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ABSTRACT. Free states on CCR algebras are reviewed with em-
phasis on transition probabilities among them.

1. INTRODUCTION

Let A be the *-algebra of bounded C-valued Borel functions on a
Borel space €2 and P be the set of probability measures on €.
Consider the free A-module over the set of formal symbols {'/2; ¢ €

B} on which we introduce a positive sesquilinear form by

(Z app'” wal”) = /mezp(w)\/w(dw)\/w(dw)-

PP PEP P peP

Here the Hellinger integral in the right hand side is defined by

/Q F () (i) /() = / f(w) j—jw%wu(dw)

for f € A, where p is any measure majorizing ¢ and .
1
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The associated Hilbert space is denoted by L?(2), which contains
©'/? as a special vector so that (p'/2[1)'/2) > 0. By the way of defini-
tion, ¢'/? L ¢'/? if and only if ¢ and 1) are disjoint!.

Now let € be the product Borel space of a sequence of Borel spaces
{Qn}n>1 and ¢ = [[ ¢, and ¥ = [ ¢, be product probability measures
on ).

Theorem 1.1 (von Neumann-Kakutani).
("210"%) = [T (@ *1e?).
n>1

Theorem 1.2 (Kakutani’s Dichotomy). Assume that ¢, and v, are
equivalent? for every n > 1. Then ¢ and 1) are either equivalent or
disjoint according to (¢2[4)'/2) > 0 or ('/2[y'/?) = 0.

We shall apply these results to so-called gaussian measures. Let V'
be a finite-dimesional real vector space. A gaussian measure ¢ on V*
is characterized by its Fourier transform (the characteristic function of

¢) by
/ zw(ar: (dw) —S(a:)/2+io¢(x)’ = ‘/’

where S is a positive quadratic form® on V (the covariance form) and
a : V — R is a linear functional (the mean functional). We write

Y = Pa,S-
Theorem 1.3.

(pu3lg) = y|det (“ ) e

sl¥sr S+ T

Y

where, given a positive quadratic form Q on V, Q7! is a quadratic form
on V* defined by

Qﬂﬂ:{mmiwwszm

+o00  otherwise.

One may expect similar results for an infinite-dimensional V' as well,
but subtleties come into here. To see these, we shall be more specific.
Let R*® be the set of sequences of real numbers with the product
Borel structure. Given a sequence S = (s,),>1 of positive reals, let g

lp(E) =1 =14(Q\ E) for some Borel E C Q.
20,(E) = 0 if and only if ¥,,(E) = 0 for any Borel E C w.
38(x) = S(x,x) with S(z,y) the associated positive sesquilinear form on V.
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be the infinite product of gaussian measures of variances s; (j > 1): If
we denote by w; the j-the component of w € R*, then

/ ei Z?:l Tjwj @S(dw) — e~ Z?:l Sj$§/2'

Proposition 1.4. For a sequence T = {t;} € RT® of positive reals and
b € R™, set

REr = {w = (w)) €R®; Y t5(w; + B;)° < oo}
=1
Then
1 if 37, sty < oo and ) 187 < oo,
0 otherwise.

SDS(RZ’?T) = {

In other words, = ¢;(w; +;)* < oo for pg-a.e. w € R®if 7 55t < 00
and Zj tjﬁjz < 00, whereas Zj ti(w; + B;)? = oo for pg-a.e. w € R if
not.

This reveals that, if S is non-degenerate, then the measure g is not
supported by the topological dual of V' with repsect to S. To get a
supporting dual, we need to replace V with a smaller subspace V; and
endow Vj with a stronger topology so that V" D V* is big enough.

A warning is in order here that there is no preferable choice of V.
This kind of arbitrariness, however, can be avoided if one works with
a formal function algebra A generated by e® (v € V) and reformulate
a5 as a positive linear functional on A.

In this setting, we can still construct the Hilbert space L?(A) without
referring to measure spaces so that the square root of ¢, g lives there
and exactly the same formula holds for (goi/ §|g023/ Z). Now the Kakutani
dichotomy takes the following form for gaussian measures.

Theorem 1.5. Two gaussian measures ¢, g and g are equivalent

or disjoint according to non-vanishing or vanishing of (90(11/ §|<p}5/ ;)

The main purpose of this series of lectures is to generalize these
results in such a way that it allows quantum effects at its most basic
level.

2. ALGEBRAS AND REPRESENTATIONS

An algebra A over C is called a *-algebra if it is furnished with a
conjugate linear involution % : A — A (called a *-operation) satisfying

(ab)* =b"a*, a,be A.
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An element a in a *-algebra A is said to be hermitian if ¢* = a and
a hermitian element p is called a projection if p> = p. When A has a
unit 1, a is said to be unitary if aa* = a*a = 1.

A *-algebra is said to be unitary® if it is generated by unitaries.

Example 2.1. Given a *-algebra A, the n x n matrix algebra M, (A)
with entries in A is a *-algebra.

Example 2.2. Let C[X] be the polynomial algebra of indeterminate
X and make it into a *-algebra by (>, 0@ X™)* =Y <@ X". Then
0 and 1 are all the projections and constant polynomials of modulus 1
are all the unitaries.

Example 2.3. Given a group G, the free vector space CG generated
by elements in G is a *-algebra (the group algebra) by extending the
group product to the algebra multipliction and defining the *-operation
so that elements in G are unitary. The group algebra CG = ) sec CY
is unitary.

Exercise 1. Let A be the vector space of functions on a group G of
finite support and make it into a *-algebra (the convolution algebra)

by

(ab)(g) = Y alghblg"), a*(g9) =algh).
g9'9"=g
The convolution algebra A of G is naturally isomorphic to the group
algebra CG.

Given *-algebras A and B, their direct sum A®B and tensor product
A ® B are again *-algebras in an obvious manner.

Exercise 2. The matrix algebra M, (A) is naturally identified with the
tensor product M, (C) ® A.

Let JH be a pre-Hilbert space; H is a complex vector space with a
positive definite inner product ( | ). A linear operator T : H — H is
called the adjoint of a linear operator S : H — H (and denoted by
S*) if it satisfies (£]Sn) = (T€|n) (for &,n € H). A linear operator S
on H is sadi to be bounded (on the unit ball) if ||S|| = sup{||S¢||; ¢ €
H, )€ < 1} is finite. Let L£(JH) be the set of linear operators on
H having adjoints, which is a unital *-algebra in an obvious way. The
subset B(H) of L(H) consisting of bounded operators is a *-subalgebra.
When H is complete, a linear operator on H has an adjoint if and only
if it is bounded thanks to the closed graph theorem and the Riesz
lemma, whence L(H) = B(H).

4This is not a common usage of terminology.
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Exercise 3. A positive semidefinite sesquilinear form ( | ) on a complex
vector space K produces a Hilbert space by taking completion after
quotient of K.

By a *-representation of a *-algebra A on a pre-Hilbert space JH,
we shall mean an algebra-homomorphism 7 : A — L(H) satisfying
m(a)* = w(a*) for a € A. When 7(A) C B(H), the *-representation is
said to be bounded. If A is unitary, any *-representation is automat-
ically bounded.

If a *-representation (7, H) is bounded and H is complete, we can
associate several operator algebras to it:

(i) A norm-closed operator algebra (C*-algebra) m(A) as a norm-
closure of m(A) C B(H).

(ii) A weakly closed operator algebra (W*-algebra) m(A)" as the
commutant {b € B(H);nw(a)b = br(a),Ya € A} of w(A) C
B(H).

(iii) Another W*-algebra w(A) as a weak closure of 7(A) C B(H).

Theorem 2.4 (von Neumann, [15, Theorem 4.15]). Let H be a Hilbert
space. For any *-subalgebra B of B(H) satisfying BH = H, we have
B = (B.

!/

Exercise 4. Let E € B(H) be a projection to the closed subspace
K Cc H. Then BK C X if and only if £ € B'.

It is often convenient to regard the representation space H as a left
A-module by a§ = w(a)é. Thus a right A-module structure corre-
sponds to a *-antirepresentation, i.e., an algebra-antihomomorphism
m: A — L(H) satistying 7(a)* = 7(a*), by the relation {a = 7(a).
A pre-Hilbert space H is called an A-B bimodule (B being another
*_algebra) if we are given a *-representation A\ : A — L(H) and a
*_antirepresentation p : B — L(H) satisfying A(a)p(b) = p(b)A(a) for
a € Aandbe B, ie., (a§)b = a(£h) in the module notation. An A-A
bimodule H is called a *-bimodule if we are given an antiunitary °
involution &* on H satisfying (a&b)* = b*¢*a* for a,b € A and & € H.

Given another bounded *-representation 4X of A on a Hilbert space
X, a bounded linear map T : H — X is called an intertwiner if it
satisfies T'(a&) = aT'(§) for a € A and £ € H. We denote the space of
intertwiners by Hom(4J, 4X), which is a closed subspace of B(H, X).
When 4H = 4K, Hom(4H, 4K), which is also denoted by End(43),
is equal to the commutant 7(A)" of 7(A) C B(H).

5A conjugate-linear operator J on a pre-Hilbert space I is called an antiunitary
if (J&|Jn) = (n|§) and JH = H.
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According to the obvious block representation of linear operators, we
have
_( End(H) Hom(X,X)
End(4(H & X)) = (Hom(ﬂ-(, %) End(X)

and the information of intertwiners is encoded in the commutant (of a
suitable representation).

