AlP

Publishing

The Dirac Sea for the Non-Separable Hilbert Spaces
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We give a rigorous construction of the Dirac Sea for the fermionic quantization in the non-separable
Hilbert spaces. These CAR-representations depend on the Axiom of Choice, hence are not unique,
nevertheless they are unitarily equivalent to the classic Fock representation.

I. INTRODUCTION

The old hole theory of Dirac, where the vacuum is replaced by a sea filled of all the negative energy states, continues
to arouse the interest of physicists and mathematicians despite the severe criticism by Weinberg. For instance the
Dirac sea plays an important role in the theory of the fermionic projector of Finster [9], and recently it appears also
in quantum cosmology [4]. Of the mathematical point of view, a rigorous definition of such a sea is an interesting
issue. In the case of the usual framework of the separable Hilbert spaces, an elegant construction is provided by a
semi-infinite wedge product in the work of Dimock [6] for the free Dirac equation, and for the external field problem
by Deckert and co-authors [5]. At the first glance, this approach heavely depends of the countability of the Hilbert
basis and its generalization to the non-separable Hilbert spaces is not obvious. The purpose of this paper consists in
showing that this goal is achievable with a little work of set theory. This one consists in defining in a coherent way a
suitable notion describing the “parity” of the size of all the subsets of an infinite set X. In short we prove the existence
of a homomorphism 7 from the Abelian group of the power set of X endowed with the symetric difference, to Z/2Z,
such that m(A) = 0 (resp. 1) if A is a finite part of X with an even (resp. odd) cardinal. The proof that is based
on the technics of the ultrapowers, is strongly inspired by the theory of the numerosities of Benci et alii [2], [3] (a
shorter proof uses powerful arguments from the Boolean Algebras Theory). As regards the axiomatic framework, the
price to pay to be able to treat the case of the non-separable Hilbert spaces, is a triple recourse to some consequences
of the Axiom of Choice (see e.g [12]): 1) for the existence of a Hilbert basis (e;)zcx on a non-separable Hilbert
space; 2) for the existence of a linear order on the set X that indexes this basis; 3) in the proofs of the existence
of m, we use one of the following three consequences of Zorn’s Lemma: i) the existence of a suitable ultrafilter
on the set of the finite parts of X, ii) Sikorski’s extension theorem, ) the equivalence between “completeness”
and “injectivity” for the Boolean Algebras. As a consequence, our construction leads to a lot of different quanti-
zations. Fortunately, they are all unitarily equivalent to the classic Fock quantization. Concerning the role of the
non-separable Hilbert spaces in Physics, the negative opinion of Streater and Wightman in PCT, Spin and Statistics,
and All That, is well known. Nevertheless this issue is always matter to debate, see Earman [8] for a highlighting
discussion. We also remark that the non-separable Hilbert spaces naturally arise in loop quantum gravity (see e.g. [1]).

We now introduce our strategy. We first fix the notations by recalling the well known basics of the fermionic
quantization (see e.g. [7], [13], [15]). We consider a complex Hilbert space (), <; >y) where <; >y is the inner product
linear with respect to the second argument, and we look for a Hilbert space ) and an antilinear map ¥ from § to the
space of the linear maps on $) satisfying the canonical anticommutation relations (CAR): for any u,v € b we have

{W(w), [T()]"} =< u;v >y Idy, (1)

{\Il(u),\ll(v)} =0, (2)

where {A, B} := AB + BA is the anticommutator of two operators A and B. Taking the adjoint of (2) we also have

{[¥ ()], [T )"} = 0. (3)

Another important consequence of the CAR is that ¥(u) belongs to the space £($)) of the bounded linear maps on £
and we have

(W)l () = ITE @] [l 2y = llully- (4)
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The classic representation of the CAR on § is given by choosing the antisymetric Fock space

oo

H=F"(b) = Pp", (5)

n=0

and ¥ = qa, the usual annihilation operator that is the adjoint of the creation operator a*, which is nicely expressed
by using the wedge product:

a®(u) (V1 Ava Ao Avy) = uAvp Avg A oo A g, (6)

Up to an unitary transform, the Fock quantization is the unique irreductible representation of the CAR, on b.

We are now ready to introduce the issue of the Dirac sea in this framework. The idea is that, unlike the classic
Dirac quantum field, which annihilates a particle but creates an anti-particle, the fermionic quantum field should just
be an annihilation operator in a suitable sense: the creation of an antiparticle in the Fock quantization should be
understood as the creation of a hole in the Dirac sea, i.e. the annihilation of a state of negative energy, the Dirac sea
being filled with all these states. This idea has been rigorously implemented by Dimock in [6] when h = h_ B by is
separable. In order to point out the role of the separability, we briefly describe his approach based on the semi-infinite
wedge products. In the sequel, if X is a set of integers or ordinals, we put X* := X \ {0}. Given a Hilbert basis
(e+j)jen- of b, we consider the Hilbert completion §) of the free vector space spanned by the formal symbols

er:=ej Negy A ... (7)

where I = {i,, s € N*} and (i)sen+ € (Z*)V is strictly decreasing sequence (for the usual order on Z) satisfying for
s large enough

is41 =15 — L. (8)
Then the Dirac sea is the vector
Qp:i=e_1Ne_aANe_3 A .. 9)
and the quantum field is the antilinear map ¥ from b to £($) defined by:

