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Abstract: In this paper, we investigate the maximum number of electrons that can be bound to a
system of nuclei modelled by Hartree-Fock theory. We consider both the Restricted and Unrestricted
Hartree-Fock models. We are taking a non-existence approach (necessary but not sufficient), in
other words we are finding an upper bound on the maximum number of electrons. In giving a
detailed account of the proof of Lieb’s bound [Theorem 1, Phys. Rev. A 29 (1984), 3018] for the
Hartree-Fock models we establish several new auxiliary results, furthermore we propose a condition
that, if satisfied, will give an improved upper bound on the maximum number of electrons within
the Restricted Hartree-Fock model. For two-electron atoms we show that the latter condition holds.

Keywords: ionization; anions; Hartree-Fock theory

MSC: 81V45 (35]10 81Q10)

1. Introduction

Quantum chemistry, the application of quantum mechanics to chemical systems, is
used to understand stability, reactivity, and chemical/physical processes at the molecular
level by solving the Schrodinger equation (SE). However, the full many-body Schrodinger
equation is in general not solvable, and so the goal has been to develop approximate solu-
tions of the many-body SE by developing models capable of explaining experimental data
whilst being solved within a reasonable time frame. Two important classes of model are
wave-function based models founded on Hartree-Fock (HF) theory and Density Functional
Theory (DFT) models.

In Hartree-Fock theory, the N-electron wave function from the Schrodinger equation is
approximated by an anti-symmetrized product of N single-electron wave functions (written
as a Slater determinant) and the two-electron repulsion operator in the Hamiltonian is
replaced by an effective one-electron operator which takes a mean field approach to
electron-electron repulsion. Fermi electron correlation is accounted for in Hartree-Fock
theory but the Coulomb correlation is missing. Various increasingly sophisticated methods
of including the correlated motion of electrons are built upon the HF model, using the HF
wavefunction as a reference function either in a perturbation treatment or to systematically
select excited state determinants to include in a correlated wave function.

The premise of the second class of models, the DFT models, is to set the Schrodinger
equation in terms of electron density, thereby essentially simplifying an N variable problem
down to one variable. Although DFT is exact in principle the functional connecting the
electron density with the ground state energy remains elusive. Kohn and Sham [1] were
able to provide a practical way forward by writing equations analogous to the conventional
Hartree-Fock equations. The Kohn-Sham equations use the expression for the HF kinetic
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energy to obtain the exact KE of the non-interacting reference system with the same density
as the real interacting system. They were able to show that despite working with an
orbital model and a single determinant wavefunction for a model system of non-interacting
electrons they were still able to incorporate electron correlation. However, the exchange
correlation (XC) functional that appears in Kohn-Sham DFT is unknown, and must be
chosen in some way. Indeed, choosing a good “guess” for the XC functional is one of the
key challenges of DFT.

Thus, HF theory is the bedrock of modern quantum chemistry, and a good under-
standing of electron correlation, defined as the difference between the exact non-relativistic
energy and the HF energy [2], is invaluable for the design and assessment of new models.
For these reasons, it is important to understand the interaction of electrons within the HF
model, in particular within anions, as it is known that electron correlation plays a crucial
role in their stability.

However, even for the simplest two-electron system, the hydride ion, there remains
unanswered questions regarding its stability at the Hartree-Fock level of theory, and this
is the motivation for this paper. A recent review by the authors [3] detailed existing
numerical /computational and theoretical works on the bound state stability of the hydride
ion, where the term bound state refers to the existence of a discrete eigenvalue below the
lowest continuum threshold. Numerical calculations and mathematical proofs agree that
the many-body, non-relativistic, time-independent Schrédinger equation for the hydride
ion supports a single bound state. However, no such result has been reported for the
Hartree-Fock hydride ion.

For the HF model, Lieb and Simon in [4] showed that if

Z >N, (1)

a ground state (i.e., a minimizer for the HF energy functional) exists. However for the H™
case, where Z = 1 and N = 2, this does not help. In [5] Lions gave a new proof of existence,
and, furthermore, he showed that the N components of the ground state (the minimizing
orbitals) correspond to eigenfunctions associated with the lowest N eigenvalues of the
so-called Fock operator; recall that the Euler-Lagrange equations corresponding to the
HF model are called HF equations and they can be formulated by means of a mean-field
operator, the Fock operator. However, Lions too did not improve on the bound Z > N.
Hantsch in [6] showed, for Restricted Hartree-Fock (RHF) theory, that minimizers exist for
Z > N — 1, which in particular shows that a minimizer exists for the hydride atom H™ for
RHF theory. However, unlike Lieb and Simon, and Lions, Hantsch did not show that the
minimizing orbitals are eigenfunctions associated with the N lowest eigenvalues of the
Fock operator.

The fundamental question “How many electrons can a nucleus bind?” was first
addressed rigorously by Ruskai [7] and Sigal [8]. Mathematically, the question amounts to
finding the maximal number Npax of electrons such that for an atomic system with a static
nucleus of charge Z > 0 modelled by the atomic Schrodinger operator Hy(Z), the ground
state energy En(Z) = infspec (Hy(Z)) remains below the essential spectrum of Hy (Z).
Experimental and numerical evidence [9,10] suggests that

Npax < Z +2 ()

for all Z associated with the elements of nature but this “ionization conjecture” has not
yet been established; however for the specific case of the atomic RHF model, Theorem 2
below establishes the criteria for it to hold. Zhislin [11] derived a lower bound of the form
Nmax > Z. Ruskai [7,12] and Sigal [8] showed an upper bound for Nmax, specifically for
fermions, Ruskai achieved

Niax < CZ°72. 3)
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This quite generous bound was improved on in Lieb’s 1984 paper [13]. In this paper,
Lieb shows that for a general molecule with K nuclei and total charge Z,

Nmax <2Z 4+ K. 4)

For the hydrogen nucleus, Z = 1 and K = 1, this indicates that H™ is the only stable
hydride ion. However, for larger Z, Lieb’s result is still not as strong as one could wish.
Nam [14] improved Lieb’s bound for larger Z, namely

Niax < 1.22Z +3271/3. (5)
For the HF model, Solovej [15] proved that
Nmax < Z + Q (6)

Both Nam'’s bound and Solovej’s bound, however still fall short of the expected ioniza-
tion conjecture; although Solovej managed to obtain the factor 1 in front of Z, the constant
Q was not provided (or estimated).

