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ABSTRACT. The operator convex functions of two variables are characterized
in terms of a non-commutative generalization of Jensen’s inequality.

1. FUNCTIONAL CALCULUS FOR FUNCTIONS OF SEVERAL VARIABLES

The tensor product of two square matrices A = (a;;) and B of order n can be
represented as the matrix

allB alnB
(1) A® B = : :
an1B - apnB

which is of order n?. However, if A and B are block matrices
A11 A12 Bll BlQ
A= , B =
( A21 A22 B21 B22
of order 2n, then it is often more convenient to represent the tensor product A ® B
as the block matrix

A ®Bi1r An®Biz A2® By A ® Big
2) A1 ®By1 A ® By A2 ® By A ® By
Ay ® By A1 ® Bia A2 ®Bii Az ® Bio
Az ® Byy Az ® By A2a @ Bar Az @ Bao

The definition according to (2) is unitarily equivalent to the definition according to
(1), and no confusion will occur as long as the two representations are not mixed.
The latter representation has the benefit of rendering formulas for block matrices
more transparent and will be used throughout this paper. A similar representation
will be used for tensor products of block matrices of bounded linear operators on a
Hilbert space.

Kordnyi [10] considered functional calculus for functions of two variables. Let
f:IxJ — R be a function of two variables defined on the product of two intervals,
and let A, B be selfadjoint linear operators with finite spectra on a Hilbert space.
If the spectrum of A is contained in I, and the spectrum of B is contained in J,
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and A = Y- \;P; and B = ) u;Q; are the spectral decompositions of A and B
respectively, then the formula

(3) FIA,B) =" f(Ni 1) P © Q;

]
defines the functional calculus. The definition is readily extended to bounded nor-
mal operators and to functions of more than two variables. When we use the
representation of tensor products of block matrices, then

A0y )08 5)

f(A1, By) 0 0 0

. 0 f(A1, Ba) 0 0

o 0 0 f(A27Bl) 0
0 0 0 f(Az, B2)

If the function f can be separated as the product f(¢,s) = g(t)h(s) of two functions
each of only one variable, then f(A, B) = g(4) ® h(B).

The operator monotone functions of one variable were characterized by Lowner
[12]. After a very important preparation by Kraus [11], this enabled Bendat and
Sherman [4] to characterize the operator convex functions of one variable. There
is no natural order structure for sets of operators, so the question of operator
monotonicity for functions of several variables is not so fundamental. Kordnyi [10]
nevertheless explored notions of operator monotonicity for functions of several vari-
ables and succeeded in characterizing such classes of functions. Work along this
line has been continued by Vasudeva [13]. A function f of n real variables defined
on a product J = J; X -+ X J, of intervals is said to be operator convex, if

FOAL + (1= NBy, ..., My + (1= \)B,)
<A(A1,.. . Ay) + (1= N f(By,...,By)

for every A € [0,1] and all sequences of operators (A41,...,A4,) and (By,...,B,)
such that the spectra of A; and B; are contained in J; for ¢ = 1,...,n. This
definition is meaningful since also the spectrum of AA; + (1 — \)B; is contained in
the interval J; for ¢ = 1,...,n. If J is open, then it is enough to assume that f is
mid-point matrix convex for matrices of arbitrary order. This is so because a mid-
point matrix convex function of order 4n of one variable is automatically matrix
convex of order n, cf. [7, The proof of Theorem 2.1]. The function f is therefore real
analytic in each variable and hence real analytic in n variables according to Hartogs’
theorem [8]. It is also clear that the pointwise limit of operator convex functions
of n variables is operator convex. Some operator convex functions of two variables
have been studied by Ando [2] and Aujla [3] who also characterized the separately
operator convex functions of two variables in terms of an operator inequality. In
the case of one variable, it is well known that a continuous function f : [0,a[— R
is operator convex (and f(0) < 0), if and only if it satisfies the inequality

(J0) f(a*za) < a* f(w)a
for each selfadjoint operator  with spectrum in [0, o[ and each contraction a. This
inequality can therefore be considered as a generalization of Jensen’s inequality to

operators [7]. It is the aim of this paper to generalize Jensen’s operator inequality
(JO) for functions of one variable to functions of two variables in such a way that it
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captures the notion of operator convexity. The proposed method will in principle be
applicable to functions of n variables, but the complexity is such that only functions
of two variables are seriously considered. We obtain an operator inequality that
characterizes the set of (normalized) operator convex functions of two variables,
and we are able to characterize those separately operator convex functions of two
variables that are (jointly) operator convex in terms of an operator inequality.