0 if Vs€N, j+#i,,

Wleg)en Nei Neig A= { (—1)*t ey, Aeiy Ao Aeiy Aeiy A if s €N, j =i, (10)

The key point in definition (10) is the factor (—1)® that is well defined thanks to the obvious fact that s = s(j, 1)
defined by
Jj=1is (11)
is a finite ordinal that is just the cardinal of the subset
X, I):={iel, i>j}. (12)
A crucial property to obtain the CAR is that
k>j, kel= (—1)00 = —(=1)sGNED (13)
since

k>, kel=s(GI)=s(I\{k})+1. (14)

The situation drastically changes when h is a non-separable Hilbert space. In this case we have to consider a
Hilbert basis (e;)jex of b, where X is a totally ordered set of uncountable cardinal | X |= X > X, and, instead of the
countable wedge products, the straight generalization of (7) and (8) would consist in considering the formal symbols

ey = /\ €j (15)

jel
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where I = {is, s € N*} is uncountable, and (is)sen+ € XN is a strictly decreasing generalized sequence satisfying for
some a € X

r<a=zxe€l. (16)

Now given I and j € X, s = s(j,I) solution of (11) is an ordinal that belongs to X and we have to define (—1)*
satisfying (13). Of course the difficulty arises when s is an infinite ordinal. We could try to use the Cantor’s normal
form theorem that assures that s can be uniquely expressed as

s=A+ N,
with V € N and A is a limit ordinal. Deciding classically that the limit ordinals are even, we could define
(-1)* = (=)™ (17)

Unfortunately this definition does not assure the key point (13) since (14) can be wrong due to the absorbing property
of the ordinal addition

1+A=A\

For an elementary example, we can take I = {—n; n € N*} U{—w} where —w < —n for any integer n. Then with
j = —w and k = —n for some integer n, we have s(—w,I) = Xy and also s(—w,I \ {—n}) = Ng. Therefore with
definition (17) we have

(_1)5(74.0,]) —1= (_1)5(*0‘)1]\{*”})

that contradicts (13). We conclude that the ordinal calculus is not sufficient to associate 1 or —1 to the set X (4, 1)
in such a way that (13) is satisfied even if X (j,I) is infinite. To overcome this difficulty, we simply remark that in
the separable case for which X (4, T) is finite, (—1)*%!) = 1 if the cardinal of X (j, 1) is even and (—1)*U-1) = —1 if
the cardinal of X (j,I) is odd. Finally we are led to ask a somewhat weird question: what is the parity of the size
of an infinite set? Clearly, in the infinite case, the cardinal is not a tool sufficiently subtle to distinguish the size
of X (4,I) from the size of X (j, I\ {k}). In fact a refined concept of size of an infinite set has been introduced by
Benci and co-authors [2], [3]. It is a hypernatural s and we could define (—1)° in the framework of this theory of the
numerosities, from the parity of s, but we prefer to give a direct construction in the next section. We introduce the
quantum fields in an abstract setting in the third part. We present the application to the Dirac theory in the last
section.

II. PARITY OF AN INFINITE SET

We first introduce some notations. The cardinal of a set X is denoted | X |, P(X) is its power set, and Pp(X) is
the set of the finite parts of X. The symetric difference A is defined by

A,B € P(X), AAB:=(AUB)\ (ANB).

Given an infinite set X we look for a homomorphism 7 from (P(X), A) to (Z/2Z,+) such that

Va € X, n({a}) = 1. (18)
The requirement
7(AAB) = n(A) + n(B) (19)
is equivalent to the couple of properties
VA, BeP(X), ANB=0=n(AUB)=mn(A)+7(B) in Z/2Z, (20)
VA,BeP(X), BCA=n(A\B)=x(A) —n(B) in Z/2Z. (21)

If 7 exists, then (18) and (20) imply that for A € Pp(X), m(A) is the usual parity of the cardinal of A, defined as 0
if it is even and 1 if it is odd. The extension of 7 from Pr(X) to the whole P(X) is not at all obvious: its existence
depends on the Axiom of Choice, and then such a 7 is not unique since we may impose 7(X) = 0 or m(X) = 1 as
well.
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Theorem II.1 (Parity function) We consider an infinite set X and p € Z/2Z. Then there exists a homomorphism
7w (P(X),A) = (Z/2Z,+) satisfying (18) and

m(X) = p. (22)

We present two proofs of this result. The first one, rather long and pedestrian, uses a suitable Ultrafilter. The
second one, short and elegant, has been suggested by the anonymous referee; it is based on a powerful tool of the
Boolean Algebras Theory: either Sikorski’s extension theorem, or the injectivity of {0,1}.

