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In this article, we consider the extended Kohn—Sham model for atoms subjected
to cylindrically symmetric external potentials. The variational approximation of
the model and the construction of appropriate discretization spaces are detailed
together with the algorithm to solve the discretized Kohn—Sham equations used
in our code. Using this code, we compute the occupied and unoccupied energy
levels of all the atoms of the first four rows of the periodic table for the reduced
Hartree—Fock (rHF) and the extended Kohn—Sham X« models. These results
allow us to test numerically the assumptions on the negative spectra of atomic rHF
and Kohn—Sham Hamiltonians used in our previous theoretical works on density
functional perturbation theory and pseudopotentials. Interestingly, we observe
accidental degeneracies between s and d shells or between p and d shells at the
Fermi level of some atoms. We also consider the case of an atom subjected to a
uniform electric field. For various magnitudes of the electric field, we compute
the response of the density of the carbon atom confined in a large ball with
Dirichlet boundary conditions, and we check that, in the limit of small electric
fields, the results agree with the ones obtained with first-order density functional
perturbation theory.

1. Introduction

Since the introduction by Dirac in 1929 of a many-body nonrelativistic quantum
Hamiltonian allowing a comprehensive description of the physical and chemical
properties of atoms and molecules [12], countless research articles and several
monographs [2; 11; 16; 17; 28; 38; 39] have been devoted to the calculation of the
ground states of atoms. Some of these works aimed at computing numerically the
atomic ground state energy of the helium atom — the simplest nontrivial case —
with spectroscopic accuracy using relativistic corrections to Dirac’s nonrelativistic
model [21]. On the other extremity of the spectrum, other works focused on proving
mathematical theorems about the asymptotic limit of the nonrelativistic [25; 33;
14] or relativistic [36] ground state energy and density of neutral atoms when the
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nuclear charge goes to infinity. The mathematical foundation of Hund’s rule, the
well known empirical recipe to fill in the occupied spin orbitals of atoms, was
elucidated in the limit of weak electronic interactions [15]. Interesting articles
containing new results on atomic electronic structures in the framework of density
functional theory have been recently published [22; 26].

This work is concerned with extended Kohn—Sham models for atoms. Recall
that extended Kohn—Sham models are (zero-temperature) Kohn—Sham models
allowing fractional occupancies of the Kohn—Sham orbitals (see [13] and references
therein). The exact extended Kohn—Sham model, that is, the extended Kohn—Sham
model with exact exchange-correlation functional, is obtained by applying Levy’s
constraint search method [23] to the mixed-state variational formulation of the
electronic ground-state problem [40]. Alternatively, the exact extended Kohn—Sham
density functional can be seen as the Legendre—Fenchel transform of the functional
mapping external potentials onto electronic ground-state energies [24]. Among
other interesting mathematical features, the exact extended Kohn—Sham model is
convex in the density, which is not the case of the standard Kohn—Sham model.

The simplest instance of extended Kohn—Sham model is the reduced Hartree—
Fock (rHF, also called Hartree) model [35]. It is obtained by setting to zero
the exchange-correlation energy functional. Although this model is too crude
to obtain accurate properties of atoms and molecules, it is extremely interesting
from a mathematical point of view, since its structure is very similar to the Kohn—
Sham models actually used in chemistry and physics, while being strictly convex
in the density. As a result, the rHF ground state density of a given molecular
system, if it exists, is unique, and shares the symmetry properties of the nuclear
distribution. In particular, the rHF density of any neutral atom is unique and
spherically symmetric. Uniqueness of the ground-state density is also key to
rigorously establish mathematical results in the thermodynamic limit for perfect
crystals [10], crystals with points defects [3], or disordered materials [4]. The rHF
model therefore is of particular interest for mathematicians. One of the motivations
of the present work is to contribute to a better understanding of the rHF model,
by carefully investigating the structures of rHF atomic ground states. We will
also consider extended Kohn—Sham LDA (local density approximation) models
[20; 29]. We will study the case of an isolated atom, as well as the case of an atom
subjected to cylindrically symmetric external potential. We notably have in mind
Stark potentials, which are potentials of the form W (r) = —€ - r generated by a
uniform electric field € # 0.

We first propose a method to accurately solve the extended Kohn—Sham problem
for cylindrically symmetric systems, using spherical coordinates and a separation
of variables. This approach is based on the fact that, for such systems, the Kohn—
Sham Hamiltonian commutes with L,, the z-component of the angular momentum
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operator, z denoting the symmetry axis of the system. We obtain in this way a
family of 2D elliptic eigenvalue problems in the r and 6 variables, indexed by the
eigenvalue m € Z of L, all these problems being coupled together through the
self-consistent density. To discretize the 2D eigenvalue problems, we use harmonic
polynomials in & (or in other words, spherical harmonics ¥, which only depend
on ) to discretize along the angular variable, and high-order finite element methods
to discretize along the radial variable r € [0, L.]. We then apply this approach to
study numerically two kinds of systems.

First, we provide accurate approximations of the extended Kohn—Sham ground
states of all the atoms of the first four rows of the periodic table. These results
allow us to test numerically the assumptions on the negative spectra of atomic
rHF and Kohn—-Sham LDA Hamiltonians that we used in previous theoretical
works on density functional perturbation theory [7] and norm-conserving semilocal
pseudopotentials [8]. We show in particular that for most atoms of the first four rows
of the periodic table, the Fermi level is negative and is not an accidentally degenerate
eigenvalue of the rHF Hamiltonian. We also observe that there seems to be no
unoccupied orbitals with negative energies. On the other hand, for some chemical
elements, the Fermi level seems to be an accidentally degenerate eigenvalue (for
example the rHF 5s and 4d states of the palladium atom seem to be degenerate).
For a few of them, this accidentally degenerate eigenvalue is so close to zero that
our calculations do not allow us to know whether it is slightly negative or equal to
zero. For instance, our simulations seem to show that the 5s and 3d states of the
iron atom seem to be degenerate at the rHF level of theory, and the numerical value
of their energy we obtain with our code is about —10~> Ha.

Second, we study an atom subjected to a uniform electric field (Stark effect).
In this case, the system has no ground state (the Kohn—Sham energy functional is
not bounded below), but density functional perturbation theory (see [7; 8] for a
mathematical analysis) can be used to compute the polarization of the electronic
cloud caused by the external electric field. The polarized electronic state is not a
steady state, but a resonant state, and the smaller the electric field, the longer its
life time. Another way to compute the polarization of the electronic cloud is to
compute the ground state for a small enough electric field in a basis set consisting of
functions decaying fast enough at infinity for the electrons to stay close to the nuclei.
The Gaussian basis functions commonly used in quantum chemistry satisfy this
decay property. However, it is not easy to obtain very accurate results with Gaussian
basis sets, since they are not systematically improvable (over-completeness issues).
Here we consider instead basis functions supported in a ball By,, where L, is
a numerical parameter chosen large enough to obtain accurate results and small
enough to prevent electrons from escaping to infinity (for a given, small, value
of the external electric field €). We study the ground state energy and density
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as functions of the cut-off radius L., and observe that for a given, small enough,
uniform electric field, there is a plateau [ L, min, Le max] on which these quantities
hardly vary. For L, < L, min, the simulated system is too much confined, which
artificially increases its energy, while for L, > L, max, a noticeable amount of charge
accumulates at the boundary of the simulation domain, in the direction of € (where
the potential energy is very negative). On the other hand, for L, min < Le < L¢ max»
the simulation provides a fairly accurate approximation of the polarization energy
and the polarized density.

The article is organized as follows. In Section 2, we recall the mathematical
formulation of the extended Kohn—Sham model, and some theoretical results about
the rHF and LDA ground states of isolated atoms and of atoms subjected to an ex-
ternal cylindrically symmetric potential. In Section 3, we describe the discretization
method and the algorithms used in this work to compute the extended Kohn—Sham
ground states of atoms subjected to cylindrically symmetric external potentials.
Some numerical results are presented in Section 4.

2. Modeling

In this article, we consider a molecular system consisting of a single nucleus of
atomic charge Z € N* and of N electrons. For N = Z, this system is the neutral
atom with nuclear charge Z, which we call atom Z for convenience.

2.1. Kohn-Sham models for atoms. In the framework of the (extended) Kohn—
Sham model [13], the ground state energy of a system with one nucleus with
charge Z and N electrons is obtained by minimizing an energy functional of the form

Ezn(y):=Tr(=347) = Z/ H

T 3D(py. ) + Exc(py) M

over the set
Hy ={y e PL2R}))|0<y <2, Tr(y) =N, Tr(—=Ay) <00},  (2)

where $(L?(R%)) is the space of the self-adjoint operators on L*(R3) := L*(R3, R)
and Tr(—Avy) :=Tr(JV|y|V]). Note that X is a closed convex subset of the space
&1 defined by

G11:={T €6 ||VITIV| € &1},
endowed with norm

ITlle, = ITlle, +IVITIVlle,-

The function —Z/| - | is the attraction potential induced on the electrons by the
nucleus, and p,, is the density associated with the one-body density matrix y. For
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y € Ky, we have

py =0, /3;0)/:]\’, /‘3|V«/0y|2§T1’(—AV)<OO-
RS RS
The last result is the Hoffmann-Ostenhof inequality [19]. Therefore, we have

Joy € H'(R),
and in particular,
py € 'R NL}R).

For p € L5 (R3), D(p, p) is equal to ng VH(p)p, where VH is the Coulomb, also
called Hartree, potential generated by p:

VE()=px|- 7"

Recall that VH can be seen as a unitary operator from the Coulomb space % to its
dual ¢’, where
C:={pecd(R)|peL, R C),||'peLl* R, C)
p1(k)* P2 (k)
(p1, P2)¢ =477/3 —
R

pER O

and
@ = {v e L°R) | Vv e (LAR%)%),

1 1 N A
(01, 1) = — / Vo Vo, = —— / kP61 (k)5 ) dk. (4)
47'[ R3 47'[ R3

The term Ey. is the exchange-correlation energy. We will restrict ourselves to two
kinds of Kohn—Sham models: the rHF model, for which the exchange-correlation
energy is taken equal to zero,

rHF
E. =0,

and the Kohn—Sham LDA (local density approximation) model, for which the
exchange-correlation energy has the form

EMp) = /

€xc(p(r))dr,
R3

where €, is the sum of the exchange and correlation energy densities of the homo-
geneous electron gas. As the function €. : R1 — R is not explicitly known, it is
approximated in practice by an explicit function, still denoted by €4 for simplicity.
We assume here that the approximate function ey is a C! function from Ry into R_,
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twice differentiable on R, and obeying the conditions

€xc(0) =0, €.(0) <0, (5)
. ) lexc ()]
there exists 0 < B_ < B4 < 5 such that sup ———— < o0, 6)
peR, PP+ pP+
. 3 . €xc(p)
there exists 1 <« < 5 such that lim sup <0, @)
p—04 p*
there exists A > —1 such that e)’(’c () ) ~ c,o’\. (8)
—U4

Note that these properties are satisfied by the exact function €x.. They are also
satisfied by Slater’s Xa model for which €,.(p) = —Cpp!/3, where Cp = %(%)1/3
is the Dirac constant. This model is used in the simulations reported in Section 4.

