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Abstract The N-Representability Problem entails characterizing the set of second
order reduced states that are contractions of N-electron states of the Fermion Fock alge-
bra. This problem is formulated in the form of finding the conditions that a positive
linear functional defined on a subspace of this algebra must satisfy in order to be
extended to the whole algebra. As this algebra is a w*-algebra one can utilize a theo-
rem by Kadison that shows it is sufficient to consider the values of linear functionals on
projectors contained in the subspace in order to determine whether they have positive
extensions. Thus we find the form of projectors belonging to the subspace of one and
two particle operators and subsequently show that the extension conditions needed
in the N-Representability Problem correspond to generalized P, Q and G conditions
plus the additional constraints that the functionals be dispersion free on the number
operator and their values on one particle operators determined by their values on two
particle operators.

Keywords N-Representability - Fock space - Positive extensions

1 Introduction

The N-Representability Problem entails finding the necessary and sufficient condi-
tions that a positive trace class operator, that acts in two electron space, must satisfy
in order to be the contraction of a N-electron state density operator and thus be a
Second Order Reduced Density Operator (SORDO). It was first precisely formulated
in quantum chemistry by Coleman [1] as a result of Coulsons challenge [2], which
was inspired by work initiated by Husimi [3]. The significance of the problem derives
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from the realization that the properties of molecular systems, at a fixed geometry,
are fully described by Hamiltonians that describe the kinetic energy of the individual
electrons, interactions of the electrons with external and internal electric and mag-
netic fields and only the simultaneous pair wise interactions of the electrons with each
other. As simultaneous three, four and higher body interactions are not significant the
N-electron state density operator contains redundant information and the energy of
molecular systems can be fully expressed in terms of the SORDO of the system, which
depends on fewer variables. Hence the determination of the ground state energy can
be formulated as a minimization of a linear functional over operators that act in two
electron space that are constrained to be SORDO’s, instead of a higher dimensional
minimization over N-electron state density operators.

An intrinsic solution (i.e. only in terms of properties of operators acting in two
electron space) has not been found despite a large amount of effort [4] along many
complimentary pathways. This work has, however, resulted in the characterization of
numerous necessary conditions (see for instance [4] and the references therein), the
innovative contracted Schrodinger equation method [5] (and the references therein),
[6] the relation to complexity theory [7] and various variants of the problemi.e. electron
conserving/ electron nonconserving, pure/ensemble and finite/infinite dimensional.

In a paper [8] the N-Representability Problem was shown to be one of finding con-
ditions for the existence of positive extensions of a linear functional from a subspace
of an algebra to the whole algebra. Thus placing it firmly in the area of traditional
mathematical analysis and allows one to utilize theorems proved in this topic over
the last hundred years, where the classical Hahn—Banach theorem [9] on extensions,
f , of unrestricted linear functionals, f, defined on subspaces, W, to the whole vector
space V was specialized to positive linear functionals defined on ordered vector spaces
by Krein [10,11] and to self-adjoint subspaces of c¢*-algebras [9] that might or might
not contain the identity by Segal [12] and discussed in detail in [13]. In order for the
extension to be a state [9] i.e. a positive normalized linear functional defined on the
whole algebra its value on the identity must be one i.e.

f=1 )
soif I € W then
fh=r=1. 2)

Segal’s theorem examines the implications of this normalization and shows that a
positive normalized extension f exists if (a)

f(X)>0 VX e Wy, 3
where W, is the set of positive operators in W i.e.
Wy={XeWI[X =0}, “
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(b)

sup f(X) =<1, ©)
XeW_

where the positive part of the subspace W that contains operators that are less than or
equal to the identity operator is defined as

We={XeWI|l>=X=>0} (6)
and (c)

Xieﬂ‘{/> fX) =1 (N

where the positive part of the subspace W that contains operators that are greater than
or equal to the identity operator is defined as

We={XeW|X>1} (8)
It can easily be seen that if X > 0 then
X|<leI=X=>0 (C))
and thus
We={XeWI[XeWglX| =1}, (10)
and W_ is the positive part of the unit ball
B ={X[IX] =1} (1D
contained in W, while W.. can be expressed as
W ={X e Wi |lIXI|l =1} (12)
and is the positive part of the annulus
20 ={XIIIX] = 1} (13)
contained in W.
The unit ball is a convex set and the Krein—Millmann theorem [9] shows that in
a w*-algebra [9] it is equal to the closure of its extreme points [14], moreover the

positive part of the unit ball in a w*-algebra also forms a convex set which is also
the closure of ifs extreme points. In an important theorem Kadison [15], (also see the
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discussion in [16]), has shown that the extreme points of the positive part of the unit
ball in a w*-algebra are projectors and in particular belong to the unit sphere

X1 = 1. (14)

In this paper the subspaces we need to consider do not contain any operators that
belong to W.. thus we only need to take into account the conditions Eqgs. 3 and 5. The
set W is also a convex set and is generated by its extreme points, ext{ W, }, which is
the set of projectors in W. A functional is positive on W if and only if it is positive on
ext{W,}, while the supremum of the values of linear functionals defined on convex
sets only occur at extreme points of the set, thus one has only to consider the values
of the functionals on the projectors ext { W} in order to ascertain whether they satisfy
both conditions Eqgs. 5 and 3. The necessary and sufficient conditions for the exis-
tence of a state that extends a linear functional defined on a subspace W can thus be
expressed in terms of values of the functional on the set of projectors, ext {W_,}, as

1> f(X)>0, VX eext{W,}. (15)

In the context of the N-Representability Problem for electrons the relevant w*-algebra
is the Fermion Fock algebra and the subspace is the one formed by one and two electron
operators. In this paper the form of all the projectors in this subspace are character-
ized and the lower limits in Eq. 15 are shown to correspond to the well known [17]
necessary P, Q and G conditions. The upper limits in Eq. 15 correspond to the Krein,
Segal and Kadison theorems, that in conjunction with the lower limits, make the con-
ditions necessary and sufficient for ensemble representability and we describe them
as generalized P, Q and G conditions. In addition in order for a linear functional to
be N-Representable it must also be dispersion free on the electron number operator
and its values on the space of one particle operators expressed in a specific manner in
terms of its values on the space of two particle operators.