An A-submodule 4X is called a subrepresentation of 4. When
H is complete and K is closed, let e be the projection to X C H. Then
e € m(A)" and there is a one-to-one correspondence between (closed)
subrepresentations of 4H and projections in m(A)’.

In what follows, the completeness of H is assumed when one talks
about bounded representations.

Two bounded *-representations m; : A — B(H;) (i = 1,2) are said
to be unitarily equivalent (resp. quasi-equivalent) if we can find a
unitary intertwiner 7' : H; — Hy (resp. a *-isomorphism ¢ : m (A)" —
mo(A)" satisfying m(a) = ¢(mi(a))). Quasi-equivalence is an equiva-
lence up to multiplicities:

Theorem 2.5 (Dixmier, [15, Theorem 5.8]). Two bounded *-representations
(75, ;) (j = 1,2) are quasi-equivalent if and only if we can find Hilbert
spaces X; so that 4H; ® X; and 4H, ® Ky are unitarily equivalent.

A linear functional ¢ on a *-algebra A is defined to be positive if
p(a*a) > 0 for a € A. A positive linear functional ¢ on a unital *-
algebra A is called a state if ¢(14) = 1 (14 being the unit element of
A). A linear functional 7 on an algebra A is called a trace or said to
be tracial if 7(ab) = 7(ba) for a,b € A.

Example 2.6. Let Cy(H) be the set of finite rank operators on a
Hilbert space H. Then Cy(H) is a *-ideal of B(H) and the ordinary
trace defines a positive tracial functional tr on Co(J).

Example 2.7. Every probability measure p on the real line of finite
moments defines a state on the polynomial algebra C[X]| by

g&(z a, X") = Zan/Rt”u(dt).

Conversely, any state arises in this way (the existence part of the Ham-
burger moment problem). See §X.1 in Reed-Simon for more informa-
tion.

Example 2.8. In the group algebra CG, positive linear functionals ¢
are one-to-one correspondence with positive definite functions on G by
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restriction and linear extension. The state associated to the positive

definition function
1 ifg=e
6(g) = ’
(9) { 0 otherwise

is called the standard trace.

Exercise 5. The standard trace d has the trace property: d(ab) = d(ba)
for a,b € CG.

Given a positive linear functional ¢ on a *-algebra A, we define a
*_representation as follows: The inner product (a|b) = ¢(a*bh) on A
is positive semidefinite and the representation space is given by the
associated pre-Hilbert space H, i.e., H is the quotient vector space
relative to the kernel of ( | ). The non-degenerate inner product on
the quotient space is also denoted by (| ), whereas the quotient vector
of £ € A in ¥ is denoted by x¢'2. The inner product then looks
like (z¢'2|yp'?) = p(z*y) and we introduce a representation 7 by

m(a)(z¢'?) = (az)p'/?.

Exercise 6. Check that the representation 7 is well-defined.

The representation obtained in this way is referred to as the GNS-
representation® or its process as the GNS-construction. When A
is unital, we have a distinguished vector ¢'/? = 1,02 in the repre-
sentation space, which is cyclic with respect to 7 in the sense that
H = m(A)p'/2.

Conversely, if we are given a *-representation (7, H) of a *-algebra
A and a cyclic vector € € H for 7, the formula ¢(a) = (§|7(a)) defines
a positive linear functional and the associated GNS-representation is
unitarily equivalent to the initial one by the unitary map ap'/? +— m(a)¢
(a € A).

A positive functional ¢ is said to be bounded if the associated GNS-
representation is bounded.

Exercise 7. A positive functional is bounded if and oly if, given a € A,
we can find M > 0 such that p(z*a*ax) < p(z*z) for any x € A.

Exercise 8. Formulate the GNS-construction for right A-modules.

Example 2.9. The GNS-representation associated to the state on C[.X]
realized by a probability measure p on R is identified with the multipli-
cation operator by polynomial functions on the Hilbert space L*(R, ).

6Named after .M. Gelfand, M.A. Naimark and L.E. Segal.
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Example 2.10. Given a positive trace 7 on a *-algebra A, the asso-
ciated GNS-representation space A7'/? is made into a *-bimodule by
(at'/?)* = a*1'/? (a € A).

Example 2.11. The GNS-representation of the standard trace of a
group algebra CG is identified with the regular representation of G

(@' 7[05'%) = 5(aD) = S agh, fora = ayg. b= byg.

geG geG geG

By the trace property of d, the representation space (*(G) is a *-
bimodule of CG. L

When G is commutative, £2(G) is unitarily mapped onto L*(G) (G
being the Pontryagin dual of G) with the representation of CG unitarily

transformed into the multiplication operator on L?*(G) given by the
function

éawHZag(g,w> fora:Zagge(ZG.

9eG geG

Exercise 9. For G = Z, identify Z with T and the unitary map ¢%(z) —
L?(T) with the Fourier expansion.

Definition 2.12. Given a vector n in a Hilbert space H, the linear
functional n* : H — C is defined by n*(¢) = (n|€) for £ € H. By Riesz
lemma, the dual space H* of H is of the form H* = {n*;n € H} and it
is a Hilbert space by the inner product (£*|n*) = (n|§). The *-algebra
B(H) then naturally acts on H* from the right by n*a = (a*n)*. For
£,m € H, define a rank one operator &n* € Cy(H) by’

(En7)¢ = mlQ)E, ¢ H.
The notation is compatible with the multiplications by elements in
B(H): a(&n™)b = (a&)(n"b).
Example 2.13. Let tr be the ordinary trace on the finite rank operator
algebra Cy(3). Then the correspondence {n*trt/? s & @ n* gives rise

to a unitary map from the GNS-representation space Co(3)tr'/? onto
H® H*.

On a *-algebra A, we introduce a seminorm || - [~ by

allc+ = sup{||7(a)||; 7 is a bounded *-representation},
is a bounded * i

which satisfies
|ab] bl

"According to Dirac, n* is often denoted by 1€)(n].

2
O*-

o+ < llallex [blle-, lla*allox = [la]
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The completion of the quotient *-algebra A/J relative to || - ||+ (I =
{a € A;||al]|c~}) is a C*-algebra, which is universal in the sense that
any bounded *-representation of A splits through A in a unique way.
Thus, instead of bounded *-representations of A, we can work with
*_representations of A.

Exercise 10. Check the following: ||a*||c+ = |la|/c+ for a € A and
{a € A; ||al|c~ = 0} is a *-ideal of A.

Example 2.14. The closure of the finite rank operator algebra Cy(H)
in the operator topology on B(H) is a C*-algebra as a norm-closed *-
ideal of B(JH), which is referred to as the compact operator algebra
and denoted by C(H).

The norm ||al|y = [Jatr'/?|| = \/tr(a*a) on Cy(H) is known to be the
Hilbert-Schmidt norm and satisfies

labllz < llallibllz,  [1b"]l2 = l[blla = [I6l], @ € B(H),b € Co(IH).

Thus the completion Cy(H) of Cy(H) relative to the Hilbert-Schmidt
norm, which is included in C(JH) as a *-ideal of B(H) and is, at the
same time, isomorphic to H @ H*. In other words, Co(H) = H @ H*
is a *-bimodule of B(H).

The norm ||al|; = sup{|tr(ab)|;b € Co(H),||b|| < 1} on Cy(H) is
known to be the trace norm and satisfies

lablly < llalliolls,  [16*[lx = NIl = [16ll2,  [tr(b)] < [|b][x

for a € B(H),b € Co(H). Thus the completion of Cy(H) relative to
the trace norm, which is included in Cy(JH) and denoted by C;(H), is
a Banach *-algebra and realized as a *-ideal of B(H) with the trace
functional extended to C;(HH) by continuity.

Co(H) C C1(H) C Cy(FH) C C(H) C B(H).

Exercise 11. Check the inequalities for the Hilbert-Schmidt and the
trace norms.

Exercise 12. Show that, for a positive operator a € B(H),

tr(a) = Z(&jla&)

J
does not depend on the choice of an orthonormal basis {{;} in .

Exercise 13. Show that a € B(H) belongs to C;(H) if and only if
tr(Ja|) < oo. Here |a| = va*a. If this is the case, ||a|; = tr(|al).

Exercise 14. Show that C;(H) = Cy(H)Cy(H) and deduce the in-
equality [lablly < [la[l2[|blls from [tr(ab)] < [la][2[[bll (the Cauchy-
Schwarz inequality).
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Proposition 2.15. Given a bounded positive linear functional ¢ on
C(H), we can find a positive operator p € C;(H) such that p(z) =
tr(px) for z € €(H). Moreover, p'/2 € Cy(H) is identified with /2 by
the left multiplication of C(H).

Proof. Define a positive sesquilinear form ® on H by ®(&,n) = p(ng*).
Then, from [|££*]| = [|€]|?, we have ®(&,&) < [|p]|(£]€) and therefore a

positive operator p satisfying ¢(né*) = (&|pn) for £,n € FH. If {§;} is
an orthonormal basis, > 7| §;¢ is a projection in Co(H) and

Z &lp&;) = ny ) < el
j=1

shows that tr(p) = > 72, (&p§;) is ﬁmte, i.e., p is in the trace class.
Now p(n€*) = tr(p(ng*)) is extended to z € C(H) by linearity and then

by continuity. O

Exercise 15. Through the identification Cy(H) = HH*, C(H)p'/2 =
H @ H*[p], where [p] denotes the support projection of p.