Remark. The minimization set Xy defined in (2) is the set of real spin-unpolarized
first-order reduced density matrices. We will call its elements nonmagnetic states.
The general (complex noncollinear spin-polarized; see, e.g., [18]) rHF model being
convex in the density matrix, and strictly convex in the density, the general rHF
ground state density of a given molecular system in the absence of magnetic field,
if it exists, is unique, and one of the minimizers is a nonmagnetic state. Indeed,
using the notation of [18], if y is a complex noncollinear spin-polarized ground
state, the nonmagnetic state

Yo =1y 4yt 4y,

where ¥ is the complex conjugate (not the adjoint) of the operator ¥, is a
nonmagnetic ground state. The general rHF ground state energy and density of
a molecular system in the absence of magnetic field can therefore be determined
by minimizing the rHF energy functional over the set X. The LDA model is
not a priori strictly convex in the density, but it is convex over the set of complex
noncollinear spin-polarized density matrices having a given density p. Therefore,
the general LDA ground state energy and densities can be obtained by minimizing
the LDA energy functional over the set X y. In contrast, this argument does not
apply to the local spin density approximation (LSDA) model, whose ground states
are, in general, spin-polarized.

To avoid ambiguity, for any Z and N in R*, we denote

IGN =it EFR () |y €9y}, ©
where
0
EY(y) =Tr(—1Ay)—Z / ﬁ +3D(py. py).
w |-
and

IEP8 = inf{ESP} (v) | v € K}, (10)
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where

EPM(y) :=Tr(~1Ay) - fR ﬁ

We recall the following two theorems which ensure the existence of ground states
for neutral atoms and positive ions.

+3D(oy, 0y) + EXM(0)).

Theorem 1 (ground state for the rtHF model [7; 35]) Let Z € R} and N < Z. Then
the minimization problem (9) has a ground state y; NF, and all the ground states

share the same density pO MF The mean- -field Hamiltonian
0 rHF Z H, 0,rHF
H, o A ——+ Vi, N)

“N |-

is a bounded-below self-adjoint operator on L2(RY), Oess (H, 0. rHF) =R, and the
0,rHF .
ground state y;' - is of the form

0,rHF =21 0 rHF

0,rHF
Yz.N (—os, ety (H7 87

)+ Z N >
where egrﬁFF <0 lS the Fermi level, Ran((SO rHF) C Ker(HO’rHF egrg};) and
0<s8)F <21 eZ N ™ is negative and is not an accidentally degenerate eigenvalue

of H g r;u:, then the nonmagnetic ground state )/0 MHE i unique.

Our numerical results indicate that, for neutral atoms, the assumption

0,rHF

€7 7. 1s negative and is not an accidentally degenerate eigenvalue of H’ 9 rHF

1s satisfied for most chemical elements of the first four rows, but not for all of them.
We will elaborate on this observation in Section 4.1.1.

Theorem 2 (ground state for the LDA model [1]). Let Z € R} and N < Z. Suppose
that (5)—(7) hold Then the minimization problem (10) has a ground state yO LDA
In addition, VZ, N satlsﬁes the self-consistent field equation

VgZINDA — 21(70016%1;\??)( O LDA) + 50 LDA’ (1 1)

where eg”II‘VD? < 0 is the Fermi level, Ran(Sg];\],DA) C Ker(Hgi];\,DA gl;vD?) 0<
SOZ”LNDA < 2, and the mean-field Hamiltonian
Z
0,LDA 0,LDA 0,LDA
HZ,N :=_%A_H+VH( Z,N )+ xc(pZN )
where p; = p, 010 and vy (p) =
operator on LZ(R3) and O'CSS(HO LDA) = [R+

0, LDA dexc

(,0) is a bounded-below self-adjoint
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2.2. Density functional perturbation theory. We now examine the response of the
ground state density matrix when an additional external potential SW is turned on.
The energy functional to be minimized over ¥y now reads

ESSIN pwy = ESEN00 + [ W (12)
R3

and is well defined for any y € Xy, W € €/, and 8 € R. The parameter 8 is called
the coupling constant in quantum mechanics. Denote by

ngF/LDA ( rHF/LDA

BW) :==inf{E; v (v, BW) | y € Hn}. (13)

The following theorem ensures the existence of a perturbed ground state density
matrix for perturbation potentials in 6’

Theorem 3 (existence of a perturbed minimizer [7]). Let Z € R*, N < Z, and
W € €'. Assume that the Fermi level eg SFF is negative and is not an accidentally

0, rHF

degenerate eigenvalue of H, ;" . Then the nonmagnetic unperturbed rHF ground

state, that is, the minimizer of (9), is unique, and the perturbed problem (13)
has a unique nonmagnetic ground state y}HAF, AW , for B € R small enough. The

Hamiltonian

Z
HF 1 H, rHF
Hyvpw = =28 = 7+ V07 pw) + AW, (14)
where pZ N Bw =PrEN s isa bounded-below self-adjoint operator on L*(R3) with
form domain H L(R3) and O‘ess(Hg rjf,ﬂ;W) R.. Moreover, )/Z N pW and przfljlf,,ﬁw
are analytic in 8; that is,

rHF k., (k),rtHF rHF _ k  (k),rHF
YZNpW = Z B vznw and pz gy = Zﬂ Pz.Nw>
k>0 k>0

the above series being normally convergent in &1 and €, respectively.

In the sequel, we will refer to )/Z N w as the k-th-order perturbation of the density
matrix.

Although we focus here on nonmagnetic states, it is convenient to consider
HY rlf,'H: as an operator on L?(R3, C) in order to expand the angular part of the
atomic orbitals on the usual complex spherical harmonics. It would of course
have been possible to avoid considering complex wave functions by expanding on
real spherical harmonics. However, we have chosen to work with complex wave
functions to prepare for future works on magnetic systems.

The unperturbed Hamiltonian Hg:rlglF is a self-adjoint operator on L*(R3, C)
invariant with respect to rotations around the nucleus (assumed located at the origin).

This operator is therefore block-diagonal in the decomposition of L?(R?, C) as the
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direct sum of the pairwise orthogonal subspaces #; := Ker(L?> — (1 +1)):

L*(R*,C) =P,
leN

where L = r x (—iV) is the angular momentum operator. Since we are going
to consider perturbation potentials which are not spherically symmetric, but only
cylindrically symmetric, or in other words independent of the azimuthal angle ¢
in spherical coordinates, the #; are no longer invariant subspaces of the perturbed
Hamiltonians. The appropriate decomposition of L?(R?, C) into invariant subspaces
for Hamiltonians H %H}f, BW with W cylindrically symmetric is the following: for
m € Z, we set

#H" :=Ker(L, —m),

where L is the z-component of the angular momentum operator L (L, = L - e;).
Note that,

forall 7 e N, %;={¢6L2(R3,C) ‘qﬁ(r,@,go): > R’"(r)Y,m(O,so)},
—l<m<l
and,
forallmez, "= {¢ e L*(R’,0) ‘ ¢(r0,9)= Y Ri(r)Y"O, (p)},
[=|m|

where Y;" are the spherical harmonics, i.e., the joint eigenfunctions of Ag, the
Laplace—Beltrami operator on the unit sphere S? of R3, and &, the generator of
rotations about the azimuthal axis of S?. More precisely, we have

where, in spherical coordinates,

1 8 /. 9 1 92 9
s=——|sinf0— )+ — and &, =—-i—.
sin6 96 sin 6 d¢2 g

These functions are orthonormal, in the sense that
, T 2 ,
f Yyt = f / YO, 9)(Y[" (6, 9)) sin0 df dp = SiySum.  (15)
s? 0=0 J =0

where §;; is the Kronecker symbol and (¥;")* = (—1)" Yfm is the complex conjugate
of Y;".
We also define
Ym =" NH (R, C),
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so that L2(R3, C) and H'(R?, C) are decomposed as the direct sums

L*®R.C)=@P*" and H' R, C)=PI", (16)

meZ meZ
each %" being H}y; 4, -stable (in the sense of unbounded operators) for W cylindri-
cally symmetric. This is due to the fact that, for W cylindrically symmetric the oper-
ator HEH}\:, _pw commutes with L. Note that G(HEHE ﬂW) =Unez o(HZ N ﬁwl%m)
H LDA . pw under the assumption that the ground state

Same arguments hold true for
density ,oZ N ﬁW is cylindrically symmetrlc (which is the case whenever it is unique).
We are interested in the Stark potential

Wstark(r) = —ez - 1, (17)

which does not belong to ¢’, and thus does not fall under the scope of Theorem 3.
We therefore introduce the classes of perturbation potentials

f (W(r)? J }

—————dr < ooy,
pe (L+r?)°
where %?OC =N LIQOC(IR{3), which contain the Stark potential Ws,x whenever
s > % For W € W\ €/, the energy functional (12) is not necessarily bounded below
on J for B # 0. Thus, the solution of (13) may not exist. This is the case for the
Stark potential Ws,. However, the k-th-order perturbation of the ground state may
exist, as this is the case when the linear Schrodinger operator of the hydrogen atom
is perturbed by the Stark potential Wg,k (see, e.g., [31]). The following theorem
ensures the existence of the first-order perturbation of the density matrix.

Wy = {W € %loc

Theorem 4 (first-order density functional perturbation theory [8]). Let Z € R,
0 <N =< Z, such that € IE,IFF is negative' and is not an accidentally degenerate
eigenvalue of Hg r]f,IF, s € R, and W E °W In the rHF framework, the first-order
perturbation of the density matrix VZ N W is well defined in & ;.

Note that assumption (8) is used to establish the existence and uniqueness of the

first-order perturbation of the density matrix Vz . WA in Sy ;.

3. Numerical method

In this section, we present the discretization method and the algorithms we used to
calculate numerically the ground state density matrices for (9), (10), and (13) for
cylindrically symmetric perturbation potentials W, together with the ground state
energy and the lowest eigenvalues of the associated Kohn—Sham operator. From
now on, we make the assumption that the ground state density of (13), if it exists,

INote that eg r]l\',u; < 0 whenever 0 < N < Z (see, e.g., [35]).
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is cylindrically symmetric, which is always the case for the rHF model. Using
spherical coordinates, we can write

+00
W(r.0)=Y W)Y ®) e’
1=0

(since Y’ lo is independent of ¢, we use the notation Yl0 (0) instead of Yl0 0, @)). As
the ground state density pz n gw is assumed to be cylindrically symmetric as well,

one has
—+00

pz N pw(r, 0)= Z pz.n.pwi1() YL ©6).
1=0

The Hartree and the exchange-correlation potentials also have the same symmetry.
For p € LY (R*) N L3 (R3) N %", we have

“+00 +0o0
VAR, 0) =Y VI Y (0) and ve(p)(r0) =) X)) (0),
=0 =0

where, for each [ > 0, Vg (r) solves the differential equation

Ld® oy 1A+ gy
“ran V)t = Vo =4

r

with boundary conditions
H H 0,
r1_1>rg)1+ erI (r)y=0 and rl}rfoorvp[ (r)= (47r /O r<po(r) dr)élo,
while (v©); can be computed by projection on the spherical harmonics ¥ 10:

W) (r) =2 / " ()7, 0)Y(6) sin 0 do.
0

3.1. Discretization of the Kohn—Sham model. Recall that for W € W and 8 # 0,
the energy functional defined by (12) is not necessarily bounded below on ¥y,
which implies in particular that (13) may have no ground state. Nevertheless, one
can compute approximations of (13) in finite-dimensional spaces, provided that
the basis functions decay fast enough at infinity. Let N, € N* and mj > m?, :=
max{m | there exists k > 0, egl’k < e%N,F}, and let {¥;}i<i<n, € (H(} (0, 4+00)) N
be a free family of real-valued basis functions. We then introduce the finite-
dimensional spaces

Xi(r)

r

o :=°V’"ﬂspanR( ve.e)  cH'®.0 )
<I=Np

|m|<l<my
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and
¥ = spang (X1, ..., %y,) C Hy (0, +00), (19)
and the set
mp
Hnp:= {y cHy Z y™, y" e FF™), Ran(y™) C °Vm’h} CHw.
m=—my,

Note that since our goal is to compute nonmagnetic ground states, we are allowed
to limit ourselves to real linear combinations in (18) and (19).

