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ABSTRACT. A systematic theory of product and diagonal states
is developed for tensor products of Zs-graded *-algebras, as well
as Zg-graded C*-algebras. As a preliminary step to achieve this
goal, we provide the construction of a fermionic C*-tensor product
of Zo-graded C*-algebras. Twisted duals of positive linear maps
between von Neumann algebras are then studied, and applied to
solve a positivity problem on the infinite Fermi lattice. Lastly,
these results are used to define fermionic detailed balance (which
includes the definition for the usual tensor product as a particular
case) in general C*-systems with gradation of type Zs, by viewing
such a system as part of a compound system and making use of a
diagonal state.
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1. INTRODUCTION

Detailed balance is a central topic in Statistical Mechanics. In the
quantum setting, it has been extensively studied and developed, see
e.g. (3,4, 17, 40, 41]. However, to our best knowledge, no formula-
tions specific to graded algebras, which include fermionic systems, are
present in literature.

The goal of this paper is to develop a general theory of product
systems (or compound systems) endowed with a gradation of type Zs,
and to use this theory as an abstract framework for formulating detailed
balance aimed specifically at fermionic systems.

A central notion in this respect is a tensor product for two Zy-graded
x-algebras, which we refer to as the Fermi tensor product. We consider
this product in a very general algebraic point of view, and successively
study its completion in a natural norm, which is introduced here, cor-
responding to the maximal C*-cross norm for the usual tensor product.

A crucial issue in product systems is the product of states. In the
special case of Canonical Anticommutation Relations (CAR for short)
algebras, which reduce to the C*-completion of the infinite tensor prod-
uct of 2 x 2 matrices (see Section 4), the product state was introduced
and studied in [8, 9], where the reader is referred also for some relevant
applications. These states have a central role in the study of distribu-
tional symmetries. Indeed, in [18, 19] it has been stated that they are
exactly the ergodic normalised positive functionals invariant under the
action of the infinite symmetric group on the Fermi C*-algebra. The
theory of product states for the Fermi tensor product, which includes
the CAR algebra as a special case, is therefore developed here along
with their GNS representation.

Equally important is the diagonal state, which is a key construction
in the theory of joinings and related ideas in ergodic theory. Diagonal
states for the usual algebraic tensor product of von Neumann algebras
have been studied and used with much success in noncommutative
ergodic theory, see in particular [10, 11, 24, 25, 26, 32, 34]. They
are also important in quantum detailed balance, where they provide
an abstract version of maximally entangled states, see in particular
28, 29]. It is therefore to be expected that a fermionic version of
diagonal states, formulated in terms of the Fermi product, is crucial in
the context of detailed balance for fermionic systems.

In addition, a version of quantum detailed balance, tailored to sys-
tems consisting of indistinguishable fermions, was recently introduced
and studied in [27] for the special case of a finite lattice. On the one
hand, this confirmed the relevance of fermionic entangled states in the
present context. On the other hand, it equally serves as a further
and direct motivation for an abstract version of diagonal states for the
Fermi tensor product, which is developed in this paper.
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Moreover, in [27], in the case of the finite dimensional observable
algebra associated to a finite fermion lattice, initial steps were taken
to develop a duality theory for dynamical maps. This led to a charac-
terization of fermionic standard quantum detailed balance in terms of
the fermionic dual of the dynamics.

One remaining problem there was to determine if the fermionic dual
of a dynamical map has positivity properties corresponding to that of
the original map. It is one of the objectives of this paper to solve this
problem, even in a more general form, by developing a duality theory in
the von Neumann algebraic framework. Indeed, it will be seen that the
dual map has the same positivity properties (positivity, n-positivity, or
complete positivity) as the dynamical map itself, if the latter is even.

The final part of this work is devoted to formulate and discuss
fermionic standard quantum detailed balance in the general C*-algebra
setup, focussing on conceptual aspects of the mathematical formula-
tion. In particular, the Fermi tensor product clarifies the analogy with
standard quantum detailed balance expressed in terms of the usual
tensor product.

As quantum detailed balance is the origin of this paper, it is worth
making some brief general remarks about this topic. The fermionic
quantum detailed balance condition we are interested in, that is fermio-
nic standard quantum detailed balance, is most directly motivated by
standard quantum detailed balance with respect to a reversing opera-
tion. The latter condition has been studied in [31, 30, 15, 28]. Closely
related work has appeared in [14, 21, 42, 44]. All of these in turn are
built on the early works on quantum detailed balance. We mention
[3], where to our knowledge this notion was first introduced for the
case of open quantum Markov systems. Agarwal’s approach was later
developed and extended in [17, 41], whereas in [4, 40] the authors intro-
duced perhaps the best known definition of quantum detailed balance
for quantum dynamical semigroups. We mention also the case in which
the notion is strictly connected to symmetry properties related to the
KMS condition [36].

As previously stressed, none of these references attempted to set up
detailed balance specifically for systems of indistinguishable fermions.
On the other hand, Markov chains and related matters (e.g. [2, 33])
and also the extension of the abstract theory of disordered systems
(cf. [12]) have been treated in the context of fermions, but without
reference to detailed balance designed specifically for indistinguishable
particles.

To set up the abstract algebraic framework, we work in terms of Zo-
gradings of x-algebras, and exploit the resulting Klein transformations.
This includes the notion of twisted commutant in the case of von Neu-
mann algebras; a concept developed in [22], and subsequently used in
[23]. Our approach allows us to move from the concrete realm of the
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above cited paper [27] to an abstract framework for fermionic systems,
where one can define a general version of the fermionic dual, that is
the twisted dual, of a positive linear map.

In [22], twisted duality for an algebra of fields was studied in terms
of the twisted commutant. This is related to locality, or more precisely
Haag duality (see [39] and [38], Section I11.4.2) in the so-called algebraic
quantum field theory, when Fermi fields are involved. In this paper,
we define and study the twisted dual of a dynamical map, and more
generally of a positive linear map from one von Neumann algebra to
another.

We mention that twisted duality in the sense of [22] was shown for
the CAR algebra case in [35]. The reader is referred to [48], Section 13
for a result of this type, and [45] for further related work.

However, a particularly useful approach to this problem was followed
in [13], the main result of which will be applied in Section 12 in order
to connect our general results to the concrete case of the CAR algebra,
and contribute to solve the aforementioned problem.

The plan of the paper is as follows. Apart from the preliminary
Section 2, in Section 3 we collect some general results on the (analogue
of the) Gelfand-Naimark-Segal (GNS for short) representation arising
from a positive functional on a merely (i.e. without any topology)
involutive algebra, which is useful in the sequel.

In Section 4, we recall the main facts concerning G-graded involutive
algebras, focussing ourselves on the case of our interest G = Zs.

One of the main ingredients to treat Fermi systems, is the Jordan-
Klein-Wigner transformation (simply mentioned as the Klein transfor-
mation). After recalling its original definition, in Section 5 we inves-
tigate it in some detail from an abstract and concrete point of view.
Related concepts, in particular the twisted commutant of a von Neu-
mann algebra, are also discussed.

In Section 6, we recall the construction of the Zs-graded (Fermi) ten-
sor product of Zs-graded x-algebras, whereas in Section 7 we study the
product functional of two states on the algebraic Fermi tensor product
and show whether it is positive. Indeed, given two states, each of them
on the Zy-graded x-algebra, we define their product functional on the
above tensor product, and prove that it is positive if at least one of the
given states is even. This is a generalization of Theorem 1 in [8].

Furthermore, in Section 8 the maximal, possibly extended-valued,
seminorm on the algebraic Fermi tensor product is introduced, and it
is proved that it is indeed a C*-norm. This gives rise to the Fermi
C*-product, analogous to the completion of the usual tensor product
w.r.t. the maximal C*-cross norm.

Even though it is not used in the rest of the paper, in Section 9 we
also provide the description of the GNS representation for any product
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state, which is indeed more involved than the usual one, and is achieved
via the Stinespring dilation.

Section 10 is mainly devoted to introduce the diagonal state for the
Fermi tensor product, and its GNS representation is investigated as
well.

Duality is then studied in Section 11, where we obtain an abstract
result required to solve our positivity problem from [27] mentioned
earlier.

As already pointed out, a duality theory is developed for positive lin-
ear maps between von Neumann algebras, by defining and investigating
the twisted duals of such maps in terms of the twisted commutants of
the von Neumann algebras, with particular emphasis on the positivity
properties of the twisted dual maps. The positivity problem for an
infinite Fermi lattice is then solved in Section 12.

The paper concludes with a proposal for fermionic detailed balance
in the abstract framework in Sections 13 and 14. Much of the fore-
going theory is applied there in order to motivate the proposal both
conceptually and technically, along with illustration by some examples.

2. PRELIMINARIES

Let 2 be an involutive, or equivalently, a x-algebra. By aut(2() we
denote the group of its x-automorphisms.

For two linear spaces X and Y, we denote by X+Y and X ®Y their
algebraic direct sum and tensor product, respectively. If in addition,
2l and B are involutive algebras with * denoting their involution, then
2 ® B will denote the algebraic tensor product 2 ® B equipped with
the usual product and involution given on the generators by

(a1 ®b1) (a2 ® by) = araz @ biba, (a1 @by)' = af @b},

for all a; as € A, by, by € B .1

If {2, },c1 is a collection of C*-algebras indexed by a set I, ®,¢;2, de-
notes their C*-direct sum as defined in Section L2 of [49]. It is nothing
but the C*-completion of +,;2,. If |I| < 400, then +,/2A, = B2,
at the level of involutive algebras, where | - | denotes the cardinality.

For C*-algebras 2l and B, we denote by A @ B and A @i, B the
completion of A ® B w.r.t. the maximal and minimal C*-cross norm,
respectively, see e.g. [47].

For states w € S(2(), ¢ € S(*B), we denote by

ww,go S S(Q[ ®min %)

IWe introduce the symbols - and T to denote the product and the involution in
A ® 9B in order to distinguish them from the analogous operations (denoted by the
standard symbology) in the Zs-graded tensor product A(F)B whenever A and B
are equipped with a Zs-grading.
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the product state on the C*-algebra A @ B. A fortiori, v, is also
well defined as a state on A @pax B. Therefore, with an abuse of
notation we write ¢, , € S(A max B), or merely 1,,, € S(A ® B).

Let 2 be a C*-algebra, and ¢ € S(2l) a state. By (’H@,WW@),
we denote the Gelfand-Naimark-Segal (GNS for short) representation
associated to the state ¢, see e.g. [47]. If in addition 6 € aut(2) is
a x-automorphism leaving invariant the state ¢, then there exists a
unitary Vi, ¢ acting on H,, which implements ¢, that is

Voumo(a)V g =m,(0(a)), acA.