A bounded *-representation 4H is said to be irreducible if End(4,H) =
Clge. A positive functional is said to be pure if the associated GNS-
representation is irreducible. A family {43, } of bounded *-representations
is said to be disjoint if Hom(4H;, 4H) = {0} for j # k. Two
bounded positive functionals ¢ and 1 of A are said to be disjoint
(resp. quasi-equivalent) if the associated GNS representations are
disjoint (resp. quasi-equivalent).

Lemma 2.16. Let w be a positive functional on a unitary algebra A
with 7 : A — B(H) the associated GNS-representation. Then the
following formula gives a one-to-one correspondence between positive
functionls wy on A majorized by w and positive operators T in the
commutant 7(A) = {T € B(H);Tn(a) = n(a)T, Va € A} majorized
by the identity operator 1p.

wr(a) = (Tw'?m(a)w'?), acA.

Proof. Let ¢ be majorized by w, i.e., p(a*a) < w(a*a) for a € A. Then
by Schwarz inequality

lo(z*y)| < p(a*z) 2oy y)? < w(ez) Pwyy)? = lzw'?| |y,

we see that zw'/? x yw!'/? s @(2*y) gives a bounded sesquilinear form

on the completed Hilbert space H, whence we can find a bounded linear
operator 1" on H satisfying

p(r*y) = (2w T(yw'?) z,y € A.
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By equating ¢(z*(ay)) and ¢((a*x)*y), we have T' € w(A)’. Further-
more, the condition 0 < ¢(a*a) < w(a*a) means the operator inequality
0<T < 1g¢.

The converse implication is immediate and the proof is left to the
reader. U
Theorem 2.17. Let A be a *-algebra.

(i) A bounded positive functional ¢ on A is pure if and only if any
positive functional v satisfying 1) < ¢ is proportional to ¢.
(ii)) A bounded *-representation 43 is irreducible if and only if
A& =3 for any 0 # € € K.
(iii) Two bounded *-representations 4H and 4K are not disjoint if
and only if we can find non-zero subrepresentations 4 H' C 4H
and 4 K" C 4K such that 4H' and 4K’ are unitarily equivalent.

Corollary 2.18. The set of pure states of a unital *-algebra A is
invariant under *-automorphisms of A.

Exercise 16. Prove the theorem.

2.1. Von Neumann’s Reduction Theory. In the study of group
structures, one of key strategies is to focus on commutative subgroups
such as Z,,, Z and T, where Fourier analysis plays significant roles (Pon-
tryagin duality, 1934).

Theorem 2.19 (Gelfand, [15, Theorem 2.22]). Any commutative C*-
algebra C' is naturally isomorphic to Cy(2) (the C*-algebra of contin-
uous functions vanishing at infinity), where a locally compact space (2 is
captured as the Gelfand spectrum oo = {w : C' — C; x is a one-dimensional *-representation

of C.

Example 2.20. Let V be a finite-dimensional real vector space and let
C.(V') be the vector space of C-valued continuous functions of compact
support, which is a *-algebra by the convolution product

(Fr)o) = [ dv'e)glo =), 17(0) = TT=0)
v
Here dv’ is a preassigned Lebesgue measure on V.

Proposition 2.21. There exists a one-to-one correspondence between
a continuous unitary representation U of the vector group V and a
bounded *-representation 7 of C.(V).

/ flo U)(r(1E) = 7(v.f)E
Here (v.f)(v') = f(v' — )
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Exercise 17. Prove the proposition.

Example 2.22. Let C' be the commutative C*-algebra associated to
C.(V). Then o¢ = V* by

w[ﬁ@WWw%Lﬂmewzﬂm‘

and C.(V) 3 f — f € Cy(V*) is extended to an isomorphism C =

~

Co(V*). Note that lim,_, f(w) = 0 by Riemann-Lebesgue lemma.

Consider a *-representation 1 of a C*-algebra A on a Hilbert space
H. Let C' C A be a central C*-subalgebra and express C' = C(2) with
) a compact Hausdorff space.

Theorem 2.23 (Riesz-Radon-Banach-Markov-Kakutani). There is a
one-to-one correspondence between states, say ¢, on C' and probability
measures (Radon measures), say p, on 2.

o = [ s,
In what follows, ¢ is identified with the associated Radon measure.

From here on, 3 is assumed to be separable. Write 3 = 72, 7(C)¢;
and set

o=y %ija ¢;(a) = (§lag;).
=1

Then 7(C')" is *-isomorphic to L>(2, ¢) on L?(Q, ¢) and H is identified
with a closed subspace of L?(Q, ¢) ® X (X being some Hilbert space).
Thus,

® ®
fH%’/Q H, p(dw), §<—>/Q £od(dw), H, XK

so that

End(cF) = /

D

®
g B(Hy,) ¢(dw), 7r(a)<—>/Q Tw(a) ¢(dw).

Let sH' be another *-representation of A (H’ being separable) and
choose a measure ¢’ so that H' = fsa H! ¢ (dw). Then
o

Hom(cH, o H') = / B(H,,, 1) /o' (dw).

Q
Recall that \/¢¢' is a measure on €2 defined by

Vb () = 1|2 () u(dw).

dup- " du
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Note that /¢¢’' can be replaced with any measure equivalent to it.
When 7(A) = n(C)" and 7'(A)" = 7'(C)", we have

Hom(aJ, 43") = L®(Q,\/¢¢').
3. CCR-ALGEBRAS AND ANALYTIC REPRESENTATIONS

A presymplectic vector space is a pair (V, o) of a real vector space
V and an alternating form o : V x V' — R. When o is non-degenerate,
it is called a symplectic vector space.

Exercise 18. A real vector space V is equivalently described by a
complex vector space VC with conjugation (x+1y)* = x—iy (z,y € V).
There is a one-to-one correspondence between presymplectic forms o
on V and hermitian forms h on VC satisfying h = —h by the relation
Wiz, w) =io(z*,w) (z,w € VC) (given a sesquilinear form s on VC, we
set 3(z,w) = s(z*, w*)), where o is bilinearly extnded to VC.

Example 3.1. Let L and V| be real vector spaces with L* the algebraic
dual space of L. Then the direct sum V' = V& L& L* is a presymplectic
vector space with the presymplectic form defined by

ocladr®boydn) = (r,1) — (y,§)-
Note that kero = Vo 04 0 = V4.

Exercise 19. If dim V' < oo, any presymplectic vector space is of this
form.

Given presymplectic vector spaces (Vo) and (V',0'), a linear map
¢V — V' is said to be presymplectic if o' (¢(z), ¢(y)) = o(z,y) for
xz,y € V. When (V',0') = (V,0) and ¢ is an isomorphism, it is called
a presymplectic automorphism of (V, o). The group of presymplectic
automorphisms of (V, o) is denoted by Aut(V, o).

If V is endowed with a linear topology which makes o continuous, it
is reasonable to restrict ourselves to continuous presymplectic maps.

Associated to a presymplectic vector space (V, o), we introduce sev-
eral *-algebras, called CCR-algebras®. The first one, denoted by
A(V,0), is a unital *-algebra which is linearly and universally gener-
ated by elements in V' subject to the relations

=z, zy—yxr=io(x,y)l, forz,yeV.

Lemma 3.2. Given a real-linear map 7 of V' into a unital algebra A
satisfying 7(z)m(y) — w(y)w(z) = io(x,y)la for z,y € V, 7 is extended
to an algebra-homomorphism of A(V, o) into A.

8CCR stands for the Canonical Commutation Relations.
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Proof. This is a consequence of the fact that the commutation relations
are invariant under the *-operation. U

Example 3.3. Let K be a complex Hilbert space and set ve=K DK,
where K is the conjugate Hilbert space and the real structure (or the
conjugation) in VC is defined by (E@m)* = n®E Thus the real
subspace V is {£ ;€ € K}, which can be identified with K as a real
Hilbert space by the isometry K 3 & — (€@ E)/V2 € V.

On the vector space V| we define a symplectic form o by

o(€ @& n®T) = 20m(&[n).
If o is extended to VC bilinearly, then
c(®0,n®0)=0=0(0®E087), o®0,067) =i(nl)
for £,n € K and the associated hermitian form is described by

io((€om)”. ¢ on) = (&) - (') = <%) ((1) —01> (g_:)

With the notation a(¢) = 0@ € and a*(€) = a(&)* = £ @ 0 for gen-
erators in the CCR algebra A(V, o), we can express the commutation
relations in the following form:

[a(§), a(n)] = 0 = [a”(§),a(n)], [a(§),a”(n)] = (lM)1.

We call this the creation-annihilation form of the canonical commuta-
tion relations.

Exercise 20. In the above exmaple, a continuous symplectic automor-

phism is of the form
A C
c A’

where A: K — K and C : K —>_F are bounded operators satisfying
A*A - C*C =1 and A*C = C*A.

The second one, called the Weyl form of CCR algebra, is a unitary
algebra C(V, o) universally generated by the symbols {e'*; x € V} sub-
ject to the relations

(6”)* _ e—z:r:? ety — 6—za(x,y)/261(:r;+y)’ T,y € ‘/,

which are the exponentiated form of the canonical commutation rela-
tions. Note that e (the zero in the exponential represents the zero
vector in V') is the unit element in the algebra.

Since C(V, o) is generated by unitaries {€"”}, any *-representation is
automatically bounded.
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A *-representation 7 : C(V,0) — B(H) is said to be continuous
if for any &,n7 € H and for any finite-dimensional subspace W C V,
W 3z — (£|7(e™)n) is continuous.

