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Fermions from classical probability and
statistics defined by stochastic independence

The case study of fermions and the attempt to deduce their structure from
classical probability opens new ways for classical and quantum probability,
in particular, for the notion of stochastic coupling which, on the basis of the
example of fermions, we enlarge to the notion of algebraic coupling, and for
the various notions of stochastic independence. These notions are shown to
be strictly correlated with algebraic and stochastic couplings. This approach
allows to expand considerably the notion of open system. The above statements
will be illustrated with some examples. The last section shows how, from
these new stochastic couplings, new statistics emerge alongside the known
Maxwell-Boltzmann, Bose—Einstein and Fermi—Dirac statistics.
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§ 1. Introduction

It is now known that the Heisenberg commutation relation (CCR) is a spe-
cial manifestation of a universal phenomenon in classical probability: the quantum
decomposition of any classical random field with all moments into a sum of 3 opera-
tors, creation annihilation and preservation, satisfying some commutation relations
uniquely determined by the orthogonal polynomial decomposition associated to the
random field and characterizing the given field up to stochastic equivalence.

The Heisenberg commutation relations characterize the Gaussian class.

In this paper we discuss the analogue problem for the Fermi commutation rela-
tions and we prove that, with respect to bosons, a new feature appears that suggests
a modification of the classical probabilistic notion of stochastic coupling as well as
new problems connecting the traditional statistics in physics (Maxwell-Boltzmann,
Bose—Einstein and Fermi-Dirac) with new notions of stochastic independence.

The classical probabilistic roots of boson quantum theory are quickly reviewed
in Section 1.1 in order to illustrate the analogue program for Fermions.

It is known that Fermions are related to Bernoulli random variables [1]. In Sec-
tion 2 we prove that, for a single random variable (system with 1 degree of freedom)
the Fermi commutation relations (CAR) can be deduced from the quantum decom-
position of a classical Bernoulli random variable given by the theory of orthogonal
polynomials.
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However, in the same section we also prove that this result cannot be true for
a vector valued random variable (random field), taking values in a space of dimen-
sions strictly greater than 1 (many degrees of freedom).

In Section 3 we prove that the multi-dimensional CAR follow from a simple and
meaningful (physically and probabilistically) algebraic condition: the weak form of
Pauli exclusion principle. In addition to this principle, the proof exploits the fact
that in the case of a single Bernoulli random variable the CAR are satisfied.

The idea is to start from a family of classical Bernoulli random variables (a clas-
sical Bernoulli process), and to isomorphically embed the quantum algebra of each
single Bernoulli variable constructed in Section 2, into a general %-algebra. Then to
prove that the CAR follow adding to the above condition a mathematical formula-
tion of the (weak) Pauli exclusion principle.

More explicitly:

— One starts from a family of classical (Bernoulli) random variables (X,),ev
(V' an index set) and to each of them one associates its quantum algebra A, con-
structed in Section 2.

— One embeds each A, into a larger *-algebra A imposing two algebraic con-
straints: the weak Pauli exclusion principle and the requirement that the embedding
A, — A is a x-isomorphism onto its image.

— Then one proves (Theorem 4) that the images of these embeddings satisfy the
weak form of Pauli exclusion principle if and only if the CAR are satisfied.

— The proof of the theorem is independent of any state on the algebra A, hence
the mixed moments (correlators) of these random variables in any state on A will
satisfy the constraints coming from the CAR: these are strong algebraic restrictions.

Suppose that a state ¢ on A is compatible with the statistics of the given family of
classical Bernoulli random variables in the sense that its restriction on the image of
each algebra A, coincides with the state on A, induced by the classical probability
distribution of X,,.

If the algebra A were commutative, this situation would be described by the clas-
sical notion of stochastic coupling of classical probability measures (see Section 4).
But, since the algebra A cannot be commutative because it contains a CAR alge-
bra, the example of fermions highlights the existence of a new class of stochastic
couplings that we could call quantum couplings of classical random variables.

In fact, in the fermion case, one starts with a family of classical Bernoulli random
variables, but the requirement that defines classical stochastic couplings, namely,
that the marginals of the coupled state coincide with the probability distributions
of the single classical variable, is replaced by the requirement that restrictions of
the coupled state on the images of the canonical quantum algebras A, (quantum
marginals) coincide with those obtained from the restrictions to A, of the quantum
state uniquely determined by the classical probability distributions of the single
random variable.

Furthermore, in our discussion of fermions, the stochastic coupling procedure
is split into two steps. One in which statistical information is limited to the dis-
tributions of the single Bernoulli variables, while the embeddings into the larger
algebra A are purely algebraic and no special state, i.e., no statistics, is fixed on A.
In this first step the CAR are deduced. In the second step, assuming that the image
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of the algebras A, under the embeddings generates A, one studies the structure of
the states compatible with the CAR (this step is not discussed in the present paper
for fermions, but in Section 5 the analogue of this study is performed in the simpler
boolean and monotone situations).

This 2-tiers situation, first the introduction of embeddings with purely alge-
braic constraints and then the study of the states which are compatible with these
constraints, has been known in quantum probability for a long time and arose in
connection with several notions of stochastic independence.

The first remark that purely algebraic embeddings can include statistical informa-
tion, occurred, simultaneously and independently, to our knowledge, in two papers
(both submitted in 1997): one by R. Lenczewski [2] who realized several kinds of
stochastic independence and conditional independence (including boolean) using
special embeddings in tensor products of x-algebras.

Another by V. Liebscher [3] who dealt only with monotone independence but in
a more concrete and explicit way. Section 5.2 uses Lenczewski characterization of
Boolean independence, Section 5.3 Liebscher’s one.

The last part of the present paper goes in the converse direction of the first. In
fact, while the first part tackles the problem of deducing algebraic relations (the
CAR) from statistical assumptions (the quantum algebra of each Bernoulli random
variable), the second one is devoted to looking for statistical implications of algebraic
relations.

The idea is to understand which statistical information is hidden into the alge-
braic constraints characterizing different types of stochastic independence. We prove
that the answer to this question naturally leads to several different extensions of the
known Maxwell-Boltzmann, Bose-Einstein and Fermi—Dirac statistics. In Section 6,
in particular in Subsections 6.1.1 and 6.1.2, we describe some of these extensions,
and in Section 6.2 we apply to the new statistics the Boltzmann’s method to deduce
the maximum entropy distribution on macro-configurations.

1.1. A brief remainder of the boson case. Let V be a real vector space.
Recall the identifications:

classical V-valued random variable X
= linear map X: v € V — X, € {random variables: (Q, F, P) — R}

= classical random field over V,

where (2, F, P) is a probability space and X, denotes the component of X along
the vector v. In what follows, we restrict our attention to the case of V-valued
random variables with all moments, i.e.,

/|x\"P(dx)<oo Vn eN,
R

and we say that two such fields are moment equivalent if they have the same
moments. From now on the term random field over V will mean V-valued ran-
dom field with all moments and moment equivalent fields are identified.

Recall that a classical algebraic probability space is a pair (A, ), where A is
a *-algebra and ¢ is a state on A. All random fields over V' can be concretely
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realized as functions on the same classical algebraic probability space defined as
follows.

Let V be a real vector space, denote by V* its algebraic dual. For v € V|, the
coordinate function along v € V' is defined by

Xy:u e V' = X, (u*) :=u"(v) € R. (1)
The nth powers (n € N) of the coordinate functions
X ut eV = (X, (u")" € R, veV, neN, (2)
are called monomial functions (or simply monomials) on V of degree n. Denote
Py := C — linear span of the monomials on V, (3)

Py is a commutative x-algebra, for the point-wise operations with involution given
by complex conjugation, called the polynomial algebra on V.
Zero-degree monomials are identified to the identity of Py

XV =1p, VveV (4)

DEFINITION 1. Let ¢ be a state on Py. The pair ((Pv,¢), (X, )vey) is called
a classical random field over V' with all moments.

Every classical random field over V defines a quantization scheme and this def-
inition is canonical, i.e., it does not depend on artificial constructions, but it is
naturally deduced from the only assumption of existence of all moments. In this
sense one can say that the mathematical roots of quantization lie in classical prob-
ability. This statement is illustrated by the following two theorems (see [4] and
bibliography therein).

THEOREM 1. Let ((Pv, ), (Xy)vev) be a classical random field over V' with all
moments, identified with the linear map. Then, the x-algebra

Px = the complex polynomial algebra in {X,: v eV}

(for point-wise addition, multiplication and complex conjugation) is a semi-Hilbert
space for the scalar product:

(P(X),Q(X)) :=/P(X)(w)Q(X)(W)P(dw)

Q
= o(P(X)*Q(X)) VP(X),Q(X) € Px,

and, denoting
Px - Dy, Dg := the constant function =1,

the @-cyclic space associated to the classical algebraic probability space (Px,p),
Px - @y admits a canonical gradation given by

PX . (I)O = @(PX;na<'v'>n)>

neN
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where Px.y is the space of orthogonal polynomials of the process X . Moreover, each
classical random variable X, (v € V), considered as a multiplication operator on
Px - g, has the following canonical quantum decomposition:

XU:aj+a2+a;, (5)

0
v

where the CAP operators a;”, a

v a, (creation, preservation, annihilation) enjoy the
following properties:

(a))" =a,,

ay (Pxim) € Pxint1, ad(Px.n) € Pxin,

a, ®o =0 (Fock property)

()" = aj,

and satisfy the following (Type II) commutation relations: for any u,v € V,

[af,af] =0 (creators commute), (6)
[a, ag ]+ [ab, ad] + [ay,ai] = 0, (7)
[ai_? ag] + [a?u aj] = 0. (8)

REMARK 1. The CAP operators also satisfy another set of commutation rela-
tions (Type I), which are more similar to the usual quantum mechanical ones, but
in this paper we will not discuss them.