2. UNITARY DILATIONS

Theorem 2.1. Let (a,b) be a pair of linear operators on a Hilbert space H such
that aa™ + bb* = 1 and b is normal. There exists a normal operator ¢ such that

s unitary.
Proof. Let € be a vector in H. Since b is normal, we have
la*b¢]|* = (a*b¢ | a*b¢) = (b¢ | aa™bs)
= (£ (1= bb")bb"¢)
= (aa”¢ | (1 - aa™)¢).

If a*¢ = 0, it follows that a*b = 0. We can thus define a linear operator ¢ on the
range R(a*) of a* by setting

ca*& = a*b V¢ e H.

Since |[ca*€|| = ||a*b€|| < ||(1 — a*a)'/?| - |la*€||, it follows that ¢ can be extended
first by continuity to the closure of R(a*), and then to all of H by setting ¢ =
1 — p+ cp where p is the orthogonal projection on the closure of R(a*). We notice
that ca™ = a*b, and since b is normal

ac*a* =b*aa* =b*(1 —bb*) = (1 — bb*)b*
= aa*b*.

Thus (c*a*¢|a*n) = (a*b*¢|a*n) for all &,n € H. Since both pH and
(1—p)H are left invariant by ¢ (and consequently by ¢*), it follows that ¢*a* = a*b*.
Furthermore,

cfea® = c¢*a*b = a'b"b = a"bb* = a*(1 — aa®) = (1 — a*a)a*
and also
cc*a® = ca™b* = a'bb* =a*(1 —aa”) = (1 —a"a)a”.
It follows that
cfe=cc*=1-p+(1—a‘a)p=1-—a*a,

so ¢ is normal. Finally, we calculate

v = @ b a* ¢ _ aa™ + bb* ac — ba (10
“\ ¢ —a* b* —a )\ c*a* —a*db* c'c+a'a /) \ 0 1
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and, using once more that b is normal

w7 [ a" ¢ a b [ a*atcct ab—cat \ _ [ 1
UU_(b* —a)(c* —a*>_<b*a—ac* b*b—l—a,a,*)_(() )
QED

Let (a,b) be a pair of operators on a Hilbert space H such that aa™ + bb* =1
and b is normal, and let

= o

(2 )
C a

is unitary and calculate that

«( x 0O [ a*za a*zb «( x 0O _( a*za —a*zb
U<O O)U_<b*xa b*xb)’ V<O 0>V_(—b*xa b*xb )
Since the tensor product

a®a a®b b®a b®b
a®ct —a®a* b® c* -b®a*

veu = c*®a c*®b —a*®a —a*®b
R —c"Ra* —ad*R®c" aF®a*
and
a®a —a®b —-b®a b®b
Vev— a®c a®a —-b®c* —-b®a

cf®a —c*®b a*®a —a*®b |’
R FR®ad R a*F®a*

we obtain that

X 0 0 0
wevy| o 000 |wen=
0 0 0 O
(a*®a")X(a®a) (6" ®a")X(a®b) (a"®a")XbRa) (a*®Ra*)X(OHRD)
(" @) X(a®a) (a*@b)X(a®b) (" R@b)X(bBR®a) (a*Rb)X(b®b)
V*"®a")X(a®a) (bB"®a)X(@®b) (G'@a")Xb®a) (bB"®a")X(bRD)
O X(a®a) (B*"@b)X(a®b) (B'R)Xb®a) (B*"RV)X(DBRD)
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for each element X in the tensor product B(H) ® B(H). We furthermore obtain
that

X 0 0 O
vevr| o ot |vey
0 0 0 O
(a*®a*")X(a®a) —(a*®a")X(a®b) —(a*®a*)X(b®Ra) (a* ®a*)X(b®b)
—(a* @ b*)X(a®a) (a* ®b*) X (a ® b) (a* @b )X(b®a) —(a*®b*)X(b®b)
—(b*®a*)X(a® a) b*®a*)X(a®b) O*®a")X(b®a) —(b*®a*)X(b®Db)
O* @b )X(a®a) —-(0b*@*)X(@®d) —-0*QV*)X(b®a) O* ®b*)X(bDb)
and consequently
X 0 0 0 X 0 0 0
. 0 0 0 O 0 0 0 O .
Ul o 0 o0 o |TD+3(VeV) | o o o o |VeV)=
0 0 0 O 0 0 0 O
(" ®a")X(b®D)

(a*®a")X(a®a) 0
(

—~ o o

0
b ®a)X(a®b) (B*®a)X(b®a) 0
*®@b)X(a®a) 0 0 (0" ®b")X(b®D)

A similar construction can be carried out on the tensor product B(H)®---® B(H)
of n copies of B(H) interms of U® ---@U and V®@---® V.