A positive functional on C(V, o) is defined to be continuous if the
associated GNS-representation is continuous.

The operator-norm completion with repsect to all *-representations
is then a C*-algebra C(V, o), which is referred to as the CCR C*-
algebra. From the very definition, there is a one-to-one correspon-
dance between *-representations of C(V, o) on a Hilbert space H and
*-representations of C'(V, o) on H. There is also a one-to-one corre-
spondance between states on C(V, o) and states on C(V, ).

Lemma 3.4. A *-representation 7 of C(V, o) is continuous if and only
if R 3t +— m(e"”) is weakly continuous for any z € V.

Proof. Use the realtion

e’i(t1x1+---+tn1‘n) — ei2j<ktjtka(xj7xk)/2€itlxl X itnxn

..e
for z1,..., 2z, € V and (t4,...,t,) €€ R™. O

Exercise 21. Use the algebraic representation

(m(e®)f)y) = e 72 f(y —x), zyeV,.feF(V)
of €(V, o) and its differential, where F'(V') is the vector space of complex-

valued (finite-dimensionally) differentiable functions on the set V', to
show that V' — A(V, ) is injective.

If we are given a presymplectic map ¢ : V — V', it induces a *-

homomorphism C(V,o) — C(V’,¢’) by universality and similarly for
other CCR algebras. In particular, Aut(V,o) acts on C(V,0) as a
*_automorphism group.

Lemma 3.5. If V = Vi® Vs and 0 = 01@ 09, then C(V, o) = C(V},01)®
C(V,, 09) and similarly for other CCR algebras.

In particular, if V' C V is a complementary subspace of ker o with
o’ the restriction of o to V', then C(V, o) = C(kero,0) @ C(V', d’).

Let f: V — R be a linear functional. Then e — e/ (@)™ gives a
*-automorphism of C'(V, o), which is referred to as a gauge automor-
phism.

Proposition 3.6. Given a continuous positive functional ¢ : C'(V, o) —
C, its characteristic function $(x) = (') (z € V) is characterized by
the (finite-dimensional) continuity and the positivity condition that

Z Z’Zk@(l’k - xj)eiU(Ij,zk)/Q 2 0
1<j,k<n
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for any finite sequences {x;}1<j<, in V and {z;}1<;<, in C.
Exercise 22. Check this tautological claim.

Let (m,3) be a continuous *-representation of C'(V,o) with H a
Hilbert space. A vector £ € H is said to be entirely analytic if
W 3z — w(e™)¢ € H is analytically continued to WC for any finite-
dimensional subspace W of V.

Let D be the set of entirely analytic vectors in H, which is a subspace
of H. For £ € D and v € VC, the vector m(e”)¢ is well-defined as an
analytic continuation and it belongs to D and satisfies

m(e")(m(e")§) = 7 Pn(e g, €D, vweVE

in view of the analytic extension of the identity 7 (e )m(e™)¢ = e~ @@V 2 (eilztu)¢
forz,y e V.

Thus,if we set 7(v)§ = %W(et”)ﬂt:o, it again belongs to D. De-
fine linear operators mp(e¥) and mp(v) on D by mp(e?)E = w(e’)€ and

mp(v)§ = m(v)§.

Lemma 3.7. These operators belong to £(D) with 7p(e¥)* = mp(e?”),
mp(v)* = mp(v*) and

Tp(e¥)mp(e?) = W 2y ("1 g (v)mp (W) = (W) Tp (v) = o (v, w)1.
Thus V 3 v — mp(v) € L(D) is extended to a *-representation of
A(V,o) on D.

Exercise 23. Compute mp(e”)mp(w)mp(e™?) for v,w € VC.

4. COVARIANCE FORMS

Assume that we are given a state ¢ of a CCR algebra A(V, o). Let
S be a positive form on VC defined by S(z,y) = p(x*y) for z,y € Ve,

Evaluating the commutation relation z*y — yz* = io(x*,y)1 by the
functional ¢, we have

(1) S(z,y) — S(y*,z%) =io(x*,y) forx,y € Ve,

Conversely, any positive form S on VC induces a presymplectic form
o by the formula io(z,y) = S(z,y) — S(y,x) (x,y € V).

Definition 4.1. A positive form S on VC is called a covariance form
on a presymplectic vector space (V, o) if it satisfies the equation (1).
Let Cov(V, o) be the set of covariance froms on (V, ), which is a convex
set with an obvious action of Aut(V, o).
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If a presymplectic vector space (V, o) admits one covariance form S,
then there exists plenty of them by adding any non-degenerate inner
product on V to S.

Remark 1. If a symplectic vector space (V, o) has a countable basis,
then we can find a canonical basis {e,, f,},>1 satisfying

oler,e1) =0=0(fr, f1), olex, fi) = Ok,
whence it admits a covariance form.
Related to the existence of covariance forms, the following question
seems to be open even for hermitian matrices: Given a hermitian form 6

on a complex vector space K, can we find a positive form ( | ) satisfying
0(z,y)[* < (z[) (yly) for z,y € K?
Example 4.2. If 0 = 0, Cov(V, o) is identified with the set of positive

(semidefinite) bilinear forms on V.

Example 4.3. For V = R?, possible presymplectic forms are parametrized
up to choices of bases by the matrix

0 2u
(5,2, e

Then S € Cov(V, o) is described by a matrix of the form
(Z-I—.CU y"’W)’ Pt < 2 23>0
y—ip z-—x
whence Cov(V, o) is identified with the region bounded by a half of a
two-sheeted hyperboloid (u # 0) or by a cone (u = 0). Since
GL(2,R) if u=0,
SL(2,R) otherwise,

Aut(V, o) = {

orbits in Cov(V, o) constitute two or three parts according to pu # 0 or
p=0.

Example 4.4. Consider the symplectic vector space VC=KaKin
Example 3.3. Let S : VEx VE = ¢ be a sesquilinear form. Then S
satisfies the equation (1) if and only if

sconcen- () (157 ) (9
= (€[(1 + A)¢) + (n[An) + (£|Bn) + (M| B*E),

where D : K — K and B : K — K are bounded maps satisfying
B = B*. Remark that

ElDm) =SO @& 0am),  (EBh) =SE®0,087).
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Thus bounded operators D : K — K and B : K — K with B = B*
correspond to a covariance form if and only if the operator of matrix

form o
1+D B
(5" 0)
is positive. In particular, the obvious choice D = B = 0 gives a
covariance form. o
Note that a right action of <é i) € Aut(V, (1 +D B)

Cov(V, o) is given by

A C\ (1+D B\ (A C
C A B* D)\C A)
For the choice K = C, let e = (1® 1)/v2 and f = (i ® —i)/V2

as basis vectors in V. Then o(e, f) = 1, which corresponds to the
parameter ;1 = 1/2 in the previous example. From the identification

Sle,e)=z+z, S(f,f)=z—z, Slef)=y+1i/2,
we have the correspondence of parameters
- 1
d:z—i, b=x+1y.
Notice that d = b = 0 corresponds to a boundary point (x,y,z) =

(0,0,1/2).

Proposition 4.5. Let (V, o) be a finite-dimensional presymplectic vec-
tor space and S be a covariance form on (V, o). Then we can find a
basis {d;, ex, f} of V and sequences {\;}1<j<m (A; > 0), {pt1i<k<n
(0 < p < 1/2) such that subspaces Cd;, C(eg + ify), Clex — ify) are
mutually (S + S)-orthogonal with d; € ker o and

S(d d. ) )\], S(ek + ka, €k + ka) =1 F 2/,Lk, O'(ek, fl) = 2,uk(5k,l.
Exercise 24. Prove this.

Remark 2. The system {ey, f} is (S + S)-orthonomal and S is repre-
sented on Cey + Cfi by the matrix

Sler ex) Slew, o)\ _ ( 1/2 1
S(frrer) S(fe, fx) —ipy 1/2)°
Lemma 4.6. Given a covariance form S on (V, o), set (z,y)s = S(z,y)+
S(y*, z*) for x,y € VC. Then (, )s is a positive form on VC satistying
(i) (v, 2%)s = (x,)s and (ii) o (2", y)]* < (z,2)s (y, y)s for z,y € VE.
Conversely, any positive form fulfilling these conditions comes from
a covariance form.
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Proof. We shall work with the completion VSEC of VC with respect to the
(possibly degenerate) inner product (, )s. From the obvious inequality
S(z,x) < (x,z)g, we can find a positive operator S € B(VE) such
that S(z,y) = (x,Sy)s. The relation (z,y)s = S(z,y) + S(y*, z*)
is then equivalent to S+ 8§ = 1 (Sz = (Sz*)*). Moreover, we have
io(z*,y) = (z,(S — S)y)s and the operator inequality —1 < S—8§ <1
gives
o2, y)| < llzl[s I(s = S)ylls < llzllsllylls-

Conversely, assume that a positive form ( , ) on VC satisfies (i) and
(i) in place of ( , )s. The inequality (ii) gives rise to a hermitian
operator —1 < H < 1 so that io(z*,y) = (x, Hy)s, whereas the in-

variance (i) and the alternating property of o implies H = —H. Now
set S(z,y) = (z, ZHy). Then the identity S(y*, z*) = (z, ZHy) shows
that S is a covariance form satisfying (x,y) = (z,y)s. O

Corollary 4.7. Let Vs be the real Hilbert space with respect to the
positive form S + S, i.e., Vs is the completion of V/ker(S + S) with
respect to the induced inner product. Then Vy is a presymplectic vector
space by the presymplectic form og induced from ¢ and the natural
map V — Vg is presymplectic.