First proof. We identify the additive group Z/2Z and {0, 1} and we denote Z := Pp(X )\ {0}. Given p € {0,1}, we
define for any i € 7
Cp(i):={j€Z; iCyj, |jle2N+p}eP(I)\{0}. (23)
We have for any i,j € Z
Cp(i) N Cp(5) = Cp(i U ), (24)

hence the family B, := (Cy(i));ez is a filter basis on Z. Applying the Axiom of Choice, we consider an ultrafilter U,
containing B,. {0,1}% being the additive group of the maps from Z to Z/2Z, we consider its ultrapower

{0,137/t == {9, 9 {0,137}, ¢:={v e {0, 1} {i; w(i)=v(i)} €Up}. (25)

In fact this ultrapower is just a pair set: since U, is an ultrafilter, either {i € Z; (i) =0} or {i € Z; (i) = 1}
belongs to U,. We denote p, the element of {0,1} such that {i € Z; (i) = p,} € U,. Now for ¢ € ¢ we have

{ieZ; (i) =p.}D{iel; (i) =vp@)}n{icl; o(i)=p,} €U,
hence {i € Z; ¢ (i) =p,} € U, and thus p, = py, and we may introduce the map p
p: ¢ € {0, 1} /Uy — p(@) =p, € {0,1}. (26)
p is a group isomorphism. It is obviously surjective, it is a homomorphism since
{5 (i) +9(i) = pp +py} D {5 9(i) =pe} N {i; ¥(i) =py} € Up,

hence {i; (i) + (i) = p, + py} € Uy, and thus p(p + V) = p(¢) + p(1)), and finally it is injective since

p(P)=0p,=0x{i; ¢@i)=0} U, ¢=0.

To any A € P(X) we associate p4 € {0,1} by
VieTI, pali)=0a| Ani|e2N, pa(i)=1e|ANile2N+1,

and we define

m(A) = p($a). (27)
We remark that for any a € X, we have
{ieT; aci}ecl, (28)
since
{ieZ; aci}>DCp({a}) €U,
We have

pay(i) =1ei1e{jel; acj},
hence p,,, = 1 and we deduce that (18) is satisfied. Now for A, B € P(X) with AN B = (), we have

{i5 wauB(i) = poa + Popt D {7 ©(A)(D) =P} N{G; P(B)(i) = pyp } € Up

hence py .5 = Ppa + Doy and (20) is established. Moreover (21) is a consequence of (18) and (20) since if B C A we
have w(A) = 7(A\ B) + n(B). Finally we have

{i; ox (@) =p} = {5 [i[€ 2N+ p} D Cy({a}) € Uy
hence {i; ¢x (i) = p} € U, and thus 7(X) = p.
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Q.E.D.

Second proof. We consider the collection A of the subsets of X that are either finite or co-finite: A is a Boolean
algebra. We define a map mp : A — {0,1} as follows: If A is a finite subset of X, then mo(A) = 0 if | A | is even,
otherwise mo(A) = 1. If A is a co-finite subset of X, then mo(A4) = pif | X \ A | is even, otherwise my(A) = 1 — p.
7o is clearly a Boolean homomorphism from A to {0,1} considered as a Boolean Algebra. Since {0,1} is trivially a
complete algebra, 7y can be extended into to a Boolean homomorphism 7 from P(X) to {0, 1}. The existence of 7 is
assured either by Sikorski’s extension theorem ([14], p.141, Theorem 33.1) or by the injectivity of {0,1} due to the
theorem on the equivalence between the completeness and the injectivity ([11], p.141, Theorem 19).

Q.E.D.

We now are ready to deduce the main tool for the quantization, the “e-functions” that replace (—1)® in the definition
of the quantum fields.

Corollary I1.2 (“e-function”) Given a partially ordered set (X, <), there exists a map

e: T€P(X)— e e {-1,+1} (29)
satisfying
Vo€ X, e =1, (30)
kel j<k=e(k)=—engk), (31)
jel, ke X, j<k=e(j)=eropm(d) (32)

Proof. We choose a parity function 7 given by the previous theorem. For I € P(X), z € X, weput I, :=IN{y €
X; y < z}. We obviously have: for any z € X,

{rhe = {a}, m({z}.) =1,
for any j, k € I with j <k,
Iy = (I\N{GHe UG}, w(lk) = w((T\ {7 k) + 1,
forany j € I and k > j
Ij = (TU{k});.
Therefore it is sufficient to define for I € P(X), j eI
er(j) == (=1)TIIH
Q.E.D.
To make the link with the countable case, we consider X = Z* and I = {i5, s € N*} where (is)sen- € (Z*)V is a

strictly decreasing sequence (for the usual order on Z) satisfying (8) for s large enough. We now endow Z* with the
reverse order of the usual order, then €;(j) := (—1)*T! where j = i, satisfies (30), (31) and (32).

III. ABSTRACT QUANTIZATION

We now consider an infinite ordered set (X, <) and a subset Z C P(X) such that

X is totally ordered, (33)
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VieZ, VAePp(X), TUAeZ, I\AeT. (34)
We also take an e-function given by Corollary I1.2.