In the following we discuss and examine the preceding ideas first reviewing, in
Sect. 2, some mathematical concepts and notation that are utilized in the subsequent
sections then in Sect. 3 the expansion and contraction maps, which are adjoints of
each other, are considered in the context of Fock space [14,18], which leads to the
definition of Reduced Density Operators (RDO’s). In Sect. 4 we utilize the fact that
the Fock algebra is a concrete realization of a w*-algebra and show that RDO’s cor-
respond to Reduced States (RS’s) that are positive functionals defined on self adjoint
subspaces of a w*-algebra that can be extended to states of the algebra. This shows
that the representability problems can be formulated as finding the conditions that
positive linear functionals defined on subspaces must satisfy in order to be extended
to states. Kadisons theorem is then used to show that necessary and sufficient exten-
sion conditions can be expressed in terms of values of the functionals on projectors
contained in the subspace. In Sect. 5 the form of all projectors that can be expressed
as linear combinations of one and two electron operators is found. In Sect. 6 we dis-
play that the conditions found from Kadisons Theorem lead to generalizations of the
known necessary P, Q and G conditions for representability and can be expressed in
terms of matrix elements of first and second order reduced density matrices. In Sect. 7
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we discuss the condition that must be satisfied to make the functionals and reduced
density matrices ensemble N-representable, which leads to the list of necessary and
sufficient ensemble N-representability conditions given in Sect. 8 and we conclude
with a discussion in Sect. 9.

2 Mathematical essentials

In the following the dimension of all spaces are considered to be finite and can be
thought of as approximations to the infinite dimensional case, which must be used to
obtain the exact solutions of quantum mechanical equations. However notation that
is appropriate for the infinite dimensional case will be used even though it becomes
redundant in the finite dimensional case.

2.1 Fermion Fock space

We consider the Fermi Fock space, H z, based on the one electron Hilbert space H!,
defined by the direct sum

Hr= P H" (16)
0<N<r
of the N-electron Hilbert spaces
N
HY = \H' (17)

where A denotes antisymmetric tensor product and H? = {1 |¢)| A € C}, and |¢) is
the vacuum state. The inner product in the Hilbert space H r is defined as

(W[D)r= D (Uy|dy)pn = D (W[Pyn®)yn (18)
0<N<r 0<N=r

where Py~ is the orthogonal projector onto HN and (- |- )1~ is the inner product

in this Hilbert space. (Notational note: If the domain of (- |- )y~ is obvious from the
context the subscript “H"* will not be explicitly shown).

2.2 Fermion fock algebra

The fermion Fock algebra, F, is the space of bounded operators (“Appendix A”) acting
inHrie.

F=BMHr). (19)
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This space can be generated by polynomials

X= Z Z le»--jpkl-»-kpaj‘l .. -aj‘PakQ NS (20)

0<P,Q=r 1<ji<--<jp<r
I<ky<--<kg=<r

of second quantized operators, {a” 1<j< r} , which are defined by their action
on the vacuum vector |¢) by

alg)=le;), 1<j<r @1

where { |g0 ])| 1<j< r} is a complete orthonormal basis of the one-electron space
! and satisfy the anti-commutation relationships given by

af.a] =ajax+aa] =85 1= jk=r 22)
J L J

The fermion Fock algebra can be decomposed as a vector space direct sum
F =FDFo (23)
of a electron conserving subalgebra F, and a electron non conserving subspace of

operators Fo. The subalgebra F, can be further decomposed as a direct sum of sub-
spaces

Fo= P BHrN. (24)
0<N=r
where
BMHr)y = Z lem]'NklmkNaj’-l .. .aj:NakN oAy (25)

I<ji<-<jN=r
1<ki<--<ky=<r

or as a direct sum of subalgebras

Fo= @ B(nY), (26)

0<N<r

where B (HN ) is the space of bounded operators acting in 7" . The subspace Fy can
be decomposed as the vector space direct sum

Fo= P BHFWNwM 27)
O<N#M<r
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where

BMHF)N.m = D Xk @ @ Gk - a, (28)

I<ji<-<jN=r
I<ky<-<kpy<r

or as the vector space direct sum

Fo= @ B(HY.HY), (29)

O<N#M<r
where B (K", HM) is the vector space of bounded linear maps from the Hilbert space
HN to the Hilbert space H™ . The decompositions Egs. 24 and 27 express the fermion
Fock algebra in second quantized form as polynomials of second quantized opera-

tors, while the decompositions Eqs. 26 and 29 express it in first quantized form as
expansions of the ket-bras

{‘(pjl...(ijHgok,...(pkMHl§j] << jN=nl<ki<---<ky=<r;

OSN,Msr] (30)

2.3 Operator inner product

The Fock space trace operation is defined as

Tr{X} = Z Z ("IJleij |X‘~I/leij), €1V

O<N=rl<ji<-<jn=r
where { Wy, jy|1<ji < - <jy<r;0<N <r} are complete orthonormal
bases for HY,0 < N < r. One can use this trace operation to define the space

of trace class operators B () that have finite trace for all bases and the space of
Hilbert Schmidt operators B (H ) that form a Hilbert space with inner product

(X|Y) =Tr{XTY}. (32)

In finite dimensions, i.e. r < o0, there is no distinction between these spaces of

operators i.e. B(Hr) = By (HF) =By (HF).

3 Expansion and contraction maps

The expansion and contraction maps relate the first and second quantization
formulation of quantum mechanics and are defined by the following:
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3.1 Contraction map

Employing the work of [18] one can define a non singular generalized contraction
map

L:Bi(HF) — Bi (HF) (33)

T T
Z (ak]...alwajM...aj1

rl<ji<--<ju<r
1<ki<--<ky=<r

V) lon - ei) o o] 39

[}
A
=
X
)

3.2 Expansion map
The expansion map
I':BMHr) = BMHFx) (35)

is adjoint to the contraction map, i.e. ' = L7, with respect to inner product (- |-) and
is defined by

T X)) =(XILY)) VY eBi(Hr). (36)

One can show (“Appendix B.2.17) that I is actually the second quantization map

a;fl ...aj.NakP coiapy, =T (|<,0j1 -~-§0jM)(<Pk1 Pk

), 37

which can be expressed in terms of exterior multiplication by the identity operator in
F as

r (’(pjl ""/)J'M)<‘pk1 "‘(pkND = |(le "‘(ij)((pkl Oy | A T (38)

The expansion and contraction maps transform naturally between the first and
second quantization direct sum decompositions of F i.e.