Proposition 4.8. A covariance form S is extremal in Cov(V,0) if
and only if S = S. Here S is a positive operator on VSC defined by

S(x,y) = (z,8y)s (v,y € VE).
Exercise 25. Prove this.

Example 4.9. The covariance form

Sencan = (%) ((1) 8) (%)

appeared in Example 4.4 is extremal.

Remark 3. Even if we start with a symplectic vector space (V, o), the
completed one (Vg, og) with respect to a covariance form S may have
a degenerate og.

Exercise 26. Construct an example supporting the above remark.
As a final remark of this section, we record here the following.

Proposition 4.10. Given covariance forms S, T" on a presymplectic
vector space (V, o) and a non-degenerate real inner product R on V

which majorizes S and T, we can find a family of closed separable
subspaces {V; }ier in the completion V' of V' such that S’(V;,V;) =0 =
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T'(V;,V;) it @ # j and V' = @,e/Vi. Here S" and T” are continuous
extensions of S and T to V'C.

Exercise 27. Prove this.

In view of this fact, we may restrict ourselves to separable Vs to
look into mutual relations between free states.

5. FREE STATES

From here on, a presymplectic form o is supposed to satisfy Cov(V, o) #
(). With this assumption, there exists a covariance form S having a
trivial kernel; for v € VC, S(v,v) = 0 implies v = 0.

Lemma 5.1 (Hadamard-Schur product). Let (a;;) and (b;z) be pos-
itive semidefinite matrices of size n. Then the matrix with entries of
component-wise multiplication (a;xbji))1<jk<n 1S positive semidefinite.

Proof. Express positive matrices as convex combinations of positive
matrices of rank one. O

Corollary 5.2. For a positive semidefinite matrix (a;j), the matrix
(e%*k) is positive semidefinite.
Exercise 28. Check these assertions.

Given a covariance form S and a linear functional o : V' — R, the
following formula defines a state (called a free state) on the C*-algebra
c(V,o).

SO(GZJ:) — e—S(x,ac)/Z—l—ia(J:)’ zeV.
The positivity of ¢ is an easy consequence of the above corollary.

When o = 0, we simply write ¢g. Note that ¢g and ¢, g are related
by a gauge automorphism 0(e®) = e *@ei® (z € V): ¢,5 = g0 0.

Lemma 5.3. The GNS-vector goi/ g is entirely analytic, whence

T(C(V,0))pt2 D, mo(A(V,0))pls C D.

Proof. To this end, we introduce a *-algebra C(VC, o) generated by the
symbols e¥ (v € VC) with relations

eleV — 610(1},111)/2ev—l—w7 (ev)* — v

Then a state ¢ on €(VC, ¢) is defined by

30(61}) _ 65(1;*,1;)/2—0—04(1})7 = V(C
and we can see that V€ 3 v — €"0'/? is entirely analytic. Since
the restriction e®p!/2 is naturally identified with €2, we have

Q,
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C(VEC, o)pl/2 = €V, U)(pi{é and ep'/? is an analytic extension of

ez':v 9024/2' ]

)

Exercise 29. Let ¢, s be a free state on C(V, o) and denote by ¢ the
analytic extension of ¢, g to the *-algebra £(V, o). Then

p(z*y) = S(z,y) + a(z)aly) for z,y € VE.

Proposition 5.4. In the situation of Proposition 4.5, if the covariance
form S is decomposed according to the decomposition of presymplectic
vector space V' = > | Rd; + > (Rey, + Rfy), then the free state pg
is factorized into the product of one-dimensional gaussian measures

7)\]'t2/2

itdj) —e

pj(e
and two-dimensional free states
o (e Fertuli)y = o=@ +y%)/2

with [ek, fk] = —Q[Lk.

Definition 5.5. A free state ¢g is called a Fock state if the covariance
form S is extremal in Cov(V, o).

Fock states are basic ones among free states. Let ¢g be a Fock
state with the associated GNS representation denoted by 7. In view
of Proposition 4.8, we may assume that V' = Vg and 0 = og from the
outset. Then S is of the form S(z,y) = (z, Py)s with P a projection
in B(VC) satisfying P+ P =1 and V€ = K @ K if we set K = PVC,
i.e., (V,0) is the one in Example 3.3.

The following is a key in the analysis of Fock states.

Lemma 5.6. For a € K C A(V,0), acpg/z = 0.
Proof. For a € K = PVEC,

(apy*lapy?) = ps(a*a) = S(a,a) = (a, Pa)s = 0.

4

Remark 4. In quantum physics, go}g/ 2 represents a vacuum and a (resp. a*)

is interpreted as an operator annihilating (resp. creating) a quantum.
For a,b € K, we have
[a,b*] = ab* — b*a = io(a,b*)1 = (a*, (P — P)b*)s1 = S(a*,b*)1,
which is used repeatedly to see

.A(Vs,a's) = Z Km(F)n

m,n>0
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and then
1/2 n 1/2
A(Vs,09)pd* =" K g
n>0
thanks to 790;/2 =0.
Now we present a typical computation for a,a; € K (j =1,...,n):
* x 1/2 * x7, 1/2
aay - - anQDS/ = [CL, ay - an]QOS/
. * * *1 % x 1/2
= Z aj - ap_[a, aglag - agpd

n
_ * kN ok * * x 1/2
= E S(a®,ag)ay -+ ag_1appy - Ay
k=1

As a result, aK"gog/Q = K”_lgofg/Q (0 # a € K), which is used repeat-
edly to get for m,n > 1

K”‘mgpgﬂ if m <n,

K"K"py* = { cplf? if m = n,
{0} otherwise.

In particular, we have
. « 1/2 « w 1/2) « « 1/2y 1/2
by -bial - atod? = (bF - b at - atod P
for ai,...,an,by,....b, € K.

Exercise 30. Let {a;}1<j<, be an orthonormal system in K and k =
(k1,--+ ,ky) and [ = (.. .,l,) be multiindices in 2. Then

((a})* - (@) o ?| (@) - (ak) o ®) = ik,

Theorem 5.7. A free state ¢, g is pure if and only if the covariance
form S is extremal.

Proof. Since a state ¢ of a C*-algebra A is pure if and only if ¢ o 6
is pure for any *-automorphism 6 of A, the problem is reduced to the
case of free states of trivial means. We here prove the if part and refer
to [16, Theorem 6.10] for the only if part.

Assume that S is extremal and show that the GNS representation m
is irreducible.

For a unitary U € n(C(V,0))’, we have UD = D and Unp(a)U* =
mp(a) for a € A(V, o).
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Let ai, -+ ,am, b1, - ,b, € K. Then,
(ai - alpd U - bipd®)) = (af - - alypd U (R (b7) - 7(b2)pd )
= (n(by) - -m(br)al -~ 08 | U@y )
= (bp - -bud} - alpd UG

= (0§ *|U (- - aybt - - - b))
vanishes if m # n and, for m = n,
(at - atpd UM b)) = (by - bial - alpd *|Upd?))

= (0 ?|Upd?) (@t - atpd by - - o).

Consequently

(af - aneg |0 Vo) = (0 *[Ued )0} -+ app*Ibf - Bipd”)
for any m, n. Since U, K ”(,05/ is dense in the representation space, this
implies U = (¢ 1/2|U 1/2) O

6. TRANSITION PROBABILITY AND UNIVERSAL HILBERT SPACES

Given a pair {«, 5} of positive sesquilinear forms on a complex vector
space D, its commuting representation is an operator relization (¢ :
D — H, A, B) of them, where ¢ : D — J is a linear map into a Hilbert
space H with a dense range, A and B are commuting positive operators

on H satisfying a(z,y) = (¢(z)|Ac(y)) and S(x,y) = («(x)|Be(y)).

Theorem 6.1 (Pusz-Woronowicz). The sesquilinear form v/af(z,y) =
(t(z)|V ABu(y)) is irrelevant of the choice of commuting representations
and characterized by the variational expression

Vapf(x,x) = sup{y(z,x);v is a positive form majorized by {«, 5}}.
Here majorization means |y(z,y)? < a(x,z)B(y,y) for z,y € D.

Given a C*-algebra A, we shall put all the left and right GNS-
represntations together to construct a single *-bimodule L?(A) over
A. More precisely, we require that L?(A) is linearly spanned by symbols
P2 = (p!2)" (p € A}) so that (9'/%|ap!?) = p(a) and (¥'2alap'?) =
(12|ap?/2a*) > 0 for any ¢, € A% and a € A.

To get a hint for the construction, assume Ap!/2 = ¢1/2A addition-
ally and think of a (possibly unbounded) operator A'/2 defined formally
by A'Y2(ap'/?) = 4)'/2a, which is positive by our requirement.
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Thus, if we introduce a pair {¢r, g} of positive sesquilinear forms
on A by

pr(@,y) = ('),  Yr(z,y) =yz),
it is represented on the GNS-space Ap!/2 by the identity operator for
vy, and by the positive operator A for ¥p.
Now their geometric mean /¢ is related to the structures in
L*(A) as
Veerdr(,y) = (xp' 2| A2 (yp'?)) = (ap!? |91 ?y)

for z,y € A.
Theorem 6.2. Let A be a C*-algebra. Then

Veerr(@ e, yy*) >0

for z,y € A, and the formal algebraic sum ZWGAi Ap'/? A, which is a *-

bimodule by (a¢'/?b)* = b*'/?a*, is made into a hilbertian *-bimodule
L?(A) with respect to the inner product defined by

(Zx]% Z; Zyk@m /> Z\/ ©;i)L(¢r)r ykx],ykx

Here highly non-trivial is the positivity of the inner product, which
turns out to be equivalent to the celebrated Tomita-Takesaki theorem
(see [15, §7-88]).