)

The quadruple (’H@, T Vo0 §<P) is called the covariant GNS represen-
tation associated to the triple (2, 0, ¢).

If A is a C*-algebra with a C*-subalgebra B, the linear mapping
E : A — B is called a projection if E(b) = b for all b € 9B, and is
said to be a B-bimodule map if F(ab) = E(a)b, and E(ba) = bE(a)
for all @ € A, b € B. A positive B-bimodule projection F is called a
conditional expectation.

If &:2A— B is a linear map between the C*-algebras 2 and *B, it
is said to be completely positive if all maps

(I)®idMn((C) Mn(Ql) —)Mn(%), n=12...

are positive.

3. THE GNS REPRESENTATION FOR ALGEBRAIC PROBABILITY
SPACES

We recall and extend some properties concerning the Gelfand-Naimark-
Segal representation associated to a so-called algebraic probability space.

An algebraic probability space is a pair (2, ¢) where 2 is an involutive
algebra, and ¢ is a positive linear functional.?

We report without proof (see e.g. [47]) the following well-known
result.

Proposition 3.1. Let ¢ be a positive functional on the involutive al-
gebra A. Then the sesquilinear form (x,y) € A X A — p(z*y) € C

(i) is hermitian: o(y*x) = @(x*y),
(ii) and satisfies the Cauchy-Bunyakovsky-Schwarz inequality:
lo(y™2)? < p(a"x)p(y™y)

By Proposition 3.1, we first see that 2 is equipped with the semi-
inner product (z,y) — @(y*r), with seminorm ||z|| := p(z*z)"/2. Let
n, = {zr € A| p(z*z) =0}

2A positive linear functional ¢ on the involutive algebra 2 is an element of the
algebraic dual of 2 assuming positive values on positive elements:

p(a*a) >0, acA.



FERMI SYSTEMS, DETAILED BALANCE 7

be the left ideal associated to ¢, and denote by H, the completion
of the quotient space 2/n, w.r.t. the seminorm ¢(z*z)1/2. As usual,
a € A+ a, € H, denotes the canonical quotient map.

In addition, it is matter of routine to check that, for each a,x € A,

mo(a)r, = (ar),

uniquely defines linear operators on the common dense domain
'Dﬂg(a) = {LP | S Ql} =: Dsﬂ'

The main properties of 77, are summarised in the following:
Theorem 3.1. Let ¢ be a positive linear functional on the involutive
algebra A. With the above notations, the following hold true.

(i) On D,, we have for a,b € A and o, € C, n)(aa + pb) =

) arg(a) + pro(b), 7o (ab) = 7o (a)md (D). |

(ii) For x € A, ()" D 7 (x*) and therefore the linear operators

{mo(x) | x € A} are closable on the common core D,,.

(iil) 79 (a*) C <7r3,(93)> and therefore wo(x) is hermitian, provided
T ="

(iv) For m,(z) == wg(x*)" we have m,(x)* C m,(x*), and therefore
m,(x)* is Hermitian, provided x = z*.

(v) For x € A, if for some constant A, we have ¢(a*x*ra) <
Azp(a*a) for all a € A, then DW = H, and therefore wo(x)
s bounded.

(vi) If for the uniform constant C we have |¢(x)| < Cop(z*z)'? for
all x € A, then there exists §, € [,y Do (4+) which is cyclic,

i.e. mo(A)§, = Hy, and such that
p(z) = (mg(a") € 6p), T EA.
Proof. (i) is trivial. For (ii), we have
<7T;(x)awbw> =((wa)y, by) = p(b"xa)
=p((27b)"a) = (ay, (z7D),)
=(ag, mg(27)by)
and therefore 79 (x)* extends 7 (z*). Since 73 (z) admits the closed

extension 7 (z*)", it is closable.
Concerning (iii),

(W&(IL’*)) = mo(z")" D mo(z).
Concerning (iv), by (ii), we get

mo(x") = my(2)" D me(a) = m (") = (g (x")7)" = my()".
If (v) is satisfied for some = € %I, then 7 () is bounded on the dense

domain D,. Therefore, it uniquely extends to a bounded operator on
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the whole H,, which coincides with its closure by the closed graph
theorem.

Suppose that (vi) holds true. Then z, € H, — ¢(x) uniquely
extends to a bounded linear functional on H, and therefore, by the

Riesz theorem, ¢(z) = (x,,&,) for a uniquely determined vector &, €
H,. In addition,

<7T;($*)CL¢,€SD> = <($*a)<,07 650> = 90(33*60 = <a<pa xgo> y
and 80 €, € Drg(y)+ With 7 (27)*E, = x,. By (ii) this gives that &, is
cyclic, and we get

o(x) = <x<p7£@> = <7T$:<x*)*€907€90>'
O

In the general setting previously described, by (vi) of Theorem (3.1),
the candidate for the GNS representation associated to the algebraic
probability space (2, ¢) can be viewed as the collection of the closed
operators {7¢(z*)* | x € A}, acting on the Hilbert space H.,.

We note that, without assuming further conditions, such operators
of the GNS representation associated to an algebraic probability space
do not enjoy the good well-known properties of the usual situation
arising in the C*-algebraic setting. However, for the purpose of the
present paper, we only deal with cases for which (v) and (vi) in the
previous theorem are satisfied for each a € 2.3. In this situation, the
GNS representation is commonly denoted by the triple (H,, 7, &),
uniquely determined up to unitary equivalence, see e.g. [47], Section
L.9.

4. Zo-GRADED *-ALGEBRAS

For Zy; = {1,—1} with the product as the group operation, the in-
volutive algebra 2 is an involutive Zsy-graded algebra if

A=A +A_,
and
(QLZ)* = (Q[*)Z, Q[zglj - %ijy Z,] = 1, -1 .4
More generally, for a group G an involutive G-graded algebra 2A
would be an algebraic direct sum

Q[ = ‘i‘geGng ;
equipped with a product and an involution satisfying
A, CUAgpp, A7 C A1y, g, hEG.
3The properties (v) and (vi) of Theorem 3.1 hold true for each a € 2, provided A
is an involutive Banach algebra equipped with a bounded approximate unity, and

therefore when 2 is a C*-algebra, see e.g. [47]
4Another standard terminology would be involutive superalgebra.
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The linear subspaces 2,, for g € G, are called the homogeneous compo-
nents of 2. Elements of %, for any g € G, are correspondingly called
homogeneous elements of A. For the unit e € G, the homogeneous
component 2. is an involutive subalgebra of 2 containing the identity
Iy if A is unital.

Since we only deal with Zs-graded algebras, we do not pursue the
situation associated to a general group G any further. In the case of
G = Zs, for each homogeneous element x € 2A.; we correspondingly
indicate its grade by

d(z) = £1.

Suppose now we have an involutive Zy-graded algebra 2 = 2, +2_;

as above, and define 6 : 2l — 2 as

6’7&[1: idQ[l 3 6’7%_1: _idm_l .
It is almost immediate to check that 6 € aut(2) is an involutive -
automorphism (i.e. 6% = idy). Conversely, let § € aut(2A) such that
0% = idy, and consider
1 1
g1 = §(ldm+9), E_1 = 5(1(:121—0),
Qll = 61(9[) s Q[_l = 6_1(Q[) .

Lemma 4.1. With the above notations, the x-automorphism 6 induces
a structure of involutive Zo-graded algebra on 2.

Proof. We have only to show 2 N 2(_; = {0}, the others properties
being trivial. Indeed, let us take a, b, c € 2 such that

b+600b)  c—0(c)
SR
Then 6(a) = a = —0(a), which gives a = 0. O

As a consequence, for an involutive algebra 2( a Zs-grading is always
induced by an involutive x-automorphism, and therefore we can state
the following

Definition 4.2. A Z,-graded involutive algebra is a pair (A,0), with
2L an involutive algebra and 6 € aut(A) such that 6? = idy.

We then also refer to 6 as a Zs-grading of 2, and denote by 2, = 2(;
the even part (which is indeed a *-subalgebra of ), and by A_ =24
the odd part of 2, respectively. As a consequence, for any a € 2, we
can write a = a; +a_, withay € A, a_ € 2_, and this decomposition
is unique. Moreover, one has #(a,) = ay, (a_) = —a_.

Any involutive algebra is endowed with the trivial Zs-grading in-
duced by 6 = idy, if no nontrivial x-automorphism is selected. In this
case, Ay = A and A_ = {0}.

In the sequel, we will not indicate the grading automorphism when-
ever the latter is fixed, without risk of confusion.
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Let (Q((i), H(i)), 1 = 1,2, be a pair of Zy-graded involutive algebras,
together with a map 7 : AN — AR T is said to be even if it is
grading-equivariant:

TofgM =6@oT.

When 0? = idye), the map T : A — AP is even if and only
if it is grading-invariant, that is 7 o #1) = T. As a particular case
when (AWM, 6M)) = (2A,6) and (A®,idye) = (C,idc), a functional
f:2A — Cisevenifandonly if fof = f. If the map T (or the functional
f) is Zy-linear, then it is even if and only if T'T,m=0 (f[a_=0).

We now specialise the situation to the following example. It comes di-
rectly from quantum field theory and statistical mechanics, and is based
on the Canonical Anticommutation Relations algebra on a countable
set of indices.

Recall that for an arbitrary set L, the Canonical Anticommutation
Relations (CAR for short) algebra over L is the C*-algebra CAR(L)
with the identity I generated by the set {a;, a; | j € L} (i.e. the Fermi
annihilators and creators respectively), and the relations

(a;)" = a;-, {a;,ak} =01, {a;,ar} = {a},al} =0, j,ke L.

A Zs-grading is induced on CAR(L) by the x-automorphism 6 acting
on the generators as

0(a;) = —aj, G(a}) = —a}, jeL.

Notice that, by definition,

(4.1) CAR(L) = CAR (L),
where
(4.2) CAR,(L) := | J{CAR(I) | I C L, finite}

is the dense subalgebra of the localised elements.
For a countable index set L ~ N, CAR(L) can be identified with the
C*-infinite tensor product of L-copies of M (C), that is

(4.3) CAR(N) ~ (X MQ(C)C* :

As shown in [47], Exercise XIV.1, the above isomorphism is achieved
by a Jordan-Klein-Wigner transformation. We briefly report such a
construction for the convenience of the reader. Indeed, consider U; :=

aja; —a}&j, V=1 and V; := flzl U,, for j=1,2,.... The Jordan—
Klein-Wigner construction is defined as follows

en(j) = ajal, en(j) = Vja;,

ea1(j) = ‘/}'—1@; . exn()) = a}aj ,
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and provides a system of commuting matrix units {ex(j) | k.l = 1, 2}jen
in CAR(N). Now fix a set of points [1,/] C N and consider the system
of matrix units localised in r € N, that is

s (V}i1e © QMHO)

It turns out that the map
€ii (1) -+ €iji (1) = €5, (1) @ - - @ €45, (1)

where ig, 7. = 1,2, k =1,2,...,0l and | € N, realises the isomorphism
(4.3) as a consequence of (4.1) and (4.2).

