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Abstract. A necessary and sufficient condition is given in order that a quasi-free state

on the Clifford algebra «/(H, s) build on a real separable Hilbert space (H, s) be a factor
state.

1. Introduction

Let (H, s) be a real Hilbert space which is separable (i.e. H is a real
vector space and s a real scalar product on H). Let </ (H, s) be the CAR-
algebra constructed on (H, s) i.e. it is the C*-algebra generated by the
elements B(yp) where p— B(yp) is a real linear map of H into </(H, s)
satisfying the anticommutation relations

[B(w), B(@)]+ =2s(p, 9) I
for all w and ¢ of H; I is the unit element in .o/(H, s).

The quasi-free states w, on &7 (H, s) are those states which are com-
pletely determined by an operator 4 on H such that for all p,pe H

4(B(y) B(g)) = s(p, p) +is(Ap, 9), 1)
s(Ap, @)= —s(p,Ap) or AT =-A4, )
4l =1. 3)

For more details see (1).

A state on a C*-algebra is called factor state if it induces a factor
G.N.S. representation. In this note we prove that w , is not a factor state
if and only if the dimension of the kernel of 4 is odd and

Tr[1 — (4* 4] < o0

I1. The Theorem

Among the set of quasi-free states w, we distinguish two cases:
let 9, be the kernel of the operator A, then:

1. dimension of M, is even or infinite,

2. dimension of M, is odd.

* On leave of absence of Université d’Aix-Marseille, Fac. Sc. St. Charles, Marseille 3¢
(France).
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a) First case: dimension 9, is even or infinite.

Let A=UJA| be the polar decomposition of A on (H,s), then on
Mi=HOM,:U?= —1,U" =~ U. Since 4 is a normal operator, U and
|A] commute, and since dim 9k, is even or infinite we can extend U to H
such that its extension J satisfies:

JtI=JJt=1; Jt'=-J; A=JA|.

The operator J is a complex structure on (H, s) such that [4,J]_=0.
Hence the quasi-free state w, determined by the operator A4 is J-gauge
invariant [1]. It has been proved by several authors [2, 3] that gauge
invariant quasi-free states are factor states. We summarize:

Proposition 1. Every quasi-free state w4 on the CAR-algebra </ (H, s)
such that dimIMM , is even or infinite, is a factor state.

b) Second case: dim I, is odd.

From the work on product states (see e.g. [4]) it follows that without
loss of generality we can restrict ourselves to the case that dim .#,=1.
The operator A4 leaves invariant 9 , and M, therefore [4] w 4 is a product
state

wq= 0RO
where wo=w |/ (M, s) (it is the central quasi-free state of o/ (M, s))
and we = w 4|/ ML, s)(where C = A|MY). Let (ny, Qo, #,)and (ne, Qe o)
be the G.N.S. representations, cyclic vectors and representation spaces
of wy, respectively w¢. Let (ny, Q,4, #,) be the G.N.S. representation,
cyclic vector and representation space induced by the state w,, then
one verifies that

Hoy=Ho @ Hec “
(® is the completed tensor product of Hilbert spaces),
Q,=0,®0Q, ®)

TA(B(wo)) =m0 (B(wo))®0 for 1p,e M, } ©)

T4(BW) =L ®nc(B(y) for y ey

where [, is the unit operator on #,; 0 is the unique unitary involutive
operator on #, anticommuting with every element of the form n.(B(y)),
p e My such that 6 Q.= Q (the existence of the operator 0 is a conse-
quence of the fact that the state w is invariant under the *-automorphism
y defined by y(B(y)) = — B(y), w € ).