THEOREM 2. Let V' be a real vector space (not necessarily finite dimensional),
Ve = V +iV its complexification, and {-,-)yv. a semiscalar product on Vg, real
valued on V and not identically equal to zero. For a symmetric random field X
over V| the following statements are equivalent:

(i) the CAP operators a™*, a™ associated with X satisfy Heisenberg commutation
relations

[am%—f] = (v,u)ve - 1 9)

(ii) X is the standard unit classical Gaussian field over the real Hilbert space
(V,{(-,")3), obtained by completing V with the semiscalar product obtained by
restriction on 'V of the semiscalar product on V¢;

(iii) there is an isomorphism from the closure, in the L*-space of X , of the algebra
of polynomials in X to the Boson Fock space T'(Ve, (-, )v.) which intertwines the
corresponding vacuum states and creation-annihilation operators.

The two theorems stated above prove and clarify the statement made at the
beginning of this section, namely:

— the combination of classical probability with the theory of orthogonal poly-
nomials naturally leads to a generalized quantization procedure applicable to all
classical random variables with all moments;

— Boson quantum mechanics is obtained, restricting the general probabilistic
quantization to the class of gaussian measures.
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1.2. A problem about Fermi systems. Suggested by the above discussion
of the Boson case, the following question naturally arises: What about Fermions?
More explicitly, once understood that the Heisenberg commutation relations fol-
low from a simple probabilistic requirement (existence of all moments) applied to
a particular family of classical probability measures (the Gauss—Poisson class) can
we find a similar family of classical probability measures and a simple probabilistic
requirement from which to deduce the Fermi anti-commutation relations?

DEFINITION 2. Let D be a set. The Fermi algebra over D is the C*-algebra,
denoted CAR(D), with generators {a;, aj}jep and relations

(a})" =af

j ) {a’j—vak} = Ojk, {ajaak} = {a;_aa-]:} = Oa ]7k € Da (10)

where {-,-} denotes the anti-commutator defined by
{a,b} :=ab+ba (= {b,a}). (11)
The relations (10) are called Fermi (or canonical) anti-commutation relations.

This problem remained open for many years and, in the recent years, finally
a natural solution emerged. A goal of the present paper is to describe a positive
answer to the question above.

REMARK 2. The solution of the above problem needs new ideas with respect to
the probabilistic quantization scheme described by Theorems 1 and 2.

In fact, Theorem 1 shows that in the probabilistic quantization scheme the CAP
operators must satisfy the Type IT commutation relations. In particular, (6) implies
that

[al,at] =0 (creators commute) Vv € V. (12)

u v

But we know from (10) that, in the Fermi case, creators are anti-commute. There-
fore, if dim(V') > 2 (i.e., if the number of fermions is not smaller than 2), fermions
cannot be included in the probabilistic quantization scheme. In conclusion: a the-
ory of Fermi systems with more than 1 degree of freedom cannot be included in the
probabilistic quantization scheme.

§ 2. Fermi systems with 1 degree of freedom

The case dim(V') = 1 cannot be covered by Remark 2 because in this case the
Type II commutation relations are identically satisfied. Therefore, it is natural to
ask oneself: can the probabilistic quantization scheme give some information at
least in the case of a single fermion?

It is known that, in the Fock representation, the vacuum distribution of a Fermi
field operator with 1 degree of freedom is that of a mean zero classical Bernoulli
random variable.

DEFINITION 3. The support of a random variable is the support of its probability
distribution. In particular, the support of a discrete real valued random variable
(the only ones considered in this paper) is the set of values it assumes with non-zero
probability.
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2.1. The canonical quantum decomposition of a classical generalized
Bernoulli random variable implies the Fermi anti-commutation relations
for 1 degree of freedom.

DEFINITION 4. Any symmetric classical random variable X; with support
{=s,+s} (s € R, s > 0) is called a Bernoulli random variable with symmetric
range. If the support of the classical random variable X; consists of two arbitrary
different complex numbers {s1, s2}, one speaks of a generalized Bernoulli random
variable.

In what follows, we only consider real valued random variables.

THEOREM 3. The CAP operators in the canonical quantum decomposition of any
classical generalized Bernoulli random variable X

X=a"+ad"+a (13)
are characterized by
a@o = 07 a@l = wlfbo, (14)
a+<I>0 = @1, CL+(I)1 = 0, (15)
a"®y = ap®o, a’® = a; P4, (16)

where {®g, P} are the monic orthogonal polynomials of X, g is the mean of X,
wi the variance and oy = E(X(X — ag)?) /w1, E denoting expectation with respect
to the probability distribution of X .

In particular, a and a™* satisfy the Fermi anti-commutation relations (CAR rela-
tions) for 1 degree of freedom:

{a,a} = {(L+, a+} =0, (17)
aat +ata={a,at} = w. (18)

PROOF. Let i denote the probability distribution of X and {s1,s2} C R be its
support. Then L?(R, i) is identified with the set of functions f: {s1,s2} — C with
scalar product

(fis f2) = Fi(s1) fas)ps, + Fr(s2) f2(52)pts, -
The functions ds, := X{s,}, s, = X{s,} are an orthogonal basis of L?(R, i1) because

<651 ’ 552> =ds, (51)582 (81)“51 + 85, (52)582 (52):“82 =0,
and their norms are given by
||5S_7H = Ms;» j:1727

therefore, the vectors

! s j: 1>27
N>

are an ortho-normal basis of L?(R, ). Notice that

€j =

1=10, +0ds, (u-ae.)
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because

11— (85, + 8512 = (1= (8, + 05, (51)) pisy + (1 — (85, + 85;)(52)) *hisy = 0.

Defining
Dy =05, +05, =1 (u-a.e.),

we know that
(1)1 = X(I)O - 060@0 1 @0. (19)

Therefore, the set {®g, ®;} is the monic orthogonal polynomial basis of L(RR, ).
Denote by (a*,a’, a) the CAP operators of X. By definition of the CAP operators
of X,

a®y =0, a+©0 =, <<I>Z-,a+<1>j> = (a@i,¢j> Vi, j € {0, ].}

So one gets the first identities in (14) and (15). Moreover, by definition of annihi-
lator, a®, € C - ®g, i.e., a®; = 2Py with z € C, since

(a®1,®o) = T Dol = (®1,aT Do) = || ®1]]* = wi,

it follows that * = T = w; and a®; = w;Pg, which is the second identity in (14).
By definition of creator

a+<I>0 = (pl, CL+(I>1 1L (I)o,

and since
<a+<I>1,<I>1> = <<I>1,a<1>1> = <<I>1,w1<I>0> = O,

one has also a™®; | &, therefore, a*®; = 0, which is the second identity in (15).
The Jacobi relations imply that X®g = &1 + a®P( and the first identity in (16)
follows by taking scalar product with ®( of both sides of this identity. Finally, again
using the Jacobi relations, one deduces that

Xq)l = (I)Q + a1<I)1 + w1<1>0 = (M—a.e.) alq)l +W1(b0.

Therefore,
(@1, XD1) = g (@1, B1) = aqwr = (X — ag)®o, X (X — ag) D),
(o, X (X — a9)*®o) = E(X (X — ao)?),
which is the second identity in (16). From the identities (14)-(16), one deduces that
a’®; = adg =0, Py =0 <= 2d°={a,a} =0,
which is equivalent to (17). Similarly,

aa+<1>0 = a<I>1 = OJ1‘I)0, a+a<I>1 = OJ16L+(I)0 = w1<1>1,

which is equivalent to (18). O
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REMARK 3. The relation {aj',ak} = §; 1 (compare (10) with (18)) can be, and
in many cases is, replaced by {a}',ak} = w;d;, where the w; are strictly posi-
tive numbers. Mathematically the change is trivial because it can be reabsorbed
in the definition of the a5 (¢ € {+,—}). However the probabilistic interpreta-
tion is important because it shows that (for symmetric X) the anti-commutator
{aj, a;} is given by the Fock vacuum variance w; of the classical random variable
X; = aj + a; (field variable). Notice that the 1-dimensional version of the boson
commutation relations (9) leads to the same statement with commutator replacing
anti-commutator.

REMARK 4. Notice that
<581 + 5327651 - 6S2> = ”651”2 - H(SSQHQ = Msy = Hsas

so s, + ds, and ds, — s, are orthogonal only when p is the uniform probability
measure on {si, s2}.

REMARK 5. The following proposition shows that also the standard representa-
tion of the CAR, in terms of Pauli matrices, follows from the orthogonal polynomial
approach.