We also recall that in this case the Fock representation of the CAR
algebra is realised on the anti-symmetric Fock space over h := (?(N),
as the map sending the algebraic generators a; and a; to the anti-
symmetric creation and annihilation operators, respectively [16]. These
operators will be explicitly recalled in Section 12, where we return to
the fermionic relations to solve a problem in duality that was raised in

27).

5. THE KLEIN TRANSFORMATION

We exhibit a simple but useful construction of a Jordan-Klein-Wigner
(Klein for short) transformation. Such a (spatial) construction gener-
alises the analogous one for the models living on the lattice Z¢ and
outlined in Section 4, and includes those already present in literature
(e.g. [16, 22, 23, 38]).

Consider a Hilbert space ‘H, together with a self-adjoint unitary I' €
B(H), i.e. T? = Iy, where Iy is the identity operator on H. The
adjoint action «y := adr of I' naturally equips B(#) with a Zy-grading.®
Notice that for any a € B(H)

I'ay, =a 'y, Ta-=—a_TI.
We can define the Klein transformation kr on B(H) induced by I' as
kr(ay +a_):=ay+Ta_, ay+a_ =a€BH).
Together with kr, we can equally well define the map nr by
(5.1) nr(ay +a-) :=ay +la_, ar+a_=acB(H).

Both kr and nr are linear, invertible and identity preserving maps,
but nr is a x-automorphism and xr is not unless I' = idy. Indeed,
k' = kr, and

(5.2) nptlay +a_)=a; —la_, a,+a_ =a€cB(H).

Notice that v(I') = ITI™* = ' = T', hence T is even.



12 CRISMALE, DUVENHAGE, FIDALEO

Moreover, kr(a*) = kr(y(a))*, and kr(ab) — kr(a)kr(b) = 2a_b_ for
any a,b € B(H). We refer to nr as the twist automorphism of B(H)
induced by I'. Notice that in terms of the linear bijection

(5.3) g:=¢e1+1we_1:B(H)—= B(H)

1

(whose inverse is given by €' = 1 —1_;), we have that

(54) angOHF:HFOg,

which is relevant in relation to even maps in Section 11.

The twist automorphism nr of B(H) is in fact the adjoint map of a
unitary K on H. More in detail, let P, and P_ the two projections
onto the eigenspaces of I', i.e.

1 1
P, = §(IH +I) and P_:= E(IH -1,

and define the unitary
(5.5) K : =P  —P_.
Observe that, for any a € B(H),
K*=T, a,K=FKa,, a K'=1Ka_.
As a consequence,
(5.6) nr(a) = KaK*
for any a € B(H).

The following definition gives a key concept for the paper, see e.g.
[22], Section TV.

Definition 5.1. For a Hilbert space H, fix a self-adjoint unitary I' €
B(H). For any S C B(H), the twisted commutant Sy of S is defined
as St = k(9.

The twisted commutant S% depends on the self-adjoint unitary T
Sometimes, we omit to point out such a dependence if this causes no
confusion. We mention that the term “graded commutant” is also used
for the twisted commutant, see e.g. [48], Section 12.

For the remainder of this section we focus on the von Neumann
algebraic set-up, which forms the basis for duality in Sections 11 and
12.

Proposition 5.2. Let (M, H) be a von Neumann algebra and I' €
B(H) a self-adjoint unitary. Then MY = np(M'), and therefore MY,
15 a von Neumann algebra.



FERMI SYSTEMS, DETAILED BALANCE 13

Proof. With i = np and M! = M., first we have
M=, (M) @ Te_1(M') = (M) @ Te_1(—M)
=1 (M) DT (—1e_1(M)) =1 (M) ®le_y (M)
=n(M’).

The fact that M! is a von Neumann algebra easily follows if one
checks n(M’) = n(M)’. Indeed, suppose =’ € M’. For any x € M

n(z)n(x) = n(a'z) = n(za’) = n(z)n(’),

hence n(M’) C n(M)’. Let now take y € B(H) such that yn(z) —
n(x)y = 0 for each x € M, i.e. y € n(M)’. Then

N Wz —an  (y) =0 <= ' Yr=an"(y), M.
Therefore, n~*(y) € M, that is n(M)" C n(M’), which combined with

the previous computations leads to the assertion. O
As (5.2) yields
(5.7) kir(M) = np(M) = np (M),

Proposition 5.2 and (5.7) give the following chain of equalities
(5:8) kp (M) = p (M) = My = np(M)' = kp(M)'.

With an abuse of language, we still refer to the map nr as a Klein
transformation because it produces the same twisted commutant as
rr and has the added advantage of being a *-automorphism, which is
crucial for the definition of the diagonal state in Section 10.

Proposition 5.3. Let (M, H) be a von Neumann algebra, and I" €
B(H) a self-adjoint unitary. Then

My = (Mp)r = adp(M).

Proof. With n = nr, we start by noticing that n(M') = n(M)" (cf.
(5.8)), and n? = adr. Therefore, by Proposition 5.2,

(MP)E = n(n(M")) =n(n(M)") = n(n(M)) = n*(M) = adp(M).
0

The following simple facts generalise the known ones on the standard
vectors.

Proposition 5.4. Let (M, H) be a von Neumann algebra, and T €
B(H) a self-adjoint unitary. For & € H, and K the unitary given in
(5.5), we have

(i) & is cyclic for M <= K¢ is separating for M.,

(ii) € is separating for M <= K¢ is cyclic for Mk.
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Proof. We prove (i), (ii) being similar. Indeed, ¢ is cyclic for M <= ¢
is separating for

KM = KMK'K =(KMK"K = M\.K ,

that is K¢ is separating for ML, and the last equality follows from
(5.6). O

A case of interest for our purposes will be when (2, 0) and ¢ € S()
are a Zo-graded C*-algebra and an even state, respectively. Since
¢ is O-invariant, we can look at the GNS covariant representation
(7—[@, Ty Vo 05 §¢). As V¢ is a self-adjoint unitary, we can directly con-
sider the Z,-grading induced on B(H.,) by its adjoint action, making
(B(Hy), ady, ) an involutive Z,-graded algebra in a canonical way.

Indeed, we consider a von Neumann algebra (M, H) with a Zo-
grading given by the involutive x-automorphism 6, and a cyclic vector
&. We suppose also that the normal state

,U(b) = <b€>€> , beM

is even, i.e. po@ = p. In this case we say 6 is a Zy-grading of (M, u),
and 0 and p can be extended to all of B(H). Namely, the map

b == 0(b)¢, be M

uniquely extends to a self-adjoint unitary operator on H, denoted by
I’ with an abuse of notation.

The *-automorphism « of B(H), defined as ~y := adr endows B(H)
with a Zs-grading structure, and indeed extends 6 since §(b) = ['bI" for
any b € M.

For the functional p, it is simply extended as an even state by w €

S(B(H)), where

w(a) := (ag, &)
for all a € B(H). Notice that
(5.9) w(kr(a)b) = w(ab)

for all a,b € B(H), this property being useful in connection with duality
in Section 11.

Moreover, since I'€ = ¢, ¢ is invariant for K. Thus (5.6) yields that
nr(M) is a von Neumann algebra with cyclic vector £, and wonr = w.

Remark 5.5. We point out the following useful facts:
(i) Mp = M;
(ii) € is separating for M;
(iii) if ¢ is separating for M, then it is cyclic for M.

Indeed, (i) follows from Proposition 5.3 as adp(M) = M, whereas
(ii) and (iii) are immediate consequence of Proposition 5.4, since in our
case K¢ = €.
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As the adjoint action of I' leaves M globally stable, one has adr (M) =
M. As a consequence, v := [y is a Zy-grading of (M, '), where
i = w[rr. In addition, adp(MY) = ML, and therefore 4! := W[Mzr is
a Zo-grading of (M., pt), where p! :=w[, .

Finally, we notice that we can take the right version of kr as the
Klein transformation, that is

(5.10) kroy=vyokr:B(H) = BH):a— ar+a_T.

This forces us to get the right version of nr, given by n' in (5.2).
However, because of (5.7) and Proposition 5.2, the twisted commutant
is not affected by this choice, nor is there any effect on the content

of our main results regarding duality collected in Theorem 11.2 and
Theorem 12.4.

6. THE (ALGEBRAIC) FERMI TENSOR PRODUCT

Let 2 and B be two involutive Zs-graded algebras, or equivalently
x-superalgebras in the common language from Section 4. We now dis-
cuss the definition of the involutive Zs-graded tensor product A ®) B
between 2 and B, which perhaps could be known to experts.

Concerning the linear structure, one notices that

AODB = +ijez,(A; ©B;) =ARB,

where on the r.h.s. we used the symbol “®” to recall that the usual
operations of taking adjoint “{” and product “.” are also defined on
the Lh.s..

For homogeneous elements a € A, b € B and i, j € Zy, we recall the
following definitions

e(a,b) = {—1 if 9(a) = D(b) = 1,

1 otherwise.

(6.1) orienie
8(i,j):={_i ifi=75=-1,

otherwise .

Consider the generic elements z,y € A © B. We can write

T = @i jer,Tij € Dijez, (Ui © By),

6.2
6.2) Y = DijensYij € Dijez,(i © By),
and we set
xt = Z 5(i,j)xzj,
(6 3) 1,JE€L2

Ty = Z (7, k)i 5 Y -

0,5,k EL2
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Notice that forxt = a®band y = A® B, where a, A € 2 and b, B € B,
z* =¢(a,b)z’ = e(a,b)a* O b*,
ry =€(b,A)(a®b)-(A® B) =€(b, A)aA @ bB .
Proposition 6.1. The involution and product operations on A © B

giwen in (6.3) are well defined, and make the linear space 2A© B an
imvolutive algebra.

Proof. 1t is almost immediate to show that the operations in (6.3) make
2 ® B an involutive algebra, provided they are well defined. For the
latter property, take  and y asin (6.2). If t =0 or y =0, then z; ; = 0
or y;; = 0 for all ¢, j € Zy, and therefore z* = 0 and zy = 0. U

Definition 6.2. The tensor product A©B, endowed with the involution
and product given in (6.3), is called the (algebraic) Fermi tensor product
of A and B, and is denoted by AF®B.

For the involutive Zs-graded algebras (2, ) and (B, 3), their Fermi
tensor product A® B is naturally equipped with a structure of invo-
lutive Zs-graded algebra, by putting

(A®B), =@ 0B)H2 0B).
A®B) =A 0B )+(A-0By).