For the quantization process, X enumerates a Hilbert basis (e;).zex of the Hilbert space h of the classical fields,
and Z indexes a Hilbert basis of the Hilbert space $) on which the quantum fields act. The existence of a linear order
on X is assured by the Ordering Principle which is strictly weaker than the Zermelo Axiom. The e-function will play
the role of (—1)® in the definition of the quantum fields.

We introduce the equivalence relation R on the abelian group (P(X), A) associated to the subgroup Pr(X). R is
defined by

VA,B € P(X), ARB & AAB € Pr(X). (35)
Since A = (AN B) U (AN (AAB)) we also have
ARB & 3A, B, e Pr(X), CeP(X), A=A"UC, B=B'UC. (36)

R is an equivalence relation on P(X) for which we denote P(X)/Pr(X) its quotient set and [A]x the equivalence
class of A € P(X). The equivalence class [A]x is also described as

I€[Alx & 3Ir € Pp(X), I = AAIF, (37)
and the map
Ir € Pr(X)— I = AAIr € [Alx (38)

is a bijection from Pg(X) onto [A]x. We note that [#]x = Pr(X) and [X]x is just the set of the co-finite subsets of
X. Putting I_ :=IpNAand I; :=IpN(X\A), we also have

VA e P(X), VI € [Alx, 3. € Pp(A), 3, € Pr(X\A), I=(A\I)UL,. (39)

We obviously have for any A C X:

[ [Alx |=[ X, (40)
and since
P(X) = L [Alx, | P(X) =2,
[Alx €P(X)/Pr(X)
we have
| P(X)/Pr(X) |= 2%, (41)
Moreover Z C P(X) satisfies (34) iff
7= JMAx. (42)
AeZ

Now we introduce the free vector space V(Z) spanned by Z, i.e. we consider the elements I of Z as vectors denoted
er, and V(Z) becomes a pre-Hilbert space if we decide Z is an orthonormal basis.

The fundamental example arising for the quantization in the separable case is given by:
X=7"=72"UzZ%, Z¥:={neZ;, +n>1)}, (43)

and < is just the reverse of the usual strict order on Z. We choose Z to be the set of the “maya diagrams” (see e.g.
[10]):

I={I=@Z \I")UI"; I*cPp(Z*)}=2]z. (44)
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The Dirac sea is the vector
Qp :=ez- € V([Z7 )z+). (45)

We easily generalize this example to take into account the non-separable Hilbert spaces for which X is uncountable.
Given two infinite ordinals A4 we introduce

X =A" UAYL (46)
endowed with the total strict order < defined by
VA, Np e AL, Ap <A, A< X e <M, A <N e N, <Ay, (47)
where < is the usual strict well order on the ordinals. To generalize (44) and (45), we can take

I= [A*_]A’:Llj\jr ={I:(A*\I)\UI;; Iy € Pr(AL)}, (48)

Qp :=epr € V([A*_]AjuA’;)- (49)

We now choose the Hilbert framework. Given a set E, we introduce the Hilbert space of the complex-valued square
integrable functions on E with respect to the counting measure, that is also the Hilbert closure of the free vector
space V(F) spanned by F,

1

2(E) = ueCF; |ul:= (Z | u(zx) |2> <00 ). (50)

zeE

[N

We use the canonical Hilbert basis
B(E) := {e, € CE; ze E}, Vo,y € E, ex(y) = uy, (51)

here &, , is the Kronecker symbol (8;, = 1, 6,5 = 0 if # # y). Then u € [*(E) can be written as

U= Z Cps, Cp € C, (52)

zeE

where {x; ¢, # 0} is countable and

lul> =" ea I” (53)

z€E

For F C E we denote Pr the orthogonal projector on [%(F')

Pp(u) = Z < egiu > eg. (54)
zEF
For any infinite set X and A C X, we have
P(X)=P(4)eP(X\4), P(PX)) = b ?([A]x), (55)

[Alx €P(X)/Pr(X)

and since the elements I of [A]x can be indexed by Ir € Pp(X) or (I-,I}) € Pr(A) x Pr(X \ A), we can identify
the following spaces with natural isometries:

P([Alx), P(Pr(X)), P(Pr(A) x Pr(X \ A)), 2(Pr(A)) @ Z(Pr(X \ A)), P([014) @ P([0]x\4)-

We now construct two maps, 1, the “annihilation operator”, and 1*, the “creation operator”, from 1?(X) to the
space L(I*(P(X))) of the bounded linear maps on I?(P(X)). Given j € X and I € P(X), we put:

0 if ¢,

wleg)er = { er(fengy if jel, (56)
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0 if jel,

. . . 57
eruy(erugy if J ¢ 1. (57)

P (ej)er = {

Since ¥ (e;) and ¥*(e;) map B(P(X)) into B(P(X))U{0}, we can extend ¢(e;) and 1)*(e;) as bounded linear operators
on [2(P(X)) with

lvellcazy =1, W (ej)llcez@y) =1 (58)
We note that (30) implies that
Y(ej)egy = eg, ¥*(ej)en = ey (59)

The physical interpretation of these operators is classic: v(e;) annihilates the state e;;; and 1)*(e;) creates the state
egj}- We also have with (30), (31) and (32)

J<k=v"(ex)V"(ej)ep = —egjny, ¥ (€)Y (er)eg = egjny (60)

More generally, we arrive to the fundamental algebraic properties: (e;) and 1*(e;) are adjoint to each other and
satisfy the canonical anticommutation relations (CAR).

