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Basis-set correction based on density-functional theory: Rigorous framework

for a one-dimensional model
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D Laboratoire de Chimie Théorique, Sorbonne Université and CNRS, F-75005 Paris, France

Dnstitut Universitaire de France, F-75005 Paris, France

(Dated: 14 December, 2021)

We reexamine the recently introduced basis-set correction theory based on density-functional theory consisting in
correcting the basis-set incompleteness error of wave-function methods using a density functional. We use a one-
dimensional model Hamiltonian with delta-potential interactions which has the advantage of making easier to perform
a more systematic analysis than for three-dimensional Coulombic systems while keeping the essence of the slow basis
convergence problem of wave-function methods. We provide some mathematical details about the theory and propose
a new variant of basis-set correction which has the advantage of being suited to the development of an adapted local-
density approximation. We show indeed how to develop a local-density approximation for the basis-set correction func-
tional which is automatically adapted to the basis set employed, without resorting to range-separated density-functional
theory as in previous works, but using instead a finite uniform electron gas whose electron-electron interaction is pro-
jected on the basis set. The work puts the basis-set correction theory on firmer grounds and provides an interesting

strategy for the improvement of this approach.

. INTRODUCTION

In electronic-structure theory of atoms, molecules or solids,
one of the main limitations of standard correlated wave-
function computational methods for solving the Schrédinger
equation is the slow convergence of the energy and other
properties with respect to the size of the one-electron basis
set employed (see, e.g., Refs. [1H4). This slow basis conver-
gence originates from the singular behavior of the repulsive
Coulomb electron-electron interaction at small interelectronic
distances, which creates a depletion in the wave function with
a characteristic derivative discontinuity at electron-electron
coalescence — the infamous electron-electron cusp>©.

The two main approaches for dealing with this problem
are (i) extrapolation to the complete-basis-set limit by using
increasingly large basis sets'', and (ii) explicitly correlated
methods which incorporate in the wave function a correla-
tion factor reproducing the electron-electron cusp (see, e.g.,
Ref. [7). Recently, some of the present authors introduced
an alternative basis-set correction scheme based on density-
functional theory (DFT)®. This latter scheme consists in cor-
recting the energy calculated by a wave-function method with
a finite basis set by a density functional incorporating the
short-range electron correlation effects missing in the basis
set. This basis-set correction scheme was further developed
and tested in Refs. [OH15, demonstrating that it successfully
accelerates the basis convergence of wave-function methods
for various properties and systems.

The advantages of the basis-set correction scheme is its
conceptual simplicity and computational efficiency. In prac-
tice, however, the limpidity of this approach is somewhat di-
minished by the fact that in all previously cited works the
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basis-set correction functional was approximated by short-
range correlation functionals borrowed from range-separated
DFT19%20)  relying on an approximate mapping between the
basis-set correction theory and range-separated DFT.

In the present work, we reexamine more closely the basis-
set correction theory. For this, we use a one-dimensional
(1D) model Hamiltonian with delta-potential interactions*."#*
which has the advantage of making easier to perform a more
systematic analysis than for three-dimensional (3D) Coulom-
bic systems, while keeping the essence of the slow basis con-
vergence problem of wave-function methods. After introduc-
ing the 1D model and discussing its relevance in Section[[T} we
present the basis-set correction theory in some mathematical
details in Section In particular, we introduce a new vari-
ant of basis-set correction which has the advantage of being
suited for development of an adapted local-density approxi-
mation (LDA). In Section[[V] we show indeed how to develop
a LDA for the basis-set correction functional which is auto-
matically adapted to the basis set employed without resort-
ing to range-separated DFT but using instead a finite uniform
electron gas (UEG) whose electron-electron interaction is pro-
jected on the basis set. Section contains our conclusion
and outlook. Hartree atomic units (a.u.) are used throughout
this work.

Il. ONE-DIMENSIONAL MODEL SYSTEM
A. Description of the model

We consider N = 2 electrons in a 1D He-like atom with
delta-potential interactions described by the Hamiltonian®/"2%
H=T+ W + Ve, (1)

where

1 & =
T=-3 Zl gz Wee = 0001 = 32), Vo = -2 6(x) ()

i=1
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are the kinetic-energy operator, the Dirac-delta electron-
electron interaction, and the Dirac-delta nucleus-electron po-
tential with nuclear charge Z = 2, respectively. Since we
will be only interested in the spin-singlet ground state, we
can ignore spin and antisymmetry, and thus work on the one-
electron Hilbert space i = [*(R,C) and the two-electron
(non-antisymmetrized) tensor-product Hilbert space H = A ®
h. The ground-state energy can be expressed as

Ey = gélq?/cy, HY), ©)

where ‘W is the set of all admissible wave functions
W={PeH|¥ecH®R,C), (¥, =1}, )

where H'(R?,C) = {f € L>(R*,C) | 6;f € L*(R%,C),i = 1,2}
is the first-order Sobolev space and { , ) designates the L? inner
product.