In this situation, such a grading is induced by the involutive automor-
phism 0 = a® S given on the elementary tensors by

(6.5) (a®B)(a®b) :=ala) ®LB), acA, beB.

7. THE PRODUCT STATE

(6.4)

In the present section, for the involutive Zs-graded algebras (2, o)
and (B, 3), and for given w € S(A) and ¢ € S(*B), we study whether
the product functional of w and ¢ is well defined and positive on the
Fermi tensor product 2A®) *B.

If needed, we suppose without loosing generality that 2 and B are
unital with units Iy and Iy, respectively. The general situation can
be generalised by adding the identities, or considering approximate
identities on A and ‘B as well.

Although a detailed study of the product functional relative to con-
crete systems based on the CAR algebra can be found in [8, 9], here
we provide the analysis for the abstract Fermi systems we are dealing
with.

To this aim, we first denote by S(2(), the convex set of the even
states on 2, and observe that the linear structure of the algebraic
tensor product involutive algebra 2A(®) ‘B is indeed the same as A ® B
and A ® B. Namely,

AXB=A0B =A®B
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as vector spaces. For w € S(2) and ¢ € S(°B), the product functional
w X @ on AFE B is defined as usual by

(7.1) wx SD(Z%‘ @bj) = wla)eb), Y a;®b €A®DB.
j=1 j=1 j=1

It is well known that the functional given in (7.1) is well defined on
2A © B, and therefore on AF B. In addition, even though it coincides
with the state v, on A ® B, in general it is not positive on the
involutive algebra 2 ®)‘B.

In what follows, we show that the positivity criterion for product
states established in [8] also holds for the most general case treated in
the present paper.

Proposition 7.1. Let w € S(A), ¢ € S(B) and suppose w or ¢ is
even. Then w X ¢ s positive on A®B. In addition, for any x,y €
A®B one has

(W x @) ()] <(w x )(a"2)"2,

(wx @)z 'y yz) <Cy(w x p)(z"7),

where Cy 1s a positive constant depending on y.

(7.2)

Proof. We can suppose without loss of generality that w is even, i.e.
w o a = w, the other case being similar. Concerning the positivity of
the product state, we compute for homogeneous a, A € 2 and b, B € B

wx D) [(@®Y A®B)] =W x ¢)[(@ ®Y)A® B)]
+w x ¢)[(a(a) OB A B)]
=(w x ¢)(a*A® b} B)
+(w x @) (a(a*A) ® b B)
=w(a*A)p(b*B)
=Yul(a®@b)(A® B)].

Therefore, for general

=Y a;®bh cA®B =AD DB
=1
it follows that

n

wx Q)ce) = 3 wlaia)obiby) = duy(chc) 2 0.

ij=1
Concerning the last assertion, we consider the GNS representation

(Hyoos T s Ey) O Yoy € S(A Opmin B). Then for z,y € A® B,
(W x @) (@) =|(mp, (2)Epsy € )| < Hﬂww,w(ﬂf)fww,wuﬂw
=t o(al2)? = (w x p)(zz)"/2.
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Analogously,

* ok

(w x Q) (&Y yz) = Yo u(aT-yTy-x)
= (M (D) T ()5 T (W) T o ()6, )

= || W), o (1), Hitqw
<||myp, (v) HZ(%%W) 7, (20 ||iww’w
=l g, % ©)a").

and (7.2) follows after taking C, = ||my,, (y)HZ(Hw ) O

8. THE FERMI TENSOR PRODUCT (C*-ALGEBRA

The present section is devoted to complete the Fermi algebraic prod-
uct A® B of two Zy-graded C*-algebras 2 and B w.r.t. the standard
maximal norm, obtaining A®),,..B.

On 2A®*B, we define the seminorm

(8.1)  [Jc|max := sup{||7(c)| | 7 is a representation}, ¢ € A@® B .
Theorem 8.1. The seminorm in (8.1) is indeed a C*-norm on A®)*B.

Proof. We start by noticing that for any ¢ € A® B (8.1) satisfies
" c[lmax = [Jc[]%,ax, that is it defines a C*-seminorm.

Fix now an element in ¢ € A® DB of the form ¢ = Y " | \ja; ® b;
with \; € C, a; € A, b; € B, and ||a,||, ||b:|| < 1. By reasoning as in

Lemma 3.3 in [32], it follows that

Im(e)m(e)]| < n )y Nl < oo

i=1

Therefore [|¢[|max is finite, since the inequality above is independent of
the representation .

Suppose that the Zy-grading on 2 is induced by a € aut(2(), and
denote £ := (idy+a) the conditional expectation of 2 onto 2, = e(2A),
the C*-subalgebra of even elements. In order to check that ¢ # 0 =
[J¢[Jmax > 0 for each such

CEA®B =AR®B C ARpin B,

we fix states w € S(2A), ¢ € S(B) such that Yyee ,(c'-c) > 0. These
states exist because the set of product states separates the points of
A Qmin B, see e.g. [47], Theorem 1V.4.9 (iii). By (7.2) and Theorem

By [] [Jmax, We are denoting the maximal norm (8.1) on the Z,-graded algebra
AE)B to distinguish that from the maximal C*-cross norm|| |max on the usual
tensor product A ® B.
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3.1, we can take the GNS representation (’Hwoew, Twoex o) &mw) and
compute

Jelmax ZlTwoexe ()1 = [1Maoexip(€)éuoexsll”

:Hﬂ-wwos,ap (C)S'lpwos,apnz = ¢WOE,¢<CT.C) > O *
U

Definition 8.2. The completion of A® B w.r.t. the norm in (8.1)
is denoted by A®),,.. B and simply called the Fermi C*-tensor product
between the Zs-graded C*-algebras A and *B.

Remark 8.3. Notice that A®),,..B is naturally endowed with the
following structure of Zs-graded algebra

Ql@max% = (22( ®max%)+ D (Q’[®max%)—

where

(m®max%)i = (9’[®%)i
for (A® B )4 given in (6.4). Such a grading is induced by (the extension
of) the involutive automorphism in (6.5).

For the sake of completeness, we report the following statement,

which is nothing else than the Fermi version of Proposition IV.4.7 of
47].

Theorem 8.4. Let (A;, o), i = 1,2 be Zy-graded unital C*-algebras,
and B an arbitrary unital C*-algebra. If the unital x-homomorphisms
m A =B, =12,

satisfy
(8.2) m(a1)ma(az) = €(ay, ag)ma(as)m (ay),

where € is given in (6.1), and a; € 2y, ay € WUy are homogeneous
elements, then there exists a unique x-homomorphism m of Ay ®) . Ao
into B such that

m(a1®az) = mi(a)me(az), a; €2A;, i=1,2.

Moreover, W(Qll ® 912) is the C*-subalgebra of B generated by w1 (A1)
and mo(2As).

If in addition *B is a Zo-graded C*-algebra whose grading is generated
by the involutive B € aut(B) satisfying

max

max

ﬂ-ioaizﬁoﬂ-iv i:]-aQ;
then 7o (v ®ag) = fom.
Proof. The map (a1, az) € Ay X Ay +— m(ay)ma(ag) € B is a bilinear

form. Therefore, by universal property of the tensor product 2; ®2, =
A, ® s, there is a unique linear map m, : A; ® Ay — B such that

ﬂo(a1®a2) = 7T1(CL1)7T2(G2), a; € Q[i, 1= 1,2
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We now check that 7, is a *-homomorphism. Indeed, for ¢ := Zfll x; ® Y
and d := > ri®s; in Ay ®RAy with the z;, y;, r; and s; homoge-

7=1
neous, we get by (6.3) and (8.2),

3

Q*

I
NE
Ms

770(6(%‘7%)% @yz = € xzyyz 7T1 Wg(yz)

i=1 =1

= Z (d%ﬂiﬁb(%)ﬁ(%)f = Z (Wl(xi)ﬂg(yi))*

and

To(cd) :Z o ((2: ® i) (r; ® 57))
— Z Z e(ry, yi)mo ((zir; ®yis;))
— Z Z 1 () (e(ry, yi)mo (r;)ma(ys) ) wa(s;)

(im ()7 yz)(zm )l )

:71'0(;)71'0(61) )

T, is defined on the dense involutive subalgebra 2l; ® s of 2y ®),,,, A2,
then arguing as in [20], Proposition 4.1 and Proposition 4.3, one finds
it uniquely extends to a bounded map, denoted by 7, on the whole
20 ®),,0, A2 which is indeed a *-homomorphism. As an immediate con-
sequence, W(Qll @maXQlQ) is generated as a C*-algebra by m(2(;) and
Up) (22(2)

Concerning the last assertion, it is enough to prove this on the dense
set of generators of the form ¢ = »""" | x; ®y;, obtaining by (6.5)

n

(a1 ®a)(c) = > 7(ar(z:) ®aaz(y:)) Zﬂl a1 (7)) ma(a(yi)

=1 =1
n

=" B(mi(2:)B(ma(y) = (Zm xmg%)—ﬁ( (c)).

i=1
U

We end the present section by briefly discussing the following fact,
for the sake of completeness. Indeed, define

lelmin = sup{[[Toxu ()] | ¢ € S@) s, ¥ € S(B)1}, ceA®B.



FERMI SYSTEMS, DETAILED BALANCE 21

Obviously, [J¢[Jmin < [J¢[Jmax- Since the set of the even product states
considered above separates the points of A® B (cf. [47], Theorem
IV.4.9 (iii)), [J¢[Jmin is actually a norm, and

S—
A®B " ~ ( Bppuipes@),, ves@®); ) Toxw) (A®B) .

This norm can be viewed as the analogue of the minimal C*-cross
norm in the Fermi situation, see e.g. [47], Definition 1V.4.8, for the
case involving the usual tensor product.

In the sequel we never use A® B equipped with [Jc[lmm. So we
do not to pursue this analysis further, postponing a more exhaustive
treatment to somewhere else.

9. THE GNS REPRESENTATION OF THE PRODUCT STATE

The present section is devoted to describe in some detail the GNS
representation of (the extension of) the product state on the Fermi
C*-tensor product between two Zo-graded C*-algebras.

As before, € : 2 :— 2, is the conditional expectation of the Z,-
graded C*-algebra (21, 6) onto its even part.

Since [y, B] =0 (in A®,,,.B) with B also a Zy-graded C*-algebra,
we note that

max

A, ®B =2, @B and AL @), B = A} Omax B
Define now the linear map
Eo . Ql@% — Q[+®% - QlJr@max% = Q[+ ®max %

given, on the homogeneous elements a € 2, b € B, by

E,(a®b) :=¢c(a)®b=c¢c(a)®0D.

It is well defined by the universal property of tensor products, and in
addition the following result holds true.

Lemma 9.1. The linear map E, is completely positive, and therefore
it extends to a bounded linear map

E:A®, B =A@, B =2A Guu B,

max max

which is indeed a conditional expectation, preserving the identity if A
and B are unital.

