied, and for all p > 1,
Tr[|@(X)[F] < Te[| X[7]. (B.7)

Proof. ® evidently satisfies the conditions of Theorem B.1, and then (B.4) implies
(B.7) as discussed above. |

Appendix C. Geodesics and Geometric Means

There is a natural Riemannian metric on P,, such that the corresponding distance
0(X,Y) is invariant under conjugation:

S(A*XA,AY A) = 5(X,Y)

for all X,Y € P,, and all invertible n x n matrices A. It turns out that for A, B €
P, t— A#:B,t € [0,1], is a constant speed geodesic for this metric that connects
A and B. This geometric point of view, originating in the work of statisticians, and
was developed in the form presented here by Bhatia and Holbrook [7]. See also [33].

Definition C.1. Let t — X (¢), t € [a, b], be a smooth path in P,,. The arc-length
along this path in the conjugation invariant metric is

/b IX(O7V2X ()X ()22t

where ||-||2 denotes the Hilbert-Schmidt norm and the prime denotes the derivative.
The corresponding distance between X,Y € P, is defined by

§(X,Y) = inf{/1 X () V2X ()X ()72 ||odt : X (t) € P, for t € (0,1),
0
X(0)=X,X(1) = y}.

To see the conjugation invariance, let the smooth path X () be given, let an
invertible matrix A be given, and define Z(t) := A* X (t)A. Then by cyclicity of the
trace,

1Z@6)" 22" () Z(6) V2|5 = Te[2(t) " 2" (1) Z(t) " Z'(¢)]
= Te[A' X (1) X ()X ()X (1) A]
= X072 X ()X ()73

Given any smooth path t +— X (t), define H (t) := log(X (t)) so that X (t) = e#®),
and then

X'(t) = /0 X () H (1) X (t)°ds, (1)
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or equivalently,

. © , 1
H(t):/o A+X(t)X(t)>\+X(t)d)‘

12y X(0)'2

0 1/2
- /O %(X(t)_lﬂX’(t)X(t) xm (€2
Lemma B.2 yields H'(t) < X (t)~Y/2X'(t)X (t)~'/? and its consequence
1H'(t)]l2 < 1X (072X ()X ()72 (C.3)

Now let X (t) be a smooth path in P,, with X(0) = X and X (1) = Y. Then,
with H(t) = log X (t)

1 1
logY —log X |2 = H/ H'(t)dt g/ | H'(t)]|2dt
0 2 0

g/l [ X&)~ V2X ()X ()2 odt = 6(X,Y).  (C.4)

If X and Y commute, this lower bound is exact: Given X,Y € P,, that commute,
define H(t) = (1—t)log X +tlogY, and X (t) = eI, Then H'(t) = logY —log X,
independent of ¢. Hence all of the inequalities in (C.4) are equalities. Moreover, if
there is equality in (C.4), then necessarily

1
H'(s) = / H'(t)dt = logY — log X
0
for all s € [0, 1]. This proves the following.

Lemma C.2. When X,Y € P, commute, there is exactly one constant speed
geodesic running from X to Y in unit time, namely, X (t) = e(l=DlogX+tlogY
and

5(X,Y) = log —log X|o.

Since conjugation is an isometry in this metric, it is now a simple matter to find
the explicit formula for the geodesic connecting X and Y in P,,. Apart from the
statement on uniqueness, the following theorem is due to Bhatia and Holbrook [7].

Theorem C.3. For all X,Y € P, there is exactly one constant speed geodesic
running from X to'Y in unit time, namely,

X(t) = X#Y = XV2(X 12y X ~1/2)tx1/2, (C.5)
and

3(X,Y) = |llog(X 12V X ~/2).

Proof. By Lemma C.2, the unique constant speed geodesic running from 1 to
X172y X~1/2 in unit time is W(t) = (X Y2V X ~1/2)!; it has the constant speed
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[log (X /2y X~1/2)||3, and
(L, XYYy X12) = |log (XYY X 12|y = 6(1, X 2y X 1/2),

By the conjugation invariance of the metric, §(X,Y) = §(1, X /2y X~1/2) and
X(t) as defined in (C.5) has the constant speed 6(X,Y) and runs from X to Y in
unit time. Thus it is a constant speed geodesic running from X to Y in unit time.

If there were another such geodesic, say X (t), then X ~'/2X(t)X~1/? would
be a constant speed geodesic running from 1 to X ~/2Y X~1/2 in unit time, and
different from W (t), but this would contradict the uniqueness in Lemma C.2. 0O

In particular, the midpoint of the unique constant speed geodesic running from
X to Y in unit time is the geometric mean of X and Y as originally defined by
Pusz and Woronowicz [36]:

X#Y — X1/2(X_1/2YX_1/2)1/2X1/2.