3. JENSEN’S OPERATOR INEQUALITY

Theorem 3.1. If f is a real continuous function of two variables defined on the
domain [0, a[x[0, 8] (with o, B < 00), the following conditions are equivalent:

(1) f is operator convex, and f(t,0) < 0 and f(0,s) < 0 for all (t,s) €
[0, a[x[0, 5.

(2) The operator inequality

f(a”za,a”ya) 0 o (@®a) fzy)a®a) (a®a) f(z,y)(b®b)
0 FO*ab, b yb) |\ (b@b) f(z,y)(a®a) (b@b) f(z,y)(b®b)

is valid for all selfadjoint operators x and y with spectra in [0, «[ and [0, 8] respec-
tively, and all pairs of operators (a,b) such that aa* + bb* =1 and b is normal.
(3) The operator inequality

f(pzp, pyp) 0
0 J((1=p)z(1—p), (1 —p)y(l—p))

p®p)f(z,y)(p®p) p@p)f(z,y)((1—p)@ (1 -p))
(I-p@A=p)flz,y)(p®@p) ((1-p)®1—-p)flz,y)((1-p) @1 —-p))
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is valid for all selfadjoint operators x and y with spectra in [0, «[ and [0, 8] respec-
tively, and every orthogonal projection p.

Proof. (1)=(2):

Let (a,b) be a pair of operators such that aa* 4+ bb* = 1 and b is normal, and
let U and V be the unitary dilations constructed in section 2. Since f is operator
convex we obtain

fla*za,a*ya) 0 0 0
0 fla*za,b*yb) 0 0
0 0 f(b*zb,a*ya) 0
0 0 0 F(b*zb, b*yb)

IN
(NI
~
/N
-
*
/N
o 8
o O
N——
<
-
*
I/
ow
o o
N———
-
N——
+
(NI
~
/N
<
*
VS
o8
o o
N———
=
<
*
VN
ow
o O
N——
<
N——

f@y) 0 0 0
* 0 ,0 0 0
= LUeU) 0 ﬂ%) foy o |TeU)
0 0 0 f(0,0)
flz,y) 0 0 0
woevr| o TGV 0 o ey
0 0 0 f(0,0)
flz,y) 0 0 0
< swevy| 0 22 Y lweu
0 0 0 0
flz,y) 0 0 0
Hyvevr| o o0 o |ven
0 0 0 O
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(a®a)" f(z,y)(a®a) O

_ 0 (a®b)" f(z,y)(a ®b)
0 b®a) f(z,y)(a®D)
beb)" f(z,y)(a®a) 0
0 (a®a)"f(z,y)(b®b)
(a®b)" f(z,y)(b®a) O
(b®a) f(z,y)(b®a) 0

0 (0@ b)"f(z,y)(b@b)

In particular,

fla*za,a*ya) 0 < (a®@a) f(z,y)(a®a) (a®a) f(z,y)(b®b) .
0 FO ab, b yb) |\ (b@b) f(z,y)(a®a) (b@b) f(z,y)(b@b)

(2)= (3) is obvious.
(3)= (1): Let (z1,2z2) and (y1,y2) be pairs of operators with spectra in [0, af
d

and [0, B[ respectively. We set
g_ Y2 ( 1 -1 )
2 1 1

. * Tl 0 _ * Y1 0 _ 1
z=U ( 0 xz)U’ y—U(O y2)U, p—<0
It follows from (3) that
itz wutvz
(5 )5 0)) :
0 0 0 0
o A8 20 2)

and

_ ( f(pzp, pyp) 0 )

0 (1 =p)z(l-p),1-py(l-p))
< ( (P@p)f(=y)(p®p) Pep)f(=y)(1-—p) @ (1-p) )
“\ (I=-pe1-p)f(z,y)pep) (1-p)®(1-p)f(z,y)((1-p)@(1—-Dp))

All rows and columns with indices from 2 to 7 in the last 8 x 8 block matrix contain
only the zero operator on H. In particular,

f<x1;x2,0> <0 and f(o,y1+y2> <0,

2
and it follows that f(¢,0) < 0 and f(0,s) <0 for all (¢, s) € [0, a[x[0, G[. Since
1 -1 -1 1
1 1 -1 -1
1 -1 1 -1 |’
1 1 1 1

1
URU ==
2U=3
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we calculate the element in the first row and first column of the 4 x 4 block matrix
(p@p)f(z,y)(p®p)