Proof. Tt is easy to see that E, leaves the elements of 2, B invariant
and preserves the identity, provided 2l and ‘B are unital. Moreover, it
is a real map. Indeed, for a € 2 and b € B (6.3) gives

Eo(a®b)" = (e(a) ®b)" = e(a)* ®V”
=e(a") ®Y" = Eo(a” ®b) = E,((a®b)") -
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In particular, this implies that the bimodule property for E, follows as
soon as we show it is right 20, (® B-linear. To this aim, consider

ri=> a®hcA®B, y:=)» ¢®Od A OB,
i=1 j=1

where the elementary factors in the tensors can be taken homogeneous.
Since the c¢; belong to 2,

6(()’“0‘7):17 ’i:l",.7m,j:1,...7n.

Therefore, as ¢ is a 2 -bimodule map, we have

m n

Eo(xy) =Y Y Eo(aic;®bid;) =Y > e(a;)e; ® bid
=1

:Zf; ‘nl (e(a) ®b;) (¢ ®dj_) _
:<§;g(a,)®bi) (Zi;cj@)d])
B (a)y :

We now show that E, is completely positive. By reasoning as in Propo-
sition 9.3 of [46], it is enough to verify that it is positive. To this goal,
first take homogeneous elements a,c € 2 and b, d € B. Then

(a®b)* (c®d) = €(a,b)e(c,b)(a*c@® b*d) .

We note that if d(a)0(c) = —1 then g(a*c) = 0, and if 9(a)d(c) = 1
then €(a, b) = €(c,b). Therefore,

E,((a®b)* (c®d)) = e(a*c) ®b*d.

Thus in all situations, for z = > a4, ®b; € AE® B we obtain

Ey(x*a) :E’O(<iai®bi>*(iaj®bj)>

i=1 =1
= elaja;) ®bY,
ij=1
=3 cik)e;(k) ®bib;
k=1 i,j=1
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where we used the fact that, for some integer m, the positive matrix
[e(aja;)]f =y € M,(;) can always be written as a sum of m posi-
tive matrices {[ci(k)*cj(k)]ﬁjzl}kmzl C M, () (see e.g. [47], Lemma
IV.3.1).

The complete positivity of E, allows us to argue as in [20], Propo-
sition 4.1 and conclude that it uniquely extends to a bounded linear
map £ on the whole 2A®),..B, which turns out to be a conditional
expectation onto A, ® . B =2, Qpax B. O

max

Let & : A — B be a completely positive map between the C*-
algebras 2 and B, together with a positive linear functional ¢ on *B.
Obviously, ¢ o @ is a positive linear functional on . Let (H,, 7, &)
and (Hypod, Tpod, o) be the GNS representations of ¢ and ¢ o @,
respectively. Consider the Stinespring dilation (#,7, V) of m, 0 @ :
2A — B(H,), see e.g. [47], Theorem IV.3.6. Let P € 7w(2)" be the
self-adjoint projection onto the cyclic subspace w(A)VE, C H.

Lemma 9.2. The GNS representation (Hpow, Tpod, Epon) Of the positive
functional p o ® is (PH, Pm,VE,).

Proof. In order to prove the assertion, it is enough to check that, if

a € A then (Pr(a)VE,,VE,) = ¢ o ®(a). Indeed,

(PW(&)V@, V§w> :<7T(G)V5so> V&p) = <V*7T(a>vfcp7€so>
=(m,(®(a))éy, &) = ©(P(a)) .
O

Proposition 9.3. Let A and B be Zs-graded C*-algebras and w €
S+, ¢ € S(B). Consider the product state 1, 0n Ay Dmax B =
Ql+ ® max% .

The GNS representation of the product state w X p € S(Ql®max%)
is given by (P’H, P, Vfww,¢); where:

(i) (le,w’v,ﬂwww,{%w) is the GNS representation of 1, ,;

(ii) (H,m, V) is the Stinespring dilation of the completely positive
map my, , © Bt A® maxB — B(Hy,, ), with E the conditional
expectation given in Lemma 9.1;

(i) P € W(Q{@max%), is the self-adjoint projection onto the cyclic
subspace W(Q[®max%)vgwww CH.

Proof. As 1, ,0F = w Xy, the proof directly follows from the previous
lemmata. Il
10. THE DIAGONAL STATE

In the present section we investigate the Fermi counterpart of the
diagonal state defined in [32], which plays a crucial role to define the
(fermionic) detailed balance.
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We start by recalling some basic facts about the the opposite algebra
2° of a fixed involutive algebra 2. Indeed, 2A° is 2l as a linear space,
with the product x oy := yz and involution (z°)* := (z*)°.

For any map 7" : A — X from 2 to the point-set X, the opposite
map T° : A° — X is simply defined as

T°(®) :=T(a), ac.
We note that if @ : 2 — B is a (completely) positive linear map be-
tween involutive algebras, then ®° is also (completely) positive, whereas
if ® is a *-homomorphism, then so is ®°.

Correspondingly, if (2, 0) is Zy-graded, then (2°,0°) is also a Zo-
graded involutive algebra in an obvious manner and, for an even linear
functional f : 2 — C, the opposite functional f° is also even.

In order to define the diagonal state, we start with an even state
© € S(A); of the Zy-graded C*-algebra (2, 6) with central support
S, € Z(A™) in the bidual.” Since ¢ is invariant under § and has central
support in the bidual, we can look at its covariant GNS representation
(Hw,m,, Vw,g,@,) and consider the Tomita conjugation J,, acting on
H,, associated to ¢. We report the following well-known facts:

Jomo () Jp = mo(A)
(10.1) Voor(x) =7m(0(x))Vye, xze€U

Jo Voo = Voo, .
Take the Zy-graded x-algebra A ® 2°, together with the functional

o A®A° — C,
and the linear map
5, A®A° — B(H,),

defined on the generators by
O (a®b°) :=(my(a)nv,, (Somo(0°) )00 Ep)
wgw(a(@b") ::mp(a)nvw,e(J@W@(b*)J@) , a,be.
The above maps are obviously well defined by the universal property of

the algebraic tensor product 2 © A° =A@ 2A°. Their main properties
are summarised in the following

(10.2)

Theorem 10.1. The linear maps 0, and s, respectively extend to a
state d,, and to a representation w5, of A®),,. A° satisfying:
(i) the GNS representation of 6, is (Hy, 7s,,E,);
(ii) s, (A @maXQlO)H is the von Neuman algebra 7, ()" \/ 7@,(2()2‘/%9
generated by m,(2A) and its twisted commutant Ww(Q[)sz .-
A state v € S(2) on a C*-algebra 2 has central support if and only if whenever

it is considered as a state on the bidual W*-algebra (**, the cyclic vector §, € H,
is also separating for 7, ()", see [43], p.15.
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Proof. The theorem is proved once we show that 7§ extends to a *-
representation of 2 ®),,,,A°, which is equivalent to show that 7§ is a
x-representation of A 2A°. The remaining parts are left to the reader.
Fix a, b, ¢, d € 2 homogeneous, and take into account (10.1). For the
adjoint, if J(b) = 1 we easily get
5, ((a®0°)) = 75 (a®b°)"
Concerning the remaining cases where 0(b) = —1, we get
7r§ (a®b°)" :< ola )(ZVW,G‘]@W%([)*)J@))*
— 1, (b) S Vpome(a®) = Vi 0 Jumy (b) Jpomp(a®)
—ZV‘F, 0T (a") oy (), = O(a)imy(a™)V, 0,y (b)J,
0 (a") (Voo o (D)) = 75, (a @)
Concerning the product, if 9(b) = 1 = 9(d) or if 9(b) = 1 and 9(d) =
—1, we again easily get
TS, (a®b°)(c®d)) =m§ (ac®b°d°) = w5 _(ac @ db)
=7, (a)my(c) J¢W¢(b*)J¢77VM (Jwr@(d*)J@)
= () oy (") Jomo ()0, o (Jme (A7) J,)
=75, (@ @) (@)
Let now 0(b) = —1 and 9(d) = 1, we get
7Tf5)<p (a®bo)77g¢ (c®d”) =my(a) (V0 Jpme (") Jp) o (c) STy (d¥) I,
=0(c)my(ac) (Vo Jpmy (b7d) J,)
=75 (0 ®F)(c®)).
Finally, with 9(b) = —1 = 0(d) we get
75, (a®bo)7§¢, (c®d%) =mp(a)( V0 Jomy(0%) Jp) T () (Vi S oo (d”) Jp)
=0(c)m,(ac)J,my(b*d*)J,
2 (0®F)(c®d)).
O
The state d, above defined is called the diagonal state associated
with .

Suppose for simplicity that 2l is unital, and look at the marginals of
d,. Since

|721® = R 64,0 ’VIQ[ ®max Ql": 900 )
d, can be considered the dlagonal state associated to the product state

pexp®eS (Ql @maxﬂo), in analogy to the classical and the usual tensor
product cases, see e.g. [24, 32].
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We also note that the diagonal state d,, is in general not normal (i.e.
not “absolutely continuous”) w.r.t. the product state ¢ x ©°, unless
oo (A Dae®)” is atomic.®

To end the present section, we briefly discuss the case when 9 is a
Zo-graded W*-algebra, and ¢ € S(9M) a normal even state.

For a pair of Zy-graded W*-algebras (90, ) and (I, ), we can define
on ME N the maximal binormal norm as follows. As before, if ¢ €
ME N, we put

[e[lP .= sup{||w(c)|| | 7is a representation s.t. 7 [, 7 [y are normal} .

Obviously,
Jelmax < (lmax-
The C*-algebra M@, N is nothing else than the completion of M ® N
w.r.t. the above norm.”
For any normal faithful even state ¢ on the Zj,-graded W*-algebra
(901, 0), the diagonal state 0, extends to a state, denoted with an abuse

of notation also with d,, on M @B IM° as well. Tts GNS representation

is described as in Theorem 10.1, and

7T§<p (EDIt ®maxmo)ll = 7T64p (m ®Eiralx9ﬁo)” = 7[-80(9)?) \/ ﬂ-@(m’t)z\/%g .
We leave the details to the reader.

11. DUALITY

This section sets up a duality theory for positive linear maps between
von Neumann algebras via the twisted commutants.

Consider two von Neumann algebras (M, H,) and (N, H,) with
cyclic vectors §, and §, respectively, and states

pla) = (agu, &) v(b) = (b€, &)

for all a € M and b € N. Assume that the algebras are Zjy-graded,
i.e. we take (M, 6,) and (N, 60,), and that p and v are also even. Let
I'y € B(H,) and I', € B(H,) be the self-adjoint unitary operators
which allow to extend 6, and 6, to the whole B(H,) and B(#,) by
Yy := adp, and v, := adr,, respectively. For the Klein transformations
and twisted *-automorphisms we use the shorthand notations s, 71,
and k,, 1,, respectively.