In the present work, we return to the bound provided by Lieb [13] on the maximum
negative ionization (4). This is a necessary condition for non-existence but it is not sufficient
to guarantee the existence of a bound state for systems that do satisfy (4). Thus, although the
hydride ion satisfies (4), and in the case of the many-body SE the bound state stability
of H™ has been rigorously proven [16], in the case of HF theory a bound state is not
excluded but also not proven to exist. In [13] the primary focus was on the many-body
case but Lieb provided a tantalising outline of how to extend his result to the unrestricted
Hartree-Fock method. Within HF theory there are three main models—general Hartree-
Fock (GHF) where the basis spin orbitals may be mixtures of functions having « and
spins, unrestricted Hartree-Fock (UHF) where each spin orbital is a product spin orbital of a
spatial wavefunction and a spin function (« or ), and restricted Hartree-Fock (RHF) where
for a closed-shell system each spatial wave function holds two electrons, one of a spin and
the other of B spin. In conventional quantum chemistry methods, Slater determinants are
comprised of product spin orbitals and the spatial functions are taken to be real.

In this paper, the mathematical proof of the Lieb criterion is extended to explicitly con-
sider product spin orbitals with real basis functions within the restricted and unrestricted
HF formalisms to mirror the details used in conventional HF numerical calculations. It is
shown that (4) holds for all these HF scenarios, and a stronger condition for atoms within
RHEF is presented.

This paper is structured as follows—we start by presenting the main results and
several auxiliary results in Sections 2 and 3. Sections 4 and 5 define the quantum system
and the HF models. As applications of the auxiliary results, we provide the proof of
Theorem 1 for these Hartree-Fock methods in Sections 6-8, firstly for the atomic RHF case,
then for the molecular RHF case, and finally for the molecular UHF case. The proof of
Theorem 2 is given in Section 9 and the proofs of the auxiliary results are provided in the
Appendix A.

2. Results

In [13] Lieb claims that the repulsion term is given by

1

SN(N - 1)/

R3N

R= PP = 2o THp(a) ! + 9(x) TANX, @)
where X = x1,...,xy is on R3V, x; denotes the R® coordinates of the ith electron, ¥ is the
full wave funtion, and ¢(-) is a positive function. However, here we start with R being
equal to
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- (! 2¢(x1) Yy g(x)™t sy
R = QNW—l MMJZ/W R
N,
2 4) +4)() o 21..B 2
+gg foo foo PR gt (o Pyl ) Py, ®

where ¢ is the spin coordinate, N, and Np are the number of spin up and spin down
electrons, respectively, and x, y are the coordinates of an electron of spin & or 8 respectively.

While (7) turns out to be true, we found that it is non-trivial, especially when one
considers the molecular UHF case. In this paper, we fill in the details of Lieb’s proof outline,
and in particular we need the following key new result:

Lemma 1. Consider the UHF model with Ny terms of spin + and Ng terms of spin —. Let
o = {oy,...,0n} be chosen so that the spin terms of the corresponding single-particle wave
functions will be non-trivial.

Let us assume that ¢, corresponds to a positive spin single wave function and ¢, will corre-
spondingly be a negative spin single wave function. Then,

[ WGP, xp) dX

_ _ Na
DLy [ e 0wy, ©

11]1

Using this lemma, we are able to give a detailed proof of Lieb’s theorem (see Theorem 1
of [13]):

Theorem 1. Suppose we are using either the molecular Restricted Hartree-Fock model or the
molecular Unrestricted Hartree-Fock model. Let N be the number of electrons in the system, Z the
total charge of the system, and K the number of positively charged (fixed) particles. If the system is
stable, it must satisfy

N <2Z+K. (10)

In particular for the atomic case, we shall have K = 1 and thus the result becomes

N <2Z+1. (11)

By imposing an additional assumption on our wave functions, we can achieve the
desired bound (2):

Theorem 2. For the atomic Restricted Hartree-Fock theory, let N be the number of electrons in the
system and Z the charge of the nucleus. Suppose that the single particle wave functions satisfy

P
Y RETIOICIVIONE 12)
i ()ui (<) () ()
+3;]Z;/ /Rs|x| x—;c’| 2= 2 dxdx
_ |”]( )|
2121121//]1@ _| dxdx' > 0,

where p = N /2, u; are the single particle wave function, and multiplying (12) by 2 corresponds to
T +3K — U, where T, K and U are defined in Equations (54) to (59). Then

N<Z+2. (13)
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The physical interpretation of (12) is unclear but, interestingly, for p = 1 (i.e., for two
electrons) it holds; see Remark 1 for details. Whether it holds for p > 1 is under investiga-
tion. We also note that this is a non-existence theorem (necessary but not sufficient) in the
same way as Theorem 1 of [13] is, and so although the hydride ion satisfies Equation (13)
it does not guarantee that the system holds a bound state (and all numerical calculations
indicate it does not [3]).

3. Auxiliary Results

For our proofs of the main theorem, we will need to find a way to write the Coulomb
parts in terms of the wave function. This is our motivation for Lemma 2, which lets us write
the weighted integral of the wave function in terms of single particle wave functions. As a
corollary to Lemma 2, we have Corollary 2, which considers the wave function summed
over all possible spins. To the best of our knowledge these results are new. We provide the
lengthy proofs in the Appendix A.

Lemma 2. Let N be the number of electrons and let F : R3 x R3 — R be a smooth function. Also
let 0 = {01,...,0Nn} be chosen so that the spin term of the corresponding single-particle wave
functions will be non-trivial. If  is a stable solution for the RHF model, then there exists an N
depending only on N so that

N/ (X, o) [2F(x1, x2)dX

= T [ Lm0 00P - 20 0e0)nwm ) ddy. 09

1<i<j<p

Similarly, if  is a stable solution for the UHF model, then there exists Ny and Ny (depending
only on N) so that

[ 190X P E G 2200
N T o fo e (01 RI0R ~ FER800 FW )axdy 9

1<i<j<Ng

wfe B[ Few (P @ PR - of el e )] ) ) dndy.

l<z<]<Nﬁ

We also have the following result.

Corollary 1. Let N be the number of electrons, and let F : R® x R3 — R be a smooth function.
1. Ifis a stable solution for the RHF model, then

) / (X, 0)[2F(x1,x0) dX

oeSN

— 25 o L Fen (10000 R - e e e ) dy. - (16)

p( - l<1<j<p
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2. If ¢ is a stable solution for the UHF model with Ny, positive spin electrons and Ng negative
spin electrons, then

1

<2N(N—1 NaNﬁ) L [ 6(X,0)E(xy,22) ax

geSN

=3 [ L F (1000 0~ 0 A ) sty @
1<]

SR ) (IRl W = o e 510f 0F ) ) .

i<j

However, these results are not quite sufficient for proving the molecular UHF case,
for which we will need Lemma 1 (see Section 2) and its Corollary 2; achieved by summing
over the spin terms.