r: @ B(HN’HM) — @ BME)N.m (39)
O0<N,M<r 0<N,M<r
and
L: P BHAvu— P B (HN, HM). (40)
0<N,M=<r 0<N,M<r
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3.3 Reduced density operators

The Pth order reduced density operator associated with a state D € Sz can be defined
by using the contraction map L as

DPZPHPL(D)PHPZ

z T T
(akl .. .akpajl .. .ajp

1<ji<--<jp<r
1<k <--<kp=<r

DYlgi - wislons x| @D

and in particular the SORDO is given by

Dy = PypL (D) Pypp = Z (azl a,lajlajz D) |(pj1 (pjz)(tpkl<pk2| .42

I<ji<j=r
1<ki<kr<r

If D is a state describing a system of N electrons then

D = D" = PynDPy

and the above construction corresponds to the normalization
N
Tt (Ds) = (2) (44)

4 Extensions of positive functionals

The Fermion Fock algebra is a concrete realization of a w*-algebra [9] (that contains
an identity element), which is a c¢*-algebra that also has the property of being a dual
space of another Banach space, in this case B (H ) is the dual space of By (Hr) i.e.
Bi (Hr)*. The important property of w*-algebras vis-a-vis c*-algebras is that they are
the closure of their idempotents, which in the case of F are the orthogonal projectors
onto subspaces of H r.

4.1 States

A state on a w*-algebra is a bounded positive linear function, f, such that f (1) =1,
where [ is the identity element of the algebra, it is called a normal state if it can be iden-
tified with an element of the predual of the algebra otherwise it is an abnormal state.
In this paper only normal states belonging to the predual By (H ) of B (H ) are con-
sidered. In the Fermion Fock algebra normal states are in one to one correspondence
with normalized density operators i.e.

fX)=Tr{XDs}: DyeSr. 45)
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The convex set, Sz, of density operators in F is given by
SF={DID e By (HF): D= 0;TrD =1}, (46)

whose elements could describe any type of physical state i.e. electron conserving or
non conserving, ensemble or pure etc.

4.2 Partial states

A partial state is a positive linear functional defined on a self adjoint subspace, W,
of a w*-algebrathat contains the identity / and is a restriction of a state. It can be
shown [19,10] that the necessary and sufficient condition for a positive linear func-
tional defined on such a subspace )V to be a partial state and thus extended to a state
is

sup f(X) <1 (47)
I1>X>0
XeW

and

)i(t;fl f(X)=>1. (48)
Xew

The identity element /7; of B (H ) can be expanded as

Iy = D Pun. (49)
0<N<r

where Py,v are the orthogonal projectors onto HN,0 < N < r and in particular

Py = |¢) (@] is the projector onto the vacuum state. Thus the condition Eq. 48 only
effects operators that are non zero on the vacuum state.

4.3 Reduced states

A reduced state is a postive linear functional defined on a self adjoint subspace of a
w*-algebra that does not contain the identity and is a restriction of a state. The nec-
essary and sufficient condition [12] for a linear functional defined on such a subspace
W to be a reduced state and thus be extended to a state is

1> f(X)>0, VXeB L W), (50)

where 51 (W) is the positive part of the unit ball of B (H ) contained in W given
by

B W) = (XIX e W. 12X =0} = XX e Wy, [Xllggp = 1} 1)
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and

inf X) > 1, 52
XeQI(?+(W)f( ) > (52)

where 20, (W) is the positive part of the unit annulus of 5 (H ) contained in W
given by

Wp V) = {XIX €W, X > I} = {XIX e We IXllggep < 1}, (53)

An extension of an important theorem of Kadison [15] applied to self adjoint
subspaces of w*-algebra shows that the positive extension condition Eq. 51 can be
expressed in terms of projectors belonging Y, an observation thatis crucial in deriving
necessary and sufficient conditions for representability (Sect. 5).

In order to obtain representability conditions for SORDO’s the appropriate subspace
to consider in B (H ) is the subspace formed by one and two electron conserving
operators

A= P BHzp)p, (54)
1<P=<2

as reduced states defined on A, correspond to SORDO’s through

.
b= Z f (ajla;fzabakl) @i el oroa | (55)
I<ji<ja=r
1<ki<ky<r
where
f (a;a;zakﬂkl) = (azlazzajzajl ‘ D) (56)
and FORDOQO’s through
Di= > f (a;akl) i) lon (57)
I<ji=r
I<ki=r
where
T _ oo
f (“h“kl) = (aklau ‘ D)- (58)

In B (HF) the condition Eq. 53 only effects operators that are non zero on the
vacuum state thus does not constrain any operators belonging to A, and one can just
concentrate on the conditions given by Eq. 51.
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5 Projectors

As we are searching for necessary and sufficient conditions for extending positive
linear functionals the condition Eq. 5 needs only to be checked on extreme points
of the positive portion of the unit ball B (A2), which are projection operators [15].
One should note that these conditions will be representability conditions and that fur-
ther constraints need to considered (Sect. 8) to obtain N-representability conditions.
Projectors in B (H r) are postive idempotent operators, P, with norm equal to one i.e.

P=>0
PP=P
1Pl ] =1 (59)
BHp) = SUP Y579, [ = -
( F) |\I/)€H]: (lIJl\IJ)
We first characterize the projectors in B (H ), , then B (Hr), and finally A».
Projectors in B(H )1
Every positive operator in B () can be expressed as (“Appendix B”)
= > hpaar= . Biblb. f=0.1<1<r, (60)
1<j,k<r 1<i<r
where
b; = Z ulja;, I1<i<r 61)
l<j=r
and the coefficients {ul j} form a r x r unitary matrix i.e.
U'U =UU" =1,. (62)
In “Appendix A” we show that the idempotency condition
2
> Bbibi| =D Bbjbi (63)
1<i<r 1<i<r
together with the norm condition
> by =1 (64)
1<i<r B(Hz)
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can only be satisfied by positive operators where
B=0,1<l#k=<r (65)
for some fixed k. Thus all projectors belonging to B (H ), are of the form
=b'b, (66)

where b' creates a normalized General Spin Orbital (GSO)

Projectors in B(H )2

Every positive operator in B (H ), can be expressed as (“Appendix B”)

Ja= D ojumdaiana =Y. Big e ﬂz>01<l<(2), (67)

1<j<k<r 1<i<
I<l<m<r (2)

where the geminal creator is
T_ P r
g = 2, wpaja, 1=1= (2) (68)
1<j<k<r

r

and the coefficients {uljk‘ l<i=<().1<j<k=r}forma (3 x (5 unitary
matrix i.e.