Recall that for any positive linear map ¥ : M — N such that
voW =y, its dual ¥ : N7 — M’ is defined via

(11.1) (W(b)agy, &) = (VW ()6, &)

8A W*-algebra 9 is said to be atomic if it is generated by the set of its minimal
projections. It turns out to be equivalent to the fact that 9 is a direct sum of type
I factors.

9For the concept of binormal tensor product 2A @B 9B of W*-algebras, that is
the completion of the algebraic tensor product 2 ® B of the W*-algebras 21 and B
w.r.t. the minimal binormal C*-cross norm, see e.g. [37].
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for alla € M and b’ € N'. The reader is referred to [1], Proposition 3.1
and [29], Theorem 2.5 for more details and properties. In what follows
we remove the subscripts for the twisted commutants of M and N/,
since no confusion can arise. For pu! and 1! defined as in Section 5, one
has the following

Proposition 11.1. For any positive linear map ¥ : M — N such that
voW = pu, there exists a unique unital W' : N* — M satisfying

(11.2) (W(0)a&,, &) = (B0 (a)é,, &)

for all a € M and b € N'. In addition, if V is unit preserving then
oW =1t and W is faithful.

Proof. Indeed, let us take

(11.3) U=k, 00 0k, [an.

Since x,;'(N’) = k,(N’) = N, the last equality coming from (5.8),
Ut N — MU Thus, condition (11.2) follows from (5.9) and (11.1).
Namely, for all a € M and b € N

<\Iﬂ(bz)a§w 5u> = <\I',(’iv(bl))a§ua §u>
= (k, (1) ()&, &)
= (VT(a),, &) -
Note that (11.2) uniquely determines W' as ¢, is cyclic for M, and sepa-
rating for M by Remark 5.5. Moreover, Theorem 2.5 in [29] gives that

U’ is unital, and then (11.3) entails W' is identity preserving. Assuming
that U(In) = IN, we get from (11.2)

(1t o W (B) = (W (B)Eu, &) = (BT (Ig)&0, &) = (DY)

for all B € N As a consequence, if W'((b)*b') = 0 one has 1((b)*b') =
0. Therefore b = 0, since &, is separating for N O

We call W' the twisted dual of ¥. Achieving positivity of the twisted
dual needs a further assumption on ¥, namely that it has to be even,
as shown in the next result.

Theorem 11.2. Assume that V is grading-equivariant, i.e. Vo, =
YoV, and v oW = pu. Then W as defined in (11.3) is positive, even,
with unit norm, and is given by

U =1, 00 o [ye=m," oW on [y
In addition,
(a) if VU is n-positive for some n € N, then so is U
(b) if W is completely positive, then so is W!;
(c) if U is unit preserving, while &, and &, are separating for M and
N respectively, then

= (T M = N
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1s well-defined and
Ul =,

Proof. Recall that T',§, =&, I',§, =&, and v,(M') = M, 7, (N') =
N'. Then, since 7, o U = W o, for a € M and ¥ € N we get from
(11.1) that

(W' (7 (V)a&y, &) = (LT, ¥ (a)y, &) = (VT ¥ (a)T0E,, &)
= (V' (¥(a)&, &) = BV (7u(a)é, &)
= (1 (V' (V))ag,., &) -
As ¢, is cyclic for M, and therefore separating for M’, it follows that
U o, :f)/uo\I//.
Since both k, and &, are even, from (11.3) one finds W' is grading-
equivariant, i.e.
Ulory, =7,0 0.
It also follows that
(11.4) U'og,=¢,00,
for £, and &, defined as in (5.3). As k, = k', by (5.4) and (11.4) one
has
U=¢2,08," ok, oW okl

=g, 0k, 0V 08, or, [\
/ —1
:UMO\DO% [NZ'

Similarly, W' = ;' o W o7, [x2. As 7, and 7, are x-automorphisms,
the positivity of W follows from that of W’. Likewise, ||¥'|| = 1 implies
lwef = 1.

Arguing as above, the n-positivity and complete positivity of W! fol-
low from the corresponding properties of W', which in turn are implied
from that of W, by [1], Proposition 3.1. This proves (a) and (b).

Lastly, for (c) since U(1y) = 1, by Proposition 11.1 we have pu!o
Ut = . Furthermore, Remark 5.5 ensures that £, and &, are cyclic for
the von Neumann algebras M! and N, respectively. Reasoning as in
the case of W, one sees that

U=k, 0 (U 0kl m

is indeed a map from M to N, as a consequence of (5.8). Moreover, it
is well-defined as we assumed that WU is positive, and v o ¥ = p.

Since W and ¥ are positive, for any a € M and i € N, by (11.2)
one finds

()b, &) = (@ (B)€u &) = (WH((B)*)a*Eu, )
() W(a")6n, &) = (T(a)'&y, &) -
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Therefore U¥(a) = W(a), since &, is separating for A/, and cyclic for
N O

Similar to the proof above, one sees that when W! is positive, (11.2)
can also be expressed as

(11.5) <a\I'2(bl)£u,£u> = <\If(a)bz§,,,£l,>

for all @ € M and * € N'. Thus, when V¥ is grading-equivariant a
duality in terms of the twisted commutants can be given in precise
analogy to duality in terms of the commutants.

Remark 11.3. We notice that for A\ = p, v, our convention to use
k) rather than k) o7, (see (5.10)) as the Klein transformation has no
effect on Theorem 11.2. Indeed, in the latter case one would exploit
the form (11.5) for the twisted dual of ¥, rather than (11.2). It can be
easily checked that in the proof of Proposition 11.1, instead of (5.9) we
would then use the property

(arx((b))€, &) = (ab€, &)

for a,b € B(#), thus obtaining the same twisted dual and the same
results in Theorem 11.2 for both the Klein transformation conventions.

12. THE LATTICE

In this section, as an application of the theory developed above, we
solve, even in a more general form, a problem from [27] which we briefly
describe for the convenience of the reader.

Let h be a finite dimensional or separable infinite dimensional (com-
plex) Hilbert space, describing the space for a single fermion particle.
Denote the resulting Fermi (or anti-symmetric) Fock space as H, with
(-,+) as inner product, linear in the first variable, and f, as the vacuum
vector. The linear space H is nothing else than the Fock representation
of CAR(L) introduced in Section 4, when L is finite (i.e. h = CI*)
or L ~ N (i.e. h = ¢*N)), and we refer the reader to [16], Section
5.2 for a treatment of the matter, and for the description of the basic
operators on it as well. The latter ones are indeed the creation and
annihilation operators denoted by a'(z), and a(x) for x € h, respec-
tively. They have unit norm on H, are mutually adjoint, and satisfy
the anticommutation relations

{a(z),a(y)} =0
(12.1) {aT(x),a(y)} = (z,y) Iy

for all x,y € h.
The lattice L indexes an orthonormal basis for h, say (e;);cr, and we
use the notation

a:=ale), a =d(e), leL.
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After recalling that a;fy = 0 for all [ € L, we also write

(12.2) fan, ) = alTl-“alTnfz

for all ly,...,l, € L,and n > 1.

For any subset I of L, let D; be a set of finite sequences (14, ..., 1) in I,
forn =0,1,2,3, ..., with [; # [, when j # k, such that each finite subset
of I corresponds to exactly one element of D;. The empty subset of [
corresponds to the sequence with n = 0, which is denoted by () € Dy.
Note that D; is countable when [ is infinite. For s = (Iy,...,[,) and
t = (ki,...,kn) in Dy such that [; # k; for any ¢, h, one denotes
st = (li,. .. ln,k1,..., kn) € Dy. Here, for t = () or s = () one has
st = s or st = t, respectively. Note that (fs)sep, is an orthonormal
basis for H, where f, for s = (I1,...,l,) € Dy is given by (12.2).

Let (A(I),H) be the von Neumann algebra generated by {a, : [ € I},
and consider a set of probability outcomes (ps)sep,, i.e. ps > 0, and
> sep, Ps = 1. In addition, let « : I — «(I) € L be a bijection such
that I N (1) = 0.

In what follows we consider two states. First, Tr(p;-) € S(A(I))
such that p; is the diagonal density matrix

(123) PI = Z psfs X fsa
seEDy
where x X y € B(H) is defined as
(z xy)z:=(zy)z

for all x,y,z € H. To obtain the second state, we introduce the so-
called fermionic entangled vector

(12.4) =Y p’fum €N
seDy

where «(s) = (¢(ly), ..., (1)) if s = (I3, ...,1,). The fermionic entangled
pure state ¢ € S(A(I U (1))) is defined by

p(a) = (ad, ()

for all @ € A(I U(1)). It is straightforward to show that o[4n=
Tr(pr-), and @[ ay= Tr(p,r)-). Moreover, ¢ leads to the following
bilinear form

A(I) x A(e(I)) 3 (a,b) — By(a,b) := p(ab) € C.

Assuming that I is finite and ps > 0 for all s € Dy, in [27], Theorem
7.3, it was shown that any linear map

U A — A).
has a unique (necessarily linear) fermionic dual map

Ue s A((I)) — A((D))
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such that for all @ € A(I) and b € A(«(I))
By(¥(a),b) = By(a, U7 (b)).

In the same paper, after showing that B,(a,b) need not be positive
when a and b are, the question was raised whether there are assump-
tions ensuring that W% inherits positivity, n-positivity or completely
positivity from W. Here, we solve this problem even in the more gen-
eral case of countable I.

The problem is not affected when L is replaced by I U ¢(I), since in
this case we restrict H to the Hilbert space spanned by {e; | [ € TUt(I)},
say Hiu(r), which gives a faithful representation of A(J U «([1)). Thus,
without loss of generality, we can work in terms of

(12.5) vl — L\I.

To reach our goal we apply a result stated in [13], where the twisted
duality of the CAR algebra is expressed in terms of the so-called self-
dual approach due to Araki (see [5] and [6], as well as the review [7]),
rather than in the usual terms of creation and annihilation operators.
In the next lines we briefly remind the reader how to connect the two
formulations.

Consider the Hilbert space

> :=h®h

with orthonormal basis given by the vectors (e, €;)xer. We define an
anti-unitary operator C' : h2 — h? by

C’(ek, €l) = (61, ek)

for all k,1 € L. Let E be the the so-called basis projection, i.e. the
projection of h? onto h & 0. Then one has

E+CEC=1,.
The basic operator in the self-dual approach is
c(z) == a'(EC2) + a(Ez) € B(H)

for z € h?. Here, an element (z,0) of h? is identified with the element
x of h, i.e. we set a(z,0) := a(x) for all z € h. Note further that for
all | € L, ¢(e;,0) = a; and ¢(0,¢;) = a]. Finally, ¢(2)* = ¢(Cz) for any
z € h?

