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Radial extension of monotone Riemannian
metrics on density matrices

By CSABA SUDAR (Budapest)

Introduction

Let M,, be the space of all positive definite n x n complex matrices
of trace 1. A Riemannian metric k on M,, is said to be monotone if for
every stochastic map T the following holds:

kp(T(X),T(Y)) < kp(X,Y) DeMuX,Y €TpM,

(Recall that a linear map T is stochastic if it is completely positive and
T(M,) C My)

On the base of MOROzOVA and CHENTSOV’s work [7] D. PETZ showed
in [8] that for every monotone metric k£ there exists a symmetric and pos-
itive operator monotone function f such that

(1) kp(X,Y) =Te(Kp(X)Y),  Kp'=f(LpRp')Rp

where Lp, Rp are the operators of left and right multiplication by D. A
function f is positive operator monotone if A < B implies f(A) < f(B) for
every positive matrices A, B with order r and for each integer r. Such an
f is symmetric if f(z) = zf(z~1), this condition implies that Kp(X*) =
Kp(X)*, so Kp maps the space of selfadjoint operators into itself. In
addition f(z) possesses the following integral representation:

@ f) =nlop 5+ [ I o, Rel) >0
(0,1]
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where (1 is a probability measure on [0,1] (see [6]).

Let M7 be the space of all positive semidefinite n X n complex ma-
trices of trace 1 and let P be the space of all one dimensional projection
operators. M can be considered as the space of states of a phisical sys-
tem and P as the space of pure states. A. UHLMANN studied in [10] the
Bures-metric which is related to the generalization of the Berry phase to
mixed states and he gave a geometric representation of this metric. From
this representation follows that the Bures-metric admits an extension to
P and this extension is proportional to the canonical Riemannian met-
ric of P. Note that the operator monotone function mTH represents the
Bures-metric.

On the other hand, D. PETZ and other authors in [2] and [9] studied
the geometry of the Kubo-Mori metric (or Bogolubov inner product) which

is induced by the relative entropy functional. It is defined by the formula

(A, BYp :/ Tr(D+8)'AD+4)"'Bdt, De My, A, BecTpM,.
0

and the corresponding operator monotone function is f‘ogi From their

results follows that the Kubo—Mori metric does not admit any extension
to P.
The purpose of this paper is to define a type of extension of a mono-

tone Riemannian metric to P and to give a necessary and sufficient condi-
tion for the existence of this extension by the help of Petz’s characterization
given by (1).

Canonical metric on P

In this section we will recall various definitions of Riemannian metrics
on spaces that are diffeomorphic to P.

First of all, P itself admits a Riemannian metric, namely the restric-
tion of the Hilbert-Schmidt metric to P. This metric has the following
form:

(3) gp(X,Y) = Tr(XY™),

where P € P and X,Y € TpP.
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P is diffeomorphic to the complex projective space P"~'C (complex
one dimensional subspaces of C"). If p € P" !Cand z € p, 2 = (21 ... 2p),
|z| =1 then this identification is given by the following map:

2121 212n
(4) p
ZnZl .. ZnZn
Let P, be the projection to the complex line generated by e; =

(1,0,...,0) € C". Using (4), Tp,P can be identified with matrices of
the following form:

0 772 Un

(5) V2 0 0
V= .

v, 0 ... O

where v; € C for i = 2,...,n. Let (,) and (,) = Re(,) denote the
standard Hermitian inner product and the corresponding real one on C",
respectively. Let S?"~! be the unit sphere in C" with respect to ( , )
and let S! be the group of complex unit vectors acting on S?"~! by left
multiplication. The identification of P"~'C and the quotient S?"~!/S1!
gives a convenient definition of the canonical Riemannian metric on P*~1C
as follows.