U'U =UU" =1y (69)
In “Appendix B we show that the idempotency condition

2

> sgla| = D Aglu (70)

1=1=(3) 1=1=(3)

together with the norm condition

> Bl =1 (71)
1=1=(3) B(Hr)

can only be satisfied by positive operators where

ﬁz=0,1§l7ﬁk§(;) (72)
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for some fixed k and the rank of the kth geminal must be one. Thus in order that a two
electron operator A, be a projection operator it must be of the form

ro=a'bba, (73)

where a” and b" create normalized orthogonal GSO’s.

Projectors in Ay
5.1 Projections from two hole operators

By considering the positivity, idempotency and normalization relationship for two
hole operators

¥ r
m= > M jkim@jaal,a = > vk, i =0,1<1< (2) (74)
I<j<k<r 1=<I<(})
1<l<m=<r

where the geminal annihilator is

-
= iraiag, 1 <1 < 75
8l Z uyjkajag, 1 <1 < (2) (75)

1<j<k<r

and the coefficients {uyjx|1 <1< (5),1<j <k <r} form a (}) x (}) unitary
matrix i.e.

U;Uz = UzU; = ]I(;), (76)

one can carry out the same analysis as in Sect. 5 and obtain (“Appendix B”) that in
order that the two hole operator 7, be a projection operator it must be of the form

n = baa'b’, (77)

where a and b annihilate normalized orthogonal GSO’s. The projection operator 1,
does not belong to B (H r), but by using the canonical anticommutation relationships
Eq. 22 one can observe that

n =baa'b’ = Iy, —a'a—b'b+a"b'ba (78)
and thus
a'a+b'b—a'b'ba = I, — m, (79)
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which shows that
=da'a+b'b—a'bba (80)

is a projection operator that belongs to A».

5.2 Projections from products of one electron operators
By considering the positivity, idempotency and normalization relationships for

products A1} of one electron operators of the form Eq. 60 one can determine
(“Appendix B”) that these products are projection operators when

M, = atbbla = ata — a'bTba. (81)

One can prove (“Appendix B”) that there are no other projection operators of the
form

A= Z M;'ka;ak + Z )\ijlma;azamal (82)
1<j.k<r 1<j<k<r
I<l<m=<r
other than
a'a,a’b’ba,a’a —a'b'ba,a’a +bb —a'bba. (83)

6 Generalized P, Q and G conditions

The necessary P, Q and G conditions for representability of a (5) x (5) hermitian
matrices were quickly discovered [17]. These conditions can be expressed in terms
of the basic variables of the ground state energy optimization problem formed by
the complex matrix elements { D2}, j,k,| 1 < j1 < o <r, 1 < ki <k <r} of the
matrix D;. In the notation of this paper they are:

6.1 P-Condition

A potential Second Order Reduced Density Matrix (SORDM) matrix D, given by

ot )
Daji jokiky = (aklak2ajlaj2 D) = Dakika ji jo (84)

is semi definite i.e.

D, > 0. (85)
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6.2 Q-Condition

The matrix Q given by

T T N
Q)i jokiky = (aklajlakzah D) = Okikoji jo (86)

is semi definite i.e.

Q=0. (87)
If one invokes the pure N condition (Sect. 8) this condition becomes a necessary
N -representability condition and the Q matrix can be expressed in terms of the matrix
D, as

1
Qjijskiky = m Z Dajpinii8 ik, = D2jy jokikr- (88)

1<i<r

6.3 G-Condition

The matrix G, given by

t a
Gjijpkiky = (ajlajzaklalq D) = G2kikoji jo (89)

is semi definite i.e.
G=>0. (90)

Again if one invokes the pure N condition (Sect. 8) this condition becomes a necessary
N-representability condition and the G matrix can be expressed in terms of the matrix
D, as

1

w-1 > AD2pikidjiks + DajitkatSjoki } = Dajijpkiks- O

I<i<r

G jijokiky =

The following generalized P, Q and G conditions, produced by examining the values
of the functional f on projectors belonging to A2, in combination with the one electron
conditions

1> f (b""b) > 0Vb, (92)

are Necessary and Sufficient for the existence of positive extensions of bounded linear
functionals

fihy—C (93)
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to a state of B (H ) and are based on the theorems of Krien [10], Segal [12] and
Kadison [15].

6.4 Generalized P-Condition
A linear functional f can be extended to a state if
1> (a*bfba) > 0Va, b, (94)

where |a) and |b) are normalized orthogonal GSO’s belonging to H' and a” and b
are the creators of those GSO’s. As

Daavar = f (a'b'ba) 95)
this is a necessary condition for ensemble representability.
6.5 Generalized Q-Condition
A linear functional f can be extended to a state if
1> f (a*a - aTbTba) > 0Va, b, (96)
which gives
1 > Diaa — D2abab = 0Va, b, o7

where the diagonal elements of a possible First Order Reduced Density Matrix
(FORDM) are defined as

Diwa=f (aTa) ) (98)

Again this is a necessary condition for ensemble representability.

6.6 Generalized G-Condition
A linear functional f can be extended to a state if

1> f (a"‘ a+b'h— a"'iﬂ'ba) > 0Va, b, (99)
which gives
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1 > Diga — D1pp — Daapapr = 0Va, b (100)

and also a necessary condition for ensemble representability.