It is proved in (2) and (3. Rideau) that each gauge invariant quasi-
free state w, induces a G.N.S. representation which is quasi-equivalent
to the representation induced by a quasi-free state w;, where |D| has a
pure point spectrum. The generalisation of this result to all quasi-free
states is immediate. Because two quasi-equivalent representations are
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factor representations if and only if one of them is a factor (5; prop. 5.3.4),
from now on we can suppose that|A4| has a pure point spectrum. Hence
there exists an orthonormal basis {y;};—; ,, .. of M such that

if C=J|C|
then
Yai=J Yyi_1,
IClyyi—1=0a 21,
[Clwzi=a;wy;,
and

O0<ag;=1; i=1,2,3,....
Using (4) the state w( is a product state
Wc = ® w;
i=1,2,...
where w; is the restriction of w. to </ (H,, s); H; is the subspace generated

by {w2i- 1> ¥i}-
The states w; induce a G.N.S. representation determined by the

triplet (m;, Q;, 7).

Let
0j=i7fj(B(1P2j—1)B(1P2j))
then

Te(BW)=0,80,® - ®0;_  @m(BW)®@L+; ® (M

for all y e H;; I; is the unit operator on #; and
2.=Ra. ®)

i=1

He= QR H, (associated to @Q,) 9)

i=1 i=1

Proposition 2. Let dimI, =1 and Tr(1— |A|) <0, then w4 is not a
factor state.

Proof 1. It is proved in [4; 2.3.5] that if w, is not a factor state, its
center is generated by a hermitian, odd element Z, such that Z>=1.
Now we construct explicitly this element.

The operator |A| has a pure point spectrum, hence we can use the
infinite product form of the representation induced by w. given by (7),
(8), and (9). Define the operator

0= Qm(B(vi-1) Bw20)

! For a shorter proof, see appendix.
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on #.. Now

(1 - | (Ql’ T (B (w21 1) B(Wz;)) l)l)

" Mg

- S0
=Tr(I —|C)).

Because Tr(I — |A]) < oo, we have that Tr(I — |C|) < co.Hence the operator
{ is a bounded operator on # [7].

We prove further that { € nc(s/ (M, 5))”. We prove that { is the weak
limit of the sequence {{,},-;

=7 (iljB(wa_l)B(wZi)).

The sequence {(,},-1,,... is a uniformly bounded sequence, hence it is
sufficient to prove the convergence on the set of vectors

k
{QC,HnC(B(wij))chijelN and kelN}.

i=1
Let ,
Yiin= H nc(B(IPi,-)) Qc
j=1

then we have to prove that

(Pt €= 80 Py or)| 20 (10)
as n tends to infinity, for all finite (i, ..., i,) and (r ... r,). We take n> i,
and r,.
Because

lj c(B(w;))

commutes or anticommutes with both { and {, depending on whether /
is even or odd, (10) is equivalent with
I(QC> (C_Cn) 'P(rx...rk))|_)0 as n—0. (11)

The state w is even, hence if k is odd, (11) is trivially satisfied, otherwise
put k =2m. It is easily verified that the only non trivial case happens when

=

Yai-1,210,..) = ”c(B(U’zi,—l)B(V’zij)) Qc.

1

J
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In this case
I(QC’ (C - Cn) : 'P(Zil— 1,2i1,...))l

Il
P
=
S
Sa—"
D
—
|
—8
1S
N
T
—=
S
<
L

i=1 j=n+1 Jj=1
Q0
<1— 1] g
j=n+1
which vanishes when n tends to infinity [7].

Hence
{emc(of (MY, ).

Now we have two operators { and 6 both anticommuting with the gener-

ators
ne(Bw), yeMy
of
(o My, s))'
and [, ®({ e n (<, H,s))". One easily verifies that
Z =1,4(Bo)Io®{)=71o(Bwo)® 0 L e mo(A (H, 5)" "7 4(4 (H, 5)) .
Hence w, is not a factor state. Q.E.D.

Proposition 3. Suppose that dim9M , =1 and that 1 —|A| is not a trace
class operator, then the quasi-free state w, is a factor state.

Proof. Let E,, be the subspace of H generated by {yq, W1, ..., W2, 1}
The algebra «/(H, s) is a UHF algebra and

{'ﬂn = ‘M(EZnS)}n

is an incrasing sequence of (2" x 2")-matrix algebras which generates .«/.
A state w on .« induces a factor representation of o7 if and only if for
each x € o/ there is an integer n> 0 depending only on x such that

lo(xy) —o(x) o) = [y 12)

for all y e #F [6] (S consists of all elements of .o/ commuting with ./Z,).