For any closed C-invariant subspace Z of h? in [13] the authors
consider the von Neumann algebra (M(Z), H), where

M(Z) :={c(z) | z € Z}”.
Their main result is

(12.6) M(Z) = KM(ZH)K*,
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where K : H — H is the unitary operator defined by

Kf, = s if s has even length,
* 7| —ifs if s has odd length,

for all s € Dy, (see [13], Sections II.B and VII).
We now specialise to

:=span({(ex,0) : k€ [} U{(0,¢): 1l €1}),
where one finds
(12.8) M(Z) = A(I).

Furthermore, puy € S(A(1)) defined by pr(a) := (a¢, ¢) for all a € A(I),
is the state determined by the density matrix p; in (12.3).
In the remainder of this section we assume that for any s € D;

(12.7)

ps > 0.

The following proposition is crucial in order to apply our abstract
results to the fermionic entangled state. When I is finite, the statement
was proved in [27], Proposition 7.6 (ii).

Proposition 12.1. The fermionic entangled vector ¢ in (12.4) is cyclic
for A(I) in H.

Proof. As noted above, we reduce the matter to infinite countable I.
Let us first introduce some notation. For a sequence s = (s1, ..., ,) €
Dy, we write a(y) = as,a,, , - -as,. If for s,t € Dy all entries of s
are also present in ¢ (even in a different order), we say that ¢ contains
s, written as s C ¢, and in this case we define t\s € D; as the string
consisting of those entries of ¢t which are not in s (the order of which
is determined by our choice of Dy).
Now fix s,t € Dy, and define

Go = Cl(t)C-

If » € Dy does not contain ¢, then by (12.1) the terms pi/2frb(r) in ¢
are annihilated by a;. Therefore, (5 consists exactly of all the terms of
the form

1/2
9,2 o) »

for r € Dy, :={q € D; |t C ¢q}. In particular, ptl/sz(t) appears as a
term in (. The probabilities not appearing in these terms add up to

pi= Z Dr .
TED[\DIJ
So, for any given € > 0, there is a finite subset F' of Dy, such that
Y pe>l—p—ep,

rel
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or equivalently
Z Dr < Ept.
T’ED[’t\F

Let u € Dy be the sequence consisting of all the elements of I which
appear as an entry in at least one of the sequences in F', and define

(3 1= aJ(ru)QQ .

As (5 contains p,}ﬂfb(t), again (12.1) gives that pi/wa(t) is a term in
(3. Since the terms j:p}«/ 2 J\tp) in (o such that r\¢ contains entries
from w are annihilated by azu), the probabilities p, appearing in the
terms of (3 are therefore exactly those with r containing all entries of
t, but no further entries from any of the sequences in F. No such r is
in F', except possibly for = t. As for v,w € Dy the vectors f,, () are
orthonormal, it follows that
2
< Y p<en.

(12.9) G — i o
’I"GD[J\F

Lastly, we set

C4 = azs)a(u)&i )
where further terms may be annihilated, but (4 contains at least the
term pi /2 fsut)- Again the orthonormality gives

2

2
9
g fur) — CsH <e,

1

1
fSL(t) - 1_/2<4
Dy

where the second inequality comes from (12.9). After recalling that
vectors of the form fy, ) constitute a basis for H, and taking into
account that {4 € A(I)(, the thesis is achieved since ¢ is arbitrary. [

Let now I' : H — H be the self-adjoint unitary defined by

(12.10) Tf, — { fs  if s has even length,

—fs if s has odd length ,

for all s € Dy. As usual, it induces a Zy-grading v := adr on B(H), and
TFA(IT = A(I), T'¢ = ¢. By restriction, (A(I),us) is then equipped
with a Zs-grading leaving p; invariant. Again we take the Klein trans-
formation w.rt. I', i.e. n : B(H) — B(#H), and the corresponding
twisted commutant A([)!. Here, we removed the subscript since no
confusion can arise. It turns out that (12.7) is a specific case of (5.5),
and therefore we obtain the following version of (12.6).

Proposition 12.2. Given the bijection (12.5) and the Zo-grading of
A(I) obtained from (12.10), we have

A(I) = A(L\D).
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Proof. Indeed, by Proposition 5.2, the thesis follows directly from (5.6),
(12.6) and (12.8). Namely, recalling that K* =T, one has

A = n(A(I)) = KM(Z)K* = TA(I\I)T = A(L\]).
O

The proposition above allows us to apply Theorem 11.2 to the lattice.

Corollary 12.3. The fermionic entangled vector ( is separating for

A(I) in H.

Proof. By swapping the roles of I and L\ I, Proposition 12.1 yields that
¢ is cyclic for A(L\I) = A(I)' = n(A(I))’, where the last two equalities
follow from Proposition 12.2 and Proposition 5.2, respectively. There-
fore, ¢ is separating for n(A(I)). Consider now a € A(I) such that
a( = 0. As K( = ¢, from (5.6) one has 0 = Ka{ = n(a){. Then
n(a) =0, and thus a = 0. O

At last, by combining the results of this section with those of Section
11, we solve the problem described above.

Theorem 12.4. Let B,(a,b) : A(I) x A(L\I) — C be the bilinear
form given by

B,(a,b) == p(ab) = (ab(,¢) , a€ A(I), be AI\I).

Then, for any positive and even linear map V : A(I) — A(I) such that
poV(a) = p(a) for all a € A(I), there exists a unique (and necessarily
linear) fermionic dual map

e A(L\I) — A(L\I)
such that
B,(¥(a),b) = By(a, ¥¥(b)), ac A(I), be A(L\I).

Furthermore, U¥ is positive, unital, faithful and even. In addition:

(i) if VU is n-positive for some n € N | then W¥ is n-positive;

(i) if U completely positive, then U is completely positive;

(1) if U is unital, then ¢ o W¥(b) = @(b) for allb € A(L\I). More-
over, U¥? = (U¥)¥ : A(I) — A(I) is well-defined, i.e. it exists and is
uniquely determined by

B,(V%#(a),b) = B,(a,¥?(b)), acA(I), be A(L\I).
Finally, ¥ = V.

Proof. Indeed, applying Proposition 11.1 and Theorem 11.2 to M =
N = A(I), with &, replaced by (, one obtains U¥ = U!. Thus, exploit-
ing Proposition 12.1, Proposition 12.2, and finally Corollary 12.3, one
achieves the thesis.



FERMI SYSTEMS, DETAILED BALANCE 35

In particular, as W% is positive and even, and since ¢ o U?(b) = (b)
for all b € A(L\I), swapping the roles of I and L\, ¥¥% is the dual
map associated to the bilinear form

A(I) x A(L\I) > (a,b) — B,(a*,b*) = (ba¢, () .
As a consequence, U¥¥ is uniquely determined by
(W#(b)ag, ¢) = (b¥**(a)¢, C)
as a positive map, where a € A([) and b € A(L\I). Finally,
B, (¥¥(a),b) = (b*¥#%(a*)¢, ¢) = (¥#(b*)a*(, () = By(a, U7 (b))
O

As suggested by (iii) above, one can also look at the “dual version”
of this theorem by working in terms of B,(®¥(a),b) = B,(a, (b)), for
¢ A(L\I) — A(L\I) positive, even and state preserving.

Remark 12.5. Using the same argument as in (11.5), we may as well
define the bilinear form as By, (a,b) = (ba(, (). It leads exactly to the
same dual ¥ of W, since W¥ is positive in the theorem above.

13. FERMIONIC DETAILED BALANCE

The theory developed in this paper provides a natural framework to
formulate detailed balance for fermionic systems.

The discussion is spread over two sections, the latter dealing with
a more abstract setting. Here, using the Fermi tensor product, our
formulation of fermionic detailed balance is based on the diagonal state
of a compound system.

For the lattice in the finite dimensional case (i.e. [ finite), fermionic
detailed balance has been defined in [27]. As it appears useful for our
definition, in the next lines we briefly recall it, using the notation of
the previous section. Thus, consider a unital positive map ¥ : A(I) —
A(I), which has to be carried over to A(«(1)) in order to have its copy
on the latter algebra. In more detail, if 5 : A(I) — A(¢(I)) is the
x-isomorphism given by

(13.1) w(a) :=aq, lel,
one considers
(13.2) Ut = 2x0Wox ' A((I)) — A(u(1))

as the copying map of ¥. Motivated by the seminal papers [22, 23],
and standard quantum detailed balance w.r.t. a reversing operation
studied in [30, 28], fermionic detailed balance of ¥ has been defined in
[27] by means of the fermionic entangled pure state ¢ on the compound
system as

(13.3) p(al' (D)) = p(T(a)h), ac A(I), be A((l)).
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In the case where «(I) := L\, we see by Proposition 12.2 that (13.1)
and (13.2) can respectively be expressed as

(13.4) »: A(I) — A(I)', and W' :=xo0Wos ': A1) — AI).

Under the same notation of Theorem 12.4, (13.3) can be therefore
formulated as

(13.5) e =P

or equivalently

By (a, V(b)) = By(¥(a),b)
for all a € A(I) and b € A(¢(I)). We use this as the basis for the
following generalization.

For our aim, it is useful to first give a definition of diagonal states
directly in the von Neumann algebra setting. The definition in Section
10 for a W*-algebra 91 reduces to the following one by considering
the von Neumann algebra (7, (9)", H,), together with the grading on
B(H,) induced by I' := V¢ and £ := &,.

Proposition 13.1. Let (M, H) be a von Neumann algebra, together
with a selfadjoint unitary ' acting on H whose adjoint action leaves
M globally stable: M = T'MTI'. Consider the corresponding twisted
commutant MZF giwen in Definition 5.1.

For each unit vector £ € H,

MEE ML 3 a®b — & (a®b) = (abl¢, &) € C

max

uniquely defines a state. If in addition I'{ = £, then 0 is even.

Proof. Put M! = M!. By reasoning as in Proposition 4.1 of [20], we
argue that

MEB®M S a®b — abl € B(H)

uniquely extends to a nondegenerate representation 7 of M @®P2 M.
Therefore, d¢ uniquely defines a state, by restricting the vector state
generated by £ to the image of 7.

Finally, let 6 and 6! be the grading implemented by I on M and M!
by restriction, respectively. Denoting by 6 ® 6' the induced grading on

M@ M (cf (6.5)), we easily get for a@® b € M B2 ML,

max max

3 ((0®0)(a®D)) := (Tab'T§,€) = (ab'TE, T€) = dre(a®')
and then 0 coincides with dr¢ if ' = ££. O

We can easily deduce that the GNS representation (Hs,, s, &s,)
s (PH, Pm, &), where P € (/\/l\//\/lz)/ is the cyclic projection onto
(M M) ECH.