7 Electron and pair number conditions

In order to obtain N-representable extensions one must constrain the functional f to
be dispersion free on the number operator i.e.

f (N?) = f (M2, (101)
where
Ni= > aj.aj. (102)
l<j=<r

One can show (“Appendix B.2.17) that Eq. 101 is equivalent to
fWND) =N (103)

and

N
fN2) = (2) (104)
for some fixed N, where the pair operator N> is defined as

No= > aj.a,jaka,. (105)

1<j<k<r

If f is dispersion free on the number operator the values of f on B (Hr); must be
related to its values on B (H ), by

f (a;ak) =(N=-1"'f (a;Nlak) =N-1"" Z f (a;a;alak), (106)

1<i<r

thus if the functional is only defined on B (), one can define allowable extensions
to B (Hx), by Eq. 106.
In terms of matrix elements the definition Eq. 106 becomes

Dijp=(N—-1">" Dyju (107)

1<i<r

and one can see that if the value of the functional on the pair operator is set by Eq. 104
then the electron number condition Eq. 103 is automatically ensured.
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8 N-Representability conditions

The representability conditions in Sect. 6 can be complimented and modified by the
conditions in Sect. 7 to form ensemble Necessary and Sufficient N-representability
conditions which are:

1.  Normalization

N
> Dok = (2) (108)

I<j<k<r

2.  Generalized P-Condition

1 > Dyapap > 0Va, b (109)
3. Generalized Q-Condition
1= (N =1"">" Dystar — Daaap > 0Va, b (110)
I<i<r

4. Generalized G-Condition

1= (N =D > {Dagia + Dapini} — Daavap = 0¥a, b (111)

1<i<r

The conditions Eqs. 108,109,111 and the lower bound in Eq. 110 have been discovered
in the study of the Diagonal Representability Problem [20-24]. However, these con-
ditions were not caste in terms of bounds on the extremal values of a linear functional
on the intersection of the unit ball of the Fermion Fock algebra with the subspace
A,. Expressing the bounds in this context allows one to utilize general extension
theorems from functional analysis to determine necessary and sufficient conditions
for a linear functional to be a reduced state if all the projectors in this intersection are
characterized. The theorems in “Appendix B” characterize all these projections.

9 Discussion

In this paper we have described how the N-Representability problem entails find-
ing the conditions that linear functionals belonging to the dual space, B (H.r)3 , of
bounded linear functionals defined on the subspace of second quantized two electron
operators, B (H ), , contained in the Fock algebra, F, need to satisfy in order to be
extended to N-electron states and thus be reduced N-electron states i.e. restrictions
of N-electron states.

As this algebra is a w*-algebra the theorems of Krein, Segal and Kadison were
utilized to show that the positive extension conditions could be expressed in terms
of the values of the restricted linear functionals on projectors contained in the sub-
space A, generated by the one and two electron operators, i.e. on the extreme points,

@ Springer



474 J Math Chem (2012) 50:455-491

ext {Ap4}, of the cone of positive operators belonging to this space, which have to
belong to the interval [0, 1]. These conditions are generalizations of the known P, Q
and G conditions, which are given by the lower bound of this interval. In addition the
condition that these functionals be restrictions of N-electron states entails that they
must be dispersion free on the number operator, A}, and that their values on the one
electron subspace B (H r); be determined by their values on the two electron subspace
B (HF)s.

We also described how the functionals belonging to 5 (H )5 correspond to oper-
ators belonging B (HZ) that act in 7> and obtained their matrix representations in
a natural way using the generalized contraction map. This map is the adjoint of the
generalized expansion map which we display is the second quantization map. This cor-
respondence shows that the N-electron ground state of the system can be determined
by a constrained variation of the linear functional that corresponds to the reduced
Hamiltonian, over operators belonging to 3 ('Hz) subject to the normalization and
generalized P, Q and G constraints, which are all linear. This problem can be expressed
in terms of matrix elements of operators belonging B (Hz) produced by decomposable
bases of HZ2, however in order to be sufficient conditions the matrix elements must
satisfy them in all decomposable bases, i.e. the conditions on the matrices produced
by these elements must be conserved under the under the action of the representations,
Ry (U (H')), of the one electron unitary group U (H') on H2. These observations
can also be used to obtain to a more constrained form of the Semi Definite Program-
ming (SDP) method successfully used by Mazziotti [25].

In a future work this variational problem will be expressed in terms of functions
defined on the group manifold of U (Hl) and shown to lead to a classical Linear
Programming problem that is amenable to sequential approximations, that are all
N-Representable.

Appendix
A Operator Spaces

In the following the Fock space H # will be considered as the underlying Hilbert space
on which the operators are defined and a few basic properties will be listed.

A.1 Finite rank operators

An operator X is a finite rank operator acting H r if

X= > o)yl (A1)

1<j<m<oo
where {®;|1 < j <m}and {W;|1 < j < m} are orthonormal sets in H . The set

of finite rank operators is denoted By () and is not closed if H # is infinite dimen-
sional.
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A.2 Bounded operators

The operator norm (also called the uniform norm) is defined as

1
(@ xTxo))? IX D[l

IXI5Hz = sup — = sup [—F] (A2)

(er) |®)eH (@) 1oyeHr | 1 Pllw,

(where [||l7¢, is the norm in H ), and the space of bounded operators acting on the
Hilbert space Hr as

BHz) = {X [IX 5, < 0} (A3)

If one restricts attention to self adjoint operators X = X then it can be shown that

IXlson = su HMH (A4)
B = e, | (@l o)

and thus for positive operators, X > 0

IX1| By =  sup (AS)

|®)eH

I<q>|xq>>]
(@] @) |

The space B (H ) is closed in the operator norm topology.

A.3 Compact operators

The space of compact operators, C (H r) , is the closed space produced by taking the
closure of the set of finite rank operators with respect to the operator norm topology
i.e. any compact operator can be expressed as

X=m11—>moo Z Olj|q>j)(‘-lfj s (A6)
I<j<m
in the sense that
dim X = > oy |0;) (W] =0. (A7)
I=jsm B(Hz)
A.4 Trace class operators
The trace class norm is defined as
3
IX|l, = Tr [ (XTX) ] (A8)
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and the space of trace class operators acting on the Hilbert space H . as
Bi (Hr) ={X X} <oo}. (A9)

The space B; (HF) is closed with respect to the ||||; norm, while the closure with
respect to the [|[| g3y norm produces C (Hr) .

A.5 Hilbert—Schmidt operators

The Hilbert—Schmidt norm is defined as
1X1lp = (Tr(x"x))? (A10)
and the space of Hilbert—Schmidt operators acting on the Hilbert space Hr as
By (Hr) ={X X, < o0} (AL1)

The space B, (Hr) is closed with respect to the ||||, norm, while the closure with
respect to ||[|5(3,-) norm produces C (Hx) .