Lemma III.1 For any j, k € X, we have

¥ (e5) = [1(ey)]” (61)
{v(ej), % (ex)} = djuld, (62)
{¢(ej),¢(er)} =0, (63)
{v7(ej), " (ex)} = 0. (64)

For any A C X, ¢(e;) and ¢*(ex) leave invariant I*([A]x).

Proof. To prove (61) it is sufficient to establish for any I, J € T that:

(Wie)eries) = (e (e;)es). (65)
We have
o 0 itjel,
(V(ejler;es) = { e1(j)dn iy, if G €T, (%)
e B 0 if j€J,
{er; 9™ (ej)es) = { eson(Nosupya it 3¢ J. (6%

Therefore (i(ej)er;es) and (er;1*(e;)es) are non zero iff j ¢ J and I = J U {j}. Moreover in this case they are
equal to €;(j). That proves (65).

Now we consider j € I and we evaluate
Y(ej)v*(ej)er =0, *(e;)p(ej)er = er(j)v*(ej)engyy = er(jer(jer = er
hence we have

Jjel={Y(e;),v"(ej)ter =er. (68)

Then we consider j ¢ I and we evaluate

Y (ej)v(ej)er =0, h(ej)v™(ej)er = erugy (F)v(es)erugy = erugy()erugy(J)er = er
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that implies

J¢ 1= {le;), V" (ej)er = er. (69)
Now we take j # k. 1) We first assume j € I and k ¢ I. We compute:
V(eg)v™(en)er = erugry (Feruiry (ke y)ury (70)
P (er)b(ej)er = er(d)en gnuir (ke Gnuir - (71)
If j <k, then eruqry (7) = €1(5) by (32), e(n\(jpuiry (k) = —€rugry (k) by (31) and thus
{(ej), ™ (ex)}er = 0. (72)

If k < j, then e;uqy(J) = —er(j) by (31), e(npurr (k) = erugry (k) by (32) and thus (72) is satisfied again. 2) We
assume j ¢ I and k € I. Then we have:

P (ex)er = 0 =1(ej)er, (73)
hence (72) is trivially satisfied. 3) We assume j € I and k € I. Then k € I\ {j} and so
{¥(ej), v*(ex)ter = ¥*(ex)b(es)er = er(j)y" (ex)en 3 = 0. (74)
4) Finally we assume j ¢ I and k ¢ I. Then ¢(e;)er = 0 and j ¢ I U {k}, hence
{¥(ej), v*(er) Yer = ¥(ej)v™(er)er = equqny (k)Y(ej)eruqwy = 0, (75)

and the proof of (62) is complete.

To prove (63), we distinguish the different cases again. 1) If j ¢ I, k ¢ I then ¢(e;)e; = 9 (ex)er = 0 and obviously
we have

{b(ej), ¥(ex)ter = 0. (76)
9)If j ¢ I, k € I, we have 9(e;)e; = 0 and
{v(ej), vler)ter = er(k)p(ej)en ry =0 (77)
since j & I\ {k}. 3) The case j € I, k ¢ I is analogous. 4) Now if j € I, k € I, j # k, we compute
{¥(es), wler)ter = (er(R)erry () + er(en gy (k) en gy (78)

If j < k, then (32) implies that e;(j) = ep (x}(j) and (31) assures that e;(k) = —ep ;1(k), and we conclude that
(76) follows from (78). 5) Finally if j = k € I, ¥(ej)v(ej)er = er(j)v(ej)en ;3 = 0. The proof of (63) is achieved.
Moreover (64) follows from (63) by taking the adjoint.

To end, since the quantum fields map d; to zero, or £0p y;3, or £d7u(;}, they leave invariant 12([A]x)-

Q.E.D.

We now define ¢ and %* on the whole space [?(X) by the usual way used in the separable case [6]. If u € [?(X) is
expressed as

u = Z k€, Ck € C, Z | ek |2< o0, (79)
keN keN
we introduce for any N € N
U () =) iles), wi(w) =) et (es) = [ (w)]". (80)
k<N k<N
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Given two integers N, M with M > N + 1, we deduce from (62) that for any V € [?>(P(X)) we have

< Vi{dhar(u) = ¥n(u), ¥ (u) — o3 (W)}V >= ( > e |2> 2.

k=N+1
Therefore
M
[bnr(w) = ¥n W22 pixyy) + 103 @) = U W 2@ poy < D e P
k=Nt1

We conclude that we may define the quantum fields

Y(u) = Jim gy(), ¢*(w) = Tim G () in LEPXD)). (81)

N —oc0
The previous lemma directly implies the main properties of the quantum fields:

Theorem II1.2 1 is an anti-linear map from 1*(X) to L(I*(P(X))) and we have for any u,v € 1*(X)