3.1.1. Variational approximation. A variational approximation of (13) is obtained
by minimizing the energy functional (12) over the approximation set Xy j:

rHF/LDA

NN BW) = inf{EY PR (v, BW) |y, € Hnva). (20)
Any y, € J{y , can be written as
Vi = > P k| P e ) (P i 1)

—mp=m=my
I1<k=<(mp—|m|+1)Ny

with
h
Dy pn € V™, /3 Qo ke n @y o =Skkrs Pomien = =D"P;
R

0< Mk =N_mik = 2, E Nk = N.
—mp<m=mj
L<k=(mj—|m|+1) N

The functions ®,, k.5, being in ym-h are of the form

mp m,k,h( )

u r
Dy sn(r,6,9) = Y —=Y"©,9), (22)
r
I=|m|
where for each —m;, <m <my, 1 <k < (mp — |m|+ 1)N and |m| <1 < my,
uy” kh e 9eh Note that u " kb — u}”’k’h. Expanding the functions u}"’k’h in the
ba51s &i)1<i<n, as

uf" " ) = Z Ul ot (r), (23)
i=1

and gathering the coefficients U;Z’k for fixed m and k in a rectangular matrix
U™k ¢ RNwxmi—lml+1) any y, € Jy ; can be represented via (21)—(23) by at least
one element of the set

My p =Wy X Ny p, (24)
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where

WUy, = {(Um’k) —my<m=my,
I<k<(mp—|m|+1)N),

Um,k — Ufm,k c RNhX(mhflmH‘l), Tr([Um,k]TMOUm,k’) — Skk/},

and

I<k<(mp—|m|+1)Ny

Ofnm,k=n—m,k <2, E nm,k=N}-
—mp=<m=my
I<k=<(mp—|m|+1) Ny

Nypi= {(”m,k) —mp<m<my,

The matrix M appearing in the definition of AU, is the mass matrix defined by
+00
[Mol;j :/ xixj,
0

and the constraints Tr([U"™*]1T MoU m’k/) = &) come from the fact that

—+00 mp Nh % (r)
D @ = ok Y/
/I;@ K h o Kk /0 LZ(Z ZU ! ( ))

I=|m| i=1

my  Np
(Z ZU} mp X )Y,,( )*)r do dr

I'=Im| i=1

mp

=> Z U Mol U = Te(um™ AT Mo ™).

I=|m|i,j=1

Remark. An interesting observation is that, if there is no accidental degeneracy in
the set of the occupied energy levels of H g:i{,ﬂs/ DA “and if the occupied orbitals are
well enough approximated in the space V""", then the approximate ground state
density matrix ygijﬁ/ LPA has a unique representation of the form (21)—(23), up
to the signs and the numbering of the functions u}"’k’h, that is, up to the signs and
numbering of the column vectors of the matrices U"*. By continuity, this unique-
ness of the representation will survive if a small-enough cylindrically symmetric
perturbation is turned on. This is the reason why this representation is well suited

to our study.

Let us now express each component of the energy functional ErZHIIf,LDA( Vs BW)
using the representation (21)—(23) of the elements of 3y ;. For this purpose, we
introduce the N, x Nj, real symmetric matrices A and M,,, n = -2, —1, 0, 1, with
entries

+00 +00
Aij:/o %;%/j and [Mn]ij:/() r"Ei(r)&;(r)dr. (25)
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The weighted mass matrices M_» and M_; are well defined in view of the Hardy
inequality,

+00 MZ(r) +00
for all u € Hy (0, +00), dr <4n lu'|?.
0 r? 0
We assume from now on that the basis functions ¥; decay fast enough at infinity
for the weighted mass matrix M, to be well defined.
In the representation (21)—(23), the kinetic energy is equal to

1
I Tr(~Ay,) = 5 > o i (Te((U™ 1T AU™F)
—mp<m=mj
<k —lml+Dx Ny +Tr(Du U™ M_U™Y)),  (26)

where D,, € R =Iml+Dxtmi=Imi+1) ig the diagonal matrix defined by
D,, = diag(m|(jm|+ 1), ..., mu(my + 1)). 27)

All the other terms in the energy functional depending on the density

L . 2
Ph = Py, = > Mo | Pom e ] (28)
—my <m=<mj,
I<k<(mp—|m|+1)Ny

we first need to express this quantity as a function of the matrices U™* and the
occupation numbers 7n,, r. As the function p is in %°, we have

2my,
pu(r.8) =) o/ (NY®). (29)
1=0
Inserting (22) in (28), we get
mp u;n,k,h(r) 2
_ Lt M7 ym
pu(r, 0) = > mmk| Y Y0 9)| . (30)
—my<m<my, I=|m|
1<k<(mp—|m|+1)Nj,
We recall the equality [32]
li+h
VY = DY = D0 el Y 61

l3=|l1—1|
with

m m
Clills = (=D

Ch+DCL+DQ2L+1) (1} ) Iz I b I3
47 m—-m 0/\0 0 0)’
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where (rill nlf rﬁl‘ ) denote the Wigner 3j-symbols. Inserting the expansion (23) in (30)

and using (31) and the fact that

<ll L 13):0 unless [l — | < I3 <11 + 1y,

mip mp ms

we obtain

2mh Nh mp

m,k

pr(r, 0) :Z[Z( Z Z <t Uii Uj z“)

1=0 i, j=1 —mp<m=my, I\0=|m|

I1<k=<(mp—|m|+1)x Ny
95 Xi(r) &;(r)
Y2 ©),
r r

from which we conclude that

Ny, mp
7 7 %(F) & i(r)
plh (I") = Z ( Z I’lm k Z Cl/ 1" IUIT;/kanl/]/c) lr ]—.

.
ij=1 —my<m<my, 11" =|m|
1<k=<(mj—|m|+1)x Ny

For 0 <1 < 2my,, we introduce the matrix R; € RV»*Ni defined by

Rl = Z nm’kUm,kcl,m[Uln,k]T (32)

—mp=m=mj
I1<k=<(mp—|m|+1)x Ny

where CH e R =lml+Dx(mi=Imi+1) ig the symmetric matrix? defined by,

for all [m| <1 <2my, C=~4mcl,, (33)
so that
2myp Ny
xAi(r) & (r)
pi(r, 6) = Z DR == ==X 0). (34)
l 0i,j=1

Note that C%™ is the identity matrix, so that

RO — Z nm,kUm’k[Um’k]T
—mp=m=my
1<k=<(mp—|m|+1)X N

and

Tr(MoRo)= Y nuu Te(MoU™ U™ )= Y nyu=N,
—mp=m=mj —mp=m=mj
1<k<(mp—|m|+1)x Ny 1<k<(mp—|m|+1)x Ny

2The symmetry of the matrix C Im comes from the symmetry properties of the 3j-symbols

b B Cpnbris (B0l B s (2
my mo m3 my mp mj3 —my —m; —m3) "
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and that C'"™ is a symmetric tridiagonal matrix whose diagonal elements all are
equal to zero.

The Coulomb attraction energy between the nucleus and the electrons then is
equal to

2my Ny

B oo %i(r) % (r) g
_szsﬁ _z/ /§”<\/_ZZ Rilij=— Y())rdrda
Ml e %(r)% (r)

:_z/ / r(z Z[ S M (] ))Yo(o)*rzdrdo
0 s? 1=0i,j=1

=—27 [Roli;IM_\];j = —Z Tr(M_,Ro),
i,j=1

where we have used the orthonormality condition (15) and the fact that Y0 =1 /4.
Likewise, since Y 10(49) = +/3/(4m) cos(0), the Stark potential (17) can be written
in spherical coordinates as

a5 2 S S
Wstark (1, 0) = — ?rYl 0)=— ?rYl(G),

and the potential energy due to the external electric field is then equal to

Np
1
B / pnWstarke = ——=B D [Ri1ij[M1];j = R )
\/_ -~ «/_
Let 1 be a radial, continuous function from R? to R vanishing at infinity and such
that fu@ @ = 1. The Coulomb interaction energy can be rewritten as

N2
3D (pp, ph)=%D<ph—</R3 ph>u, ph—(/R3 ph)u>+ND(u, == D, ).

(35)
The reason why we introduce the charge distribution w is to make neutral the charge
distributions p; — ( fR3 ,oh),u in the first term of the right-hand side of (35), in such
a way that the physical solution Qg g, to (38) below for / =0 is in HO1 (0, +00).
Introducing the real symmetric matrix V,, € R¥*Ni with entries

400
[Vilij = /0 [VE(Ire)%: (% (r) dr, (36)

where e is any unit vector of R3 (the value of VH(u)(re) is independent of e since
VH () is radial), the sum of the last two terms of the right-hand side of (35) can



NUMERICAL STUDY OF THE EXTENDED KOHN-SHAM GROUND STATES OF ATOMS 155
be rewritten as

N2 N2
ND(w, pn) — TD(M, w) =N Tr(V,Roy) — TD(M, ).