A.6 Relationship between the spaces

The relationship between the spaces is
BHr)2C(HF) 2 By (HF) 2 Bi (Hr) 2 Bo (HF). (A12)

The closure of By (Hr) (and thus of C (Hr), Bz (Hr) and B (Hx)) with respect
to the strong operator topology is B (H ) , where these limits can be defined as

X =s-lim X, & lim [[(X — Xp) Plly, =0 V|P) € Hr, (A13)
m— 00 m— 00
in contrast to the uniform operator topology limits that are given by

X = lim X, & lm [(X =Xy, =0
m—00 m—00

1

_ T _ 2
= lim sup (<(D|(X Xm) (X X’")q))) ) (Al14)

m=>00 | gy M f (D| D)

If the dimension of H £ is finite all of these spaces are identical and closed in all of
the preceding norms and topologies.
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B Projectors
A general element of A> can be expanded as
A= z Aljkaj-ak + Z )\zjklma;aZamal B1)
1<j,k<r 1<j<k<r
1<i<m<r
and the condition that it is a projector i.e. idempotent is that
A= A2, (B2)
which implies
A=2" and A>0. (B3)
In a c¢*-algebra
|x"x| = nxp? (B4)
The idempotency condition Eq. B2 implies that
22 =1 (BS)
and the c*-norm property Eq. B4
[22] = 12 (B6)
gives
A1 = 1A (B7)
and thus
Al = 1. (BS)
B.1 One electron case
We first consider the case Ap = 0 then
A =A2 (B9)
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and noting that A1 must be self adjoint and positive one has

A=r= > )Lljkaj-akz > ujlﬁlﬁkla;akZ > Bibjb. (B10)

1<j,k<o0 1<j.k<r
1<i<r

where

1>f=201<j<r

P i
b= 2. ajuj

I<j<r
b 19) = W)
vlu, = uUf =1,

1<i<r

(Blla)
(B11b)

(Bllc)
(B11d)

where U; is the matrix composed of the matrix elements {u jk|1 <j k< r}.

The condition Eq. B9 becomes

D Bbjbi= D" Bibibi+2 D BuBnbjbibbi,

I<i<r 1<i<r 1<l <bh<r

which can be rewritten as

S B =PYbbi=2 > puBub] b) bb,.

I<l<r I<li<bz=r

(B12)

(B13)

This equality must be true on all vectors in H £ in particular on | ) € H 1<k <,

ie.

S AB A= BYbbilv) =2 D BuBub) bbb, 1) .

1<i<r I<li<b<r

which gives

IBK(l_ﬂK)|wK>:Os <k <=<r

i.e.

Be=0orB, =1, 1<k<r
One can see that 8, = 1 for only one value of x € {1, ..., r}, forlet {ny, ...
asubsetof {1,...,r}and

M= D blb,

I<v=k=r
oyefl,..., r}
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then

)\.% = Z bj;bo' + Z b;b;,bg/ba =i = Z b;ba (B18)
}

thus

> biblbebs =0, (B19)

which is only possible if ' = 1. Thus if A is a projector it must be of the form

A =b'b. (B20)
B.2 Two electron case
We consider the case A; = 0 then
2
A2 =15 (B21)
and
o - o
A=Ay = Z A2ji jokiky @ j, G j, Oky Oy = Z Ujy ol itk ky@ j, @ j, Aky Ok
I=ji<jo=r I=ji<ja=r
1<ki<ky<r 1<ky <k <r
1=1=()
= Z Big; &, (B22)

1=i=(3)

where the matrix that diagonalizes the matrix

M={ jpkk|lSji<p<rl<ki <k <r} (B23)
is unitary i.e.
UlU, = LU = Iy, (B24)
so that
Bi-- 0
M=U| -  |UL (B25)
0B
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The geminal creators {g;‘ 1<l< (;)}, geminal coefficients { g/, ;,| 1<j1 < jo=<r}
and the geminal coefficient matrices G; have the properties

o o1
& = Z 844, = 5 Z glj'ha;la;z; (B26a)
I<ji<j=r 1<j1,j2=r
Gijijo = 8ljrjo = —8ljnj1 = Wji jol (B26b)
+ r
g lo)=lg); 1=<1= (2) (B26¢)
r
(g |gn)=8nn; 1<l < (2) (B26d)
Tr {GZ Gzz} =20 1=<h,h< (;) (B26¢)
G =-G; 1<I< (;) (B26f)

The values of the ;s in Eq. B22 are restricted by

lzﬁzzo;lflf(;) (B27)

as the projection of A, on H? is given by

Prpha Prp = Z Bilen (gl (B28)
)

where A is the second quantization of Pyp2Ap Py ie.

A =T (PrpiaPyp), (B29)

thus
A >0= PpphioPyp >0 (B30)

and
A — PrphoPyp > 0, (B31)

as [|[A2]| = 1 (X, is a projector) the eigenvalues of Pyp2Ao Pyp2 € [0, 1].
B.2.1 Two electron operator idempotency condition

Lemma 1 If 1, is a projector then Ay = Y. ﬁlg;gl, where By = 1 or 0.
1=1=(3)
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Proof Using the expansion Eq. B22 of the operator A, the idempotency condition
Eq. B21 becomes

> Bgla= D Bubnssngsn (B32)

1=<1=(3) 1<l1,1=(3)

and one must compare the left hand side of Eq. B32 to the right hand side. In order to
do this one needs to bring the RHS of Eq. B32 to normal form by sequentially using
the canonical anti commutation relationships. The first step produces

Z ﬂllﬂlzg;]ghg[;glz

1<l <(3)

= D Bubn {g;-l [81.,822]812 + 81, 81,8 glz}' (B33)
1<l =(3)

which can be developed by noting that

111 o I
[811 s glz] = Z 2 81y j1 j28hkiky [aJZajl > aklakz]
L<ji,jo<r
I<ki,ko<r

! - P

=77 D 8ujip8hkik [aklakz,ajzaj]], (B34)
1<ji,p=r
1<ki,ko=r

and (“Appendix B.2.1”)

ToT T
[aklakg’ ajzajl] = Inz08j0ki S jiky — IH 8 joky O ik, + akzajzajlkl
t i i
=y, aj8jiky — Ay, A8 joky + @ @i ok, (B35)

to give

t 1 .
[gll s glz] = _Z Z 811 j1j28lok1kz {IH]?(SjZk] 5j1k2 - IH]:‘szkz‘sjlkl
1<ji.ja=r
1<k, ka<r

TS TS oS oS
U, @jp8jiky — Ay A58k, — Ay, @i 8 joky + dkla]15]2k2} )

1
) Z 8l 128k j1j2
I<ji,ja=r
1 _ _ _ _ s
2 Z {glljjzglzjkz_glljjzglzkzj_glljzjglzjkz +gllj2jg12k2j}ak2ajza
1<j.ja=r
I<ky<r

(B36)
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and after using g/jx = —gik;j

[gzl’gfz]=5zlzz+ D Bnjisnikaa; =dun — >, (GZGlz) aa;.