Corollary 2. Consider the UHF model with Ny terms of spin + and Ng terms of spin —. Let us
assume that p < Ny and q > Ny, so ¢p will be a positive spin single wave function and ¢, will
correspondingly be a negative spin single wave function. Then,

y / P(X,0)[F(xp, x,) dX

ceSN

1 ek B2
= dxd 18
NKNM”/RS (5, )18 (x) P1f ()2 dx dy. (18)

The above lemmas, Lemma 1 and their corollaries will be proven in the Appendix A,
together with the following lemma, which is a modification of Lemma 1 of [13]:

Lemma 3. For a function f defined on R3 so that f(x;)$(X) € L?(R3N) with x; € R3 for any
i=1,...,N, we have

R X)|? ydx > ! X)? " fx; 2 19
e [ 1900 LSty 23| [ 1900 X /) 19)
1 4
=5 [ PO L £,

i=1
As usual, Re means the real part of a number.

4. Preliminaries

We consider the N-electron quantum system described by the Schrodinger Hamiltonian

1

_— (20
|x; — xj] )

N N
— ZA,‘-F EV(JCZ') +
i=1 i=1

1<i<j<N

where for 1 <i < N, we have x; € R® ,and X = (x1,...,xy) € R3N. By A;, we mean
3 82
= Z 872, (21)
=1 9%

with x; ; € R being the jth element of x; € R3. The potential is given by

K
Zs
— E . 22
s=1 |x_RS| ( )
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The potential describes K positively charged static nuclei with charges Z; € R at
positions Rs € R3, fors € {1,...,K}. Related to this we define the total charge of the
system to be

K
=Y Z. (23)
s=1

We will be considering Hartree-Fock theory with spin, so this Hamiltonian will act on
wave functions ¢ € Lé,\, (R3N) that can be written in the form

1
P(x1,01,...,XN,0N) = Wi detu;(x;j,07), (24)

where (x1,...,xNn) € R3N, Correspondingly, we write o = (0y,...,0N) € SN where
S = {4+, —}. We have that L%N is the space of L? functions on R3N that also have N spin
terms. We have that u; € H' (R3; C?); here we retain the use of the complex conjugate but
the analysis applies to complex valued or real-valued u;. For our particular models,

(i) = 1 [ uiCe, o, 0)dx = 8, (25)

oES

where §; ; is the usual Kronecker delta. Functions that take the form in (24) are known
as Slater determinants, the u; are known as single-particle wave functions. One of the
main features is that wave functions ¥ of this form are anti-symmetric, and hence |y|? will
be symmetric.

The fully correlated ground state energy is given by

Ey= inf }_ WX,V Hy (X)0(X,0)dX = inf (¥, Hyo), ”
|lllﬂ?lgesN/]1g3N¢( o)Hy(X)$(X, o) qu;ﬂl:lw NY) (26)
where
HIPHZ Z R3N X (T) dX (27)
oeSN

and we minimize over ¢ € LEN that are of the form given in Equation (24).
As in [17] we shall also define the single-particle density corresponding to a wave
function ¢ by

2
=N Y /3N ), (x,01,%2,02,...,xN,0Nn)|dx2 . .. dxy

ceSN
_NE/SN1 (X, 0)[2dX;, i > 2. (28)

oeSN
The second line introduces the short-hand notation, X := (xq,...,xy) and

dX; =dxy,...dx;_1dx;;1...dxy. Note also that we are summing over all the possible ¢.
For functions that are Slater determinants, we can write the density as

N
x) = Z Z lui(x,0) % (29)
o i=1

For our work we shall, as in Lieb and Simon [4], write the system in (26) as N coupled
Euler-Lagrange equations. Fori € {1,..., N}, we have

hui = €;U;, (30)
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where €; are the Lagrange multipliers, and the single-particle operator & is given by

(hw)(x) = —Aw(x) + V(x)w(x) + Uy(x)w(x) — (Kyw) (x), (31)

where V is given in (22) and

= XY [ vl o)y, @)
cesSN j=1
(Kyw)(x) = ), ZM L =yl My, o)y, o)dy. (33)
geSN j=

We call (—A) the kinetic energy term, V the nucleus-electron term, Uy the direct
(Coulomb) term, and Ky the exchange term. With a slight abuse of notation, we write the
single-particle operator  as

h=T+V+U-K (34)

Depending on whether we are using the Restricted Hartree-Fock model or the Unre-
stricted Hartree-Fock model, these terms will look different.

5. Restricted Hartree-Fock and Unrestricted Hartree-Fock

In the Restricted Hartree-Fock (RHF) model, we only consider systems with an even
number of electrons, in particular we have p pairs of electrons, so N = 2p. In this model,
each pair shares the spatial wave function, but has the opposite spin. In other words,
the Slater determinant is made of p pairs of wave functions of the form

{pi(x)a(c), ¢i(x)B(0) h1<i<p, (35)
where we define
a(0) = {1' o=t (36)
0, o=-—
and
M@={? T 37)
, 0= —

and we require that

ui(x, ui(x, )dx = 6, (38)
gXe:s-/RSu (x,0)uj(x,0)dx j
where
e, i<p, o
y3:9) {@_p(x)ﬁ(a), i>». )

If we choose 7, j < p, the Kronecker delta condition implies that

= [ # T (x)o(+)dx
+ [ 9@y (x)o(-)ax
= [ 0 e(x)dx. (40)

For the Unrestricted Hartree-Fock (UHF) model, the single-particle wave functions
are of the form

(¢, ok f, . 0k BY @)



Atoms 2021, 9, 13

9 of 29

where the integers N, + Ng = N. In particular, we can note that the Restricted Hartree-
Fock model is a special case of the Unrestricted Hartree-Fock model, where N, = p = N, 8/

and for all i we have ¢f = (])iﬁ .

As in the case of the Restricted Hartree-Fock, considering the Kronecker delta condi-
tion for the Unrestricted Hartree-Fock case for the positive spin terms will give fori,j < N,
that

o= [ 9 (), )

and for the negative spin case it will be

o= [ 9l ()] (x)dx @)

fori,j < N/g.