When ¢ and 1) are states, 0 < (¢/2[4'/?) < 1 and it is referred to
as a transition probability® between them.

Example 6.3. When A = C(H) (the compact operator algebra),
L%(A) is identified with H ® H* = Cy(H) so that each ¢©'/? corresponds

to pi> € Cy(H), where py € C1(H) denotes the density operator of
p € AL ie., p(a) =tr(pa) for a € C(H).

If ¢ is another positive functional, (¢'/2x|yy'/?) = tr(x*p}aﬂypllf)
for z,y € C(H). Note that .:E*pi;mypw/ is in the trace class.

The following is a simple consequence of the variational expression
of geometric meanss.

Theorem 6.4 (Coarse-Graining Inequality). Let ¢ : A — B be a unit-
preserving *-homomorphism of unital *-algebras. Then, for bounded
positive functionals ¢, 1) of B,

(" 2[01?) < ((p o 9) 2w 0 9)'/?).

9This is different from the one introduced by A. Uhlmann.
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Exercise 31. For hermitian matrices ay, ..., a,, and by, ..., by, in M, (C),
we have the inequality

tr(albl + e+ ambm) S tr((a% 4+ a12n)1/2(b% 44 b3n)1/2>
Hint: Consider the diagonal imbedding M,,(C) — M,,,(C).

Theorem 6.5 (Approximation[15, Appendix]). Let ¢ and 1) be pos-
itive functionals on a C*-algebra A with unit 14. Let {4, },>1 be an
increasing sequence of C*-subalgebras of A containing 1, in common
and assume that, given any a € A, we can find a sequence {a,, € A, }n>1
satisfying

lim [lan"’” — ap'? = 0 = lim ", —"al].
n—oo n—oo

Set ¢ = @la,tn = ¥la, € A;. Then the sequence {(pn*|Yn*) bz
is decreasing and converges to (¢'/2|¢1/?).

The *-bimodule L?(A) bears the following universal character of *-
representations.

Theorem 6.6 ([15, Theorem 8.1]). Let ¢ and 1 be positive functionals
on a C*-algebra A.

(i) ¢ and ® are disjoint if and only if Ap'/24 and Ay'/2A are
orthogonal. When Ap!/2 = pl/2A, this is further equivalent to
(201 = .

(ii) ¢ and ¢ are quasi-equivalent if and only if Apl/2A = Ayl/2A.

(iii) ¢ is pure if and only if Apl/2 N p1/2A = Cp'/2,

Exercise 32. Check the statements of the theorem for A = M,,(C) ®
M,(C).

7. FINITE-DIMENSIONAL ANALYSIS

For the CCR algebra associated to a finite-dimensional presymplectic
vector space, which is assumed throughout this section unless otherwise
stated, fundamental is the following (see [15, Appendix D] for a proof).

Theorem 7.1 (Stone-von Neumann). Let (V, o) be a finite-dimensional
symplectic vector space. Then all the continuous irreducible represen-
tations of C'(V, o) are unitarily equivalent.

In the following, we shall fix a Lebesgue measure on V' once for all.
Let 7 be a continuous *-representation of C'(V, o) on a Hilbert space
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H. For an integrable function f € L*(V), let 7(f) € B(H) be defined
by the integral
/ f ’[/Z da:

and introduce a *-algebra structure on L'(V') so that the above inte-
gration gives a *-homomorphism into B(H):

/f e') dx /Vg(y)ﬂ(eiy)dy

— [y [ dep(@rgly — o) o nen)
v 1%
indicates to define'®

(f %)y /f y— )T EDI2 g

([ o) - [

to set f*(x) = f(—x).

It is immediate to check that these operations in fact make L!(V)
into a Banach *-algebra, which is denoted by L'(V, o). Let C*(V,0)
be the C*-algebra associated to L'(V'). The image of f € L'(V,0) in
C*(V, o) is reasonably denoted by

/V f(2)e® da.

A gauge automorphism 6(e’*) = e @™ of O(V, o) with a € V*
then induces a *-automorphism of C*(V, o) by

(/ f ’L.Z’ dl’) :/ za(:c)f(x)eia; dx
for f e LY(V).

By our way of definition, any continuous *-representation (e®) of
C(V, o) gives rise to a bounded *-representation of C*(V, o) so that

7r( /V f(x)e“dm) - /V fla)r(e

Conversely, any bounded *-representation of C*(V, o) is of this form.
To see this, we realize C(V, o) as a multiplier algebra of C*(V,o): For

while

101t is customary to use the convolution notation to avoid confusions with the
pointwise multiplication.
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fe LY(V) and r €V, define e f, fe'* € LY (V) so that n(e™f) =
w(e)m(f), n(fe*) = n(f)m(e™):

(€7 f)(y) = e N2y — ), (fe")(y) ="V F(y — ).

The following are also immediate to check.

Lemma 7.2. Let z,y € V and f,g € L*(V). Then
(11) ezw<¢zyf) _ e—w(z y‘)/Q(ez(w-l—y)f)
(ili) (fe™)xg= f*(eg).
(iv) (e f)e = (fe)
From here on, the star symbols to designate the product on L'(V, o)

are often dropped off to appreciate the associativity maximally. Thus
the element in (iii) for example is simply expressed as fe™®g

Proposition 7.3. Given a non-degenerate bounded *-representation
7 of LY(V,0) on a Hilbert space H, we have a continuous unitary
representation 7(e*) of C'(V, o) such that

n(e)m(f) =m(e"f), w(f)m(e™) =n(fe").
Consequently there is one-to-one correspondence between non-degenerate
bounded *-representations of C*(V, o) and continuous *-representations
of C(V, o).
Moreover, left and right multiplications of € on L*(V) are extended
to C*(V, o) so that, for a € C*(V,0), €a and ae'™ belong to C*(V, o)
and they are norm-continuous in z € V.

Corollary 7.4. Bounded positive functionals on C*(V, o) are identified
with continuous positive functionals on C(V,0): Given a continuous
positive functional ¢ on C(V, o)

“(V,o) /f dew/f o(e™) for fe fe LYV)

defines a bounded positive functional on C*(V, o) and any bounded
positive functional on C*(V, o) arises this way. The identification is
extended to universal Hilbert spaces in such a way that

C(V,0)p!?C(V,0) = C*(V,0)p!/2C*(V, 0)

and

@)y e Pe) dudy = (/f ”daz) </Vg(y)eiydy>

for p € C*(V,0)% and f,g € L' (V).
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Proposition 7.5. When o = 0, the Gelfand spectrum of C*(V, o) =
C*(V) is identified with the dual vector space V* in such a way that
each v* € V* gives a continuous one-dimensional *-representation of
C(V,0) defined by ¢ — €!®¥"), Bounded positive functionals ¢ on
C*(V,0) are in one-to-one correspondence with finite positive Radon
measures g on V* by the relation

(™) = / &) (do),
V*

Corollary 7.6. Let v be the Radon measure associated to another
Y e C*(V)". Then

(12 |ept/?) / W)/ u(dvs)v(dv)  for z € V.
V*

Example 7.7. Let V = R and set ¢ = ¢, 5 with S(z,z) = sz? (s > 0)
and o € R* = R. The correspondent Radon measure (i, g is then given
by

L_o—(W=)*/2s gy, if 5 > 0,
Ma,S(dy) — V2ms '
Iy — a)dy if s =0,

which is used to see that
2 2
1/2) iz 1/2 1 izy _(y—Oé) . (y_ﬂ) d
((pasle BT) (4m2st)1/4 /]R ¢ P ( 4s 4t Y

2\/_ st 5 at+8s  (a—p)?
exp | — r°+1 xr —
s+t s+t s+t A(s+1t)

for st > 0. If (s,a) # (¢,8) and st = 0, the measures (i, 5 and pgr
have disjoint supports, whence (gpa S]e” 1/ +)=0forzxeV.

Lemma 7.8. Let S and T be covariance forms on a not necessarily
finite-dimensional presymplectic vector space (V, o). Assume that = €
V satisfies T'(z,z) > 0. Then, for any linear functionals «, 5 on V,

(V2 @1/2) < 2
TR T /5@, 2) [T a) + /T2, 2)/S(2,2)
Proof. Let ¢ : C(R,0) — C(V,0) be a *-homomorphism associated

with a presymplectic mapR 3 X\ +— Az € V andset r = /S(z,z)/T(z,z) =

v/$/t. Then

(42101 3) < (95,0 0 )| (0r,5 0 9)/?)

NE. (_(a(m) - @(x))?) c [

s+t s+t r4rl
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O

Corollary 7.9. Let S, T € Cov(V,0) and «, § be linear functionals on
V. Then
1/2, 1/2
(QOQ{S SOB{T) =0
unless positive forms S+ S and T+ T on VC are topologically equiv-
alent.

Remark 5. The topological inequivalence of S + S and T + T in fact
implies the disjointness of ¢, s and @z 7.