PROPOSITION 1. The matrices, in the (®g, P1)-basis, of the CAP operators of
the classical generalized Bernoulli random X described in Theorem 3 are:

0

0 .
(creator matrix),
10

Ar<

0 1
) (annihilator matrizx), (20)

AZW(O 0

«@ 0
A0 — ( OO ) (preservator matriz).
aq

In particular,

X = (\i% \éo?) (generalized field operator). (21)

Proor. The map

Py + y¢1 — (z) € (CQ
is a vector space isomorphism characterized by
1 0
Py — 0 =: e, P, — 1 =:4\/wi e, (22)

ie.,

e i=w 2, Vie{0,1}. (23)
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Then, in virtue of the identities (®g, Pg) = 1 and (®1,P1) = wy, one obtains
(eo,e9) = (e1,e1) = 1. Let us define, for € € {+,0, —},

af ;= w " H2@ a%d)),  0,j € {0,1}, (24)

the matrix of the image of a® under the isomorphism (22) (denoted by the same
symbol a®) is
aa = Z ei,iaeejyj = Z<6i, a86j>6i’j,
% 1,7
where (e; ;) is the system of matrix units in the 2 x 2 complex matrices defined by
the basis (22), i.e., e; ; := e;e}, and (24) becomes

a; ;= (ei,a%e;) Vi, j€{0,1}.

Since
ap,0 = (eg, aeg) = (Pg, aPg) =0,
apy = (eg,ae1) = w1_1/2<<l>0,a<131> = w1,
a0 = (e1,aep) = w1~ Y@y, adg) =0,
a1 = {e1,ae1) = w; NPy, a®;) =0,

one has

which is the second identity in (20). Similarly, from
aajo = {(eg,a’eg) = (®g,a" D) =0,
aé@ = (eg,ater) = w "V Dg,at®y) =0,
a1+,0 = (e1,aTeq) = wi V2@, 0T Dg) = /o,
af1 = (e1,ater) =w; " H{P1,aT®;) =0

it follows that
0 0 0 0
a =)= (o o) =va (0 o),

which is the first identity in (20). Clearly

A% = (AM)? =0,

1 0 0 0
+_ 4
AA —w1<0 0), AA—W1<O 1>7
{A AT} = AAT + ATA=w; > 0.
Finally, a° is diagonal in the (®q, ®;)-basis and one has
. (67 0
= (5 a)

which is the third identity in (20). O
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§ 3. The Fermi anti-commutation relations

3.1. A basic principle of classical probability. If dim(V) =:d > 1 (d €
NU{+0o0}), a classical field X over V describes a system with d degrees of freedom.
In particular, one can think of X as describing a system of d particles. A classical
random field is a probabilistic description of such a system. Definition 1 implicitly
contains a basic principle of classical probability, namely:

all constraints among the particles described by X (interactions) are included into
the state .

For example, tensor independence corresponds to absence of constraints among
the particles. If dim(V') = 2, {e1, e2} is a linear basis of V and X.,, X, are subject
to the constraint Xfl + X 622 = 1, the coordinate functions (1) do not satisfy this
constraint, but in classical probability this constraint is expressed by the fact that
the support of any measure associated to ¢ must be contained in the unit circle.

The just formulated basic principle of classical probability has the strong limita-
tion of binding the model to a single state ¢. In quantum theory one distinguishes
between two types of constraints:

e kinematical (i.e., purely algebraic) constraints,

e statistical constraints.

Moreover, there are plenty of examples in which the kinematical constraints
uniquely determine the state ¢. The best known of these examples is given by the
Fock states.

This leads us to the in of quantum probability: algebra implies statistics, that
will be the core of the second part of this paper. The yan of quantum probability:
statistics implies algebra is exemplified by Theorems 1 and 2 (and many other
illustrations are available).

The above mentioned distinction between algebraic and statistical constraints
suggest splitting the definition of random field in two steps:

(i) definition of a linear map X: v € V — X,, € A, where A is a x-algebra,

(ii) introduction of a state ¢ on A.

In this approach, some constraints are introduced as algebraic relations among
different X, or the associated CAP operators, independently of any state (see Def-
inition 5 for an example).

In what follows, we will introduce this approach also in classical probability
starting from the special case of fermions.

3.2. Algebraic symmetric Bernoulli fields.

DEFINITION 5. Let A be a x-algebra and V' a real vector space. An algebraic
symmetric Bernoulli field is a linear map X : V — A with the following properties:
(i) for each v € V, there exist a}, a, € A such that

X, =a} + ay, (ah)* = ay; (25)

(ii) the *-algebra generated by a; is *-isomorphic to the x-algebra generated by
the CAP operators of a Bernoulli random variable with symmetric range {—s,, s, },
where s, > 0.
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REMARK 6. Definition 5 implies that, for fixed v € V, the operators a;, a,
in (25) enjoy all the properties enjoyed by the CAP operators of the corresponding
Bernoulli random variable with symmetric range. In particular, they satisfy the
relations (17) and (18) with wy = 1.

3.3. The condition {a,,a.,} = 0.

LEMMA 1. Let V' be a vector space and X:V — A be an algebraic symmetric
Bernoulli field. Then
a2 =(ar)?=0 YoeV (26)

and

{ay,a,} =0 Yu,veV. (27)

PROOF. Let (25) be the quantum decomposition of X,,. By definition of algebraic
symmetric Bernoulli field, a, is the image, under a *-isomorphism, of a nilpotent
operator, hence it has the same property. This proves (26). Consequently, for all
u,v €V,

2 2 2 2
0 = au+1; = (au + av) = a’u + av + [Ny + Aqy Uy, = {aua av}-

|
REMARK 7. It is a crucial point that X : V — A is a linear map. In general, by
giving {a;,a;, a;, a;r} with i # j, the following relations

(a?_)Q = 0’12 = (@-)2 = a2’ = 07 {aj_aaj} = 5i,j

do not imply {a;,a;} = 0 Vi # j. The following Lemma gives a concrete example.

LEMMA 2. The two matrices
1/1 7 1 /-1 14
A1_2<i —1)’ A2_2<i 1)

A2 =A2=0 (28)

are nilpotent, i.e.,

and, by denoting A,‘f = A7, satisfy
{Ay, A} = Sn

However,
{41, Ay} = —1. (29)

(3 g) , (30)
Y

PROOF. (28) is a simple calculation. Moreover,

1/1 4 1 —
+ _ * _ —

1

4

1/-1 @\ (-1 =i\ 1

+ _ * __ _
AQA?_A2A2_4<1' 1)<—¢ 1) 4
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hence

{A, Af}=1 VEk=1,2. (32)
Secondly,
1/1 4 -1 —i
+ * __ T —
wa—as= (1) () o -
AQAir = (4,4%)" =0, (34)
. 1 /-1 —i 1 4 A \x

and so

{Ak,AZ} =0 Vk#h. (35)

Therefore, we have the Pauli exclusion principle (i.e., (28)) and {Ay, A} = 0k 51

(i.e., (31)-(35)).

Finally, (29) follows from the following equalities:
1 -1 4\ _1

i —1 i 1) 4

-1 4\ (1 i 1

Azds = ( i 1) <z 1> T4

3.4. Pauli exclusion principle for a family of classical Bernoulli random
variables.

1
A1A2 = Z
1
4

O

DEFINITION 6. One says that a quantum decomposition X; = a; +a; (i € V)
satisfies
e the weak Pauli exclusion principle if
(af)*=0 VieV,
afalal =0 Vee{—,+} and different i,j € V, (36)
e the Pauli exclusion principle if, for any n € N and ¢ := (g(1),...,e(n)) €

{_’+}n,

k h 1
@i ay ey g =, (37)
whenever there exist two pairs of indices h < k € {1,...,n} such that

Jn=Jux and e(h) =e(k) =+,
Jm #Jn Vme (hk):={h+1,...,k—1}.

REMARK 8. Condition (37) expresses the fact that processes which include cre-
ation of two particles in the same state are impossible.

REMARK 9. Taking adjoints of both sides of (37), one sees that if Pauli exclusion
principle is satisfied, processes which include either creation or annihilation of two
particles in the same state are impossible. In other words, (37) is equivalent to

£ gem) L gem) =) g (38)

a]n JIm Jm J1



18 L. ACCARDI, YU. G. LU

Similarly, (36) is equivalent to

(a5)?=0 Vee{—,+}andicV,
aiaSa; =0 Ve,e€ {—,+} and different 7,5 € V. 39
e et}

Notice that this condition is purely algebraic, i.e., independent of any state.
3.5. The condition on X?2.

PROPOSITION 2. A generalized Bernoulli random variable X with range {x_, x4}
and probabilities {p_,ps} C (0,1) is symmetric (i.e., its odd moments vanish) iff
1
r_=—x4 and py=p_ = 3 (40)

PROOF. By definition, X is symmetric iff

— Tty = xﬁ_"“m_ Vn e N. (41)

0= E(X2n+1) =0 <~ .’172n+1p_ + .’I,'in-l_lp_i_ =0

Since, by assumption, p_ and p; # 0 and 2 # 2, (41) implies that they must be
both # 0. In this case, (41) is equivalent to

T 2n+1
—(‘) =2 vnen, (42)
T

and this equality holds iff z_ = —x4 and p; =p_ =1/2. |

The following proposition characterizes the generalized classical Bernoulli ran-
dom variable which satisfies only the first identity in (40).

PROPOSITION 3. A generalized classical Bernoulli random variable X with dis-
tribution u has symmetric range in the sense of Definition 4 iff, for some constant
seR,

X? =52 (43)

PROOF. X is a Bernoulli random variable with values {—s, +s}, iff it has the
form

X =5(Xp4e) — X(-sy)  (p-ae) (44)
Therefore,
X% = 5" (X 1oy + X{-sp) = 5" () + X4—sy) = 57

Conversely, if

X =84 X{sy} T 5-X{s_}
is a generalized Bernoulli random variable,

X? = sixqe) + 50 xqs -
Since x4} and xs_y are linear independent, the identity (43) can take place iff

2 2 2

S :S+:S_.