Vi) = Vi (py, — (/W Ph)M)»

we have by symmetry \7H(ph) € #° and

Denoting by

2mp, 2mp,
VH (o). 6) = > ViteHh )Y ©0) = Q’%’(”Y,%e),
=0 =0

where Q; g, is the unique solution in HO1 (0, +00) to the differential equation

d? 11+1
S ) 4 2D 0y
Nh
1 X (X ;
_ 4nr<(ﬁ > iy ) < N ). 67
ij=1

Note that the mappings R; — Q; g, are linear. We therefore obtain

2my,

1 1 dOir .\ RUGRD
%D(,Oh,,Oh) = EZ;E(/ (( LR (r )) s o, R,(F)Z) dr)

N2
+ NTe(V,,Ro) = - D, ). (38)

Finally, the exchange-correlation energy is

2my, Np

e %i(r) %, (r)
Eye(pp) =27 f / exc( Z Z[R,],j Y} (9));» sin6 dr dé.
Van | ' (39)

3.1.2. Approximation of the Hartree term. Except for very specific basis functions
(such as Gaussian atomic orbitals), it is not possible to evaluate exactly the first
contribution to the Coulomb energy (38). It is therefore necessary to approximate
it. For this purpose, we use a variational approximation of (37)—(38) in an auxiliary
basis set {¢p}1<p<n,, € (HO1 (0, +00))Mra | which amounts to replacing %D(ph, On)
by its lower bound

1 V[ [T(dO g\ 1(1+1)
ED;,(ph,ph):g(/o (( d:’%r)) QIR,<>) )

N2
+NTr(ViRo) = =D, ), (40)
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where Q;’ g, 1s the unique solution in ¢" =span(¢y, ..., ¢y,,) to the problem,

for all vy, € ¢", fo ( Ql R’( )dﬂ( )+l(l+ )Q1 rR(r )Uh(r)> dr

N

+00
=4nf r<< Z [R];j A0 (r)) —NM(”)510)Uh(”)dV,
0

which is nothing but the variational approximation of (37) in the finite-dimensional
space {h. Expanding the functions Qf R in the basis set {x}1<k<n,, as

Nia

Ol (N =Y 0piLp(r),

p=1

and collecting the coefficients O, ;, 1 <k < Nj ,, in a vector Q; € RNwa | we obtain
that the vector Q) is the solution to the linear system

(A*+1(I+1)M*,)Q; =47 (F : R, — N&;oG), (41)

where the Ny, 4 x Nj, , real symmetric matrices A* and M*, are defined by

s [ e a 0 () (r)
Apg :/0 Epéq> [MZ51pq =/0 % T (42)

where F € RVnaxNuoxNi g the three-index tensor with entries
too %i(r)%j(l’)é“p(r)d

Fpij = N7 / . r, (43)
7 Jo
and where G € RMna is the vector with entries
+o00
G, :/ ru(r)¢,(rydr. (44)
0

Note that since N = Tr(MyRy), the mappings R; — Q) are in fact linear. We finally
get

1 1 el T a a N2
1Dy(ons o) = — Y OF (A*+1(+ 1)M*,) Q; + N Tr(Vu Ro) — —D (1., o).
87 1=0 2 (45)

where Q; is the solution to (41).

3.1.3. Final form of the discretized problem and Euler—Lagrange equations. We
therefore end up with the following approximation of problem (13):

~rHF/LDA . HF/LDA
I (BW) = inf{ B85 P, (i) | U™ —myzmem, €U,
I1<k<(mp—|m|+1)Np

(Mmg)  —myp=m=m,  €Nna}, (46)
I1<k<(mp—|m|+1)Np
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where

€GN (U™, (1))

=o ) nnk(TUTTAUM + Te(D,[U™ T Mo U™ )

—mp=<m=mj
1<k<(mp—|m|+1)Np

2mh
~ ZTe(M_1Ro) + > Of (A*+1(+1)M*)) Q) + N Tr(V,, Ro)
=0
2

N
— &5 D ) + Exelpn) — % Tr(MiRy),

where for each [, the matrix R; and the vector Q; are defined by (32) and (41),
respectively, and where the second-to-last term in the right-hand side is given by (39).

The gradient of %rZHI;V/IBDA with respect to U™ is

Vyni€y g = 2k <%AU’"’" + ML U™ D, — ZM_ U™ + NV, U™F

2my, 2mp

=0 =0

p kol )
——=Mu™tc-"|,

NE]

where for each 0 <[ < 2m;,, the N;, x N;, real matrix V)fc is defined by

Nh

+00 % (1%
xc l/ = \/_ / / vxc( [Rl]ijM>
r

lj 1
X %i(r)%j(r)Ylo(G) sinddrdf, (47)

where vy (p) 1= de*“ (p) is the exchange-correlation potential.

Diagonalizing smultaneously the Kohn—Sham Hamiltonian and the ground state
density matrix in an orthonormal basis, we obtain that the ground state can be
obtained by solving the following system of first-order optimality conditions, which
is nothing but a reformulation of the discretized extended Kohn—Sham equations
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exploiting the cylindrical symmetry of the problem:

2my,
%AUm’k + %M_zUm’kDm _ ZM_] Um,k + NVMUm,k + Z(Q[T . F)(Um,kcl,l’l’L)
1=0
2my, 1
+ ) VLUTEC — — MU CI " = 6  MoU™F, (48)
1=0 V3
Tr([U™ 1" MoU™ ) = 8, (49)
(A*+1(0+1)M2)Q; = F : R —Tr(MoRo)é10G, (50)

oo m (L % (r)%;(r)

[y — L LR
[V’”]”_ﬁ/o /0 v“(«/ﬂ “2::1[&]1] r? )
X % (r)%; ()Y @) sin0drdo,  (51)

Nk = 2 if €mk < €F, 0 Shmk = 2 if €Emk =—€F, Npmik= 0 if €m,k > €F, (52)

> Nk =N, (53)
—mp=m=my
l<k=<(mj—|m|+1)N
Rl — Z nm,kUm’kCl’m[Um7k]T, (54)
—mp=<m=mj

l<k<(mp—|m|+1)Ny

where the matrices A, M_>, M_y, My, My, D,,, V., A?, Miz, and C''™, the 3-index
tensor F, and the vector G are defined by (25), (27), (33), (36), (42), (43), and (44).

3.1.4. Py finite element method. In our calculations, we use the same approximation
space to discretize the radial components of the Kohn—Sham orbitals and the radial
Poisson equations (37), so that, in our implementation of the method, Nj , = Ny,
and ¥" = ¢". We choose a cut-off radius L, > 0 large enough and discretize the
interval [0, L.] using a nonuniform grid with Ny + 1 points 0 =r; <rp < --- <
ry; <rn;+1 = L. The positions of the points are chosen according to the rule

1—s

=mLea hx—1 = shy,

T =rr—1+ hy, hn,

where 0 < s < 1 is a scaling parameter leading to a progressive refinement of the
mesh when one gets closer to the nucleus (» = 0). To achieve the desired accuracy,
we use the P4 finite element method.

All the terms in the variational discretization of the energy and of the constraints
can be computed exactly (up to finite arithmetic errors), except the exchange-
correlation terms (39) and (47), which require a numerical quadrature method. In
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our calculation, we use Gaussian quadrature formulas [37] of the form

+o00 T +0o0 1
/ f f(@r, 0)sinbdrdo :/ f f(r,arccosty) dr dty
0 0 0 -1

Ny Ng,r Ng,e

= Z Z Z hxw;cw; g f (rk + hiti r, arccos(t; ),

k=1 i=1 j=1

where the 0 <), <---<tn,,r<land =1 <t19 <--- <tn,,0 <1 are Gauss
points for the r-variable and #y-variable with associated weights wy ,, ..., w Ngsor
and wig, ..., WN, .05 respectively.

More details about the practical implementation of the method are provided in [9].

3.2. Description of the algorithm. In order to solve the self-consistent equations
(48)—(54), we use an iterative algorithm. For clarity, we first present this algorithm
within the continuous setting. Its formulation in the discretized setting considered
here is detailed below. The iterations are defined as follows with an Ansatz of the
ground state density p being known.

(1) Construct the Kohn—Sham operator
Z
' = =38 = =+ VI + oo™ + W

where v, = 0 for the rHF model and vy, = vLDA for the Kohn—Sham LDA
model.

(2) For each m € Z, compute the negative eigenvalues of H!™ := I1,, H!"'T1,,
where I1,, is the orthogonal projector on the space ¢":

1 1 1 17* 1
HIP ) = et gini] / R
(3) Construct a new density

[n+1] Z n[n+l] [n+1]|

where
n’[;:-i];l] s le[n+1] - [n+1]’
[n+1] [ +1] [n+1] [n+1]
O<mn,, <2 ife '=¢ ', and Z Mmir =N.
E'rlz-i];l] ~0 1fe[n+1] - 6£n+1]’ (m k)

(4) Update the density:

P! = 1ol 1 (1= 1)
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where ¢, € [0, 1] either is a fixed parameter independent of n and chosen
a priori, or is optimized using the optimal damping algorithm (see below).

(5) If some convergence criterion is satisfied, then stop; else, replace n with n 4 1
and go to step (1).
In the nondegenerate case, that is, when EL”H] is not an eigenvalue of the Hamil-
tonian H" the occupation numbers n,[;’f,gl] are equal to either O (unoccupied)
or 2 (fully occupied), while in the degenerate case the occupation numbers at
the Fermi level have to be determined. We distinguish two cases: if W = 0, or
more generally if W is spherically symmetric, and if el[:"H] is not an accidentally
degenerate eigenvalue of H!"l, then the occupation numbers at the Fermi level
are all equal; otherwise, the occupation numbers are not known a priori. In our
approach we select the occupation numbers at the Fermi level which provide the
lowest Kohn—Sham energy. When the degenerate eigenspace at the Fermi level
is of dimension 3, that is, when the highest-energy partially occupied orbitals are
perturbations of a three-fold degenerate p-orbital, the optimal occupation numbers
can be found by using the golden search or bisection method [30, Chapter 10] since,
in this case, the search space can be parametrized by a single real-valued parameter
(this is due to the fact that the sum of the three occupation numbers is fixed and that
two of them are equal by cylindrical symmetry). In the general case, more generic
optimization methods have to be resorted to.
In the discretization framework we have chosen, the algorithm can be formulated
as follows.

Initialization.

(1) Choose the numerical parameters m, (cut-off in the spherical harmonics ex-
pansion), L, (size of the simulation domain for the radial components of the
Kohn—Sham orbitals and the electrostatic potential), N; (size of the mesh
for solving the radial equations), N, , (number of Gauss points for the radial
quadrature formula), Ng ¢ (number of Gauss points for the angular quadrature
formula), and & > 0 (convergence threshold).

(2) Assemble the matrices A = A*, M_, =M?*,, M_y, My, My, clm and V, and
the vector G. The tensor F' can be either computed once and for all, or the
contractions F : Rl["] can be computed on the fly, depending on the size of the
discretization parameters and the computational means available.

(3) Choose an initial guess (RI[OJ)()S;Szmh for the matrices representing the dis-
cretized ground state density at iteration O (it is possible to take R; =0 for all /
if no other better guess is known).
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Iterations. Assume the matrices (Rz[n])05152mh at iteration n are known.

(1) Construct the building blocks of the discretized analogues of the operators H!"!
For this purpose,

(a) solve, for each =0, ..., 2my, the linear equation

(A 411+ )M ,) O™ = 4x(F : R — N8,yG)

and
(b) assemble, for each ! =0, ..., 2my, the matrix VIXC’[”] by Gauss quadrature
rules
N[ Ngr Nge
Vl [n]]tj—\/_zzzhkwprwq Gﬁ](rk+hktpr, Iq, 9),
k=1 p=1qg=1
where
my Nj
Xi(r)X;(r)
I 0
fl-j(r, tg) = ch( 12(; Zl R/l j ) —————Y, (arccos ty)
i,j=

X X;i(r)&; (r)YIO(arccos tg).
(2) Solve, for each 0 < m < my,, the generalized eigenvalue problem

%AUm,k,[n+l] + %M_ZUIn,k,[n—l-l]Dm _ ZM_IUm,k,[n+l] + NVMUm,k,[n-'FI]

2my, 2mp,
+ Z(Ql[n]T . F)(Um,k,[n-i-l]cl,m) + Z V)fé[n]Um,k,[n—ﬁ—l]Cl,m
— =0
B

—E pyymkngtn g i ss,)

V3
Tr([Um,k,[n-‘r]]]TMOUm,k/,[I’H—l]) — 8kk’- (56)

(3) Build the matrices R[ ntl] using the Aufbau principle, and, if necessary, opti-
mizing the occupatlon numbers n["H] by selecting the occupatlon numbers at
the Fermi level leading to the lowest Kohn—-Sham energy:?