We return to the finite-dimensional case. To describe free states
on C*(V,0) and the associated W*-algebraic stuffs, it is convenient to
work with a dense *-algebra of L' (V). We shall adopt here the Schwartz
space S(V) of V as such a *-algebra ', which admits a special trace
functional defined by

7:8(V)>3g9~ g(0) ecC.

Formally this is equivalent to requiring 7(e) = 6(z) for z € V (§(x)
being the delta function with respect to the preassigned Lebesgue mea-
sure).

Let H = S(V,0)7'/2, which is identified with L?(V') by the relation

(g7%|gm'?) = (g" * g)( /Ig )|? dv

and a *-representation {m(e**)} of C(V, o) is defined on H by the for-
mula 7(e™)(g7'/%) = (eg)71/? (g € S(V, o)), which is continuous by
the continuity of

(g7 h) = / Ty — ) =@ gy
1%

inxeV.
The identity

(g*h)TUQ:/Vg(x)(ewh)Tl/de.

for g,h € S(V') shows that the GNS-representation S(V, o), which is
also denoted by m, is boundend as an integration of g(x)r(e™) and
non-degenerate because of

lim 7(d,,) = 1g in the strong operator topology

n—oo

for an approximate delta function {d, },>1 in S(V).

" The *-subalgebra is denoted by S(V, o) to indicate the dependence on o.
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Let o : V' — R be a linear functional of V' and consider a covariance
form S such that S + S is non-degenerate for the moment. Since the
free state p, g is continous in the sense that ¢, s(e’) is continuous
inx € V (see §3), it gives rise to the bounded positive functional of
C*(V, o) specified by

/ F(@)e” dz / F@)eS@n240) gy e SV),

which turns out to split via 7(C*(V, o)) from the relation

[ faje e g — (g5 1),
Vv

Here the density operator p, g relative to the trace 7 is given by a
function p,g(z) = e 5@®)/2712@) in §(V) which satisfies 7(pa.s) > 0
because (f7/2|7(pa,s)fTH/?) is equal to

T(pas* fxf*) = // f(x)mgoa,g(e”e’iy) dzdy > 0.

(The last integration is positive as a limit of positive definite sums.)
Since pos = 0(ps) with 6 a gauge automorphism given by 6(e™*) =
e~@)eiz (x € V), the problem of finding the square root of p,.s is
reduced to the case a = 0: pi/é = G(pg/z).
To get a formula for the square root of pg in C*(V, o), we try to find

it as a ‘function’ h : V' — C satisfying h(—z) = h(z) and

el = / h(y)h(z —y)e” @2 dy = (hx h)(x)
\4

forx e V.

7.1. Square Roots of Density Operators. From here on o is as-
sumed to be non-degenerate for the time being. Let S be the operator
representing the covariance form S with respect to the inner product
(, )s. From the relation S +8§ = 1, we can read off the following
spectral property of S: If £ is an eigenvector of eigenvalue A, then so is
¢ with eigenvalue replaced by 1 — A, i.e., S = (1 — \)£. Moreover, by
the non-degeneracy condition on o, A = 1 /2 is not an eigenvalue.

To do the spectral decomposition within real subspaces of V', we re-
strict eigenvalues to the range 0 < A < 1/2 and normalize eigenvectors
¢ so that (S + S)-orthonormal vectors in V' are obtained by

RIS
\/57 \/§Z’

e+if

f= 7

&=




FREE STATES ON CCR ALGEBRAS 31

Relative to the basis {e, f}, S is represented on the two dimensional
subspace Ce + Cf = C& + C¢ by the matrix

5= (i/z,i 1%) with 8 = (142 I/Zg)

= . 0 2
S_S_Z(—Qu O)’
where 2u =1 — 2.

Consequently the canonical (Liouville) measure is of the form 2udsdt
with respect to the (partial) coordinates (s,t) € R? representing the
vector se 4+ tf in a two-dimensional subspace of V', whereas the preas-
signed reference measure is of the form 2mdsdt with m > 0.

In terms of this basis, the relevant forms are expressed by

and

1
S(se+tf,se+tf) = 5(32 +1%), do(se+tf,se+t'f) = 2iu(st' —s't)

and the equation to determine h takes the form

e~ ("4 — oy . h(s' t)h(s — s t —t)e =) ds'dt’
R
with the hermiticity condition given by h(—s, —t) = h(s,t). We shall
deal with a slightly more general situation: for g,h € L'(Re + Rf),
consider

(gxh)(se+tf) = 2m/ g(s' (s — &'t — ") =5 dg'dr’.

RZ

If we write .
1) = -~ isE+itn ded
o) = gz [LLAE M ey
with the Fourier transform g defined by
(&) = / g(s, t)e™ " dsdt
RQ

and similarly for h, then

For the choice
(&) = Ae™EFP)21 (g, ) = Be )20

with A, B, a, b positive reals, explicit computations are worked out by
Gaussian integrals: The results are

2m

()

/R G(E MR = ity + ps)e S dédn.

,LLA (<2042 MB (<2042
N = WP +2)/20 g p) — H(s>+t2)/2b
9ls,t) = £ . hlst) ==
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and
ABmpu 2, 42
h 1) = T o—p(stHt7)/2(axb)
where
* b atb
a =
ab+1

Recall here that the function h(s,t) = exp(—u(s?+t?)/2c) with ¢ > 0
gives a positive element

om [ h(s,t)e’ et dsat
R2
in C*(Re +Rf, o) if and only if the associated positive functional 7(h-)
is a free state'?, which means that

B4+ = (s 1) (—iu Zﬁ) (§>

with 2z = p/c > 0 satisfying p? < 22, namely ¢ < 1.
In particular, for the choicea =b=c>0and A= B =C > 0,

OQTR,M 2442
hxh tHf) = —p(s2+t2)/2(cxc)
(hx h)(se +1f) = e ,

where ¢ x ¢ = 2¢/(c? + 1) < 1 for any ¢ > 0 as being expected (the
square of a hermitian element being positive). Thus, equating this with
e~ (> +°)/4 e reach the solution

h(s.t) = || e e
mwem

satisfying 0 < ¢ <1 (recall 0 < 2u < 1) by the choice

v 2me

3

24
C= —————,
1+ /1 —4p?

From the local expression

_ 2
s+54+2ves— (T TVITdn 0 ,
0 14 /1 — 42

we see that

C

2ﬂ( 2+t2):i(5 t) (S—{—S-’-Q@) (j)

12¢f. the uniqueness of *-representations of C*(V, o).
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The last relatlon 1mmediately gives a coordinates-free expression for
1/ 2 e dr):
=y o z):

pls/%x) _ \/}V_Sexp <—%A(x)) A= %<S+§+ 2@)

with the normalization constant Ng = fv e~ 4@ dx determined by the
requirement

1= ps(0) = /V o ()oY () do

It is then immediate to check that the expression is valid for degen-
erate o as long as S + S is non-degenerate. Note that ,0 Y2 ¢ S(V, o)
by the non-degeneracy of S + 5. As a gauge shift of gos , we obtain
Pi/;( ) = e"@py Y?(z) in view of

pols = 0(pd*) = /pé/Q( )0 (e™) dx:/p}f( Yo~ i@ i 4.

Now the transition probability is calculated,in view of Theorem 6.5,
by

(o 1/2 1/2> 7 1/2 1/2

T\Pa S:Oﬁ T) \/W/

where B = 3(T'/% + Tl/z)

To dispose of the last integral, choose an auxiliary inner product ( | )
on V' which meets the following conditions ((, )s+ (, )7 multiplies by
a positive real can be used for example): (i) A and B are represented by
commuting positive inverible operators A and B respectively (ii) The
reference measure is the Lebesgue measure with respect to the inner
product (| ). Then

Ng = / oAy g T
\% det(A)

‘90 A(z)— za(:r) B(:p)flﬁ(x) dl’,

n/2

(n = dim V') and we have

1/2, 1/2 det AB 1/ —(z|Az)/2—(z|Bz)/2—ia(x
(2[o4) = ( Wn/Q) V€<\A>/2<|B>/2 @ gy

_ det'*(AB) o~ (l(A+B)~10)/2
Vdet(A/2 + B/2)

g (2\/AB> ol(A+B) 10}/

A+B
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where v € V is defined by (v|z) = a(z) (x € V).

With the help of Pusz-Woronowicz’ functional calculus, the last for-
mula takes a coordinates-free (independent of the choice of auxiliary
inner products) expression:

(Soa,S|(pﬁ,T A+B

Recall that, given a positive sesquilinear form ) of a vector space K,
the inverse form Q! (which is a quadratic form on the algebraic dual
K*) is defined as follows: Let o : K — C. If we can find a € K¢ (the
completion of K relative to Q) satisfying a(x) = Q(a,z) for z € K,
then @ '(«) is set to be Q(a,a) and otherwise Q@ (a) = +o0o. Note
that Q! satisfies the paralellelogram law.

By looking into supporting subspaces for degenerate S+ S or T+ T,
it turns out out that the last formula remains valid without restrictions
on S and T'. Thus we have reached the following.

Theorem 7.10. Let (V, o) be a finite-dimensional presymplectic vector
space. For covariance forms S and T of (Vo) and linear functionals
a, B of V., we have

(Spa,s"Pﬁ,T

1/2 1/2) ~ et (2\/AB>6—§(A+B)‘1(11—6)7

where positive quadratic forms A, B are defined by

204 = (VS+V3S)? 2B=(T+ VT

Notice that 2/ AB < A+ B (geometric mean is majorized by arithmetic
mean).