Thus, sy = +s, s_ = £s. Combining these remarks with the fact that sy # s_,
we obtain that X must have the form (44), so it has symmetric range. O
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DEFINITION 7. A linear basis e

= (ej)jep of V is said to be X-algebraically
normalized if, for any j € D, X =1.

PROPOSITION 4. Any linear basis e = (ej)jep of V can be supposed to be
X-algebraically normalized up to multiplication of each wvector of the basis by
a strictly positive number. Moreover, if e = (ej)jep is a linear basis also satis-
fying Pauli exclusion principle, then for any i # j € D,

{aej,a;:} + {aei,a:j} =0. (45)

PROOF. From Definition 5, Proposition 3, and the linearity of the map v €
V= X, it follows that if v € V' \ {0}, then X/,  satisfies X2/ = 1. The first
statement of the theorem implies that one can fix an X- algebralcally normalized
linear basis e = (e;);ep of V satisfying the weak Pauli exclusion principle. Let us
also fix two arbitrary indices ¢ # j € D. If v := v;e; +vje; € V, possibly replacing v
by v/s,, one can suppose that X2 = 1 or equivalently

1=X2=Xx? = (viXe, +v;Xe,)?

vie;tvje; —

= 0P X2 +0f X2 4 v (X, Xe, + X, Xe,)
=+ U? + Uﬂ)j(a; + aei)(ajj + ac,) + viv; (ajj —+ aej)(aji + ae; ). (46)

Multiplying both sides of (46) on the right by ajj and on the left by ae; and using
the fact that a;”? =0, aij = 0, one obtains that

+ 20t ao, + v}

_ + +
g Ge; = V;a; Ae; oS —&-vlvj(a af —|—a aei)(aejaej—i—aejaej)

+ v;v; (a+ ac, +ag aej)(a+ Qe; + Ge,Ge;)

2 + 2 + + oo+
=vja; ae; +vja; ac; +vivi(al al a; ac; +at Qe

o (aT +
+ ViU (aej aej a&z‘ aej + aej aej aeiaej )

L)

By the weak Pauli exclusion principle,

+ gt — ot + _ +
e O, Og, = O Oe Qg = (e g,

Qe; = Ae; e, G, = 0.

Therefore,

al Ge; = aj e, + v2 +ae (v? + v; Hat e, (47)
A similar argument, multiplying both sides of (46) on the right by a., and on the

left by ajj, gives

J

+ 2 2 (02,2 +
Qe,Qe, =V, ae7acj +vjac;al, = (v; +v5)ac;a; . (48)

Adding (47) and (48) and using the Remark 6, we conclude that

1= ajjaej +ae;a;, = (v? + v?)(ajjaej + aejajj) =vl+ vjz.
This, combined with (46), implies

0 = vv; (ae, + aez)(a + ae,) + viv; (a + aeg)(a+ + ae;)
= vzvj(a a —|—a ;e —|—aeIULe + e, Qe +a+a —|—a Qe; —&—aejae —&—aejae )
vj({a’ej ) aji} + {aem a:]} + {aeiv aej} + {aej ) Qe; })
(27)
=" vv;({ae,, a;} + {ae,, ajf]}) (49)
Since v;v; is arbitrary in (0, 1), this is equivalent to (45). O
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3.6. Deduction of the Fermi anti-commutation relations.

THEOREM 4. Let X:V — A be an algebraic symmetric Bernoulli field, and let
{a}, ay}uvev be the associated family of creation—annihilation operators. Then, if
e = (ej)jep is any X-algebraically normalized linear basis of V' that satisfies the
weak Pauli exclusion principle, {aej,ajj }iep satisfies the Fermi anti-commutation
+)*

relations (a; )" = a; and

{aj,ar} = {a]ﬂaﬁ =0, Jkel, (50)
{ak,aj} :5jk; Jkel. (51)
ProoF. The relation (a?‘)* = a; follows from Definition 5; (50) follows from (27).

Moreover, the Remark 6 gives (51) for i = 5. Now we turn to show (51) for i # j.
Notice that, in the case of i # j, starting from (45), i.e

0={ac,,a’} +{ac, al },
and multiplying on the left both sides by ac,a/, one finds that

Ozaeia:(ae] e, +a aej)"’ael 2_(0“81 Qe +a ae)

— + + + 4t + + 7t
= Oe; Qg e Op, T e, Op Qg Oe; + aeiaeiaeiaej t Qe; Qe A e, -

Using the weak Pauli exclusion principle, this becomes

0= aeia;: {ae,, ajj . (52)
Similarly, multiplying on the left both sides of (45) by af a.,, and applying again
the weak Pauli exclusion principle, one finds that

— a7t + + + + +
0= a; ac,(ac,al, +al ac,) + a; ae, (aeiaej + aejae,)
— a7t + +
= G, Qe O, ael + aez G, Qg Oe; + a aelaelae + a ;Oe;Ge, Ue;
+

€4
— 5t — +
= al ac,ac,a; +alac,al ac, = aeiaei{ae“aej . (53)

Adding (52) and (53), one finds, for all ¢ # j, that
0 = a, el{aeu :]} + a:iael-{aeua; = {aei7a;}{aei’a’:j} = {ae“a; )

where the last identity follows from the fact {ac,,at } = 1 which we have already
proved. O

§ 4. Fermions and stochastic couplings

The example of fermions naturally suggests an algebraic extension of the classical
notion of stochastic coupling for the reasons explained below.

DEFINITION 8. Let D be a set. A stochastic coupling for the family (X;);cp of
classical random variables with state space (S;, B;) and probability distribution px,
is a probability measure p on [ ], (S;, B;) such that, denoting 7;: [],c 5 (S:, Bi) —
(S;, B;) the ith projection, one has

px, == pom, ' (ith marginal of ) Vi€ D. (54)
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The following is a formulation of the notion of coupling that includes the classical
and the quantum case.

DEFINITION 9. Let D be a set. A stochastic coupling for the family of algebraic
probability spaces (A;, p;)icp is a pair ((A, ¢), (j4i)iep) such that:

1) (A, ¢) is an algebraic probability space,

2) for each ¢ € D, j;: A; — A is a x-homomorphism (not necessarily identity
preserving) satisfying

poji=¢; VieD, (55)
A= \/ A; algebraic span. (56)
i€D
If
A= ® A; (algebraic tensor product of x-algebras with identity), (57)

ieD
one speaks of tensor stochastic coupling.

REMARK 10. Since the product coupling is well defined for any family of classical
random variables, the set of couplings for a family of random variables is never
empty and it is a closed convex set.

REMARK 11. A special case of the coupling problem is the definition of multi-
dimensional extension of a random wvariable. In fact, such an extension is nothing
but a coupling among more copies of a single random variable.

Motivated by the example of fermions, we introduce in classical probability
the distinction between stochastic coupling and algebraic coupling replacing the
polynomial algebras Px, (i € D) by the associated canonical quantum polyno-
mial algebras Pa;’ag( Lax, and the classical algebraic probability space (A, ) by
a, non-necessarily zcorflmutative, x-algebra A. This allows to introduce, as in the
fermion case, algebraic constraints among the random variables which are valid for

any choice of the state on A.

DEFINITION 10. Let V be a real vector space and (X, ),ecy be a family of classical
random variables with all moments, each on its own probability space. An algebraic
coupling of the family (X,) is a pair (A, (j,)vev ) such that A is a x-algebra and, for
eachv € V, j,: Ax, — A is an injective, but not necessarily identity preserving,
s-homomorphism from the quantum algebra Ax, of X, into A. The algebraic
coupling (A, (j,)vev) is called classical if A is commutative, quantum if it is not,
identity preserving if each j, (v € V) is.

§ 5. Stochastic independences and algebraic couplings

Various notions of stochastic independence emerged in quantum probability have
a natural interpretation in terms of algebraic stochastic couplings. In this section
we illustrate this idea with examples of tensor couplings between pairs of algebraic
probability spaces. In other words, they belong to the same family of constraints as
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the Pauli exclusion principle. We use the indices S (system) and E (environment)
to make an intuitive bridge with the theory of quantum open systems, which are
usually defined in terms of tensor embeddings. In fact, the theory of couplings, both
algebraic and stochastic, is a non-trivial extension of the theory of open systems
(see [5] for a detailed discussion of this issue).

In this section I = {5, E'} hence, according to Definition 9, a stochastic coupling
for the pair of algebraic probability spaces (Ag, ps) and (Ag,¢g) is given by an
algebraic probability space (A, ¢) and two injective embeddings

Jjs: As = A, Jje: Ap = A, (58)
satisfying the compatibility condition
pojs = s, YojE = ¢E. (59)
The minimality condition (56) becomes
A=AsV Ag (60)

and implies that A is linearly spanned by the following 4 kinds of alternate products:

js(as1)ie(apy) - js(asn)ie(arn) S E-products, (61)
jslasi)jelap) - js(asn-1)ie(apn-1)is(asy) SS-products,  (62)
Jje(api)js(asy) - je(agn)js(asn) ES-products, (63)
Jelag1)js(as;) - je(agn-1)js(asn-1)je(agn) EFE-products  (64)

in which n € N, agy € Ag, agy € Ap and each js(ag)-factor must always be
followed by a jg(ag k+1)-factor or by nothing and the same inverting the roles of £
and S.