In fact, the Riemannian manifold (P,,, d) is geodesically complete: The smooth
path

tes XVHX TRy X)X = XY

is well defined for all ¢ € R. By the conjugation invariance and Lemma C.2, for all
s,t € R,

6(X#SY7 X#tY) = 5((}(‘1/2}/)(—1/2)57 (X—1/2YX_1/2)t)
= It — sl log(X /2y X 1/2)]|,

Since the speed along the curve T +— X+#,Y has the constant value
log(X ~1/2Y X =1/2)| |, this, together with the uniqueness in Theorem C.3, shows
that for all ¢p < #; in R, the restriction of ¢ — X#;Y to [to, 1] is the unique
constant speed geodesic running from X#;, Y to X#, Y in time t; — to.

This has a number of consequences.

Theorem C.4. Let X, Y € Py, and to,t1 € R. Then for all t € R,
X#qtytort, Y = (XFe, Y ) (X#, V). (C.6)

Proof. By what we have noted above, t — X#1_)i4+¢,Y is a constant speed
geodesic running from X#,Y to X#, Y in unit time, as is ¢t — (X#,,Y)#:
(X#+4Y). The identity (C.6) now follows from the uniqueness in Theorem C.3. O

Taking tg = 0 and ¢; = s, we have the special case

X#1Y = X#(X#,Y). (C.7)
Taking tg = 1 and t; = 0, we have the special case
X#1..Y =Y#, X. (C.8)

The identity (C.8) is well known, and may be derived directly from the formula in
(C.5).
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We are particularly concerned with ¢ — X#,Y for t € [—1,2]. Indeed, from the
formula in (C.5),

1 1
X# .Y = X?X and X#0Y = YYY. (C.9)
Let ¢ € (0,1). By combining the formula
X#tY — XI/Q(X—I/QYX—1/2)25X1/2 — X1/2(X1/2y—1X1/2)—tX1/2

with the integral representation

_ in(wt) [ ., 1 sin(mt) [ 1
At = Sn(rt) / At dA = / Al dA
™ 0 A+ A ™ 0 14+24777

we obtain, for ¢ € (0,1),

_ sin(mt) [, 1/2 1 1/2
X#ﬂ/fi/0 XX e X

T
_sin(nt) [0, 1
= /o A e )\Yild)\. (C.10)

The merit of this formula lies in the following lemma [1].

Lemma C.5 (Ando). The function (A, B) — (A~1 + B~ is jointly concave

on P,.

Proof. Note that A~ + B~! = A71(A + B)B1, so that

(A ' +B Y)Y '=BA+B) "A=((A+B)-A)(A+B)'A
=A-A(A+B)'4,
and the claim now follows form the convexity of (A,B) — A(A + B)7'A
24, 31]. O
The harmonic mean of positive operators A and B, A : B, is defined by

A:B:=2A"1'+B HY (C.11)

and hence Lemma C.5 says that (A, B) — A : B is jointly concave. Moreover,
(C.10) can be written in terms of the harmonic mean as

Xy = Snt) /OO X (V)M (C.12)
27T 0

which expresses weighted geometric means as average over harmonic means. By the
operator monotonicity of the map A — A~!, the map X,Y +— X :Y is monotone
in each variable, and then by (C.12), this is also true for X,Y — X#,Y. This
proves the following result of Ando and Kubo [26].

Theorem C.6 (Ando and Kubo). For allt € [0,1], (X,Y) — X#.Y is jointly
concave, and monotone increasing in X and Y .
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The method of Ando and Kubo can be used to prove joint operator concavity
theorems for functions on P,, x P, that are not connections. The next theorem,
due to Fujii and Kamei [17], provides an important example.

Theorem C.7. The map (X,Y) — —XY2log(X'/2Y1X1V/2) X2 is jointly
concave.

Proof. The representation

e 1 1
log A = -
8 /0 </\+1 A+A>dA
yields

> 1 1
— X2 og(x1/ 2y XY x1/2 :/ - X )dx
os( ) o \X1+(QY)l A+1

from which the claim follows. O

Theorem C.8. For all t € [-1,0] U [1,2], the map (X,Y) — X#.Y is jointly

conver.

Proof. First suppose that t € [—1,0]. The case t = 0 is trivial, and since X# 1Y =
XY~'X which is convex, we may suppose that t € (—1,0). Let s = —t so that
s € (0,1). We use the integral representation

sinms [ 1 1
Af = M= ——— |dX
™ /0 <)\ )\+A>

valid for A € P,, and s € (0, 1) to obtain

sinws [ 1 dX\
X4,V = N(x-e—m )
#* ™ /0 ( X*1+()\Y)*1) A

which by Lemma C.5 is jointly convex. Finally, the identity Y#,_.X = X#Y
shows that the joint convexity for ¢ € [1,2] follows from the joint convexity for
te[-1,0]. O
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