Rz[,":H — Z nl[qzl:]tl]Um,k,[n-i—l]cl,m[Um,k,[n-i-l]]T,

—mp=<m=my
1<k=(mjp—|m|+1)Np

3In practice, this optimization problem is low-dimensional. Indeed, the degeneracy of the Fermi
level is typically 3 (perturbation of p-orbitals) or 5 (perturbation of d-orbitals) for most atoms of the
first four rows of the periodic table, and some of the occupation numbers are known to be equal for
symmetric reasons.
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where
’[;114];1] ) lfe[n-H] <€ [n+1]
0< n[rH—l] <2 if €[n+1] I[:n+1], Z n[n-H]
,[ZJ’];H 0 lfé[n+l] - GIBH_”’ (m.k)

(4) Update the density:
forall 0 </ <2my,, R = tan[’n*H] + (1= t)RM,

where t, € [0, 1] either is a fixed parameter independent of n and chosen a
priori, or is optimized using the optimal damping algorithm (see below).

(5) If (for instance) maxo<;<om, IIRI[”+1] — Rl[n] | <eor |E"tH _ EM| <¢ then
stop; else go to step (1).

Note that the generalized eigenvalue problem (55)—(56) can be rewritten as a
standard generalized eigenvalue problem of the form

H"Vy = et MV, VMV = e, (57)

where the unknowns are vectors (and not matrices) by introducing the column
vectors Vj € R+1=ImDNi and the block matrices

H™ € Rom+H1=ImDNyx g +1=ImDNy 04 (M @ RO+ —ImDNyx my+1=Im N

defined as
m,k,[n+1]
Ulmi
Vi = : ,
Um,k,[n—H]
m m m
( [H]Im\ |m| |H]|m|,|m|+l Hlm\,mhfl, [H]Iml my,
m m m
it Wit et W tm—1, Wi tm,
H" = : : .. : : )
m m m
mp—1,|m| Hmh—l,lm\-i-l e [H]Mh—l,mh—l, [H]mh—l,nuz
m m m m
Hmh |m] Hmh,lml-i-l Hmh,Mh—l, Hmh,mh
and

M = block diag(My, ..., My),
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where each of the (m, — |m|+ 1) block H}", is of size Nj, x Nj, with

for all |m| <1 < my,

2my,
I+ 1) ,
=3A+ M_y—ZM_y+ NV, + Y A" - F+ vio),
1"=0
forall |m| <1 #1' <my,
2my,
" ﬂ
=3 Cip QI F o Vil = =t Midy.
1"=0

If B = 0 and if the density p}" is radial, then R") = 0 for all I € N*, and the
matrix H™ is block diagonal. The generalized eigenvalue problem (57) can then
be decoupled in (m; — |m|+ 1) independent generalized eigenvalue problems of
size Np. This comes from the fact that, the problem being spherically symmetric,
the Kohn—Sham Hamiltonian is block diagonal in the two decompositions

L®)=u and L*®)=H%".

leN mezZ

Let us conclude this section with some remarks on the optimal damping algorithm
(ODA) [5; 6], used to find an optimal step length #, to mix the matrices Rl[’":l]
and R,["] in step (4) of the iterative algorithm. This step length is obtained by
minimizing on the range ¢ € [0, 1] the one-dimensional function

tres EFVIPA (1 — 1yt 4y ) g,

where y!"l is the current approximation of the ground state density matrix at
iteration n and

[n+1] _ [n+1]) 5 [n+1] [n+1]
o= Z Mok Lo ki) AP ki |5
—mp=<m=mp
1<k<(mp—m|+1)N)
with
mp Nh
+1 1 Xi(r)
a0, 9)= Y > ULHTH=mY0, ).
I=|m| i=1

A key observation is that this optimization problem can be solved without storing
density matrices, but only the two sets of matrices R"! := (Rl["])ogfgmh and
R . (Rl[":”)ogfgmh, and the scalars

El)=Tr(~1 Ayl
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and
Bl = T dayirh
= % Yo i (Tr(umRITIT Ak
V<k<mn T4 DNy + Tr(Dy [U™ )Tyt il

Indeed, we have for all ¢ € [0, 1],
~rHF/LDA
EZ"PM =yt oy pw)
— (1 _ I)E[n+1] 4 tEl[(VIII]l + ngF/LDA((l _ t)REZ-‘rl] + tR[n], ﬁW),

kin, *

HF/LDA

where the functional % collects all the terms of the Kohn—Sham functional

depending on the density only. When Ey. = 0 (tHF model), the function

ts Ep PR = 0y 4oy gw)
is a convex polynomial of degree two, and its minimizer on [0, 1] can therefore be
easily computed explicitly. In the LDA case, the minimum on [0, 1] of the above
function of # can be obtained using any line search method. We use here the golden
search method. Once the minimizer ¢, is found, the quantity El[(ﬂ is updated using
the relation
ES = =t EfST 41, L

kin, *

The source code of a Fortran 95 implementation of the method is available on
GitHub [27].

4. Numerical results

As previously mentioned, we use in our code, written in Fortran 95 and linked
to the BLAS, LAPACK, and ARPACK libraries, the same basis to discretize the
radial components of the Kohn—Sham orbitals and of the Hartree potential, that
is, (Xi)1<i<n, = (&i)1<i<n,, and the P4 finite elements method to construct the
discretization basis.

In order to test our methodology on LDA-type models, we have chosen to work
with the Xo model [34], which has a simple analytic expression

Eem=—2(2)" /R P and uep)=—(2) ot

The exchange-correlation contributions must be computed by numerical quadratures.
We use here the Gauss quadrature method with Ny, = 15 and Ng g = 30 (see
Section 3.1.4).

We start this section by studying the convergence rate of the ground state energy
and of the occupied energy levels of the carbon atom (Z = 6) as functions of the
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logy error of the energy

Figure 1. Log-log plot of the error on the total energy (top) and the three occupied energy
levels (bottom) of the carbon atom for the rHF (solid lines) and X« (dashed lines) models as
a function of the cut-off radius L, for a fixed mesh size Ny = 50 (the reference calculation

logy error of the occupied energy levels

HF ——
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corresponds to L, = 100 and N; = 100).

165

cut-off radius L. and the mesh size N; (see Section 3.1.4). The errors on the total
energy and on the occupied energy levels for the rHF and X« models are plotted in
Figure 1 (for L, = 50 and different values of N;) and Figure 2 (for N; = 50 and
different values of L.), the reference calculation corresponding to L, = 100 and
Ny =100. We can see that the choice L, = 50 and N; = 50 provides accuracies of

about 1 uHa (recall that chemical accuracy corresponds to 1 mHa).

Note that the convergence of the ground state energy and occupied energy levels
with respect to the cut-off radius L, is much faster for X« than for rHF. This is due
to the fact that the energies of the highest occupied orbitals are closer to zero for
the rHF model, leading to a slower asymptotic decay at infinity of the ground state
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Figure 2. Log-log plot of the error on the total energy (top) and the three occupied energy
levels (bottom) of the carbon atom for the rHF (solid lines) and X« (dashed lines) models as
a function of the mesh size Ny, for a fixed cut-off radius L, = 50 (the reference calculation
corresponds to L, = 100 and N; = 100).

density. In contrast, the convergence rates with respect to the mesh size are almost
the same for the two models.

4.1. Electronic structures of isolated atoms. We report here calculations on all the
atoms of the first four rows of the periodic table obtained with the rHF (Section 4.1.1)
and Xo (Section 4.1.2) models.

4.1.1. Occupied energy levels in the rHF model. The numerical results presented
in this section indicate that, for neutral atoms, the assumption

0,rHF . . . . . 0,rHF
€7 7z p 1s negative and is not an accidentally degenerate eigenvalue of H, ;"
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which guarantees the uniqueness of the nonmagnetic tHF ground state density
matrix (Theorem 1), is satisfied for all the chemical elements of the first two rows
of the periodic table, and for most of the elements of the third and four rows.
Surprisingly, we observe accidental degeneracies at the Fermi level for Sc and Ti
(4p and 3d shells), for V, Cr, Mn, and Fe (5s and 3d shells), for Zr (5p and 4d
shells), for Nb and Mo (6s and 4d shells), and for Pd and Ag (5s and 4d shells). For
some of these elements, the Fermi level is clearly negative, and we can conclude
that (see Appendix C)

« if the Fermi level contains an s and a d shell, then the nonmagnetic rHF ground
state is unique and

« if the Fermi level contains a p and a d shell, and if both shells are partially occu-
pied (which is suggested by our numerical simulations), then the nonmagnetic
rHF ground state is not unique.

For other chemical elements, such as iron (Z = 26), the Fermi level is so close
to zero that the numerical accuracy of our numerical method does not allow us to
know whether it is slightly negative or equal to zero.

The negative eigenvalues of H HF for all 1 < Z < 54 (first four rows of the periodic
table) are listed in Appendix A. The results for 1 < Z <20,27<Z7<39,43<Z <45,
and 48 < Z <54 correspond to Ny increasing from 35 to 75 as Z increases and L, in-
creasing from 30 to 100 as |e%’rg’ 2| decreases, which were sufficient to obtain an accu-
racy of 1 uHa. The remaining atoms are more difficult to deal with because the Fermi
level seems to be an accidentally degenerate eigenvalue of H;IO{F associated with

o the 4p and 3d shells for Z =21 and Z =22,

« the 5s and 3d shells for 23 < Z < 26, with a Fermi level very close (or possibly
equal) to zero,

« the 5p and 4d shells for Z = 40, with a Fermi level very close (or possibly
equal) to zero,

o the 6s and 4d shells for Z = 41 and Z = 42, with a Fermi level very close (or
possibly equal) to zero, and

o the 5s and 4d shells for Z =46 and Z = 47.

Since the radial component of the highest occupied orbital typically vanishes as
exp(—v/2le r?l;|r) if egr}\,{FF < 0 and algebraically if egrgF =0, a very large value
of L, is needed for the atoms for which the Fermi level is very close or possibly
equal to zero. For that case, we use a nonuniform grid with N; =80 and L], = 100
as explained in Section 3.1.4 and glue to it a uniform one with 10 points and length
L, — L/, varying from 70 to 700. Lastly, we add to the basis a function with an
unbounded support, equal to L./r on [L,, +00) (see [9] for details). This was

sufficient to obtain an accuracy of 10 uHa.
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When the accidental degeneracy involves an s shell and since the density is radial,
the problem of finding the occupation numbers at the Fermi level reduces to finding
a single parameter fo € [0, 1], which encodes the amount of electrons on the upper
s shell. In other words, one can write

0,rHF
Pz.z

= pt+tops + (1 —10) pa,
where pf is the density corresponding to the fully occupied shells, and where ps
and pq4 are densities corresponding to the accidentally degenerate s and d shells.
Using the same trick for accidentally degenerate p and d shells, we manage to
obtain a self-consistent solution to the rHF equations, which is necessarily a ground
state since the rHF model is convex in the density matrix.