The outline of our argument is as follows. We multiply the Euler-Lagrange equations
with the spacial wave function u; and a weight function w, we integrate over the R? space
and the spin space, then finally sum over the N spacial wave functions. In other words, we
will have

y 2/ %) (hug) (%) dx. (44)
cesSi=1

Let us focus on the terms that come from the Direct Coulomb operator, which relates
to Uy, and the Exchange operator, which relates to Ky. The term involving the Direct
Coulomb term is given by

y ):/ w () i (x,0) PUy(x, 0) dx

cesSi=1

LY [ el Y T [ el ) Py

ceSi=1 j=1c0’€S

—zzzzﬁ@W

ceSo'eSi=1j=1

y‘\uz(x o) luj(y, o) | dydx. (45)

Recalling that a(—) = 0 = B(+), we have for the UHF case that

rryy [ e

ceSo’eSi=1j=1 ¥ |x ]/|
Nz Na

=0 [ Lo e gt Pl )P 46

i=1j=1

P [ L g Pigf) P
R3JR3 [x —y|' " j \Yray

i=1j=1

| (x, ) [P (y, ") [Pdydx

N N,

R0 o Lo 0 ) Pl o) Pet

i=1j=1
Np Np

Ll /3 /]R3 m|4’f(x)|2|4’f(y)|2dydx.

i=1j=1
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If we consider the special case of the RHF model, we immediately see that each term
on the right-hand side of (46) is the same, and we have

Y 2/ wu;Uypudx = 42 2/3 /]R3 m|¢(x)|2|¢(y)|2dydx_ (47)

ceSi=1 i=1j=1

We next consider the term involving the Exchange operator. We have for the UHF that

Y Z/ Wi Kyuidx = ) Z/ w(x)u;(x,0) (Kyu;) (x, 0)dx

resSi=1 resSi=1
N
= l ,0’
LY [ w0
N
(Z:ZW&@/ 2 =yl uj(y, 0 u WWMOM
o’'eS j=1
W) (e
-z %121]21 Lo o e (e 0,0 i) ). (49
Because a(+)a(—) = 0, it follows that the non-zero terms will have ¢ = ¢’. Hence,
for the UHF model we have
N,x N
;Sﬂl/ ks =3 ) Lo S ) G ()0 (I i
Np Np s
+IZ;]X31/ [ - ‘ebl( X)0f (1)9F (x)gf ()dydx.  (49)

For the special case of RHEF, the term involving the Exchange operator becomes

w(x) —— —
Y [ wuiKpdx =2 Yy L. L. x(_)|4>i(x>¢z~(y)¢j<x>¢j(y)dydx. (50)
reSi=1 i=1j=1 R Yy
6. Proof of Theorem 1 for the Atomic RHF Model
We first prove Theorem 1 for the atomic RHF model. Hence we have that

Vix)= -2

. 51
] (51)

We start with Equation (30). We multiply both sides by |x|u;(x) # 0, we integrate
over R3 and sum over spin, then we sum over N. This gives us

ZZ/ |x|u;(x, 0)hui(x,0) 2261/ |x||ui(x, ) [*dx := E. (52)
i=1lc€es
As shown in [17], each €; < 0, and hence E in (52) is non-positive. The left-hand side
of (52) is

ZZ/ |x|ui(x,0) xadx—l—ZZ/ xX)|x||u;(x, o) [Pdx

reSi=1 ceSi=1
+ZZ/ Uy (x, o) |x || x0|2dx—22/ |x|u; (x, o) Ky (i (x, 0) ) dx
resSi=1 ceSi=1

=T+V+U-K (53)
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We shall now write these out as terms of the RHF model. The term involving the

kinetic energy operator becomes

T—2 f:l /RB [ (x) (= A (x) ).
i=
Since
Re (|x[f, =Af) >0
for all f € H'(R®) as shown in [13], it follows that
T>0.
For the potential term, we use the density in Equations (28) and (29) to write

V=Y Z/ x) x| | (x, o) [Pdx

ceSi=1

=~ [, 2(x :—ZNZ/ (X, 0)2dX = —ZN.

The term expressed via the direct Coulomb operator is

=Yy Z/ Uy (x, &) x| (x, o) [Pdx
ceSi=1
IM]( )

422/ /R3 - dxdx’.

i=1j=1

The term involving the exchange operator is

(N («)
ZZZ/S/RS = ;/| =2 dxdy’.

i=1j=1

Since T is positive, we have

IO e e 1~ 1y~ o
0>T+V+U—- 2V+U—K:V+§U+§(U—2K).

For the %lNI term, we use symmetry and the triangle inequality to write

x| +
/R?)/H@ ||)l |y| )| |Ll]( /)‘2ddel

>
/ |2dx2/ |uj(x N2dx’ = p?.

g
e

] M‘c ] M‘u

Y

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)
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For the U — 2K term, we use Yizj =2)i<jtoget

Iu]( E
u-2K 422}3 L dxdx
i=1j=1 Ra - ‘
1 () ()i () (x!
_422//‘)(' 1()1()](/)]( )dxdx'
i=1j=1 3 JR3 |X*X|
2 /N2
= xX) |7 (x
=L oo 2 (1Pl )
- ui(x)ui(x’)uj(x)uj(x’))dxdx’. (62)
We use (16) with
|x|
F(x,y) = (63)
P =yl
to write
~2R=8p(p —1}3/ Pl gx
|x1 — x2|
+ |22
_ 4 _ / 2|X1| ax
2]0 P Z 7) |x1 — x2]
+ [x2]
fl / ZL dX. 64
Dy ol (64)
By the triangle inequality, we have
Pl + el o (65)
|1 — xa
and thus N N
U—2K>2p(p—1). (66)
So, if we have a stable solution, it follows that
- 1~ 1/~ -
0>v+§u+§@LQ@
> —2pZ+p*+p(p—1). (67)
In other words,
27 +1>2p, (68)
that is,
N <27 +1. (69)

7. Proof of Theorem 1 for the Molecular RHF Model
Before we start the proof, we introduce some notation. The potential will now be
given by
K
V(x) ==Y ZJx— Ry (70)
s=1

and we will multiply by a weight function 1/w(x), defined so that

K
= Z‘Z/IS‘X—RS|71. (71)
s=1
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We also define

7= [ = Rl o), 72)
where we recall
=NL Loy $C0)Paxs, (73)
and hence
/Rsp(x)dx = N. (74)

We can now begin the proof for the molecular RHF model. N
As before, the term involving the kinetic energy operator is nonnegative, thatis, T > 0.
The term expressed via the potential term will be of the form

V= ) Z/ x)w(lx)dx

ceSi=1
= Z/ w(x) dx
oeS
1
—_Yy 7 N/ WX, 0)P|x1 — Ry| ™! X
; Sg;s Pl =Rl w(xy)
= - ZZS'Ys- (75)

Following the arguments of the atomic case, we have that the term involving the direct
Coulomb energy minus twice the term expressed via the exchange energy is given by

— p(p— Z/w |2w Y(x) + wfl(xz)dx‘ (76)

lx1 — x2]

However, |ip(xy,...,x,)[? is symmetric with respect to x; and x; for i # j. We also
recall that for the ordered sum } ;< j<, there are p(p —1)/2 terms. Therefore, we have that