[(w)]" = ¢ (u), (82)

[P ()l e@zpxy) = llulliezx), (83)

{th(u), " (v)} =<w,v> Idpp(x)), (84)

{v(w), ¥(v)} =0, (85)

{v"(w), v (v)} =0, (86)

VA C X, Vu e *(X), vw)i*([Alx) C I*([A]x), (87)
VA C X, Yu € 1*(X), Pa(u)=0= t(u)ea =0, (88)
VA C X, Vu € I*(X), Px\a(u)=0=1*(u)ea = 0. (89)

The quantum field provided by the previous theorem is not unique since it depends on the choices of the linear order
on X, and the function e. Nevertheless, the representation of the CAR on I2(X) given by (¢, 1%([A]x)) is actually
unique up to an unitary transform and it depends only on A and X \ A. We denote

N_i=| A|, Ry =] X\A]. (90)

We take a bijection 6_ from A onto X_ and a bijection 64 from X \ A onto R;. We denote € the bijection from X
onto N_ LN, defined by

JEA=0() = 0-(j), j€X\A=0():=0,(). (1)
Therefore the map
weEP(X)—uof ' e PN_UNL) =R DIPRY) (92)

is an isometry.
We consider an anti-unitary operator C on [?(R_) & [?(R) and we introduce the fermionic Fock space

HF = FNCERL)) @ FMIERY)). (93)
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The Fock quantization (7, ¥x) on [2(R_)®I%(X, ) is defined by choosing the antilinear map, ¥ £, from [2(R_)®I1%(X)
to L($Hx) defined by

Ur(u_ @uy) = a” (Cu) ® ()N +Id @ ay(uy), us € P(Re), (94)

where a* (resp. a; ) is the creation (resp. annihilation) operator on F” (CI?(X_)) (resp. F (1*(Xy))), and N is
the number operator on F(1*(X;)). The Fock vacuum is the vector

Qr :=(1,0,0,...) € [CER @ 12N (95)
that obviously satisfies
Vug € P(Ry), Vr(up)Qr =0, [Ur(u_)]"QF =0. (96)
We know that this representation is irreducible.

Theorem II1.3 For any A C X, the quantization (1,1?([A]x) is an irreducible representation of the CAR on 1?(X),
moreover there exists a unitary transformation Ua from $x onto 1?([A]x) such that for any u € 1*(X) we have

Y(u) =UaVr (uo 6 1)UL on 1*([A]x). (97)

Proof. The irreducibility of the representation (¢,1?([A]x) follows from (97) since the Fock representation is
irreducible. We express any subset Ir € Pr(X) as a finite decreasing sequence

IF:{jn 1<n<N, jN<jN71<...<j1},

and if ¢ = 9, ¥* we denote

I #(e) = wlejn)elesn ). ples),
JEIF

and for ¢ = Uz, W% we denote

T #(eats)) = eleoiin))e(€ogin 1)) €0 (s1))-
JEIR
We note that (39) assures that any I € [A]x can be uniquely written as I = (A \ I_) U Iy, and we have
H ¥ (e;) H Y(ex)ea = ey, € {-1,1}.
jelt kel_
We conclude that the set
IT o) I wlen)eas I- € Pr(A), I € Pr(X\A) ¢, (98)
JjelL kel_
is a Hilbert basis of I?([A]x).

Since {eg_(;); j € A} is a Hilbert basis of I*(R_) and {eq, (j; j € X \ A} is a Hilbert basis of I*(X,), we know
that

IT ¥5(eo. i) T ©rleo_)r I- € Pr(A), I € Pr(X\ A) (99)
jel kel_
is a Hilbert basis of 7. We define the unitary transformation U4 from $# onto [?([A]x) by putting

UA H \I/].- 69+ ]) H \I/]: €o_ k) Q]: H 1/) ej H 1/) ek (100)

]€I+ kel_ ]6]+ kel_
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Now to prove (97) it is sufficient to show that for anay l € X, I_ € Pp(A), I+ € Pr(X \ A) we have

Yle) [T v e) T vlenea =Ua¥r (eoy) [] ©rleo,y) [ Yrleo ) (101)

j61+ kel_ jEI+ kel_

The CAR assure that:

1) If I ¢ I there exists € € {—1,+1} such that

o _ 0if 1¢A,
"/’(el)jg (0 (63) kl;[ﬁ "/’(ek)eA = { EHjebr * (ej) erl,u{l} 1/1(619)614 zf le A,
. B 0if ¢ A,
Uz (epy) jg Ux(eo, () kl;[ﬁ Ur(eo_(k))2F = { eTLer, Wslen, ) Trer ugy Urleo )2 if 1€ A,

and we conclude that (101) is satisfied;

2) If | € I there exists € € {—1,+1} such that
dle) [T ¢r(es) T vlewea=e J[ ¢*(es) J] vlerlea.

jely kel JELA{} kel

U r (epy) H Vi (eo, () H Ur(eg n)r=¢ H Vi(eo, () H Ur(eg_(x))2F,
jely kel el \{l} kel

hence (101) is satisfied again. The proof is complete.
Q.E.D.