In the following tables, we report the rHF occupied energy levels (in Ha) of all
the atoms of the first four rows of the periodic table, for which the Fermi level
seems to be an accidentally degenerate eigenvalue:

the 4p and 3d orbitals have the same energy for Z = 21, 22,

the 5s and 3d orbitals have the same energy for 23 < Z < 26,

the S5p and 4d orbitals have the same energy for Z = 40,

« the 6s and 4d orbitals have the same energy for Z =41, 42, and

the 5s and 4d orbitals have the same energy for Z = 46, 47.

In all these cases, the occupation number 0 < n < 2 of the partially occupied d
orbitals is also given.

Third row.

Atom Sc Ti \'% Cr Mn Fe
V4 21 22 23 24 25 26
1s —154.35864 —171.13186 | —188.77080 —207.27457 —226.64207 —246.87446
2s —15.78538 —17.95490 —20.24077 —22.64280 —25.15938 —27.79250
2p —12.74151  —14.69008 —16.75392 —18.93275 —21.22503 —23.63263
3s —1.69002 —1.91684 —2.15109 —2.39225 —2.63884 —2.89238
3p —0.96964 —1.11529 —1.26708 —1.42402 —1.58451 —1.74975
4s —0.08646 —0.08224 —0.07796 —0.07027 —0.06385 —0.05831
4p —0.00262 —0.00056
5s —0.00044 —0.00021 —0.00008 —0.00001
3d —0.00262 —0.00056 —0.00044 —0.00021 —0.00008 —0.00001

n (3d) 0.0056 0.3076 0.5662 0.7794 0.9886 1.1957
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Fourth row.

Atom Zr Nb Mo Pd Ag
Z 40 41 42 46 47
1s —627.17364 —661.38533 —696.51265 —846.21733 —885.91821
2s —83.77963 —89.25420 —94.89727 —119.19036 —125.66905
2p —-76.25111 —81.47185 —86.85999 —110.12295 —116.34159
3s —12.93681 —14.14588 —15.39104 —-20.77177 —22.19282
3p —10.23529 —11.31538 —12.43032 —17.27895 —18.56438
3d —5.37710 —6.20667 —7.06960 —10.89439 —11.91967
4s —1.58204 —1.76423 —1.94236 —2.66438 —2.82492
4p —0.89248 —1.01284 —1.13016 —1.61336 —1.71460
5s —0.07367 —0.06267 —0.04957 —0.03846 —0.03379
5p —0.00048
6s —0.00014 —0.000002
4d —0.00048 —0.00014 —0.000002 —0.03846 —0.03379

n (4d) 0.3207 0.5840 0.7983 1.6655 1.9293
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The occupied energy levels in the rHF model of all the atoms of the first four
rows of the periodic table are given in Appendix A.

Remark. Our numerical simulations seem to show that for all 1 < Z < 54, there are
no unoccupied negative eigenvalues in the rHF ground states of neutral atoms. Thus,
the negative spectrum of the rHF Hamiltonian coincides with the set of occupied
energy levels.

We end this section with Figure 3, which backs up the conjecture that rHF atomic
densities are decreasing radial functions of the distance to the nucleus.

4.1.2. Occupied energy levels in the Xa model. The tables below provide the
negative eigenvalues of the Kohn—Sham Xo Hamiltonian (in Ha) for all the atoms
of the first four rows of the periodic table with accidentally degenerate Fermi levels,
the degeneracy occurring in all cases between an s shell and a d shell (4s—3d for
23 < Z <28, 5s-4d for 41 < Z < 44). All the results of this section are obtained
for L, =30 and N; increasing from 30 to 75 as Z increases.

Third row.

Atom \'% Cr Mn Fe Co Ni
Z 23 24 25 26 27 28
1s —195.11079 —213.87746 —233.50875 —254.00470 —275.36535 —297.59075
2s —21.72028 —24.14440 —26.68762 —29.35014 —32.13212 —35.03372
2p —18.33888  —20.55424 —22.88690 —25.33699 —27.90468 —30.59009
3s —2.44810 —2.68033 —-2.92165 -3.17214 —-3.43191 —3.70102
3p —1.53340 —1.68342 —1.83995 —2.00304 —2.17274 —2.34907
4s —0.13684 —0.13575 —0.13474 —0.13379 —0.13292 —0.13212
3d —0.13684 —0.13575 —0.13474 —0.13379 —0.13292 —0.13212

n (3d) 0.6393 0.8873 1.1278 1.3622 1.5918 1.8174
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Figure 3. Top: the plot of the densities of all the atoms 1 < Z < 54 obtained with our
code as a function of the distance to the nucleus, on the interval [0, 0.05]. Bottom: the plot
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Fourth row.

Atom Nb Mo Tc Ru
Z 41 42 43 44
1s —673.74149 —709.15136 —745.48044 —782.72787
2s —92.74707 —08.44597 —104.31826 —110.36286
2p —85.27606 —90.73190 —96.35989 —102.15896
3s —15.40918 —16.63439 —17.90004 —19.20531
3p —12.56830 —13.66757 —14.80629 —15.98365
3d —7.35588 —8.21062 —9.10349 —10.03361
4s —2.05942 —2.19877 —2.34006 —2.48279
4p —1.27048 —1.35425 —1.43939 —1.52544
5s —0.13172 —0.11937 —0.10617 —0.09183
4d —0.13172 —0.11937 —0.10617 —0.09183

n (4d) 0.6535 0.9847 1.2956 1.5896
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Figure 4. Top: the plot of the X« densities of all the atoms 1 < Z < 54 obtained with our
code as a function of the distance to the nucleus, on the interval [0, 0.05]. Bottom: the plot
of the logarithms of those densities on the interval [0, 50].

The occupied energy levels in the X model of all the atoms of the first four
rows of the periodic table are given in Appendix B.

We end this section with Figure 4, which shows that as in the rHF case, the
Xa atomic densities seem to be decreasing radial functions of the distance to the
nucleus.

4.2. Perturbation by a uniform electric field (Stark effect). In this section, we
consider atoms subjected to a uniform electric field, that is, to an external potential
BWstark With

WStark(r) =—€;-r
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Figure 5. rHF case: at the top left is a plot in the pz-half-plane of the ground state density
(multiplied by r2) of an isolated carbon atom. The others are plots of the ground state
densities (multiplied by r2) of the carbon atom in a sphere of radius L, = 100, subjected
to a uniform external electric field, with coupling constants 8 = 10731072, 10 L.

or, in spherical coordinates,

47 0
Wstark (1, 0, ¢) = — ?rYl @, ¢).

As already mentioned in Section 2.2, §rZHl;,/LDA (B Wstark) = —00 whenever 8 # 0,
and the corresponding variational problem has no minimizer. However, one can find

a minimizer y, € Jy j to the approximated problem ng}flz,/zDA (B8 Wstark). Hereafter

we consider the carbon atom (Z = 6). Even though the cutoff my, is set equal to 6,
all the terms corresponding to a magnetic number m > 1 are in fact equal to zero.

Recall that the perturbed ground state density is cylindrically symmetric about
the z-axis. Figures 5 and 6 are plots in the pz-half-plane (o =r sin6 and z =r cos )
of the densities p;, (multiplied by 72 in order to emphasize what is going on at large
distances from the nucleus), for the carbon atom (Z = 6), obtained for different
values of B.
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Figure 6. X case: at the top left is a plot in the pz-half-plane of the ground state density
(multiplied by r2) of an isolated carbon atom. The others are plots of the ground state
densities (multiplied by r2) of the carbon atom in a sphere of radius L, = 100, subjected
to a uniform external electric field, with coupling constants 8 = 10731072, 10 L.

For 8 =107% and 8 = 107!, we clearly see spurious boundary effects: part of
the electronic cloud is localized in the region where the external potential takes
highly negative values. This result is obviously not physical. On the other hand, for
the Xo model and for 8 = 10~3 we simply observe a polarization of the electronic
cloud. The perturbation potential being not spherically symmetric, it breaks the
symmetry of the density. This numerical solution can probably be interpreted as
a (nonlinear) resonant state. We will come back to the analysis of this interesting
case in a following work.

Figure 7 shows the amount of electrons of the carbon atom which escape to
infinity as a function of the coupling constant 8 (for L, = 100 and N; = 50), in the
rHF and X« cases.

In general, the standard ODA is used to achieve convergence (see Section 3).
However, for g small or large enough, the occupation numbers are selected as

follows: n'l = nl') =2, no3 =2(1 — 1), and n'"} =2 —ng 3 = 21, 10 being the
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minimizer of

rHF/LDA « [n]

1 Eg -0y, —I—tyl["i,ﬁW),

where

Voru=2 Y |®Pon){®oxnl, ¥0=2 D 1Poxn)(Poxnl+20P11 1) (P11l
1<k<3 1<k=<2

This modification of ODA significantly increases the rate of convergence for
small or large, but does not converge for all intermediate values of 8.

While §rZHI;,/ LDA( BWsiark) = —oo and the ccirrei_%)onding variational problem has
no minimizer, the first-order perturbation yé 3\’; W,y Of the ground state density
matrix does exist (see Theorem 4). If we consider the carbon atom, it can be
expressed as a function of the unperturbed occupied Kohn—Sham orbitals and of

their first-order perturbations. We indeed have

(1),rHF (11) (i2) (i3)
y6 6, Wsark — Z n, l’<|q)m,k><cI> |
(m,k)e0¢ ¢
i1>0,i2>0,i3>0
i1+ir+iz=1

where O¢ 6 = {(0, 1), (0, 2), (0, 3), (1, 1)}, where e( ) is the k-th lowest eigenvalue
of Hg gHF in the subspace #", f,?’)k is an assocmted normahzed eigenfunction, and

(0) 0 _» © (O)

) 2 _ 4
0,1 =My2 = ngy=3. and ny;=g3,

1

while 6151 )k, @2),(, and n,g)k satisfy the self-consistent equation

0.0HF __(0) (1 - 0 ) £ ©
(Hg — 3 ))q>( o+ (M - )CD( T WStarkq)( ) = ( ) ben)k,
(1) _ Z 211(0) CD(O) q>(1k+ (1) CI)(O) (D(O)

m,k’
(m k)E@@ﬁ
1 50 _ O _
fWCD CIDmk_O and Z mk—O.

(m,k)€0g 6

We denote by e,(r?)k e e,(n])k e @fr?)k s @2),{ »» and nm ko the approximations of

D el o® CI>(1) and n(l) respectively. For each (m, k) € O¢ ¢, define

m,k’ m k> “m,k>

N 1
r(nl)k n(B) = E(Gm,k,h(lg) - E;E?k,h)’

o B) = S (@pin(B) -0, ),
kh B m,k,h mkh

1
ik B) = O (B) =),
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Figure 8. Plot of the function 8 +— MAaX (k)| 4 >0 MX[>(m| | V1, (m k) (B)lloo Where
Vi, (m k) (B) s the vector in the left-hand side of (58).