REMARK 12. In several cases, condition (60) implies that the algebra A has no
identity. In these cases a positive linear functional ¢ on A is called a state if

pUs(las) =1, w(e(lag)) =1, (65)

notice that the identities (65) are automatically satisfied if ¢ is a stochastic coupling
due to (59).

REMARK 13. In many cases there are algebraic relations that allow to reduce the
4 kinds of alternate products (61)-(64) to simpler forms that we will call normal
forms. In Sections 5.2 and 5.3 below, we produce some examples of these normal
forms.

Motivated by the discussion, we distinguish the algebraic aspects of the coupling
from the stochastic ones. In the special case we are considering in this section, this
means that we first introduce the embeddings (58) as purely algebraic objects and
then classify the possible states on A that satisfy (59).
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5.1. ®-embeddings. In the rest of this section, the notations and the assump-
tions are those introduced here. We suppose that

Ap acts on a Hilbert space Hp with unit vector & VR € {S, E}. (66)

It is known that, given a tensor product of two Hilbert spaces Hg ® H g, there does
not exist a canonical way to embed any of the factors Hg, Hpg into their product
Hs ® Hr. The simplest embeddings are the isometric ones. The examples in this
section will be built on a very special class of these examples, described in the
following simple result that we recall.

LEMMA 3. For any choice of O € Hi with [|Pg|| = 1, the embedding
Js:E€eHs >R P e Hs @ HE (67)

is isometric and its adjoint is

Jsn@Y) = (Pp, )y, neMs, ¢EHE, (68)
so that
js(as) == JsagJs = as @ Ps,, as € B(Hs), (69)
where
Py, =@pPy  (ie,Poyt = (Pp,v)Pr V¢ € Hp). (70)
PROOF. A simple calculation. a

DEFINITION 11. For any unit vector ®r € Hp, the embedding
Jjs: B(Hg) = B(Hs) @ B(HE)

defined by (69) above (i.e., js(as) := as ® Pg,, for all ag € B(Hg)) is called the
® p-embedding. Similarly, for any unit vector &g € Hg, the embedding jp(ag) :=
Py, ®@ag for all ag € B(HE) is called the ®g-embedding.

REMARK 14. Using (69) one finds, for all ng € Hg and ¥ € Hp,
(is(as)(ns © ¥m),ns @ Yr) = (asns,1s)|(Pe, ¥r)|* Vas € B(Hs)
and similarly,
(je(ar)(ns ® ¥g),ns @ Yi) = (apbe, Ye)|(Ps,ns)]> Vap € B(HEg),

which clearly indicates that these embeddings contain a statistical information.

Let us introduce
pr(z) = <(I)R,$(I)R>’AR Ve Ar, VREe {S, E}, (71)

where | _ denotes restriction. If the elements of Ag or Ag are unbounded operators,
it is assumed that these both restrictions make sense. Let the projectors Pgg
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and Py, be defined as in (70). Then, for all R € {S, E}, the following identities
take place:

Pyp2Ps, = pr(z)Ps, Yz € Ag, (72)
or(Poy) =1, (73)
or(Po,r) = ¢r(zPs,) = pr(z) VYV € Ag, (74)
(72) (74)
Or(PorrPery) = ¢r(®)or(Poyy) = vr(®)er(Y), (75)
(72) (74)
¢r(Po,yPsy) = pr(Y)¢r(TPs,) = vr(T)PrR(Y), (76)
74) (76)
or(2PsLYy) i or(*PsryPsy) = ¢r(T)PR(Y). (77)
On the algebraic tensor product
A:=As® Ap (78)

we define the state

o(r) == (ps @ pp)(z) = (Ps @ Pp,2(Ps @ Pp)), zeA (79)
Notice that for all ag € Ag and ap € Ag,

(Ps @ Pp, ((Ppgas) ® ag)Ps ® Pg) = (Pg, PpsasPs)(Pp,apPr)
= ps(as)pe(agp)

and the same identity holds replacing Py, as®ag by one of the following expressions:
asPes ®ap, PogasPe, ®ap, as® Poyap, as®apPso,, as® Pe,apPs,.
With a small abuse of notations we will write these identities as

o((asPos) ® ap) = plas @ (Poyap)) = = ps(as)pr(ar). (80)

5.2. Boolean stochastic couplings. The Lenczewsky boolean embeddings
are defined by the pair

Js(bs) :=bs ® Pp, Vbs € As, (81)
]E(bE) =PFPp, ®bp Vbg € Ag. (82)

Notice that, for all bg € Ag and bg € Ag, by denoting bs := js(bs) and bp :=
Js(br),

— (79 71),(73
o(bs) B (5@ O, (bs @ Pa,) (@5 @ @) TE o(b),
— (79 71),(73
() B (B © @, (Po, @ be)(@s @ bp)) TE™ op(bp),
i.e. B
¢(br) = ¢r(br) VRE{S,E}, Vbg€ Ag. (83)
In other words, the pair ((A, ), {js,jr}) is a stochastic coupling for the pair of
algebraic probability spaces (As, ¢s), (A, or).
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REMARK 15. Notice that the embeddings (81) and (82) are not identity preserv-
ing because

Js(ls) =15 ®@ Po, #1s®@1p,  je(lp) =P, ®1p # 15 ® 1.
However, if ¢ is given by (79), then

) 73
plis(Ls)) = vs @ pp(ls ® Poy) = ps(Ls)ep(Pay) = 1
and similarly for ¢(jg(1g)). The following proposition and its corollary are

known [2], we give a new proof that better highlights the separation between alge-
braic and statistical constraints.

PROPOSITION 5. In the case of the boolean embeddings given by (81) and (82),
for any n € N*, {bgy: k < n} C Ag and {bgi: k < n} C Ag, the 4 kinds of
alternate products (61)—(64) take respectively the following 4 normal forms:

n—1

SE-product in (61) = (bs.1 Pos @ Pp,be.,) H ps(bsx) [[ eeen),  (84)
k=2 h=1
n—1 n—1
SS—product m (62) = (bS,1P<I>sbS,n X Pq;.E) H @S(bs,k) H (pE(bEJL), (85)
k=2 h=1
n—1 n
ES-product in (63) = (Pogbsn @bg1Ps,) H ws(bsk) er(ben), (86)
k=1 h=2
n—1

EE—p?"OdUCt m (64) = (Pcps X bEJPq;.EbE’n) H gos(bSk H bE h . (87)
k=2 h=2

PRrROOF. The relations (72) allows to put the products (61)-(64) in normal form.

In fact, in the case of S FE-products, one has

bsibe1-bs2 bea - bsnben,
= [b5,1® Pa,] - [Pos®@bg 1] - [b52® Po,] - [Pos®bpa] - [bsn® Poy| - [Pos® b )
=0bs1Posbs2Psg ... bsn-1PosbsnPos @ P ,bp1Ps,bp2Ps,be3 - Po,bEn

n—1
(72)
bs1Pos @ Poyben H<Ps (bs) [] wrbmn).
k=2 h=1

This proves (84). For the ES-type products,

b -bs1-bpa-bsa be, bsn
= [Pog @ bp1] - [bs1® Poy] - [Pos®bra] - [bs2® Poy] - [Pos®@brn] - [bsn® Poy)
= Posbs1PogsbsoPog - bsn_1Pogbsy ®bp1Po, b 2Ps,br s Poy,bpnPao,

n—1

= P<I>5b5’n®bE 1P, H ws(bsk) HsOE (be.n),
k=1 he2

(72
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which is (86). For the FFE-type products,

b1 -bs2-br2-bs3 - -bsn-1-bgn-1-bsn-bEn

= [Pps @bp1]-[bs2 ® Po,| - [Pog @bga] - [bsn-1® Poy]| - [Pos @ bgn_1]

X [bS,n ® P<I>E} . [Pq;.s & bE,n]

= Posbs2Pog - bsn-1PosbsnPog @b 1Poybe2Ps,bEn -

n—1
z )P<I>S®bE1P<I>EbEnHSDS bsi) [ [ we(ben),
k=2 h=2

which is (87). For the SS-type products,

bs1-bg1-bs2-bea - bsn_1-bpn_1-bsn

=[bs1® Pa,] - [Pos @bra]--[bsn—1® Poy] - [Pos @bgn-1] - [bsn @ Poy]
=bs1PopsbsoPog - bsn-1Posbsn @ Po,bp1Ps,bE2Po,be s

n—1 n—1
72
© b1 Poybsn ® Po, H ps(bsi) [ wslben).
=2 h=1

which is (85).