We deduce a form of the Shale-Stinespring criterion of implementation of unitary operators, adapted to our quan-
tization.

Corollary IT1.4 Given A C X, let U be an unitary operator on 1>(X) = I2(A) ® 1*(X \ A). Then there ewists a
unitary operator U on 1?([A]x) satisfying for any u € 1*(X)

$(U) = Up(u)U ™! (102)
if and only if PAUPx\a and Px\ oAU Pa are Hilbert-Schmidt operators.
Proof. With the previous notations we have
(Uu) = UaW((Un) 0 6)U3" = Ualr (U 0 9~1)U'
where U is the unitary operator on [?(R_ LX) defined by
vEPN_URY) = Uv:=[U(voh)]od™ L.

Therefore U exists and satisfies (102) iff ¢/ is implementable in the Fock representation of I2(X_)&{?(X, ). The famous
theorem of Shale and Stinespring states that a necessary and sufficient condition is that Py U Py, and Pe, UPy_ are
Hilbert-Schmidt operators. We have

Py UPy, v =[PaUPx\s(v00)] 007"

hence we deduce that

Z |< Px_UPx, ey;ey >2 = Z Z |<Uey, ;e |2

Y,y  ER_UN, y—EN_ y4 Ny

=Y Y I<Ueie; PP (103)

j—€AjLEX\A
= Z |< PAUPx\ aey; ey >[* .
JJ'ex

We conclude that Py_U Py, is Hilbert-Schmidt on [?(R_ LX) iff PAUPx\ 4 is Hilbert-Schmidt on /?(X). And the
same holds for P, UPx_ and Px\oUPa. The proof is complete.
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Q.E.D.

Finally we prove that, up to a unitary transform, our irreducible representations depend only on | A | and | X \ 4 |.
We consider two totally ordered infinite sets X;, ¢ = 1,2 and two epsilon functions ¢; given by Corollary IV.2, and
the quantum fields v; defined on 1?(X;) as previously. Let A; be in P(X;) such that

| Ay [=] Az |, | X1\ Ar =] X2\ A2 |, (104)
and we choose a bijection © from X; onto X5 satisfying
O(4;) = A,. (105)

Theorem II1.5 There exists a unitary transform U from 12([Az]x,) onto 12([A1]x,) such that for any ugy € 1*(X2)
we have

Pa(uz) = U™ )1 (ug 0 ©)U on 12([As]x,). (106)

Proof. We denote N_ | A; |, N+ =| X; \ A; |. We introduce a bijection 6; from X; onto N_ U R, such

that 6;(A4;) = N_, 6;(X; \ ;) = Ny. The previous Theorem assures there exists a unitary transform U; from
FMNCERL)) ® ]-'/\(12(N+)) nto 1?([A;]x,) such that for any u,; € I?(X;) we have

Vi(u;) = UiV (u;00; ) U (107)
Now we introduce an unitary operator 7' on [?(R_) & [?(X) by putting
T:velP(R)@IEPNL) —vob00007 € P(R1) B IE(R,). (108)

Since T leaves invariant [2(X.) it is implementable in the Fock representation: there exists a unitary operator T on
FMNCI2(R2)) @ FA(I2(R4)) such that for any v € [2(R_) & [?(R) we have

Ux(Tv) = T £(v)T L.

Since the previous Theorem assures that there exist unitary tranformations Uga, from 7 onto [2([A4;]x,) such that
for any u; € 1?(X;)

Pi(w;) =Ua, Ur (ui00; 1) Uyl on PP([Ailx,),
we compute
U1 (g 00) = U1 Wz (ug 06y 0 (B 0000 )) UT?

=UiTVUr (ug 065 ") T U (109)
= U, TU; '4ba (u2) U TUT .

Now it is sufficient to choose
U :=U,TU;
Q.E.D.
Taking X = X5, A; = Ag, © = Id, we immediately deduce the following

Corollary IIL.6 Given an infinite set X, let 11, 1o be the quantizations associated to two linear orders on X and
two e-functions. Then for any A C X there exists a unitary operator U on 1?([A]x) such that for any u € I>(X) we
have

VYo (u) = U ey (u)U on 12([A]x). (110)
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IV. APPLICATION TO THE DIRAC THEORY

We consider two Hilbert spaces b4, possibly non-separable, and we define

hb=b_®by, (111)

and we denote Py the orthogonal projector on hi. Invoking the Axiom of Choice, we take two Hilbert basis (e;)jex.
of h. We put

X:=X_UX,, (112)

then (¢;);cx is a Hilbert basis of f, and using the Axiom of Choice again, we endow X with a total order. Finally,
we use a last time this Axiom to get an ultrafilter on Pp(X) \ {0} to obtain an e-function given by Corollary I1.2. ¢
being the quantum field on /2(X) given by Theorem II1.2, (v, 1%([X_]x) is an irreducible representation of the CAR
on [2(X). Now we introduce the canonical isometry J from b onto 1?(X),

€ *(X), (113)

ueh— Ju) = (<eju>) ¢

and we define a quantum field on b by putting
Up(u) == (J () € L), $Hp = ([X-]x). (114)
The Dirac sea describing the state fulfilled by h_ is the vector
Qp:=ex_ € Hp. (115)

These mathematical objects have the usual meaning of the Dirac theory: by is the space of the classical solutions
of positive (negative) energy. The quantum field ¥p is an operator of annihilation: ¥p(e;) annihilates the state ¢;,
therefore it annihilates a particle in the state ¢; when j € X, and it creates a hole in the Dirac sea when j € X_.