Example 7.11. Let ¢ be defined on V' = R? by the matrix (—g,u 2(?)

with ¢ € R and consider a covariance form S in the boundary of
Cov(V,0), i.e., S is represented by a matrix of the form

(z+.x y+w), 2 =\/2? +y? + p.
Yy—ip z2—2x
From the extremality analysis before, we see that

g0 #M%O,
S ifu=0
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and the associated quadratic form A is given by the matrix

zZ+x 7
Y zZ—T

for p # 0, whereas it is multiplied by a factor 2 for u = 0.
Note that the matrix < “t Ty o
y—ipn z—x
commute with its complex conjugate unless (z,y, 1) = (0,0,0).
Let S’ be another boundary covariance form with the associated qua-
dratic form denoted by A’. Then both of A and A" are non-degenerate
for p # 0 and we have

(22 = 2* +y*+p?), does not

(2p1f2) = o& 2 ) o )
V0E+2)? =@+ 2~ (y+y)?
_ 2|
Vet =)= (y+ )
It is ready to establish transition probability formula in the commu-
tative case o0 = 0.

Theorem 7.12. Let V be an arbitrary (not necessarily finite-dimensional)
real vector space. Let S, T" be covariance forms for ¢ = 0 and «, 3 :
V' — R be linear functionals. Then

( 1/2 1/2) — ldet (2 v ST>ei(S+T)_1(aB)_

Pa,s1P8,T

/2_p1/ o .
Proof. Tt T ol oo, we can find a finite-dimensional subspace

S+T
/ ./ 2
W C V such that tr Y2V —VIIW)S 4 arbitrarily large. Then

Slw+T|w

1/2, 1/2 1/2 1/2
(pdalors) < (P42 a |t s1)

= | det M e 1 (Slw+TIw) ™ (elw—Blw)
\ S|W—|—T|W

2/ S\wT
< | det (2SI Tlw
S|W + T|W
is arbitrarily small. Thus (@;/§|¢1T/ Z) > 0 implies tr%ﬂ < 00
and the Gaussian integrals on each eigenspace of the trace class oper-
(51/2_T1/2)2
S+T

ator are worked out to get the determinant formula. U
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—1/2

Remark 6. When 0 =0, S = S and 24 = (S/2 4+ 5'7)? = 48S.

Notice here that simple restrictions to finite-dimensional algebras are
not enough to get the probabilistic disjointness for non-trivial o because

it involves the non-linear transformation such as 24 = (S/2 + 5/ 2)2_

8. INFINITE-DIMENSIONAL ANALYSIS

We shall establish the determinant formula for the transition proba-
blity between free states when V' is infinite-dimensional.

We first make the meaning clear for the relevant determinants. Let
R and @ be quadratic forms on a real vector space V' and assume that
Q(v) < R(v) for v € V. Let Vg be the real Hilbert space induced
from R, i.e., Vg is a completion of V/ker R. Let ( | ) be an inner
product on Vi which gives the topology of Vi and write Q(v) = (0|Q0),
R(v) = (v|Rv) with Q, R positive bounded linear operators on V. By
our assumptions, Q < R and R has a bounded inverse. We set

det (Q> - {det(R_lQ) if R — Q is in the trace class,

R 0 otherwise.

Here det(1 + 7") with 7" in the trace class is the Fredholm determinant
and we can easily check that this definition does not depend on the
choice of an inner product ( | ).

In view of the structural identity ((pi/ ;M}/;) = (<pi/_2 ﬁys\golT/ %), we
may set = 0.

Thanks to the coarse-graining inequality and the finite-dimensional
formula, we can show that (cp;/ : gplT/ ) = 0 unless S 4 T and (A +

B)'(a) < co. Here S & T means that A and B are equivalent as
quadratic forms and (A + B)\(AY? — BY/2)? is in the trace class.

Thus the problem is reduced to the case that S < T and (A +
B)™'(a) < co. The approximation theorem for transition probability
then allows us to move into the hilbertian space V4 = V3, i.e., we may
assume that V =V, = Vg and o : V — R is continuous from outset.

Since S+ S, T + T, A and B are all equivalent as quadratic forms,
V' is decomposed into a direct sum of separable subspaces V; so that

S(Vi, Vi) = T(V;, Vi) = 0 for j # k.

The problem is therefore further reduced to the case that V' is separable.
For any choice of an increasing sequence of finite-dimensional subspaces
V,, of V such that V =U,V,, let S,, T,, and «,, be restrictions of S, T’
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and « respectively. Again the approximation theorem is applied to see

1/2 1/2 . 1/2 1/2
(2l = lim (o2 |01

n—oo

and the problem boils down to showing

(220 (227).

A, + B, A+B
lim (A4, + B,) () = (A+ B) ().

lim det

n—o0

These approximation formulae on determinants are, however, not so
obvious. The major difficulty is that A, = (5711/2 +§n1/2)2/2 is not the
restriction of A to the subspace V,,. Of course A is approximated by
A,, in the weak sense:

lim A,(v) = A(v) forwv e UV”'

n—oo

Question: With this weak pproximation property for A, and B,
is that true or not for the following convergence?

. 2V A, B, 2v/AB
lim det | ————— ) = det .

To circumvent the difficulty, we appeal to the old trick called purifi-
cation: Given a positive functional ¢ on a C*-algebra A, its purification
is a positive functional ® on A ® A° defined by

D(a®b°) = (¢"*|ap'/?b).

Here A° denotes the opposite algebra: A° is a replica of A with the
multiplication reversed in the order as a°0° = (ba)® for a,b € A.

We apply this to A = C(V,0) and ¢ = ¢,s. The result is that
CV,o)@C(V,0)°=C(VaV,od —0) and & = @aaap, Where the
purified covariance form P is defined by

p_|[ S_ VsS
VSS S
Let @ be the purification of T'. It turns out that (V@& V)p = (Ve V)
and QYaaa.rlo, Yoo are equivalent as Radon measures on the central
C*-subalgebra C' = C(ker(c @ —0),0) of C(V @& V,0 ® —c). When C
is trivial, life is easy: VPP =0 = 1/QQ (P and Q being extremal)
and the major difficulty disappears.
Thus, to get the maximal benefit from purification, we perform the

direct integral decomposition of Yugq,p and g over the Gelfand spec-
trum €2 of C'. For an explicit description of decomposed components,
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we replace (2 with a Borel subset €2y = V which supports relevant
measures (cf. discussions in §1).

Now the proof of the determinant formula goes like this (see [16, §11]
for details):

1/2 1 2 e T
(oY 5l / VVasPr(dw) (o5 .l 07o)
vy
1 2 1/2
0
1o 1/2
= /* \/W(dw)(gpaiAwéBdJrAwa / e
0

(D) )"
/ Vo sV (dw) det Lrb 5 AR

—1/4

% e—%cfl(aww@o‘ﬁAw)

AB
A+ B

) o 3(A+B) " (6t Aw)

/ VVa.sVr(dw), | det (
1/2
/* vV Va,sVT d(.d)( a+Aw A/QlSOB//z)
1/2 1/2
= /* \/Voa,SVT(dw) (SOQ{A/Z,wlSOB//Q,w)
0

2V AB 1 -
( 1/2 ‘ 1/2) det( )6_2(A+B) 1(01)‘

Here dots indicate that it concerns the symplectic quotients such as
V =V/kero.

12 1/ 2) > ( is an equivalence rela-

Corollary 8.1. The condition (¢, g|¢g

tion on V* x Cov(V, o).

9. KAKUTANI’S DICHOTOMY

The method of purification along with the central decomposition is
also useful in the quasi-equivalence analysis. Recall that, two states ¢
and ¢ on a C*-algebra A are quasi-equivalent or disjoint according to
Apt/2A = AY/2A or Apl/2A L AyYl/2A.
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By utilizing the determinant formula, we see that the condition
/2, 1/2 1/2 1/2 y
(o, / 5|7 /%) > 0 quarantees (¢ /JrAweanrAwP’@ /%) > 0 for every w € V.
Slnce Dot Awmataw p A0 @ are pure states, non-vanishing of the tran-
sition probability between them implies their unitary equivalence, i.e.,

o 1/2 y 1/2
O(V’ O—)Spd/-ﬁ-AwEBOH-Aw,P - C(V’ O_)SDQ/ )

which are direct-integrated over w to get

C(V, a)goa SC(V o) =C(V, a)golT/2C(V, o).

Note here the measures used for integrations are equivalent thanks to
(¢ 1/2|901/2) > 0 again.

Conversely, assume that the transition probality vanishes. For no-
tational simplicity, write A = C(V,0), ¢ = ¢as. By a Hilbert-
Schmidt perturbation, we can find 7" such that (¢ 1/2\901/2) > 0 and
AgplT/,2A = golT//QA Write ¢ = . Since non-vanishing is an equiv-
alence relation, (p'/2|ph?) = 0 is equivalent to (¢¥/21p¥/2) = 0. It
implies @/4/* = 0 and then p'/%'/2 = 0 as an element in A*, which
is used to get

(¢"2[1%a) = (p"*91/?)(a) = 0
for a € A. Since 1/2A = Ay1/2A, this further implies the orthogonal-
ity of ©'/? with Av1/2A, whence

A2 A L APl A = Apl®A.

Theorem 9.1. Two free states ¢, s and pgr on a CCR C*-algebra

C(V, o) are quasi-equivalent or disjoint according to non-vanishing or

vanishing of their transition probability (goi/ §|g01/ 2).
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