—(p®p)(U®U)*f<< xol ) )(yl : ))(U®U)(p®p)

T 0 9

to be (f(z1,y1) + f(z1,y2) + f(z2,y1) + f(22,92))/4. This is also the entry in the
fourth row and fourth column of the 4 x 4 block matrix ((1 —p) ® (1 —p))f(z,y)
(1 =p) ® (1 —p)) while the first row and fourth column of the 4 x 4 block matrix
(pp)f(z,y)((1—p)®(1—p)) and the fourth row and first column of the transpose
both are (f(z1,y1) — f(z1,y2) — f(z2,y1) + f(z2,y2))/4. Inserting these values in
the above inequality between 8 x 8 block matrices and then discarding the rows
and columns with indices between 2 and 7, it follows that

! T+ T2 Y1+ Y2 1 0
2 2 0 1

[, 1) + @2, 92) ( 11 >+ [z, y2) + f(w2,m1) < 1 -1 )

- 4 11 4 -1 1
By multiplying the above operator inequality to the left and to the right with the

projection % < 1 1 ) , we obtain

1f<5€1+f€2 y1+y2)(1 1><f(9€17y1)+f($2,y2)<1 1)
2 1 1) 1 1

2 72 4
and consequently

T1+ 22 Y1+ Y2 1 1
< — — .
f( 2 ) 2 ) = 2f($17y1)+2f($27y2)

Since f is continuous, it follows that f is operator convex. QED

Let o be the extremal connection associated with the representing function
f(t) = —t2, cf. [6, Theorem 2.6]. The mapping (A, B) — AoB is concave on
the set of pairs of positive semi-definite operators, and if A is invertible given by
the formula

AoB = AY2f(A7Y2BATY%)AY? = _BAT!B.
It is connected to the harmonic mean through the formula
A'B=2[B+ (A+ B)oB].
We shall characterize the operator convex functions of two variables among the

separately operator convex functions in terms of the connection ¢. The following
result can be deduced by slightly altering the presentation in Aujla [3].

Proposition 3.2. Let f be a real continuous function of two variables defined on
the domain [0, a[x[0, 8] (with «, B < 00) and suppose that f(t,0) <0 and f(0,s) <
0 for all (t,s) € [0,a[x[0,8]. Then f is separately operator convex, if and only if
the difference

Afa) = (a®@a)" f(z,y)(a @ a) - f(a’za,a’ya) > 0

for all selfadjoint operators x and y with spectra in [0, [ and [0, B[ respectively, and
every contraction a.
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Theorem 3.3. Let f be a separately operator convex function of two wvariables
defined on the domain [0,a[x[0, 8] (with a, 3 < 00) and suppose that f(¢,0) < 0
and f(0,s8) <0 for all (t,s) € [0,a[x][0,8]. Then f is (jointly) operator convez, if
and only if

[V*A(a)V] o |C| + A(b) > 0,

where C = V|C| is the polar decomposition of C = (a ® a)* f(z,y)(b x b), for all
selfadjoint operators x and y with spectra in [0, and [0, 5[ respectively, and all
pairs of operators (a,b) such that aa* +bb* = 1 and b is normal. The condition re-
mains sufficient if a is constrained to be of the form a = p, where p is an orthogonal
projection, and b =1 — p.

Proof. If f is operator convex, then

(73 5=y ) ()

according to Theorem 3.1, and this is equivalent to
[V*A(a)V] o |C| + A(b) > 0,
cf. [2, Lemma 1] or [1]. Suppose conversely that
V*A@)V]o|Cl+ A1 -p) =0
for each orthogonal projection p. The statement is equivalent to

( H(OAGIC) O ) Y
c* A(l—-p) | —

where r(C) is the range projection of C' = (p @ p)f(z,y)((1 —p) ® (1 — p)). In
particular, if we restrict ourselves to such projections that are considered in the
proof of 3.1 (3) = (1), it follows that r(C) = p ® p whenever

(*) f(@,yn) = f(@1,92) — fz2,91) + f(22,92)

is invertible. Since (p ® p)A(p)(p ® p) < A(p) by virtue of the normalization of f,

we obtain
A
() C >0
c* A(l-p)
and hence
T+ + 1 1
(#) f( 12 27y12y2) ng($17y1)+§f($27y2)

whenever the expression in (*) is invertible. If the function f is constant in one
of the variables, then f is trivially operator convex. Otherwise we obtain that the
expression in (x) is invertible and thus the inequality (#) is satisfied for x1, x2, y1, Y2
belonging to a dense set of operators. Since f is continuous, it follows that f is
operator convex. QED
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