We shall compare with the classic Fock quantization defined by the Hilbert space

HF=F"(Cho) @ F (), (116)
the Fock vacuum vector
QF :=(1,0,0,0...) € [ch_1"" @ [p4]"?, (117)
and the quantum field
Ur(u):=a* (CP_u) @ (—1)N+ + Id® ay (Pyu) € L(H7F), (118)

where a* (resp. ay ) is the creation (resp. annihilation) operator on F” (Ch_) (resp. F” (h+)), Ny is the number
operator on F”(h;) and C is an anti-unitary operator on h. Now by is the one-particle space, Ch_ is the one-
antiparticle space, and U z(e;) annihilates a particle if j € X, and creates an antiparticle if j € X_.

Theorem IV.1 (Up,Hp) defined by (114) is an irreducible representation of the CAR on . All the representations
obtained by changing the total order on X, or the e-function, or the Hilbert basis, are unitarily equivalent. Moreover
there exists a unitary transform U from $Hr onto Hp such that

Qp = UQ, (119)

VYu b, Up(u)=TUVx(u)U". (120)

Proof. If we change the total order on X or the e-function, Corollary II1.6 shows that we obtain a new representation

that is unitarily equivalent to the previous one. More generally, if we take another basis (¢);e x;, of hx, Theorem

II1.5 assures that the quantizations built from these two choices of basis are unitarily equivalent. Moreover, if we
take an anti-unitary transform C on b, Theorem III.3 implies that these quantizations are unitarily equivalent to the
Fock quantization ¥z on [2(N_) @ [2(N}) where X4 = Ry = dim(h+) and C = JCJ !, which is obviously unitarily
equivalent to the classic Fock quantization on h_ @ bh.
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Q.E.D.
We introduce a general setting for the abstract Dirac equations that have the form
di
— =H 121
Vat v (121)
with the following assumptions:
1) H is a densely defined selfadjoint operator on fj with domain D (H);
2) there exist two densely defined selfadjoint operators Hi on h1 with domain ©(Hy) such that
0<H,, (122)
H=H_&H,, 9H)=D(H_)eD(H,); (123)
3) There exists an anti-unitary operator C on § such that,
Chy = hiFa CPy = P$Ca (124)
CO(Hy)=9(Hs), CH=—HC. (125)
In fact these assumptions imply that
H_<0 (126)

since we have:

0 << PJ,_U, H+P+u >=< CHJ,.PJ,_U,CPJ,_U >
=< CPyHu; P_Cu>=< P_CHu; P_Cu >
=—-< P HCu;PCu>=—-< H_P_Cu; P_Cu>.

The time evolution of the classical Dirac fields is given by the unitary group e ¥ = e=®H- @ e=®H+ on b, that
leaves invariant h.The time evolution of the quantum field is defined for t € R, v € § by putting:

Up(t,u) = Up (e"u). (127)
Theorem IV.2 Foranyt € R, (Vp(t,.),Np) is an irreductible representation of the CAR on b and for any u € D(H)
the map t — Up(t,u) € L(Np) is a strongly differentiable function satisfying
d
Z'E\I/D(t,u):\I/D(t,HU), \I/D(O,u):\I/D(u). (128)
Moreover there exists a densely defined self-adjoint operator Hp on $Hp such that

0 < Hp, (129)

VteR, Yueh, Up(tu)=e™PUp(u)e Hr, (130)

Proof. The first assertion is obvious since e is unitary. Moreover if u € D(H), the map t — ey belongs to
CH(Ry;H)NCO(Ry; D(H)), therefore, since u — W p(u) is an antilinear bounded map, we can differentiate W p (¢, e®*H u)
and we obtain (128)). Now since Ch_ = b, we consider Hr = F*(h;) @ F(h4), and the positive densely defined

self-adjoint operator on $) =
Hr :=dl'(Hy)® Id+ Id® dl'(H,), (131)
where T is the usual second-quantization functor. Therefore, using unitary operator U of Theorem IV.1, the operator

Hp := UHFU! (132)
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is positive, densely defined and self-adjoint on $Hp. We have:

¢MEF =T (¢itH+) @ T (eitH+), (133)

oitHD _ [JpitHr—1 (134)
We achieve the proof by writting
Up(ey) = U x(eu)U™?
=U(a* CP_e™u) @ ()Nt + 1d ® ay (Pyre™u)) U™!
=U (a* ("+ PiCu) ® ()Nt + Id ® ay (" + Pru)) U (135)
= UeltHr g 1 (y)e~itEr—1
= eUtHD G () ~itHD

Q.E.D.
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