0 —28 = 2p(p— 1) Z/ )R- )t x)

oeSN X1 — x2
w‘l(xi) +w 1 (x;)

]
-1 ¥ Z/ Ee dX. (77)

1<i<j<p geSN

We can write
Yog) +w (x) = (w(x)w(x)) " (w(x;) + w(x)))
(w(

w™(
K
= ;ﬂs w(g) 2 = Rol) ™ (w(x))|xj = Rsl) " (Jxi = Rs + [ = ). (78)

We use this and |x; — xj| < |x; — Rs| + [x; — Rs]| to say
U-2K>4) Z/ p(X, )7 Zusgs i)8s (%)) dX (79)
i<joeSN

where

gs(x) = (w(x)x = Rs|)". (80)
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In particular, this means that
7= [ pE)gsdx =N [ 1p(X)Pgi(x1) dX
=2p [ 9(0Pge(x1) dX
Z/m X) g (1) 4X, 1)
where, in the last line, we use symmetry of |¢(X)|?
Using Lemma 3, with f = g; we have
Re Y [ IWXo)P ¥ gilx)gs(x)dX (82)
oesN 1§i<j§p
p
2 2
eZS;N /RW X,0)| ;gs(x - = Z /RW 1gs(xl) ax. (83)
Using this inequality we have
o K
wﬂKﬂZMSZ/‘ XUFZ&LdX
s=1 |gesn /BN
*ZZVSZ/M\, (X,0)[? ngxl )2dX
s=1  geSN
2
1 K
*EZ Z ) / (X, 0)[7gs(x;) dX
s=1 i=1geSN
K p
Z Z D / Y(X, o) psgs(x:)* dX. (84)
s=1 oceSN
By our definition of w, we have
1> M Hsgs(x). (85)
¥ = Rfw(x)

Using this and recalling the definition of y; from (81) we obtain

- 21<>1

Mx

Fs

.f

oeSN

MNH

1 i=lgesN

2
Hslys|” — Z Vs-
s=1

N =
wn
lMW i

Z/3N (X, 0)2gs(x )dX
ziZ/m (X, 0)Pgs(x;) dX
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We also have an inequality for U. Using the same methods as above, we have
~ g i () ()|
G=af 5 [ [ ut BOPOPR,
;]; 0 Jgo 1) |x =y Y
SR i (x) 1 (y)|?
2y y [ T w(y) ) o dxd
1;]; o Jes (w(x) w(y) ) x| xdy
1 -1 —1\P(*)p(y)
= 2/R?)/R?)(w(x) +w(y) ) X —y] dxdy
1 K
>3 /RS /RS ; 1s8s(x)8s(y) | (x)p(y)dxdy
&,
=5 DM (87)
s=1
Hence by (86) and (87), we have
o~ 1~ 1/~ -
0-K= Eu+§(u-21<)
1{1& 2) 1 (1 X , &
2515 UsTs | t 51 5 Hslvs|” — Vs
(s5m) 2 (5w -
1& )
=% (nsv2 =) (88)
s=1
Thus, we obtain
-~ o~ o~ 1K
V+U-K> 5275(;1575—1—225). (89)
s=1
If we have a stable solution, it follows that
0>V+U-K. (90)
Therefore, if we have a stable solution, it follows that
K
0> Z ¥s(psys — 1 —2Zs). 91)
s=1
Let us define
ds = psys/ N, (92)
Bs = (2Zs; +1)/(2Z + 1K). (93)

We notice that

/Rsp(x)w(x)w(x)*ldx =1 (94)
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We also have
DA
Bs = (2Zs+ 1)
s=1 Z2+K s=1
1
—ZZ+K(2Z+K)—1. (95)
Hence,
K K
Y0 =) Bs (96)
s=1 s

We have that d; can be written directly in terms of ys, as s depends on ps. So, suppose
that we can choose {5 }1<,<k so that fors = 1...K, we have

5s = PBs. 97)

We can do this as s is a constant based on the system. Then, we have

K K 1
Z ')’s(lls’)/ -2 2Zs) = Z Ys9s (N - F(ZZS + 1))

s=1

= Z 1565(N — (2Z + K)). (98)

Therefore, since s > 0 and Js > 0, a stable solution implies that
0> N-—(2Z+K), (99)
whence N < 2Z + K. This completes the proof for the molecular RHF model.

8. Proof of Theorem 1 for the UHF Model
For UHF model, the point is in how we split up the U — K term. For the UHF model

we have

o1 N Na w(x) +
i=y )/
25 5/mE
N,
1w+
AR
ERk L
138 N w(x
Jr22 /Ra R3 |x
i=1j=1

A w
+%ZZ/ (|i|¢l< )P219f (v) Peydz.

R3 JR3

w(y)

7||4>1 (0)2[¢f () [*dydx

w(y)

iwm x)[219f () [Pdydx

|< W) )0 ) 2198 (y) Py

w(y)

(100)
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We note that by relabelling we have
Np Nu
LY [ [ S g8 o g ) Pty
i=1j=1 |
Np Na
“1 3 [ [ S P ) Pl o) Pty
j=1i=1 |
Np Na
“L % [ L M i o) Py
j=1i=1 | /
Nﬂ AB
L% [ f R 0t Plof )Py (101)
i=1j=1
Hence,
B Na Na
0322 [ fo T g8 ) Pl ) Pyt
N, Np
L L L |‘ g2 (x)PlgP () Paya
i=1j
1 Ne Np
F30L [ f E oief ) Pay (102)
1 1j=1
For K, we have
Ny Ny
R= L1 [ fo et (00 )0} 05 )y
i=1j
Np Ng
FEL o ot |¢ﬁ< 9] ()] (009! () dydx
=17
1 & w o 113 o
=25 L [ [ g gt )67 (o )
1 Ne Np
NN Z‘Wm )9f ()9 (x)¢] (v)dydx. (103)

i=1j=1
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Thus, using Corollary 2 with F(x,y) = M, and the fact that % Zi#]- = Zi<]- we

lx—yl
have that
o
Ny Ny w
1121]21 L |( (168 OR100) = 95 ()05 (g5 )08 ) )y
1 Ne Np
SL- ) S (b @ Pl WP — g (510 (00 ()00 1) )y
1 j=1
+ i_i;]; [ [, el |x S g2 5 Plof o) Pty
w ( ) (14 (e o (19 o
- = ok SR (102 (RS ) — 08 (15 ()08 )0 o) )y
w(y)
1<1<]<N L Rf” r— (|4>ﬁ< >|2|¢f<y>|2—¢?<x>¢f(x>¢f(y)¢f(y>)dxdy
Ny Np w(
Xy L S g2 5Pl ) Pty
—GN(N—1 NaNﬁ> 2/ |2w(|;zf;"2(|x2)dx
N,X ZU
1Y niy )|4>l ()18 () Py, (104

i—1j=17/R /R |x
The next idea is that we will choose a good function w in order to get a triangle
inequality. We shall first do the atomic case, followed by the molecular case.
8.1. Atomic UHF Model

For the atomic case, we have w(x) = |x/|, and therefore

w(xy) +w(x) _ wx|+ wlx|
X1 — x| |x1 — x2]

> 1. (105)

Using the orthonormality of the single particle wave functions ¢} and 47}5 , we obtain

U-K

(ZN(N ~1) NaNﬁ)

Z/ ¥(X,0)|?dX

cesN
Ny o
B fworecl o

1
= <2N(N -1) - Nang,) + NaNp (106)
1
= EN(N —-1). (107)
Since we have V = —ZN in the atomic case, we have

O>I7+l~l—IZZ—ZN+%N(N—1), (108)
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and therefore
N <27 +1.