1<jk<r 1<jo.ka<r ik

(B37)
The idempotency condition then becomes
Z g g1 = z /311.312&’;1 gllg;;glz
1=i=(3) 1=l1.b=(5)
+ + i
= Z 1611 /312 gl’l 8l|12 - Z (Gl'l GIZ) Pk akzajz
1<l1,b<(}) 1<ja.ko<r 725

x "o B38
8, + 8,8,,818 | » (B38)

which simplifies to

Z g & = z Bl g

1=l=(5) 1=l=()

g it tot
- > ms| > (GGe) o 8Ok @812 + 8, 81,81 81

2

1<l1,Lb=(3) 1<jp.kr=<r
2 7 T 7ot
= Z Brg & — Z BB Z (G,lez) 1 S L 8L
1<1<() 1<l.h<(}) I<jphasr 2
- Z .Bllﬂlzg;]glzgllglz‘ (B39)

1=h.b=(})

The operator equality in Eq. B39 must be true on all vectors thus in particular

Z .318;81 lgp) = z ﬁzzg;gl |gp) = By (By—1) =0;

1<i<(%) 1=1=(3)
l<p< (;) (B40)
leading to
Ay = Z g;,;gau; oy # 0oy unlessv =/, (B41)

I=v=k=(y)

ovellm())

where « is the number of non zero f8's. O
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Lemma 2 If L is a projector then h» = g' g, where g7 creates a normalized geminal.

Proof As ), is a projection operator its eigenvalues are 1 or 0 and as [, N1] = O its
eigenvectors can be chosen to simultaneously diagonalize the number operator V.

In the finite dimensional case, i.e. r < 00, the subspace H" is one dimensional and
is spanned by a single normalized r-fold antisymmetrized product, |¢; ... ¢;) , formed
from any orthonormal basis, {(pj| 1<j< r} of H1, i.e.

up to a phase factor | ,

o1 1) o 9), (B42)
where {¢;|1 < j <r}and {gz);
Thus any vector in H” is an eigenvector of A,, as Ay : H" — H'.

Any geminal creator ng can be expressed in canonical form as [26,27]

1<j< r} are arbitrary orthonormal bases of 7!.

sl = D ajajafi; cjz01<j<s, (B43)

I<j<s

where

> =1 (B44)

1<j<s

and the canonical general spin orbitals of |g;) = g;f |¢) are produced by

af; 1) = |gr;). (B45)
Hence
g 8= Z Clelka;rja;jJrSalk-i-xalk (B46)
1<j,k<s

and A, can be expanded (noting that By = 1 or 0, 1 <[ < (3)) as

(P10 hap1 ...y = > ﬂz<¢11-~-<ﬂ1r g;gl<ﬂ11~--<ﬂ1r> (B47)

1=1=(3)
= > ,Blcljclk<§0ll-~‘/’lr a;a;+sazk+s01k¢11.--¢lr> (B48)
1<j,k<s
1=1=(3)
= > Bi= D B (B49)
I<j<s 1<i<(}
S0 G
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The vector |7 ... ¢,) is an eigenvector of Ay with eigenvalue 1 (as A; is a projector)
thus

> A= (B50)
1=1=(3)
asfy=1or0, 1 <Il< (;) only one f; can be non zero and A = g'g. O

Thus one can prove the following theorem:

Theorem 3 1, € B (’H F)o IS a projector if only if it can be expressed in the form
2 = a'bTba, where a' and b' create normalized orthogonal vectors in HL.

Proof Using the two preceding lemmas one has that if A is a two electron projector
rm=g'g
and thus
23 =2g"es's. (B51)
Using the canonical expansion of the geminal one can expand Eq. B51 as
7ot 7T
g'eg’s = Z )i A oes a}é Ay AjaQjays€j1€JaCj3C s (B52)
1<j1.j2.J3.Ja=s

and bring Eq. B52 to normal form by observing that

. Tt
AjpQjres @3y,

=0jj3.,0

T
iz inesis = Sjaiabinesiaes — aj3+saj23j2+sj3
f Ty 8. .
t+a j3a]28]2+513+s tajg, ajy, 8jpjs —a j3a]2+x Sjrjsss T @ jga Jags Firts A
- g 4,
=—18jj; + ajga]28]2]3 + ahanS]m + a” Jags Fios Ao (B53)

and obtaining

. it i i
g'gg’s z ajla}lh. <_5j2j3 tajapbpjtaj a8

1<j1.j2. 3. ja<s
+a]3a]3+caj2+saj2) X AjsljaysCj1€jCJ3C fa

= H @ @isCin s 18115
= A4, LjarsDjaCirCla 118112

1<j1,ja<s
oot T . T T . o .
+ § Cpajaj Np\a,apta;, dj+s)ajdj, Cj
1<j1.j2,ja<s
3 Pttt
+ A A A, Aoy @pajalayCji€jpCj5C s (B54)

L<j1,j2.J3:ja<s
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where n; = a;a ;- The difference between )L% and A; can then be expressed as

2 — oloole — oo — T T T . Cai cs
oL=8888-88= cjpaja;, njp\a;dp +a;, aj+ts)djdj,Cj
1<j1.j2.Jass

+ Z aT aT aT aJf

1%105 %7383 Bas D2 D jaQjars C1CJ2CJ3C s (B55)
1<j1.j2,j3.ja<s

and one can note that

E=g'gg'g—5'g=0
¢

Pyym B Pyym = OVm. (B56)

Thus in particular

T T T
Ol D caa, (“jz“fz + “jz+sajz+s) ajyljay iy W) =0
1<j1.j2.ja<s
VO, U e H. (B57)
Letting
D) = |¥) = |@j@)+s0k) (B58)

one obtains

0= <¢j¢j+s§0k >
1=j1.j2.Ja=s

1<j1.j2.ja<s

at gt A4 4 T ) s 0o
Cjr@j @z Mg \@j,Qjy T a5 4 Ajpps | AjgQjg, CjgaPjPj+s Pk

0 L
€j1€jaM o {(%%HW ‘ajlaj1+5aj2a12al4aj4+x(pj(pJ‘H(pk>

FoEot
+ <¢j<ﬂj+swk \a_,la ias s @ints@jaQa s 0jPj+s Pk >} =njng (1 =8k = 8(j4s)k) -