Notice that the name “diagonal state” for d; is justified from the fact
that it can be viewed as the diagonal state associated to the product
state (- & &) [m*x (& &) [, provided at least one of the factors is even.
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Under the assumptions and notations of the above proposition, we
assume further that £ € H is cyclic and separating for M, and consider
the even state p := (-£,&). In order to formulate fermionic standard
quantum detailed balance in this setting, we generalise s in (13.1) by
assuming that we have a *-isomorphism

(13.6) w:M— M,

which copies the dynamics. As usual, M! stands for ML, For any
unital positive map ¥ : M — M, we obtain

(13.7) U¥ = x0Wosx!: M= M

as in (13.4). Note that if we assume that s is grading-equivariant, then
U~ is automatically even when W is, a condition naturally satisfied in
the lattice. Recalling that W' : M! — M! is the twisted dual map of
¥, we now state the main concept of this section.

Definition 13.2. Under the above notations, we say that U satisfies
fermionic standard quantum detailed balance (with respect to p and
»), if

(13.8) =,

Notice that the requirement (13.8) does not need the assumption that
Y is even. The latter is indeed the case we are most interested in, since
by Theorem 11.2 it guarantees that W! is positive (resp. completely
positive) if W is also positive (resp. completely positive). Nevertheless,
if condition (13.8) is satisfied, then the complete positivity of ¥ by
itself entails the same property for W', as a consequence of (13.7).

The definition above generalises the finite dimensional lattice case
(13.5), where W is seen as the abstract version of W¥. Furthermore,
after noticing that the unital algebra M ® b2 M replaces the algebra
A(L), by viewing M and M! as playing the role of A(I) and A(I)! =
A(L\I) (see Proposition 12.2) respectively, the diagonal state above
defined allows to get a more general version of (13.3).

Proposition 13.3. Fermionic standard quantum detailed balance as
stated in Definition 13.2 can equivalently be formulated as

(13.9) Se(a®T*()) = 6:(U(a) DY), ae M, b e M.

Proof. Indeed, (13.8) implies (13.9) by definition of d.. Moreover,
Proposition 11.1 and Theorem 11.2 immediately give (13.8) if (13.9)
holds true. U

Arguing as in Theorem 12.4 and its proof, it is natural to introduce
the bilinear form

B: M x M3 (a,b) = B(a,b) := (ab'¢, &) € C.
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Thus, condition (13.8) can be expressed as
(13.10) B(a,¥*(b")) = B(¥(a),b)), aeM, be M.

Also note that the fermionic diagonal state gives exactly the bilinear
form B used in (13.10), i.e.

be(a®b') = B(a,b"), aeM, be M.

Remark 13.4. Observe that d¢ plays the same role as ¢ for the case
of the lattice in Theorem 12.4 and identity (13.3), and & can be viewed
as an abstract version of the entangled vector ¢, in analogy to the case
of M ® M’. In the latter setting the diagonal state is a generalization
of the entangled physical pure state of a compound system consisting
of two copies of B(#H), with #H the Hilbert space of the system (see, e.g.
[29], Section 7). One could wonder up to what generality the vector &
is physically an entangled state of the compound system M @EZXMZ.
As this is not part of the aims of the present paper, we postpone a
more exhaustive treatment to somewhere else.

When 6 = idpy, (13.8) reduces to the standard quantum detailed
balance with respect to a reversing operation ¢ [30, 28].

In more detail, in this case one takes an involutive % -antiautomorphism
v M — M (where “anti” simply means ¥(ajas) = J(ag)v(a;) for
ai,a; € M) such that p o = p, and considers j(a) := J,a*J, for
all @ € B(H), where J, is the modular conjugation associated with

p. The standard quantum detailed balance w.r.t. the reversing map v
(also called ¥-sqdb), is defined by

(13.11) U =,
where

UV =Yojol ojod.
It is easy to see that (13.11) is equivalent to
(13.12) U= e

where we have used ¢ := jo) : M — M’ to copy ¥ to ¥¢ := goWop ! :
M — M. Since now the twisted s-automorphism is trivial, (13.8) and
(13.12) are analogous.

Example 13.5. In the algebra M, (C) one takes ¥ as the transposition
operation with respect to the basis in which the density matrix is diag-
onal. Here, M := M, (C) ® Iy, ), and M’ = Iy, (c) ® M, (C). Since
for any a € M,,(C), j(a® Iy, ) = Im,(c) ® a”, with a” the transpose
of a (see for example [29], Section 7), one finds

g(a X IMH(C)) = IMH((C) X a.

After replacing Iy, ¢y ® M, (C) with M, (C) ® I, (c), one notices W is
the same physical dynamics as W on M, (C). Therefore, in this instance,
copying using o appears physically sensible.
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In general we need a copying *-isomorphism from M to the appro-
priate “dual” von Neumann algebra, which is physically sensible in
concrete examples, and mathematically natural in the abstract frame-
work. In the case of #-sqdb, the dual von Neumann algebra is M’, but
in the fermionic case it is M!.

For a non trivial Zs-graded structure of M, one would attempt to
use > := n o jod as the copying map. Then, for even ¥, we could
obtain the usual ¥-sqdb condition (13.11) from (13.8) by Theorem 11.2.
Namely,

U=31oU 0x=3%"toWox
=vYojontoWonojod
=dojoWojo=0".

Hence, although mathematically natural, this choice of copying the
dynamics is not physically appropriate for a structure equipped with a
non trivial Zy-grading, as it just reproduces the usual 1-sqdb condition.
This is confirmed by the fact that the physically sensible copying *-

isomorphism in a lattice given by (13.1), differs from 3, as the next
example shows:

Example 13.6. Consider the lattice in the finite dimensional case (i.e.
|I| < o0). Let ¥ : A(I) — A(I) be the transposition as mentioned
above, that is ¥ is the x-antiautomorphism such that for any s,t € Dy

<79(a)fsaft> = <aft7fs>a a GA(I)
This means that ¥(a;) = a], for | € I. Simply taking I := {1,2},
(1) = 3 and ¢(2) = 4, when g is the normalised trace, one has

1

¢= §(f(i) + fas) + flen + fazsa) -

Moreover, j(a;) € 7,(A(l))" and
j(a)¢ = JalJ¢ =il

Notice that

a1C = 5(f3) + f230)

N~ DN —

a;(f@ + fas) — f(274) — f(1,2,3,4))

Haqal — alas)TC.

Now al(asal — alas)D € m,(A(I)), since T? = Ly, ), and m (A(D))
is generated by {asl',a4I'}. As ( is separating, one finds

Q

iar) = aj(Ty,, ) — 205as)T.

As a consequence,

jod(a) = jlal) = T(Ty,,,,, — 2akas)as
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and thus

#(ay) = az # /L(I’HIUL(I) — 2ala4)a3 = x(ay).
Here, (13.1) is the physically sensible way of copying dynamics, as it
comes directly from the map ¢ copying the lattice sites.

Therefore, when dealing with fermionic detailed balance, we assume
the presence of an abstract copying *-isomorphism s : M — M-,

14. FERMIONIC DETAILED BALANCE FOR ABSTRACT (C*-SYSTEMS

Our goal here is to give a definition of fermionic detailed balance for
abstract C*-algebraic systems. It is reached by again using the notion
of diagonal state studied in Section 10.

Let (,0) be a unital Zy-graded C*-algebra, and consider an even
state ¢ € S(2A) such that s, € Z(A*). If (Hy, 7, Vi, &) is the GNS
covariant representation associated to ¢, consider the von Neumann
algebra M := 7, ()" with normal faithful state p given by u(a) :=
(ap, &), a € M. Let v := ady, ,[m be the Zy-grading of M endowed
with 6, and take the corresponding Klein transformation

n:B(Hy) — B(H,)

as defined in (5.1). Recall that p o~y = p.

As in the previous section, we consider a unital positive map ¥ :
M — M as a (dissipative) dynamics on M, and assume that we have
a copying *-isomorphism s : M — M as in (13.6) such that fermionic
standard quantum detailed balance (13.9) is satisfied, i.e.

<aa”(bl)§@,£¢> = <a(a)b2£¢,§@> , aeM, be M.

If M° is the opposite algebra of M, then as in the previous section
we take j(a) := J,a*J, for any a € B(H,), where J, is as usual
the modular conjugation associated to ¢. Notice that j realises a *-
isomorphism between the W*-algebras M° and M’.

Since from Proposition 5.2 it follows that 7! o %(M) = M’ we
consider the x-isomorphism

ci=jontox: M— M°.
Letting ¥ := M° — M° be given by
U :=¢oWoq !,

the detailed balance above can be rewritten as

(14.1) (a(nojo W )(b°)Ey &) = (¥(a)(n o j)(b°)&e, &)
for all a € M and b° € M°.

Thus, we model the C*-algebraic formulation of fermionic detailed
balance on (14.1). Indeed, we take a unital positive map

DA —-A
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as the dynamics, and assume we are given the x-isomorphism
piA— A,

which serves as a necessarily abstract copying map. Then, we present
the following

Definition 14.1. We say that ® satisfies fermionic standard quantum
detailed balance (with respect to ¢ and p) if

(14.2) Ip(a® P7(b%)) = d,(2(a) ®V°)

for all a € A and b € A°, where J,, is the diagonal state on A@®) maxA’
given in Theorem 10.1, and

P’ :=podop A — A°.

Notice that (14.2) is a version of (13.9) expressed in terms of the
diagonal state (10.2). The main structure involved here is the bilinear
form

B, :AxA° = C
given by
B,(a,b°) == 0,(a®b°), aecA, b°eA°,

and (14.2) can be given in terms of B, in analogy to (13.10) in a
natural way.°

We end by noticing that the above definition of detailed balance on
one hand provides a unifying definition of quantum detailed balance in a
very general situation. For example, it covers the usual tensor product
case for which the grading is trivial. On the other hand, Definition
14.1 clarifies the natural appearance of the diagonal state under the
additional condition of centrality of the support of the involved state.'!

For the previous work on the detailed balance, the reader is referred
to [3, 4, 27, 28, 29, 30, 41] and the references cited therein. The reader
is also referred to [10, 11, 24, 25, 26, 32, 34] for the role of such a
“diagonal quantum measure” in quantum ergodic theory and the theory
of joinings.

Finally, we would like to mention the natural connections between
detailed balance and the notion of KMS-symmetric semigroups, see e.g.
[1, 15, 36].

OFven if Definition 14.1 is meaningful for general positive maps ® and the x-
isomorphisms p, for physical applications these will be automatically even (grading-
equivariant).

" Concerning the classical (i.e. commutative) case, the definition of the “diagonal
measure” associated to the product measure is always meaningful because of the
simple fact that the support of every state in the bidual is automatically central.
This is no longer true in the quantum situation.
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