8.2. Molecular UHF Model

(109)

For the corresponding result in the molecular case, we define s, ys, and gs as in

Section 7. However, if we apply Corollary 2, we have that

-k
1 w(x1) + w(xa)
(2N(N1 N,XNﬁ) UEZSN/ dex
&2/ EOLL) 1 () Plgf (y) ey

i=1j=1 /R JR3 \x Y oF )11y () dydx
_ w(x1) + w(x2)
_E N-1) ¥ /3N o) |;l_x2| 2) gx.

oesN
Therefore, we can apply the triangle inequality as in Section 7 to obtain
- 1 &
u—-K> E N-1) ) / P(X,0)* Y psgs(x1)gs (x2) dX,
oesSN s=1

and we thus follow the same argument as before.

9. Proof of Theorem 2

We will now give the proof of Theorem 2.

Proof. We note that if it is true that
0> V+2(U-2K),
then the triangle inequality from (66) will imply that
0> —2pZ+2x2p(p—1),
which in turn implies

Z+2>N.

(110)

(111)

(112)

(113)

(114)

However, we note that if assumption (12) holds, then by multiplying both sides by 2

we arrive at B o
T+3K—-U>0,

and so
0>T+V+U-K= <T+3K—ﬁ) +‘7+2(U—2K)
>V z(ﬁ - 212).
But this means (112) is true, and so the result follows.

Remark 1. We remark that condition (12) holds in the case where p = 1.
Indeed, plugging p = 1 into Equations (58) and (59), we have that

B 2 N
u:4/ / |x||ul(x)| |u1/(x)| dxdxl
R3 JR3 |x — /|

(115)

(116)

(117)
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and
~ / !

K — 2/ / |x| Ml(x)ul(x )Ml(x)ul(x )dxdxl. (118)

R3 JR3 |x — x|

Therefore,
- 2 Y2

31<—uz2/ / e G GO, (119)

R? JR? |x — x|

and since T > 0, it follows that o
T+3K—-U>0. (120)

Thus we have shown that if p = 1 (i.e., for two electrons) then Equation (115) is true,
and therefore condition (12) is fulfilled. From a physical point of view, it is worth noting that for a
two-electron closed shell atom (such as helium) there is no exchange term as K arises from the Pauli
principle and there are no same spin electrons in such systems.
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Appendix A
In this appendix we give proofs of the auxiliary results in Section 3.

Proof of Lemma 2. For the RHF model, we wish to show that there exists a constant N
depending on N only, so that

N [ 19X, 0) PE(r x2) X

= ¥ L L (0Pl = aeg (0008, Fx ) dxdy. (A1)

1<i<j<N

However, we start by proving the UHF case, as the RHF model is a special case where
the single-particle wave functions coincide with each other. Hence, fori = 1,..., N the
single-particle wave functions are given by

& | < N,
ui(x,0) = {G”lﬁ(x)tx((f £< Noo (A2)
$i_n, (X)B(0) i> Ny
where N, was defined in (41). For the N-particle case, we have that
1
= Wi det(u;(xj,07)). (A3)

We write Ey for the space of permutations of length N and sgn(e) for the sign of the
permutation e € £y. We take a fixed o which we choose so that the single-particle wave
functions are nonzero. In other words, for the RHF model we have

1 <
{* J=P (A4)
- ]>7p

0’]':
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and for UHF we have
i <N,
o={ " 1= (A5)
— > N
We now expand the left-hand side of (A1).
1
/]st lp(X,0)|*F(x1, x2) dX = N /st | det(u(X,0))|[*F(x1, x2) dX
1 N ’
=i /R3N Y sgn(e) H“i(xe,-r%) F(x1,x2)dX
ecén i=1
Lo (5 s Tt )
=— sgn(e u;(xe,;, 0,
Nt Jpon ecé i=1 l
N
x (Y sgn(e) ] Juix e 0y) | F(x1,x2) dX. (A6)
ey i=1
We take the sums outside of the products and arrive at
1
N Y ) sgn(e)sgn(e /3N HHu Xe,, 0o ) Ui (X, | a/)F(xl,xz) dXx. (A7)
Teelyeely i=1j=1
Because ¢ is a permutation in £y, there exists a unique f € £y so thatfori=1,...,N
we have
ef, = Ii. (A8)

Because this f is uniquely determined, there exists a bijection between e € £y and

f € En, and hence

) Hu XeyyUe) = Y H”f Xi, 07).

ecéy i= febni=1

(A9)

We have an equivalent result for ¢’ to f’. When we also combine the products, we

have that

S [$00) PF (1 x2) dX
1

—ui & ¥ sea(fsen(s) [

N
o Fxx2) [ Tug(x 0i)up (xi,07) dX.
L felN fledy ® =1

(A10)

Next we consider the spin terms. For the UHF model, recall that spin is positive for

i < N, and negative for i > N,. So, in particular, for

ui(xfilgei)
to be nonzero, we require that
e;e€{l,..., Ny} i < Ng
e; € {Ny+1,...,N} i>N,

(A11)

(A12)

Since any zero term will make the whole product zero, we conclude that for the

UHF model,

7

feé‘N feé'Naxé'Nﬁ

(A13)
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where Ex, X €N, C €y is the set of permutations that have distinct “cycles” of length N,
and Ng. Hence we remove spin dependence and get that

/RsN [9(X,0)[*F(x1, %) dX

1
- NI 3 Y. sen(f) Sgn(f/)/R3 (x1, %2 H”f uf/ x;) dX.
feny < Eng f' €€y ¥Eng

For i > 3, we can factorise the integral over dx; out of the above, namely we have
./]RS ug, (xi,03)u g (x;, 07)dx;. (A14)

Ifuy and u f are of the same sign, then as discussed in Section 5 the Kronecker delta
condition implies that

Of,f = /R3 ug, (xi, 07 )ug (xi, 07) dx;. (A15)

However if us, and u f are of different sign types, then because the ¢; is evaluated
by both wave functions, it automatically follows that the integral in (A14) is trivial. Thus
Equation (A15) holds for all i,j < N.