Let
X=X,+ X

be an arbitrary element of o7 such that
Xe =73 (y(x) +x),
Xo =7 (X —7(x)).



324 J. Manuceau and A. Verbeure:

We prove that there exists an integer n such that for all ye ME:
| 4(x.9) — 0 4(x) 0 W <5 1] (13)
and
| 4(x0Y) — @4(x0) W4 (V) = % vl - (14)

1) Because the set {B(y;)|i eIN = the non-negative integers} generates
the algebra .«7(H, s), there exists an integer p, such that

Xe=51+5,,

”SZH é% 5
and
s,ed,(E,,s).

We note by o7, and .«/,,, the even, respectively the odd part of .. Further
for all g = p, and all

ye A (Ey,s) = (E;,s)®O,o(Eg, s)
([41, a) 2.3.1) where 0,=i?B(p,) ... B(,,-1),

y:ye+9qy0
and we get

o 4(x,y) — 0 4(x,) (V) S w4 (51Y) — @ 4(s1) @4 (V)]
+lw4(529) — w4(s3) @4 (V)]
Swa(s170) = @a(sy) @+ 31yl =7yl
because firstly w, is an even state implying w 4(s;0,y,) =0 and secondly
w, is a product state implying w,(s;y,) = w4(s1) w4(y.) (for more details
see [4], a) 2.1). This proves (13).
2) By the same remark as in 1), there exists an integer p, € IN such
that

Xo=11+1;,
It =%,
and
tye Ay(E,,, ).
Let r be an integer such that p,<r and

ve d(E,, s = A, (EL 5)®0,54,(E, 5)

then
y=y.+0,y,-
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Hence
[wa(Xoy)  @a(xo) @4(Y)
Sloa(tyy) = w4t 0 W)+ [
= |w4(t,0,y0)l + % [ ¥
s) and w, being a product state

lw,(t,0,y0)|=K-L,-M

Now t; € A (E

po?

where
K =|w,(t; B(wo) ... B(w,,))l,
L= |CUA(B(1P2q+ 1) e B(‘PZr—z))l >
M =|w4(B(z,-1) Yo)l -
Only the value of K depends on x; by explicit computation
L. = rﬁl a;
i=q+1
and by increasing the value of r, the value of L, can be made as small as
we like (remember that Tr(1— |A|)= oo implying f_o[ a,~=0>. Hence we
can take 7 such that =
KL<z,
finally w, being an even state

M =w(B(ws,-1)yo)l
=|w4(B(@o) ... Bw,,—2) VIZ Iyl -
Hence

lo4(x0y) — w4(x0) W = IV + Y1 =3Iyl -

This proves (14).
By taking
n = max(p,, r)

p, as defined in 1) and r as in 2) it is satisfied to (12). Q.E.D.
As an immediate consequence of Propositions 1, 2, and 3 we may
now formulate the main result.

Theorem. In order that a quasi-free state w4, on </ (H, s) is not a factor
state, it is necessary and sufficient that the operator A en H satisfies

(i) dim(kernel A) is odd,

(i) Tr(I — (A" A)%) < oo.
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Appendix

D. Testard informed us about a simpler proof of proposition 2.
With the same notations as above it goes as follows; the state w = w, ® w;
is not a factor state because the operator 6 belongs to the von Neumann
algebra 7,(o/ (M, 5))" (n; being irreducible), hence

Z =1,(B(po)) - I®0)=mo(B(wo) @1

belongs to the center of «,,.
Because Tr(I — |C|) < co we have that o is quasi-equivalent to w, [8],
hence w, is quasi-equivalent to w, implying that w, is not factorial.
We reproduced this proof because of its elegance. However we prefer
to keep the proof given above, because it contains the explicit construc-
tion of the generator of the center.
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