Py, bgn-1Ps,

Py, bg n—1Pas,

]

COROLLARY 1. The w-expectation of the 4 types of products defined in (61)—(64)

(simplified in Proposition 5) is factorizable. Namely:

=
=

p(SE-product in (61)) = o(bs.k)
k=1 h=1
n n—1

©(SS-product in (62)) = H o(bs.k)
k=1 h=1

I
=
=

w(ES-product in (63)) o(bs.k)

=~
Il
—
>
Il
—

=
=

©(EE-product in (64)) = | | ¢(bs.r)

=~
I|
S
>
Il
a

@(5E7h)7

@(EE,’L)a

@(5E7h>7

o(be.n)-

(88)

(89)

(90)

(91)

Consequently, with respect to the state @, the two algebras As and Agr are Boolean

independent.
PRrROOF. Thanks to Proposition 5:

n

»(SE-product in (61)) = (& 0(bs1Pog @ Pp,bpn H

(79

n—1

(bs) [ ] wrben)
h=1

2 ¢s(bs1Pos)oE(Pogben) HQOS (bs,k) H ¢E(be,n)

@ I ess) H eeben) =[] #bsk) H (0r.1n),
k=1 h=1 h=1

=1
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which is the formula (88);

n—1

p(ES-product in (63)) (9 o(Ppsbsn @bp1Ps,) H ©s(bs,k) H ¢or(bE.h)
k=1 h=2
79),(74) T4 - 83 -
(oL I s bSkH (ben) Z )H@bSkH (0m,n),
k=1 h=1 k=1 h=1
which is formula (90);
( 7 n—1
p(EE-product in (64)) =" ¢(Ppy ® bp.1Ps,bEn) H ¢s(bs.k) H ¢or(be.n)
k=2 h=2
H (bs.k) H (be,n) ( )H@bSk H (bE.h),
k=2 h=1 k=2 h=1
which is formula (91). Finally, one gets formula (89) as follows:
( 5) n—1
w(SS-product in (62)) =" ¢(bs1Posbsn @ Ps,,) H ¢s(bs,k) H or(bE.n)
k=2 h=1
(79) n—1 n—1
=" @5(bs1Posbs.n)ee(Poy) [ €ssi) [ eeben)
k=2 h=1
(73), (77) n—1 (83) n n—1
H@sbSk H@EbEh = H (bs.x) [ [ #(en)-
k=1 h=1 k=1 h=1

O

5.3. Monotone composite systems. In the notations of Section 5.1, we fix
the Liebscher [3] monotone embeddings jg, jg to be of the form

js(bs) :=bs ® Pp,, Pg-embedding Vbs € B(Hs),

je(bg) :=1s ® bg, tensor embedding Vbp € B(HEg). (92)
While jg is identity preserving, jg is not because js(lg) = 1lg ® Pg,. The
state ¢ defined by (79), because of (73), satisfies the identity (83), i.e., the pair

((A,¢),{Jjs,jr}) is a stochastic coupling for the pair of algebraic probability spaces
(AS7 @S)) ('AEa SDE)

For any n € N and b571,bs72, .. .,bs,n e Ag, 1)15,1,1)15727 .. ~7bE,n € Ag and, with
the notations

Js(bsj) :=bs;® Py, Vbs; € As, (93)

jE(bE,j> =1g® bE,j VbE’j c Ag. (94)

As an easy consequence of above choices of embeddings, one has

bs1+bsn ® Po, =js(bsi--bsn) =js(bs1) - js(bsn),
ls®@ben-bepn=7plbe1 - ben) =Jjebe1) - je(bEn). (95)
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Moreover, (79) and (74) tell us that

¢(js(bs)) = ¢(bs ® Poy) = ps(bs) Vbs € As,
e(ie(be)) = ¢(ls ®bg) = ¢p(be) Vbp € Agp. (96)
Also the following proposition and its corollary are known [3]|, again we give

a new proof that better highlights the separation between algebraic and statistical
constraints.

PROPOSITION 6. In the case of the monotone embeddings given by (93) and (94),
for any n € N*, {agi: k < n} C Ag and {agr: k < n} C Ag, the 4 kinds of
alternate products (61)—(64) take, respectively, the following 4 normal forms:

n—1
js(as)ip(as) - js(asn)ie(apn) = as1-- asn ® Pogapn || ¢relass),
k=1
(97)
js(asi)ie(ap1) - js(asn—1)je(apn—1)js(asn)
n—1
=ag1--asn @ Po, H QDE(GE,k)a (98)
k=1

n
jrlap1)is(asy) -~ jelapn)is(asn) = as1 - asn ® PoyapiPoy | [ erlans),

=2
(99)
Je(ag1)is(asq) - je(apn-1)js(asn-1)je(asn)
n—1
=ags1 - a3n—1® Poyap1Po,apn H er(apk)- (100)
k=2

PROOF. The embeddings (93) and (94) satisfy the relation

Js(bs1)je(be)js(bs2) = bsibs 2 ® Po,bpPs,
= js(bs1)js(bs2)pr(be) = js(bs1bs2)¢(ir(bE))
= js(bs’l)js(bs’g)ap(j};(bE)) Vbs’l,bs’z S .AE and bE S AE (101)

The relation (101) allows to put the products (61)—(64) in normal form. In fact, in
the case of S E-products, one has

jslas)jelar)js(as2)je(aps) - js(asn)ie(arn)

(101) . . . . . .
= JS(as,las,z)]E(GE,Q)]S(GS,3)]E(aE,3) e ‘]S(as,n)]E(aE,n)cpE(aE,l)

(102)

which is still an SE-product. By induction, the left-hand side of (102) is reduced
to
n—1
js(asiasa - asn)ielapn) [[ ¢rlasi)
k=1 .
= as,1a452 a5y @ Pp,ap H vr(apk)-
k=1
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This proves (97). For SS-products, the same argument leads to

js(asni)je(ap) - js(asn—1)ie(egn-1)js(asn)

n—1 n—1
. (92)
=js(as,ias2 - -asn) H ve(apk) = asiass---asn @ Po, H vr(ag).
k=1 k=1

This proves (98). Similarly, for ES-products,

. . ‘ . 98) | .
jelap)is(as) - jelapn)is(as.) S jelap)islas, - asn) [[ rlass)
k=2
92
) as,1---asy @ ap1Ps, H ve(apk).
k=2
This proves (99). Finally, for FE-products, one finds
Jelag1)js(as;) - je(agn—1)js(asn-1)je(agn)
n—1
98
® Js(asy---asn-1) ® (ap1PoyaEn) H vr(apk)
k=2
(92) n—1
= ags1- - as5n-1Q Peyap1Psapn H vp(apk).
k=2
This proves (100). O

COROLLARY 2. Taking @-expectations of the 4 types of normal products in Propo-
sition 6, one obtains that

e(is(asi)ie(apa) - js(asn)ie(arn))

= p(js(as1) - js(asn)) H p(ipann), (103)
p(js(asa)ie(ap,) - ~js(as,nff;j;<aE,n71>js(as,n>>

= p(js(as1) - js(asn)) 1:[1 p(ip(ann), (104)
(je(as)is(as,) - ~jE(aE,n)Z<las,n>>

= ¢(js(asa)---js(asn)) hﬂl (ie(ap,n), (105)

e(relap1)js(as) - je(apn-1)js(asn-1)je(apn))

= p(js(as1) ... js(asn-1) H v(je(asn)) (106)

3
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PROOF. One gets these 4 formulae just by applying (80), (96) and the 4 formulae
in Proposition 6. For example, one gets (103) as follows:

v(js(asi)ie(ap1) - js(asn)ie(aen))

n—1
97
D o(aspas: - asn ® Pogan,y) I ve(asr)
k=1
(80) n—1
= ps(asrass - asn)ep(apn) [| velas)
k=1

n

= pslasaasy---asy) | [ vslapy)

k=1
) o(islasa) - js(asa)) ﬁ e(je(ap,r)
k=1
O
REMARK 16. By taking
en =11n (103) and (105);
e n =2 in (106),
one gets, for any ag € As and ag,bg € Ag,
e(js(as)ielar)) = ¢(js(as))e(ie(ar)) = ¢(je(ar)is(as)),
e(jelar)js(as)ie(be)) = ¢(ir(ar))e(is(as))e(e(bE)). (107)

By combining these equalities and (101), one recognizes the p-monotone indepen-
dence of the algebras js(Ag) C A and jg(Ag) C A.

§ 6. Statistical meaning of some stochastic independences

The following statistics are well known:

(S1) the Bose-Einstein (B-E) statistics;

(S2) the Fermi-Dirac (F-D) statistics;

(S3) the Maxwell-Boltzmann (M-B) statistics.

They arise from the solution, under different constrains, of the same problem,
namely:

how to distribute n balls in m distinguishable boxes Uy, ..., Up,.

In all 3 cases the possible solutions of the problem are characterized by ordered
n-tuples of natural integers (Ny,..., N,,) such that Z;nzl N; = M, where N; is
the number of particles in the jth box. Any such an ordered n-tuple is called
a (macroscopic configuration or macro-configuration) and the probabilities without
constraints are uniquely determined by the fact that all macroscopic configurations
are supposed to be equi-probable. For k = 1,2, 3, denote

Ni(n,m) := number of macro-configurations according to the statistics (Sk).

The constraints in each case are the following.
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(S1) Bose—Einstein statistics: the balls are indistinguishable and each box can
contain any number of balls. In this case,

n

-1
Nl(n,m):<n+m )
(S2) Fermi—Dirac statistics: the balls are indistinguishable and each box could
contain no more than 1 ball (it is natural that n < m). In this case,

No(n,m) = (:’;‘)

(S3) Boltzmann—Mazwell statistics: the balls are distinguishable (e.g., are labelled
with indices 1,2,...,n) and each box can contain any number of balls. In this case,

N3(n,m) =m".

Notice that, in all 3 cases, the number N;(n,m) is the same if:

— the balls are placed in the m boxes simultaneously;

— the balls are placed in the m boxes in n times and each time one ball is placed;

— the balls are placed in the m boxes in k < n times and n; balls are placed in
the jth time for all j € {1,...,k}, where ny + -+ + ng = n.