Since this is HF theory, the space components of the single-particle wave functions
are still orthogonal. Since even a single zero term will cause the product to be zero, we
conclude that for i > 3, we must have fl-’ = f;, and hence

Sgn(f) Sgn(f/) /]1{3 x11x2 Huf Mf/ xz X

fe€ny xEng f€EN xEn

= ) >, sgn(f)sgn(f)

febng xEng f'€Eny xEn

X /]1{3 /R3 F(xl,xz)ufl(xl)ufl/(xl)ufz(xz)ufzf(xz)dxldxz

N .
AT [ Gy (e
= L Y ssn(f)sgn(f)

fengc XgNﬁ f,GgNa XgN,B
fI=f,i>3

X /R3 /RSF(xl/xz)”ﬁ(xl)”fl’(xl)”fz(xZ)”fz’(XZ)dxldXZ- (Al6)

At this point the sharp-eyed reader might protest that, since we assume thati > 3,
and we sum i up to N, we are implicitly assuming that N > 3. Thus, we here note that the
above result still holds for the case N = 2 because in this case f/ = f; trivially holds for
i=1,2

We have that f’ is a permutation determined by f up to two terms, because all the
other terms are accounted for. Hence we know that the first two terms of ¢’ must be taken
from {f1, fo}. If we have f{ = f; and f} = f,, then the permutation signs of f and f’ are the
same, and hence the product will be 1. Conversely if f{ = f, and f} = f;, the permutation
signs are different and their product will be —1. Hence the above becomes
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1
N Y, sgn(f)sgn(f)
" fEEN X ENy flEEN, XEN 5
fi=fii=3
~ /]Rs /RsF(xl’xz)“fl(xl)”f{(xl)ufz(xz)ufﬁ(xz)dxlde.
1

- N F(x1, dxid
N fe&\%@z\fﬁ </R3 Ly FCer )i, Cea g, (o1 g, G, (e

7‘/Rs ,/R3 F(XLXZ)WMfz(xl)Mfl (xZ)”fz(xZ)dxldx2>

N
- I\ll'f;f X(waz)!(Nﬁ)!/Rs /R3P(x1/x2)<|uf1(x1)|2|uf2(x2)|2
_ufl(xl)ufz(xl)ufl(xZ)ufz(JQ))dxlde
et Vi W Ml (BT,
<i<j<

~ P T W) ) dcy,

where in the final line we relabelled the suffixes fi and f to i and j. By the symmetry of
the notations of N, and N, we have the corresponding result

/RsN (X, 0)|2F(x1,x2) ax

e L foren (1R wp

1<1<,<Nﬁ
— Pl (x )rpf(wa(y))dxdy- (A17)
Thus for the UHF model we have
[ [90X,0) PEGr1, x2) dX
N 8 [P (10RO ~ G0 gt )T ) dy

1<i<j<N,
/S B "B B B, B~ .
N T [ (6P 0r - o o) s @19
where

~ N, —2)!(Ng)!
Ry = o (A19)
— (Ng—=2)!(N,)!
M= % (A20)

By setting Ny = Ng = p and ¢} = 4)1»5 = ¢;, we arrive at the corresponding result for
the RHF model, namely

[ 9O OPF (1, 22)d
N1<l<]<p/ / (x,y) (4’1 )19 (W) — ¢i(x)j (x) iy )<p]-(y))dxdy, (A21)
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where
- 1
N = & (A22)

This completes the proof. O

Remark A1l. We note that in the case of p pairs (with opposite spins) of electrons, that is, the RHF
model with N/g = p = N,, we arrive at

%N(N —1) /st (X, ) [2F(x1, x2)dX = U — K. (A23)

which is the result Lieb arrives at in [13]; here U and K are defined in (53).

Proof of Corollary 2, Assertion 1. We now consider the version where we sum over ¢ € SN
and we are in the RHF model.

y / P(X, 0)[PE(x1, x2)dX. (A24)

geSN

We proceed with the same analysis as in the proof of Lemma 2 up to Equation (A10),
and we arrive at

Nt YD / $(X, ) [2F(x1, x2)dX

oeSN
N
=) X X Sgn(f)sgn(f/)/3NF(xl,xz)H”f,(xirﬁi)uf;(xiﬂi)dx- (A25)
oSN fegy flebn R i=1

Let us consider which o will give a non-trivial result. Since we are considering the
RHF model, ¢ € SN will need to have p terms of positive spin and p terms of negative spin.

Let us now make another permutation transform on the f and f’, to say ¢ and ¢/,
in order that, given ¢, we have that the first p terms have positive spin, and the final p
terms have negative spin. But this is now exactly the case we have already solved for.

So, the only non-trivial spin combinations are those that have exactly N, positive spin
terms. In other words, we choose N, electrons out of N to have positive. Hence

N! (2p)!

erS:fogN N p!(N —p)! - (rH(pH (A26)

Hence, by invoking Lemma 2, we obtain

2 /RSN (X,0) \ F(x1,x2)dX

ceSN

_ (pr 1 o J——
_(p)(P N1<l<]<p/ /R3 (M)’ )|2‘¢]( )| (PZ( )4’]( )4’1(y)¢](y)>d dy,

2p)! —2)p!
— B 8 [ e (I PP

1<i<j<p

= BIHWPHT) )y,
— 2 B [ L (1@ PR - 5 0awa0) ) dxdy. (327)

P(P - l<1<]<p
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Proof of Corollary 2, Assertion 2. Given aspino € &y, X SNﬂ c SN, we have
2
/RBN (X, )] F(xl, x2)dX

e T VI By ] (TSI

1<z<]<Na

— 9 ()¢ ()] <y>¢;‘<y>) dxdy. (A28)

If o ¢ En, X €Ny, then by the (pigeonhole) argument in Corollary 2 it follows that

[ 9O OPE a1, 32)X = 0. (A29)

Hence for the UHF model, using the fact that we have N electrons and we choose N,
to have positive spin, we have

L [ EaPEe X = Y [ g o)PEwwax  (a30)

17651\] (Teé'NaxSNﬁ

- M)'g\\fl)ll\fa)' /st (X, 0)PF(x1, 22)dX

(No)!
1<z<]<N/ /]R <|4>z x) P () [ — 7 ()95 (x) 9 ()¢5 (v )>dxdy

Since we could just as well choose Ny electrons to have negative spin, choosing the
integral with the 8 terms gives us

)y /RSN (X, 0)PF(x1, x2)dX (A31)

ceéy
2(Nj —2)!
(Nﬁ)!