(B59)
Thus
njng =0 j#k;1<j<s,1<k=<2s, (B60)
ie.
nny=niny3=---=ning =0
nony = nony = -+ = npng = 0, (B61)
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where

|k|=[k ifk <s (B62)

k—s ifk>s "
One can then see from Eq. B61 that all but one of the occupation numbers must be

zero and the one that isn’t must equal one, thus the rank of the geminal creator g'
must be 1. O

Mixed case
The general case concerns projectors of the form
A=A+ A, (B63)
which is handled by considering:
Q projectors
Using the particle-hole transformation

7

a'—a (B64)

of the Fock algebra and the preceding lemmas and theorem one can see that all
projectors formed from two electron hole operators must be of the form

ATA, (B65)
where
A=ba’, (B66)
i.e.
ATA = abb'a’, (B67)

which is a projector as

2 . . "
(abbTa*) = abbTaabbtat = abb’ (1 - aaT) bbtat

= abb'bbta’ — abbtaa’bbta’ = ab (1 — bbT) bat = abbia’.
(B68)

Noting that

abb'a’ = Iy, —a'a—b'b+a'b'ba = Iy, — A, (B69)
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where
A=da'a+b'b—a"b'ba (B70)
one has
Iy — A = (I, — A)° = I, — 20 + A2, (B71)
which shows that
A% = A, (B72)
i.e.
A=da'a+b'b—a"b'ba (B73)

are projectors that belong to B (Hrx); & B (Hr), and lead to the generalized Q-
Conditions.

G projectors

The generalized G-Condition is based on the product
ATA, (B74)
where
A=b'a, (B75)
ie.

ATA=a'bbTa =a’ (IHf — bTa) a=a'a—a'b'ha = Ng — Nghp
=na (1= np). (B76)

The operator a’a — a"b'ba is a projector as

na (1= np)ng (1 —np) = ng (1 —np)* = ng (1 = 2np + np) = ng (1 — np)
(B77)

and

a'a—a'bha € A,. (B78)
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Two electron commutation relationships

The commutator
[azlazz, ajzajl] (C1)

is evaluated by bringing a,a Ba;l a]T.2 to normal form as
ajzaj,aglazz =aj, (Sj,k, — aglajl) a,l = ajzaZZSj]kl — ajzazlaj, azz

= (‘szkz - al;rzajz) 8jiky — ((szkl - azl ajz) (SjlkZ - alizajl)

= 8jpky )ik — aZzaj28jlkl —8jk 01k, + QZI ajdjik, + a}izajl 8 joky
_azl aj aZZ aj

= 8jpkabjiky = 8 joky O jiky — azzaj28jlkl + aljlajzsjlkz + azzajl 8 joky
_aZl (8j2k2 — aZzajz) aj,

= 8jpkabjiky — 8 joky O jiky — a£2a128./1k1 + alil ajdjik, + “Zzajl 8 joky
_azl aj8jk, + azl aZQajzajl (C2)

giving

ot . . . . oS,
Ajdj dy Ay, = I8 ka8 ik — I8k 8 ik, — ak2‘112611k1
T T Il T
+ay a8k, + ag, a8k — A A 8joky + ay, ay,ajyajy s
(C3)

and thus
Taf — . . . ) oS o s
[aklakz’ ajzajl] = Inz8jk 0 jiky — THE8 oy 8jiky + akza]23]|k1 - aklajz‘sj]kz
i i
— a4y, @i S joky + Ay a8 ok, (4
Second quantization map

By considering the restrictions of a; to HV, i.e. a; Py v, for0 < N < oo one obtains

al =le)) gl + > > leiwi 0@ i

1<N<oo l<ji<--<jy<00

= Z Z |¢j¢j|'--¢jN)<‘pj1"'¢jN|

0<N<oo l<ji<-<jy<00
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= ’(ﬂj)<¢| A Z Z |¢j| '--‘ij)<‘pj1 "'(ij|

0<N=<oo l<ji<<jy=<o00

= o) @l A D Py =) (@l A Iy, (D1)

0<N<o0

thus one can define the second quantization map I"
r-—-* (D2)
from the Fock algebra to itself by

T (|g)(8l) =al = ;) (@] A Inr- (D3)

Thus annihilators can be expressed in an analogous fashion by

aj =¢)(ej|+ > > en-eileiei ol

1<N<oo 1<ji<--<jy<00

= Z Z 051 - oineiwin - win] - (D4)

0<N<oo 1< jj << jy <00
and
aj =T (1o} {e;]) = 16) {0;] A Byt

In a similar fashion

a[T]am1 =T (|§0[1)(§0m1 |)

= D lenen el - viv] on o) @mon - ony|

0<N,M <00
1<) < jy =00
1<kj<--<kpy <oco

= z z |(p11§0j1 . --‘PjN)(<Pm]§0j1 . '-(ij| = |§011)<(pml| A IH]:'

I<N<oo 1<ji<--<jy=<00

(D5)
and

a;-] a;;amza,nl =T (|<P11<Plz)((ﬂm1‘pmz|)

= z |(pl1§012§0j1 (p]/v)<(p]1 "'¢j1v|(pk1 ---ﬁokM)((Pm]ﬁszQDkl e Phyy

0<N,M<o0
I=ji<-<jy=00
1<ki<-<kpy<oo

= > D enen®i - 0in) [@m @m0y

I<N<oo 1<ji<--<jy=<00

= |01, 0 ) (@, @ma | A Iy - (D6)

@ Springer



490 J Math Chem (2012) 50:455-491

One should note that in general
AT (B) #T' (AAB) #T (AB), (D7)

so I' is not an algebraic map.

States of a fixed number of electrons

Theorem 4 A state f is a N electron state iff f (N1) = N and f (N3) = (];/) ie.
M) =Nand f(N2) = (5) & f(MND)?) = f WD* = N?

Proof In the following we use the operator identity (M)2 = N1 +2MN,.
If

N
f(N1)=Nandf(Nz)=(2) (ED)
then
IN(N-1) 5
fN+2M) = f (AF) =N+ = = N = O @)
thus f is a pure N-electron state. The only if part is trivial as f (N7)? = N2 clearly
implies that f (A7) = N and f (N2) = (5). O
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