In other terms: the specific way to place the n balls in the m boxes is irrelevant.
This property will be called process—independence.

In particular, if either the balls are distinguishable or indistinguishable and one

denotes them by by, ..., b,, the process—independence property means that, if o € S,,
is any permutation of the indices {1,...,n}, the number Ni(n,m) (k =1,2,3) is
invariant if the n balls are placed in the order: first b,(1), second b,(2), ..., or in

the order by (y).

In what follows, we will consider the following modifications of these 3 statistics,
where the notion of macro-configuration remains the same.

(S4) Boolean statistics: a mizture of F-D and M-B (FDMB) statistics. The
balls are distinguishable and each box can contain no more than 1 ball. In this case
n < m and the number of macro-configuration is:

Nu(n,m) = n! (m)

n

(S5) An order dependent modification of the Maxwell-Boltzmann (MMB) statis-
tics. The balls are distinguishable and each box can contain any number of balls.
One places the n balls in n times and each time one ball is placed. For any such
a box containing more than 2 balls, one counts not only which balls but also in what
order the balls enter the box. In this case the number of macro-configuration is:

n+m-—1

Ns(n,m) :n!( .

) = n! Ny (n,m).

In fact, by denoting, for any n,m € N*,

[0,1,...,n]™:= {(kl,...,k‘m) € {0,1,...,n}™: ij :n}.
j=1
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TABLE 1

number of balls | number of different ways | number of all orders
enter to take balls to enter of the balls taken

n
U,y ni ny!
ni

n—mni
UQ n2 ngl
n2

Umfl Nm—1 (n T nm72> nmfl!
Nm—1
Nn
For any (ni,...,nm,) €[0,1,...,n]™, we provide the following results (see Table 1),
where, the fact that (n1,...,n,) € [0,1,...,n]™ implies
Ny =N —N1 —+ —Np_1 and <nn1~~~nm_2> =1
Nm—1

Therefore, in virtue of the fact that

10,1,...,n]™| = <”+m—1>

n

one gets

n n—n n—ng—- - — Ny
Ns(n,m) = Z (m)nl!( - 1)”2! ( ! —_— " 2)

(N1 seeestn ) E[0, 1]

X Ny —1! (Tl —ny == nm—l)!

-1
— S nl = nl ("+m ) (108)
]m, n

N1,y nm)€[0,1,...,n

REMARK 17. In case of n balls being placed in the order: first b, (1), second
by(2)s - - -, finally by (ry, the above numbers Ny(n,m) and Nj(n,m) are independent
of o € S, i.e., also in this case process—independence is satisfied.

6.1. Monotone statistics, not process—independent. In this section n dis-
tinguishable balls (i.e., labelled with indices 1,2,...,n) by,...,b, are placed in m
distinguishable boxes Uy, ..., U, (n < m) in n times and each time ONE ball is
placed randomly in one box. We introduce a new statistics: the monotone statistics
((S6) in short), in which the analogy of Ni(n,m) (k € {1,2,3,4,5}) depends on
the order of placing the balls so that process—independence does not hold.

6.1.1. Monotone statistics. One places the balls by, ..., b, according to the fol-

lowing rules:
e P1: the balls are placed in the order: first b, (1), second by(a), ..., with o € Sp;
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e P2 (monotone (or ordered exclusion) principle): for any box U; and j €
{1,...,n — 1}, if in the jth placement, the ball b enters the box U, then in all
sequent placements, only the balls with index bigger than k (i.e., by, with h > k)
can enter the box U;.

In other words, property P2 means that, for any o € S,,, if the balls are placed
in the order: 1st by(1), 2nd by(ay, ..., last by(,), then for any j € {1,...,n — 1}
and i € {1,...,m},

bs(;) entered the box U;
= Vh>j, by can enter the box U; only if o(h) > o(j).

In what follows, when the balls are placed in the order described above P1, we will
say that they are placed in o-order. It is clear that the number of different ways
to distribute n balls in m distinguishable boxes in the above case depends strongly
on the order of placing the n balls: if in the jth time, the ball b,;) is placed in for
any j with o € §,,, then the analogue of the numbers Ni(n,m) (k = 1,2,3,4,5)
depends on o (i.e., the order of the placements) and we denote it by N§(n,m),
where o € S,,.
For any h € {1,...,n}, we denote x(;: {1,...,n} = {0,1} with

X(n(k) =

1 ifk>h,
0 ifk<h.

One could imagine X, as X(n,4+00)- For any n > 2 and o € S, for any fixed
1< ky,...,k, < m, one defines

Co(k1, ..., ky) := [{different ways to place the ball b, (;) in the box Uy,
foralli € {1,...,n}} (109)

and

Cl(ki1,. .., ky) := |{different ways to place the ball by, in the box Uy, , knowing

that the ball b, ;) is in the box Uy, for alli € {1,...,n —1}}|.
(110)

Since 1 < kq,...,k, < m are already fixed, both C,(k1,...,k,) and C! (ky1,..., ky)
must be either 1 or zero. Moreover,

® Cy(k1,...,kn) = 0 means that one cannot place the ball b,(;) in the box Uy,
for any ¢ € {1,...,n}; e.g., in case n = 2 and o(2) < o(1), the principle P2 gives
Cy(k,k2) |k1:kg = 0; equivalently, C,(k1, ..., kn) = 1 means that one can place the
ball b,(;) in the box Uy, for any i € {1,...,n}; e.g., in case n = 2, Cy(k1, k) = 1
for any o whenever ki # ko;

e C(ki1,...,kn) = 0 means that the ball b,(;) has entered the box Uy, for any
i €{1,...,n — 1}, but the ball b, is not permitted to enter the box Uy, due to
the order—exclusion property described by P2.
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THEOREM 5. For anyn > 2, m € N* and 0 € S,,, one has

Colkrs k) = T (0= X (@()dk, 1), (111)
1<i<n

0(7(]{?1,...,]6“) = H (1 —X(g(j)(a(i))éki,kj). (112)
1<i<j<n

Consequently,

Ng(n, m) = Z H (1 = X(o(j) (U(Z))(sk“kj) (113)

1<k, . kn<m 1<i<j<n

REMARK 18. Clearly, for any i < j, n > 2, 0 € S, (so o(i) # o(j)), and
1<k1,...,kn<m,

1 = X0 () ((1) ki k; = X(o(iy(@(F)) + X(o(5) ((8)) (1 — Ok, k)

since 1 = x{1,....n} as a function defined on {1,...,n} and since x(,@)(o(j)) = 0.

.....

Before proving Theorem 5, we check formula (113) in some particular cases.
First, we look at the case n = 2. In this case, the product

IT (=X (@@)dn.,) (114)

1<i<j<n

is 1 = X(o(2)(0(1))dk, k. and so the right-hand side of (113) is >2;p rcm(l —
X(o(2) (U( )) k],kz)

o If (1,2) & (1,2), one has x(,(2)(c(1)) = 0, so the right-hand side of (113) is
21<k1,k2<m 1=m?

o If (1,2) & (2, 1)7 one has X(s(2)(c(1)) = 1 and so the right-hand side of (113)
is Z1<k1,k2<m(1 = Oky ky) = m(m —1).

Notice that a direct calculation, without using (113), gives the same results.

Second, let us look at the case n = 3 for some particular o.

Case 1. (1,2,3) = (2,3,1) = (0(1),0(2),0(3)).

e Using (113): one has x(4(3)(0(2)) = X(o3)(c(1)) = 1 and x(5(2)(c(1)) = 0
and so the product (114) is (1 — g, ks )(1 — Ok, ks ). Therefore, the right-hand side
of (113) is D21 cp kakacm (1 = Ok k) (1 = Oky iy) = m® — 2m* +m = m(m — 1),

e Without using (113): the order to place the three balls is: bo then bs then by,
so the left-hand side of (113), i.e., NZ(3,m), is equal to

m(m—1)(m—2)+m-1-(m—1)=m(m—1)>%

In fact, first by can enter any box; second b3z can enter any box; third b; can enter
any box, with the following exceptions:

— the 2 boxes which contain by, b3 if bo, b3 enter different boxes;

— the box which contains both by and b3 if by, b3 enter the same box.

Case 2. The case (1,2,3) % (3,1,2) = (o(1),0(2),0(3)).

e Using (113): one has x(s(3)(0(1)) = X(s(2)(c(1)) = 1 and x(,(3)(c(2)) = 0, so
the product (114) is (1 — dk, ks ) (1 — Ok, k, ). Therefore, the right-hand side of (113)
is Z1<k1,k2,k3<m(1 = Oy kg ) (1 = Oy p) = m® = 2m% +m = m(m — 1)
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e Without using (113): the order to place the three balls is: b3 then by then b,
so the monotone principle says that NZ(2,m) = m(m — 1)2. In fact, b3 can enter
any box, then b; can enter any box except the one containing b3; then by can
enter any box except the one containing bs.