LE oo fren (oo Pl - of el ot g Javas

Hence, it follows that

1<1-<Zj<N [ o Fe (10 ORI 0 = FTI05 (493 (07 )y

1 Ny / /]Rs Y <|¢ﬁ %) |4’] WP = ¢f (x). )4’]( )4’f(y)<,bf(]/)>dxdy
<z<]<

i(( o %) L o #0001 x2) X

:%(er(le — 1) + Nﬁ(N/g — 1)) UGZSN /R3N |1/J(X/(T)|2F(x1,x2)dX

%((Na + Nﬁ) (Na + N/;) - 2N,XN13) Ueng /RSN |1P(X,U)|2F(x1,x2) X
ZGN(N—U —W%) L [ 9(X0)PEGr1, x2) dX. (A%2)

ceEEN
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This proves the corollary. O

Proof of Lemma 1. By the definition of ¢ and the determinant function, we have that

3 1 g
/st (X, 0) PRy, 7g) dX = < /RSN | detu(X,0)|*F(xp, x,) X
1 e
== Z Z sgn(e) sgn(e’) /3N F(xp, x4) Hui(xei,Ugi)ui(xe/_,(fe/_)dX. (A33)
Tecln el /R i=1 b
By using the bijection of e to f defined by
efi = i, (A34)
we have
1 ) N
ﬁ Z sgn(e) sgn(e ) Z /SN F(xp/ xq) Hui(xé‘i/ (Tei)ui(xefrae() ax
Teely eely R i=1 ' !
1 N
=~ L ) ssn(f) Sgn(f/)/SNF(xprxq)Hufi( i 0i) 1 (X3, 03) dX
* fely flety R i=1
1
~ LY ¥ sen(nsen(s)
" feén fleén

/]Ra F(xp, xq)us, (xp, Up)ufl_/ (xp, op)ug, (xq, Uq)ufi/ (xg,09)dxpdx,

N
H /R3”fi(xi/Ui)”ﬂ(xi/‘Ti)dxi- (A35)
i=1,i#pq

Because of our definition of ¢, to have a non trivial term we require for all f, and cor-
respondingly for f’, that

S +, when i < N, (A36)
fi —, wheni>N,

To this end, we see that such an f will belong in the subset
f S 5Na X ENﬁ C én. (A37)

We have the same result for f'.
Next, because the u; are orthonormal, we see that in order for the term

N -

H/ ug, (xi, 03)u g (x;, 07)dx; (A38)
i—1 /R '

i7#pa

to be non-trivial, we require that f] = f; for i # p, q. Moreover, because of our choice in 7,
the term will simply become

N

H /R?’ ”f,' (xi,al-)ufi/ (xi,Ui)dxi =1 (A39)
i=1
i#pa
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Hence, we arrive at

/RSN (X, 0)|2F (xp, xg) dX
:Ni L Y. sgn(f)sgn(f")

|
" fEEN, XSNﬁ, flegNa XgNﬁ
fi=¢ifori#pyg

/R3 F(xp, xq)ug, (xp,ap)uf;, (xp, op)uy, (xq,aq)ufé (xq,0q)dxpdx,. (A40)

So, the only free terms for f’ are f, and f;. If we have f, = f, (and therefore we

are forced to have f; = f;), then f’ = f, and so their permutation signs will be the same,
sgn(f) = sgn(f’), and hence

sgn(f)sgn(f') = 1. (A41)

Otherwise, we have f, = f; (and therefore we are forced to have f; = f,), and the
signs of the terms will be opposite of each other, and hence

sgn(f)sgn(f') = —1. (A42)
Therefore,

[y 19X @) By, xp) dX

1
= ﬁf gzg /R3 F(xp,xq)|ufp(xp,ap)\2|ufq(xq,aq)|2dxpdxq
T fEEN, XEN
« B

- /]R3 F(xp, xq)ug, (xp, op)ug, (xp, 0p)ug, (xq, 0q)uf, (xq, 0q)dxpdx,. (A43)

If we now add the assumption that u, and u, have different signs, we see that we
are free to choose N, — 1 positive spin terms and Nz — 1 negative spin terms. In addition,
because u, and u, are of different signs, if we give both of them the same signed spin,
the product will be zero, that is,

ug, (xq,0q)ug, (xq,04) = 0. (A44)

Since we are summing over the N, positive spin terms 1, and the Ng negative spin
terms u,, we arrive at

/R 9, 0)PE (xp, x)dX

Ne—DINg—1)! Mo Moo
= B T X [ Pl oty Pl o) ey Pt (a5)
p=1q=1"

O

Proof of Corollary 2. By the pigeonhole principle, any ¢ € SN that gives a nontrivial result
will have to have N, positive spin terms and N negative spin terms. However, this means
that given the f; in the proof of Lemma 1, we can find a g; so that

, wheni < N,
Ug[:{—i— wheni < Ny (A46)

—, wheni> N,



Atoms 2021, 9, 13 28 of 29

when we consider the number of admissible spins, it is equivalent to the number of spins
where we have N, positive spins. Thus, there are N choose N,, that is, ( I\I}i ) possible spin
combinations. Hence,

) / (X, 0)|*F(xp, xq) dX

oesSN
N\ (N — 1)!(Ng —1)! Na N
= (N) “ N 4 / xp,xq)\ufp(xp,apﬂ |uf (xq,aq)| dxpdxg
& ’ p= 1q 1
NI (Ny—1)I(Ng— 1)1 Ne N
= Ry S B lel/ (xp, xq) |, (xp, ) Pt (g, 09) 2 dxy dixg
p=1q=
1 N, Np
NKN[SprZl/W xp,xq)|ufp(xp,ap)| |ufq(xq,(7q)| dxp dxg. (A47)
This is the result we wanted. O

Proof of Lemma 3. By expanding the square, we know that

! (i_flﬂxi))z -y LS e L fft) (A
Multiplying with |(X)|? and integrating, we have
1 L
R T [ WOORSRS)ax =3 [ X (izlfm)) ix
A LR fx. (ads)

i=1

We use the Schwarz inequality to get a lower bound on the first term in (A49) :

- p
[ TP <2f<x,->> ax
: i=1
p 2
< [ JweoPax [y (2f<xi>> ax

2
oo |2<fol> : (A50)

2

Hence,
1 4 2
Re /RsN |1/J(X)|2 1§i<2j§pf(xi)f(xj)dx ZE /]1{31\/ |¢(X)‘2Z;f(xl)
1 p
2 Jran |1’D(X)|2 L f(xi)de. (A51)
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