Recall that (P 1,1 (B)) (m.k)e0ss and nm . »(B) are the eigenfunctions and eigen-
values, respectlvely, of the density matrix y,, the minimizer of the approximated
problem WHF 1 (BWstark).

Let U™ ‘ and U™*(B) be such that

mp Np
@) (0. 9)= )" (Z Ut (8)%; (r)/r) Y0, ¢),
I=|m| “i=1

) (B 0. 9)= > (ZU (B)%; <r)/r>Y, . 9).

I=|m]|

To show that CTD,(nl)k p(B) —> @ )k » When B — 0, it is enough to show that for each
[>0

I(1+1 ~ 1
(%A+ ( 5 )M_Z—ZM_l+NVM—6(O)M0)U.,1(,B)——Cl””MlU.J_l

V3
my  2mp
—701 MU 1+ Y ZC, Q1" - FYU. 1(B)
3 l/_|m|l//

FCA0r BN Py =DMy = 0. (58)

The index (m, k) is omitted for simplicity, and the vector él (B) is the solution to
the linear system
(A*+1(I+1)M2) Q=4 F : Ry,
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with
EI — Z 2n£’??kl7m,kcl,m[l7m,k]T +n’(r:’)kl7m,kcl,m[Um,k]T‘
—mp=m=mp
1<k=(mj—|m|+1)x Np
Our numerical results show that, as expected by symmetry, nfnl )k n= e,(nl)k p=0

for all (m, k) € O¢ 6, and that the left-hand side of (58) converges to zero linearly
in B (see Figure 8).

Appendix A: Occupied energy levels in the rHF model

In the following tables, we report the rHF occupied energy levels (in Ha) of all the
atoms of the first four rows of the periodic table. In case the Fermi level seems to
be an accidentally degenerate eigenvalue, the occupation number 0 <n < 2 of the
partially occupied d orbitals is also given.

Hydrogen and helium.
Atom Z 1s
H 1 —0.046222
He 2 —0.184889
First row.
Atom Z 1s 2s 2p
Li 3 —1.202701 —0.013221
Be 4 —2.902437 —0.043722
B 5 —5.407212 —0.164961 —0.002389
C 6 —8.555732  —0.265682 —0.012046
N 7 —12.390177 —0.384699 —0.027312
(0] 8 —16.912538 —0.522883 —0.047280
F 9 —22.123525 —0.680479 —0.071663
Ne 10 —28.023481 —0.857597 —0.100342
Second row.
Atom Z 1s 2s 2p 3s 3p

Na 11 —35.065314 —1.453872 —0.514340 —0.012474

Mg 12 —42.963178 —2.169348 —1.037891 —0.034036

Al 13 —51.833760 —3.118983 —1.789953 —0.135543 —0.002486
Si 14 —61.532179 —4.160128 —2.629056 —0.208803 —0.010768
P 15 —=72.083951 —5.319528 —3.582422 —0.284199 —0.023431
S 16  —83.489746 —6.598489 —4.651551 —0.363585 —0.039746
Cl 17 —95.749535 —7.997404 —5.836930 —0.447628 —0.059401
Ar 18 —108.863191 —9.516434 —7.138772 —0.536669 —0.082233
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Third row.
Atom K Ca Sc Ti
Z 19 20 21 22
Is —123.093717 —138.233855 —154.35864 —171.13186
2s —11.413369  —13.478564 —15.78538 —17.95490
2p —8.815789  —10.658837 —12.74151 —14.69008
3s —0.866180 —1.225936 —1.69002 —1.91684
3p —0.326113 —0.596554 —0.96964 —1.11529
4s —0.009500 —0.024275 —0.08646 —0.08224
4p —0.00262 —0.00056
3d —0.00262 —0.00056
n (3d) 0.0056 0.3076
Atom \'% Cr Mn Fe
VA 23 24 25 26
Is —188.77080 —207.27457 —226.64207 —246.87446
2s —20.24077 —22.64280  —25.15938 —27.79250
2p —16.75392  —18.93275 —21.22503 —23.63263
3s —2.15109 —2.39225 —2.63884 —2.89238
3p —1.26708 —1.42402 —1.58451 —1.74975
4s —0.07796 —0.07027 —0.06385 —0.05831
Ss —0.00044 —0.00021 —0.00008 —0.00001
3d —0.00044 —0.00021 —0.00008 —0.00001
n (3d) 0.5662 0.7794 0.9886 1.1957
Atom Co Ni Cu Zn
VA 27 28 29 30
Is —267.97363 —289.94364 —312.78019 —336.48301
2s —30.54468 —33.42047 —36.41574  —39.53045
2p —26.15798 —28.80557 —31.57124  —34.45491
3s —3.15502 —3.43107 —3.71624 —4.01038
3p —1.92172 —2.10456 —2.29392 —2.48957
4s —0.05438 —0.05459 —0.05539 —0.05646
3d —0.00121 —0.00722 —0.01370 —0.02026
Atom Ga Ge As Se Br Kr
Z 31 32 33 33 35 36
Is | —361.309461 —387.039855 —413.704397 —441.297733 —469.815876 —499.256211
2s —43.037010 —46.711685 —50.583856 —54.647174 —58.896767 —63.329305
2p —37.727020 —41.164308 —44.796323 —48.616891 —52.621294 —56.806329
3s —4.576035 —5.182760 —5.856750 —6.590128  —7.377307 —8.214637
3p —2.951273  —3.449483 —4.011096 —4.628856 —5.297678  —6.014298
3d —0.264266  —0.533749  —0.860725 —1.240224 —1.668313  —2.142323
4s —0.165288  —0.229337  —0.293291 —0.358794  —0.426192  —0.495638
4p —0.002386  —0.010542  —0.022574 —0.037413  —0.054625 —0.073991
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Fourth row.
Atom Rb Sr Y Zr Nb Mo
Z 37 38 39 40 41 42
Is —529.827018 —561.340511 —593.866153 | —627.17364 | —661.38533 —696.51265
2s —68.150675 —73.171957 —78.461974 | —83.77963 | —89.25420 —94.89727
2p —61.378353 —66.148672 —71.186183 | —76.25111 | —81.47185 —86.85999
3s —9.306434 —10.462839 —11.752114| —12.93681 | —14.14588 —15.39104
3p —6.983328 —8.015158  —9.178245| —10.23529 | —11.31538 —12.43032
3d —2.867015  —3.653051 —4.569112 —5.37710 —6.20667 —7.06960
4s —0.760103  —1.032665 —1.383317 —1.58204 —1.76423 —1.94236
4p —0.271916  —0.475893  —0.757307 —0.89248 —1.01284 —1.13016
5s —0.008742  —0.021586  —0.076589 —0.07367 —0.06267 —0.04957
Sp —0.002707 —0.00048
6s —0.00014  —0.000002
4d —0.00048 —0.00014  —0.000002
n (4d) 0.3207 0.5840 0.7983
Atom Tc Ru Rh Pd Ag
Z 43 44 45 46 47
1s —732.565071 —769.539351 —807.43252 —846.21733 —885.91821
2s —100.718115 —106.713582 —112.88067 —119.19036 —125.66905
2p —92.424856  —98.163269 —104.07224 —110.12295 —116.34159
3s —16.681758  —18.014957 —19.3877 —20.77177  —22.19282
3p —13.589644  —14.790336  —16.02956 —17.27895  —18.56438
3d —7.975384 —8.920979 —9.90351 —10.89439  —11.91967
4s —2.126544 —2.314092 —2.50245 —2.66438 —2.82492
4p —1.254159 —1.381847 —1.51046 —1.61336 —1.71460
5s —0.044554 —0.043203 —0.04269 —0.03846 —0.03379
4d —0.009444 —0.024185 —0.04081 —0.03846 —0.03379
n (4d) 1.6655 1.9293
Atom Cd In Sn Sb
Z 48 49 50 51
Is —926.623485 —968.415517 —1011.130388 —1054.799726
2s —132.409803 —139.493172  —146.755434  —154.228103
2p —122.820764 —129.641175 —136.639081 —143.846051
3s —23.742846  —25.501835 —27.305190 —29.184036
3p —19.977847  —21.599353 —23.264351 —25.004010
3d —13.071777  —14.430695 —15.832028 —17.307019
4s —3.073669 —3.487846 —3.900956 —4.343505
4p —1.901671 —2.251916 —2.599067 —2.973930
4d —0.096713 —0.310885 —0.517562 —0.749756
5s —0.042861 —0.131665 —0.181855 —0.230820
S5p —0.002570 —0.010599 —0.021622
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Atom Te 1 Xe
Z 52 53 54
1s —1099.421697 —1144.994552 —1191.517037
2s —161.909103 —169.796463 —177.888737
2p —151.260063 —158.879194 —166.702039
3s —31.136080 —33.159211 —35.251891
3p —26.816070 —28.698453 —30.649647
3d —18.853453 —20.469283 —22.153023
4s —4.812921 —5.307002 —5.824212
4p —3.374212 —3.797932 —4.243727
4d —1.006149 —1.285246 —1.585928
5s —0.280095 —0.330100 —0.381026
S5p —0.034651 —0.049319 —0.065446

Appendix B: Occupied energy levels in the X model

The tables below provide the negative eigenvalues of the Kohn—Sham X« Hamilton-
ian (in Ha) for all the atoms of the first four rows of the periodic table. We observe
that atoms Z, with 23 < Z <28 and 41 < Z < 44, have accidentally degenerate
Fermi levels, the degeneracy occurring in all cases between an s shell and a d shell
(4s-3d for 23 < Z < 28 and 5s—4d for 41 < Z < 44). All the results of this section
are obtained for L, = 30 and N; increasing from 30 to 75 as Z increases.