PROOF OF THEOREM 5. Whenever (112) is proved, one gets easily (113) as
follows:

Ng(n,m) := |{different ways of distributing by, ...,b, in Uy,...,Upn}|
= U |{different ways to place the ball by(;) in the box U,

for all ¢ € {1,...,n}}|

= > Colkr,... k) 0 > [T (= Xeue@)d.,)-

1<k, knSm ISk, nknSm 1Si<i<n

Therefore, our task is to prove (111) and (112). Moreover, since both sides of the
equality in (111), as well as the equality in (112), take values in {0, 1}, it is sufficient
to obtain (111) and (112) if we are able to prove

Ch(ky,. k) =0 <= [ (1= X@m(@@)dk k) =0, (115)

1<i<n

and, respectively,

Cg(k‘l,...,kn) =1 <~ H (1 —X(U(j)(a(i))ék“kj) =1. (116)

1<i<jsn
First of all, the definition of C? (i.e., (110)) and property P2 imply that

O (ky, ... kn) =0

@ the ball b,(;) has entered Uy, for any i € {1,...,n — 1},
but the ball by, is forbidden to enter the box Uy,
P2

the ball b,(;) has entered Uy, for any i € {1,...,n — 1},
kn is a certain k; with i € {1,...,n — 1} and o(n) < o(7)
> Opik, = L and X(o(n)(0(i)) =1 for a certain i € {1,...,n — 1}

= II 0 —xemw©@®)dkr)=0.

1<i<n
Now we prove (116) by induction. For n =2, (116) becomes

Ca(klak2> =1 <= 1- X(U(Q)(O-(l))(skl,kz =1
e X(O—(Q)(O-(].))(Skl’kz =0. (117)

e In case ki # ko, the last equality of (117) holds trivially. Similarly, the set
{different ways of distributing b,(1) in Ug, and by (2y in Uy, } (118)

is clearly non-empty and so Cy, (k1, ko) = 1.
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e In case k1 = ko (equivalently, dx, , = 1), the last equality is equivalent to

o(2) > o(1). On the other hand, C, (k1, k2)‘k1:k2 = 1 means the set

{different ways of distributing both b,(1y and by(2y in Uy, } (119)

is non-empty. Because of P2, this is equivalent to o(2) > o(1).

Suppose that (116) is proved for n < N and consider the case n = N + 1. In this
case, for any 0 € Sy1, the V + 1 placements can be thought of as carried out in
two steps:

e the balls by(1), ..., bs(n) are placed in o-order;
e the ball by(n1) is placed.
So for any 1 < k1, ..., kn+1, the multiplication rule (rule of product) gives

Hdifferent ways of distributing b, ;) in Uy, for any i € {1,..., N + 1}}’
= |{different ways of distributing b,(;y in Uy, for any i € {1,..., N}} ’,
|{different ways of distributing b,(n41) in Ugy,,
knowing that b, ;) is in Uy, for any i € {1,..., N}}’
= |{different ways of distributing b,(;y in Uy, for any i € {1,..., N}H
Xcé(kl,...,kN+1). (120)
Thanks to formula (111) (equivalently, formula (115)), one has
Colkr,-kne) = [T (0= X1 (0(0) ki kn)-
Ii<N+1

Therefore, the proof will be completed if we can prove
Hdiﬂerent ways of distributing b, ;) in Uy, for any i € {1,..., N}}|

= II (=X (@@)dkx)- (121)

1<i<j<N

In order to get (121) (in fact, we are going to prove that both sides in (121) are
equal to 1 simultaneously), one defines 7: {1,..., N} +— {1,..., N} as follows:

(k) = o(k) if o(k) <o(N+1),
\ok)—1 ifo(k)>o(N+1).

Then
o7 €Sy,
e for any i,j5 € {1,...,N},

(i) <7() = o) <alj); (122)

e by renaming the balls
bg(k) if o(k) <o(N+1),
Bk = .
bory—1 if o(k) > o(+1),
the balls b, (1), ..., bs(n) are placed in o-order

<= the balls B.(y),..., B-(n) are placed in o-order.
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Therefore, for any 1 < k1,....ky <m

Hdifferent ways of distributing b, (;y in Uy, for any i € {1,..., N}}| =1
— ’{diﬁ?erent ways of distributing B.(;) in Uy, for any i € {1,... ,N}}‘ =1

= I (O-xeo@)n)=1

1<i<j<N

(122) )

= H (1 — X(J(j)(d(l))(skhkﬁ =1. (123)
1<i<j<N

O

6.1.2. A modification of monotone statistics. Naturally, one can place the balls
bi,...,b, according to the rule P1 and the following modification of P2:

P2: for any box U; and j € {1,...,n — 1}, if in the jth placement, the ball by
enters the box U;, then in all sequent placements, only the balls with numbers
smaller than k (i.e., by, with h < k) can be permitted to enter the box Us.

In other words, P2 means that for any o € S, if the balls are placed in the
order: the st time by (1), the 2nd time by (a), ..., the last time b, (), then for any
jed{l,...,n—1}and i € {1,...,m},

bs(;) entered the box Uy == Vh>j, by can enter the box U;
only if o(h) < o(j).

Since o(i) < o(j) is equivalent to say that o~1(i) > o~ 1(j), one gets the fol-
lowing:

|{different ways of distributing b, (1), - .., by(n) placed in U—order}|

= Ng(n7m)‘.,.:g—1 = Z H (1 - X(o*l(j)(a_l(i))(;ki,kj)

1<k kn Sm 1<I<j<n

= Y I O XewEiig)

1<k, Sm 1< G <
which is nothing else than that number given in (113).

6.2. Maximum entropy. For any j € {1,...,m}, at the jth level (energy
level), one considers the number of ways to distribute N; balls in G; > N; distin-
guishable boxes.

6.2.1. F-D and B-E statistics. We will extend the classical argument used for
F-D and B—E statistics to the new statistics, hence we briefly recall this argument.
For any j € {1,...,m}, the number of ways to distribute N; indistinguishable balls
in G; > N; distinguishable boxes is

G\ o -
o (gj);]\:nif D case;
o (79 N, ), in B-E case.

So the total occupation number Wr_p (in F-D case) and Wp_g (in B-E case) is

Wep =[] (%) W =[] (Gj +J$;f - 1). (124)

J J
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Therefore, their logarithms are

SF.p = Zlog (JC\:;)
= Z(Ga‘(log Gj—1) = N;j(log Nj — 1) — (G — N;)(log(G; — N;) — 1))

= Z(Gj log Gj — N;log N; — (G; — N;)log(G; — N;)) (125)

J

and

i+ N;—1
SBfE = E log (GJ +N'j )
i J
J

~> (G + N; — 1)1og(G; + Nj — 1) = Njlog N; — (G; — 1) log(G; — 1)),
’ (126)

where the asymptotic is given by the Stirling formula and the fact that N; > 1,
Gj - Nj >1 (SO Gj > 1)

The argument proceeds looking for the maximum of the various W under the
following two additional conditions, for given positive /N and E, and given ¢;’s:

> Nj=N, Y Ny =E. (127)
J J
Let
Se(z,...,xm) = Z(Gj log G; — xjlogz; — (G — ;) log(G; — z;)),
J
Se(T1,.o oy Ty) 1= Z((Gj +x; —1)log(Gj +x; —1) —x;logx;
J
—(G; = 1)log(G; — 1)), (128)
and
$1(T1y ey Tyn) ::Nfoj, So(x1, ..y Tm) ::E—Zajx]—. (129)
J J
Then for any k € {1,...,m},
Gr — mp
054 =—logar — 1+1og(Gr —xx) +1 = logM,
Oxy, Tk
e G -1
05 =log(Gp+xp,—1)+1—logar — 1= 1og%,
Oxy, Tk
0s1 089
il 22— gl 130
al’k ’ al‘k ok ( )
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So, by the method of Lagrange multipliers, one gets the critical point as follows:
e in the F-D case

08, 0s1  0m Gi =,

e aa—xk— &vk:O = logT:a—&—ﬁak
— T = eaJrﬁczifH; (131)
e in the B-E case
gi;—ag—i;— g—;i:o — login—'_mik_l:a—&-ﬁgk
= oz = eﬁg;i = 60‘+B€f — (132)

6.2.2. M-B, Boolean and modified M-B (MMB) statistics. In this section we
apply the method described in the preceding section to the M-B, Boolean and
MMB statistics.

For any j € {1,...,m}, the number of ways to distribute N; indistinguishable
balls in G; > N; distinguishable boxes is

. G;Vj, in M-B case;

o N (g;), in Boolean case;

o N; (GJ'+1\]/\§J'_1), in MMB case.

So the total occupation number Wyig (in M-B case), Wy, (in Boolean case) and
Wyamp (in MMB case) are

G

N
N N +
5= A .
Wai-s (Nh...,Nm)l;[Gj I;IN]-!’
N G G,
Who = N;! ]):N! (]>:N!W,
b (Nl,...,Nm)g J <Nj 1:[ N; b

N G:+N,;—1 G+ N,;—1
_ N et J = N! J /
e (Nl,..‘,Nm)lz[N]( N ) I}( v )

= N'Wg k. (133)

Correspondingly,

Sy B =log N+ > (N;log G; — log N;!)
J
~logN!+ Y (N;logG; — N;log N; + N;),
J
SBo = 10g N!+ SF-D, SMMB = log N!+ Sp_g.

Since N is fixed, we know that

the critical point for Sp, = the critical point for Sy_p given in (131), (134)
the critical point for Sy = the critical point for Sp g given in (132).  (135)
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In order to know the critical points of Sy;_p, one proceeds in analogy with the other
cases, i.e.,

Sp(x1, ..., ) == log N + Z(mj log G; — xjlogx + x;j).
J

Then for any k € {1,...,m},

% =log Gy, — logzy, = logﬂ,
81‘k Tk

and so

%—Q%— %20 — log%:a—i—ﬂsk
oxy, oxy, oxy, Tk

(136)
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