Let r,7. be the projection from S?"~1 to P"~1C ~ S§?"=1/S1 and
its tangent map respectively. Let z € S?"~! and T.5?"~! be the tangent
space at z and T,,yP" !'C at r(z). Then the kernel of the linear map
T« . is the real line generated by iz. Let V, C T,5?"~! be the orthogonal
complement of Kerr, , with respect to the restriction of ( , ) to T, 52" 1.
T« gives a linear isomorphism of V, to T.P"~'C and the restriction of
(, ) to V, can be projected to an inner product h, on T, P"~'C such that
7. becomes an isometry. Since S! is a group of isometries of S?"~! h,
is actually a Riemannian metric and r a Riemannian submersion (see [1]
11.2.29). Using the map defined by (4), h induces a Riemannian metric on
P, which simply will be denoted by h. An easy computation shows that
g = 2h.

Another definition comes from the isomorphism of P*"~'C to the ho-
mogeneous space U(n)/U(1) xU(n—1) (U(k) is the space of k x k unitary
matrices). Let E € Q = U(n)/U(1)xU(n—1) be the left coset correspond-
ing to U(1) x U(n — 1) and Tg be the tangent space at E. The left action
of an element U € U(1) x U(n — 1) on Q fixes E so its tangent map U, g
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at E maps T onto itself. The homomorphism U — U, g € GL(Tg) is
called the isotropy representation of Q. Since U(1) x U(n — 1) is compact,
one can use the Haar measure to define an inner product on T such that
the elements of the isotropy representation are isometries. Since U(n) acts
transitively on @, this inner product induces a left invariant Riemannian
metric. Moreover, the isotropy representation of P*~!C is irreducible (it
has no nontrivial invariant subspaces) so this metric is unique up to a
scalar factor (see [1] 11.2.43).

In the last definition we will consider P"~'C as a complex n — 1
dimensional manifold, isomorphic to C* — {0}/C* where C* is the group
of nonzero complex numbers acting on C™ —{0} by left multiplication. Let
us define the following function and the corresponding 2-form on C™ —{0}:

f(z) =In(z'2" + 2222 + - 4+ 2"2")

- o ) 82f . .
O = —4i00f = —4i Y dz' A dZ
1,7

0210z7

It can be shown that this form is constant on complex lines so it can be
projected to a 2-form ® on C" — {0}/C*. If we set g(X,Y) = &(JX,Y)
where J is the complex structure on C™ — {0}/C* we get the so called
Fubini-Study metric (see [5] 1X.6.3).

Definition of the radial extension

Let M!, € M,, be the set of the non degenerate elements of M,,, i.e.
the set of matrices whose eigenvalues are all distinct. This space is open
and dense in M,,. On M/ we will consider the affine coordinate system,
it consists of only one coordinate chart (¢,U) where ¢: M/ — R" 1,
¢(D) =D —I/n and U = ¢(M.,) is open in R™-1. The tangent space
TpM., at D is the space of traceless self-adjoint matrices.

Let us define a projection m : M/, — P as follows. Let (D) be
the projection to the one-dimensional eigenspace corresponding to the
largest eigenvalue of D. This map is smooth (see [3] II.5.8), moreover
M. is a smooth fibre bundle over P with projection 7 (see [4], L5).
The fibre space can be taken 7~ !(Ps ) where €; is the line generated
by e; = (1,0,...,0)7 € C" and P, is the projection to €;.

Let 7, p be the tangent map of m at D and let Hp be the orthogonal
complement of Kerm, p in Tp M, with respect to a fixed monotone Rie-
mannian metric kp. Since 7, p is surjective, the restriction of m, p gives a
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linear isomorphism between Hp and Trp)P. If v € Ty (p)P then we can
define a unique lift ¥ € Hp of v such that m, p(v) = v. Using this lift we
can define the following inner product gf( p) on Ty (p)P:

gf(D)(u,v) = kp(u,v) u,v € T (pyP

We will say that a sequence D,, € M}, is radial at P € P if n(D,) = P
for every m € N and D,, is convergent to P as m goes to infinity. Now
we can define the radial extension of k.

Definition. We say that a smooth metric g on P is the radial extension
of k if for every p € P, u,v € T),P and for every radial sequence D,, at p

1 Dy, —
W}Enoo g, " (u,v) = gp(u,v).

In the next section we give a necessary and sufficient condition for the
existence of the radial extension.