Hydrogen and helium.
Atom Z 1s
H 1 —0.194250
He 2 —0.516968
First row.
Atom Z Is 2s 2p
Li 3 —1.820596 —0.079032 —0.019804
Be 4 —3.793182 —0.170028 —0.045681
B 5 —6.502185 —0.305377 —0.100041
C 6 —9.884111 —0.457382 —0.157952
N 7 —13.946008 —0.628841 —0.221004
(0] 8 —18.690815 —0.820599 —0.289512
F 9 —24.120075 —1.032963 —0.363534
Ne 10 —30.234733 —1.266049 —0.443056
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Second row.
Atom Z 1s 2s 2p 3s 3p
Na 11 —37.647581 —2.007737 —1.006028 —0.077016
Mg 12 —45.897000 —2.845567 —1.661300 —0.142129
Al 13 —55.080562  —3.877978 —2.507293 —0.251340 —0.071775
Si 14 —65.107293 —5.017013 —3.456703 —0.359121 —0.117813
P 15 —75.982880 —6.269749 —4.516571 —0.470070 —0.166674
S 16  —87.709076  —7.638741 —5.689399 —0.585627 —0.218875
Cl 17 —100.286615  —9.125221 —6.976378 —0.706438 —0.274567
Ar 18 —113.715864 —10.729883 —8.378170 —0.832845 —0.333798
Third row.
Atom K Ca Sc Ti
Z 19 20 21 22
1s —128.330888 —143.848557 —160.10133 —177.19446
2s —12.775422 —14.981138 —17.14580 —19.39840
2p —10.219106  —12.218289  —14.17782  —16.22419
3s —1.233137 —1.655845 —1.94114 —2.21070
3p —0.646636 —0.981391 —1.18677 —1.37630
4s —0.064460 —0.111359 —0.12562 —0.13516
3d —0.08993 —0.12742
Atom \'% Cr Mn Fe Co Ni
VA 23 24 25 26 27 28
Is —195.11079 —213.87746 —233.50875 —254.00470 —275.36535 —297.59075
2s —21.72028 —24.14440 —26.68762 —29.35014 —32.13212 —35.03372
2p —18.33888 —20.55424  —22.88690 —25.33699 —27.90468 —30.59009
3s —2.44810 —2.68033 —2.92165 —3.17214 —3.43191 —3.70102
3p —1.53340 —1.68342 —1.83995 —2.00304 —2.17274 —2.34907
4s —0.13684 —0.13575 —0.13474 —0.13379 —0.13292 —0.13212
3d —0.13684 —0.13575 —0.13474 —0.13379 —0.13292 —0.13212
n (3d) 0.6393 0.8873 1.1278 1.3622 1.5918 1.8174
Atom Cu Zn Ga Ge
Z 29 30 31 32
Is —320.711183 —344.885966 —370.087065 —396.206872
2s —38.088382  —41.471174  —45.140343  —48.991790
2p —33.426318  —36.586685  —40.030943  —43.654803
3s —4.010749 —4.519851 —5.188704 —5.906101
3p —2.562693 —2.969457 —3.532081 —4.139819
3d —0.157720 —0.348234 —0.685727 —1.064181
4s —0.138533 —0.185366 —0.290872 —0.386783
4p —0.070624 —0.114696
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Atom As Se Br Kr

Z 33 34 35 36

Is —423.248196 —451.209748 —480.090322 —509.889039

2s —53.026929  —57.243491 —61.639549  —66.213681

2p —47.459904  —51.444139  —55.605706  —59.943283

3s —6.673183 —7.487710 —8.347907 —9.252538

3p —4.794502 —5.494354 —6.237921 —17.024197

3d —1.487148 —1.953579 —2.462342 —3.012574

4s —0.481338 —0.576513 —0.673116 —0.771572

4p —0.158885 —0.20426 —0.251199 —0.299874

Fourth row.
Atom Rb Sr Y Zr

Z 37 38 39 40

1s —540.863861 —572.774871 —605.539841 —639.200123

2s —71.219637  —76.418197  —81.718973 —87.167101

2p —64.711316  —69.670502  —74.731216  —79.938205

3s —10.452293 —11.708284  —12.932519  —14.171025

3p —8.104015 —9.238678  —10.340292  —11.455022

3d —3.854833 —4.750868 —5.612293 —6.485549

4s —1.088064 —1.407019 —1.651693 —1.873159

4p —0.547366 —0.798079 —0.980422 —1.141874

5s —0.061487 —0.102737 —0.120721 —0.131037

4d —0.071919 —0.111534

Atom Nb Mo Tc Ru
Z 41 42 43 44
1s —673.74149 —709.15136 —745.48044 —782.72787
2s —92.74707  —98.44597 —104.31826 —110.36286
2p —85.27606  —90.73190  —96.35989 —102.15896
3s —15.40918 —16.63439  —17.90004  —19.20531
3p —12.56830 —13.66757 —14.80629 —15.98365
3d —7.35588 —8.21062 —9.10349  —10.03361
4s —2.05942 —2.19877 —2.34006 —2.48279
4p —1.27048 —1.35425 —1.43939 —1.52544
5s —0.13172 —0.11937 —0.10617 —0.09183
4d —0.13172 —0.11937 —0.10617 —0.09183

n (4d) 0.6535 0.9847 1.2956 1.5896
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Atom Rh Pd Ag Cd In
z 45 46 47 48 49
1s —820.927173 —860.048546 —900.232540 —941.381019 —983.552576
2s —116.614569 —123.041777 —129.790427 —136.759252 —144.005647
2p —108.163817 —114.343011 —120.842024 —127.559951 —134.554225
3s —20.585170  —22.008434  —23.620128  —25.317963  —27.159345
3p —17.234646  —18.528092  —20.009041 —21.575259  —23.284171
3d —11.035987  —12.079263  —13.308869  —14.622541 —16.077676
4s —2.661143 —2.845456 —3.173860 —3.543470 —4.010922
4p —1.645733 —1.771555 —2.037653 —2.343065 —2.744597
4d —0.103288 —0.118970 —0.252103 —0.420723 —0.681578
5s —0.124136 —0.167825 —0.253924
5p —0.071162
Atom Sn Sb Te I Xe
zZ 50 51 52 53 54
1s —1026.665599 —1070.725180 —1115.731902 —1161.685673 —1208.586286
2s —151.449408  —159.095276  —166.943588  —174.994060  —183.246330
2p —141.744613  —149.135914  —156.728514  —164.522166  —172.516543
3s —29.062993 —31.033521 —33.071174 —35.175601 —37.346393
3p —25.054553 —26.891049 —28.793930 —30.762871 —32.797483
3d —17.593291 —19.174056 —20.820270 —22.531629 —24.307764
4s —4.493043 —4.994724 —5.516439 —6.058048 —6.619330
4p —3.159222 —3.592188 —4.044198 —4.515264 —5.005277
4d —0.954355 —1.244953 —1.554330 —1.882595 —2.229668
Ss —0.330583 —0.404626 —0.477952 —0.551382 —0.625352
S5p —0.110212 —0.148390 —0.186783 —0.225814 —0.265689

Appendix C: Accidental degeneracies and nonuniqueness
of the rHF ground state density matrix

When the Fermi level is negative and contains a pair of accidentally degenerate s
and d shells, any nonmagnetic rHF ground state density matrix is of the form

0,rHF

V7.7

where ¢ € R, B e R

¢s(r) =

5x5
sym

Jus (1),

m,m'=—2

2
ey (') +lgps) sl + D B |bdm) (G

2
+ 3" Vi (bs) @l + ) (5

m=—2

Gam(P) =12 fra(H) Y0, @).

and y € R’ are matrices such that 0 < (;’f yﬁr) <2, and
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Here, the 171”’ are the real spherical harmonics, and f,; and f,4 are radial functions
with (n — 1) and (n’ — 3) nodes in (0, +00), respectively. Since all the ground state
density matrices share the same density, the function

V15 272 —x2 —y?
azfns(r)2+_fns(r)fn/d(r)(y—zxy+V—1yZ+VO—
T J3
X2 — y?
+yixz+v, 5 )
15 (272 — x2 — y2)?
+an/d(r)2<,32,2x2y2+,31,1y2Z2+,80,0 7 Y + Br1x?2?
(x2—y%)? ) xy(2z2 —x* —y?)
+ Bra———+2B_2 _1xy° 7+ B2
2,2 ) 2,—1XY 2,0 ﬁ
7222 — x? —y?)
+2f3—2,1xz)’2+ﬁ—2,2xy(x2—)’2)—!—,3—1,0y B Y
xz2(2z%2 —x2 —y?)
+2B_11xy2° + B_1.2yz(x* — ¥?) + Bo.i 7 Y

. (x? —yH (22 —x? —y?)

24/3

where r = (x2 + y? + z%)/2, must be a function of r, independent of the chosen
ground state density matrix. Since f,; has more nodes than f,/; (we have seen
above that n = 5 or 6 and n’ = 3 or 4), this implies that 8 is a scalar matrix, that
y = 0, and that only one value for the pair («, 8) is possible. This demonstrates

+ Bo

+ Braxz(x? — yz))

the uniqueness of the nonmagnetic ground state when the Fermi level is negative
and contains a pair of accidentally degenerate s and d shells.

When the Fermi level is negative and contains a pair of accidentally degenerate p
and d shells, any nonmagnetic ground state density matrix is of the form

1
0,rHF 0,rHF
VZ,rZ =21(_OO’€%rZH‘I;)(HZ’rZ )+ Z U | B p,m) (Dpm|

m,m'=—1
2 1 2
+ Y Buw|bam)bam!+ DY Vi (Spm) Bam |+ bam) bpml)  (59)
m,m'=—2 m=—1m'=-2

3x3 5%5 3x5 : oy
where o € [F\Rsym, B e [R{Sym and y eR are matrices such that 0 < (VT ﬁ) <2, and

Gpm(®) =1 ap(MYO,0),  am() =12 fra(r) VIO, @).

Here, f,, and f,¢ are radial functions with (n —2) and (n" — 3) nodes in (0, 4+00),
respectively. Since all the ground state density matrices share the same density, the



NUMERICAL STUDY OF THE EXTENDED KOHN-SHAM GROUND STATES OF ATOMS 185

function
3 2 2 2 2
Efnp(r) (@—1,—1y" +0,02” +oq,1x° + 201,02 + 200_1,1xy + 2010,1X2)

35 5 5 y(2z2 —x? —y?)
+?fnp(r)fn’d(r)<yl,2xy +y_ Y z+Yoo 23

2 2
yx©—y7)
I R T e (A Yo.-1Y2

72222 —x? —y?) z(x? —y?)

+%0,0 W +¥p %2 + Y0,2 3 +y1 X7y
X222 —x*—y?) x(x? —y?)
+Y1,-1XYZ+ Vi 23 +V1,1XZZ+V1,2—2
15 (212 —x2_ 2)2
+ — fwa(M?( B=2,—2x*y* + B-1,-1%2> + Bo.o Y
4 12
(x2 —y?)? ) xy(2z2 —x* —y?)
+ Brax?2? + ar——— +2B-2 _1xy*2+ 20
4 g NG
2272 = x2 —y?)
+ 2B 01x%yz+ Baaxy(x* — ¥+ B_10 Y Y
V3
-?CZ(2ZZ _x2 _ 2)
+2B-1.1xy2% + Bo1.2y2(x* — ¥*) + Bo.1 7 Y

(x* —yHQ2% —x* —y?)
+ Bo.2
2V/3
where r = (x> 4+ y% + z?)!/2, must be a function of r, independent of the chosen

ground state density matrix. Since f,, has more nodes than f,4, this implies that
o and B are scalar matrices and that, for « and g8 given, the function

+ Braxz(x? — y2>>,

2 .2 .2 2.2
2 2 y(2z7 —x°—y7) y(xT—y9)
RN B o TN e o AN e BRGNP E ha s
2 2 2 2 2
’ 7227 —x“—y%) ’ Z(x=—y9)
+Y0,-2XYZ+ Yo, 1Y+ Voo 23 +Y0,1%2" + Y02 5
2 2 2 22
’ x(2z°—x"—y°) ’ x(x*—y%)
+ VXYY XYzt +y Xy
Yi,—-2X YTV, —1XYZT V10 2\/3 YigX¥ 2TtVip 2

is a given function of r. The vector space of homogeneous polynomials in x, y, z
of total degree equal to 3 is of dimension 10, and the matrix y has 15 independent
entries. Provided o and 8 are not equal to O (which is suggested by our numeri-
cal simulations), an infinity of density matrices of the form (59) satisfy the rHF
equations, and are therefore admissible nonmagnetic ground states.
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