The main existence theorem

Theorem. Let k be a monotone Riemannian metric on M,, and let

f : R™ — R™ be the corresponding operator monotone function. The

radial extension g of k exists if and only if f(0) # 0. In this case g = ﬁh

where h is the canonical Riemannian metric on P defined by (3).
PROOF. For any unitary matrix U and D € M/, we have:
r(UDU) = Un(D)U .
Differentiation of this equality gives
Tevpr-1(UXU™Y) = Um, p(X)U ™, X eTpM.,.

Since k is unitary invariant and the action U.U ! is invertible,
UKerm, p)U™! = Kerm, ypy-1 and UHpU~! = Hypy-1. Moreover,

for any v € Ty (pyP, UoU~! = U?U\_l; hence we get
(6) 95 oy (w,v) = g BY - (UuU = UnU ™).

From this equality follows that it is sufficient to compute ¢g” if only D is
diagonal and 7(D) = Pg,. Let us suppose D is diagonal and 7(D) = Ps, =
Py. For X € TpM!, let A(t) be the largest eigenvalue of D +tX, t € R
and let e(t) be the unit eigenvector corresponding to A(t). For sufficiently
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small ¢, D+tX € M/ and A(t) and e(t) are smooth functions of ¢. Setting
T(t) = D+ tX we have:

(T'(t) = A())e(t) = 0.
Differentiating this expression we obtain that \'(0) = z1; and

T
iy T21 Tnl
e'(0) = (0,—/\1_)\2,... ,—>\1_/\n>

0 _Tip _Tin

(7) . Ai=Az T A=Ay
—/\131/\2 0 0
Te,p(X) =
I

where Ap,...\, are the eigenvalues of D, A\; = A(0) and X = (z;;). If
X € Kerm, p then the expression of 7. p(X) gives:

T11 0 PN 0
0 29 .o Ton
X =
0 Tno2 ... Tnn

Let Kgl = f(LDRgl)RD as in the Introduction. Since D is diagonal,
Lij .
Op

hence we get Kp(Kerm, p) =Kerm, p. If V € Hp then the last equation
gives

Kp(X) =

0 79 Up,
V2 0 oo 0
(8) Vi=1{ . . . I
v, 0 ... 0
where v; € C for i = 2,...n. If v € Tp,P then (5),(7) and (8) give
0 ()\1 — )\2)172 .. ()\1 — )\n)ﬁn
. ()\1 — /\2)1)2 0 e 0
U= ) ) .
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Now we can express g”:

~ (A —N)?
9) gP(u,v) =2Re Yy
; F3M
where u,v € Tp,P.
Let us consider now the general case. Let D,, be a radial sequence at
P and let u,v € TpP. Let B} be linear operators on TpP such that

ggm (u7 ’U) = hp(BgLU, ’U).

Let U,, be unitary operators such that Dy, = UmDmU;L1 is diagonal and
m(D?2,) = Py where Py = &;. Using (6) we have:

(10) B =U,' o BE o Up,.
Since limy, oo A" =1 and lim,, 0o AI* =0 for i = 2...n, by (9)
1
(11) lim 'ng ——1Ip| =0
m—o0 ° f(0) g,
where Ip, is the identity map on Tp,P and || - ||p, is the operator norm
induced by (, )p,. It follows from (10) that
1 1
BY — —Ip|| = HUml oB® oUpy — —~U, olp, oUp,
I OR P " £(0) SR S
1
= |U o (Bm ——Ip)oUm
H SO P
1
-1 m
S HUm ||P,PQ ) HBPO - f(O)IPO P . ||Um||P0,P .

Since U, are isometries from TpP to T'p, P, ||Unl|lp,p, = 1 and by (11) we

obtain
1

£(0)

Remark. In virute of formula (2) the condition f(0) # 0 is equivalent
to u({0}) # 0. P is a proper subset of the topological boundary of M,,
for n > 3, so one can ask for the extension of a monotone metric to other
points of the boundary. Since this boundary does not admit any differen-
tiable manifold structure, it should be well-specified how the extension is
understood. A detailed study of the extension of a monotone metric to the
whole boundary with the aid of the generalization of the radial extension
will be presented in a forthcoming paper.

= 0. UJ
P

Ip

m—00

lim HB? —
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