The ground state of this 1D He-like atom with delta-
potential interactions can be considered as a model for the
ground state of the real 3D He atom. Indeed, it can be shown
that the ground state of a generalization to arbitrary dimen-
sion D of the electronic Hamiltonian of the He atom with
Coulomb-potential interactions exactly reduces for D = 1, af-
ter appropriate scaling of the energies and distances, to the
ground state of the Hamiltonian in Eq. 23 23528 Our main
interest in this model is that it gives an electron-electron cusp
(or derivative discontinuity) condition identical to the familiar
3D one”, i.e. for small interelectronic distances xj» = x; —x»
the exact ground-state wave function behaves as

1
Wo(x1, x2) = Polxy, x1) (1 + §|x12| + 0@%2))- &)

When using a finite one-electron basis set, we thus expect
a slow convergence with the basis size very similar to the
slow convergence observed in 3D quantum systems with the
Coulomb electron-electron interaction. This is why we prefer
this model to other 1D quantum systems (see, e.g., Refs. 29
and [30).

Another neat fact about the present model is that it can be
solved analytically at the Hartree-Fock (HF) level!. The total
HF ground-state energy is

z

1
-Z% + T T -3.083333... a.u., (6)

and the HF (doubly) occupied spatial orbital is

Eyr =

e B

Vx€eR, ¢(x) = — (7)

BNV T
with 8 = Z-1/2 = 3/2 and y = 1/(4Z— 1 = 1/7.
The exact ground-state energy cannot be calculated analyti-

cally but has been accurately estimated numerically?>* to be
Ey =-3.155390 a.u..

B. Full-configuration interaction in a basis set

We now consider full-configuration-interaction (FCI) cal-
culations in a finite one-electron basis set B ¢ H'(R,C). To

have a systematically improvable basis set, we use Hermite
(or Hermite-Gaussian) basis functions

VxeR, f(x) = N® H,(V2ax) e, (8)

where n is a natural number, H, are the Hermite polyno-
mials, N = 2"n))~12Q2a/m)"* is the normalization factor,
and @ > 0 is a real constant. It is well known that the set
{fi¥}n=0....n,, converges to a complete orthonormal basis of
L*(R,C) in the limit n,,,, — oo for any fixed exponent a.
We deliberately use the same exponent in all basis functions,
namely @ = 11.5, instead of multiple exponents in order to
avoid optimizing them. Except for that, this basis set is quite
similar to the Gaussian-type-orbital basis sets widely used in
quantum chemistry. Since we are not interested in the conver-
gence of the HF energy with this basis set (which is slow, see
Appendix but only in the convergence of the FCI corre-
lation energy, we add the exact occupied HF orbital ¢; given
in Eq. (7)) to the basis set. Our final basis set is thus

B={o o . = Wedo ©)
é1,x2 = 1y

and contains M = npax + 2 basis functions: y; =
s XM=
We introduce now A% = span(B) as the M-dimensional
one-electron Hilbert space spanned by this basis set 8, and
H?E = h2 ® A% the corresponding two-electron Hilbert space
of dimension M?. The FCI ground-state energy for this basis

set B is

Efy = min (¥, H'P), (10)

where W is the set of normalized wave functions restricted
to HE

W =P e H® | (P, ¥) =1}, (an

In practice, we proceed as follows. For each basis size nmax,
we first perform a HF calculation®*2, The nucleus-electron in-
tegrals are just (x,, VaeXv) = —Zxu(0)x,(0), and the kinetic in-
tegrals (y,., ty,) = (1/2) fR X, (X)x(x)dx and the two-electron
integrals (vvs WeeXao) = o Xu(Oxy (DX a(x)xo(x)dx are
calculated by Romberg numerical integration®. We then use

the obtained HF orbitals {¢;};=;.._y to expand the FCI ground-
state wave function as

M M
Wi, 1) = D > €61 (). (12)

i=1 i=1

The FCI coeflicients ¢; ; and the associated FCI ground-state
energy EFCI are found by diagonalization of the Hamiltonian.
Parity inversion symmetry is exploited in all our calculations.

In Fig. |1} we report the FCI ground-state energy EFCI as
a function of the basis size nn.x. We observe a quite slow
convergence of EFCI with np,x toward the exact ground-state
energy Ey. A numerical fit from ny,x = 50 and 70 gives the
following power-law convergence

Ey+

Ef, ~ (13)
Nmax —©0 nmdx
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FIG. 1. FCI ground-state energy EFBC[ [Eq. ] of the 1D He-like
atom as a function of the basis size ny,. The exact energy is taken
from Ref.[24]
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FIG. 2. FCI correlation pair density pgc(xl,xz) of the 1D He-like
atom at x; = 0 as a function of x, for different basis size 7.

gives A = 0.077 a.u. and b ~ 0.68. Equivalently, in terms
of the number of basis functions M, this convergence law can
be stated as 1/M?. Note that since our basis set includes the
exact HF occupied orbital this slow convergence is entirely
due to the correlation energy. According to the analysis given
in Appendix [A7] we theoretically expect b = 0.5. The differ-
ence most likely means that larger values of n,,x are needed to
reach the asymptotic regime. Note that for the 3D Coulomb
case it is well known that the correlation energy exhibits a
cubic-law convergence with respect to either the maximal an-
gular momentum or the maximal principal quantum number
of the basis set, or equivalently a 1/M convergence law in
terms of the number of basis functions®**. In the present
work, the use of a basis of Hermite functions with a single
exponent thus leads to an even slower convergence rate.

To illustrate further the slow basis convergence, we also cal-
culate the FCI correlation pair density

P3(x1, %) = 2 (1WEey (1, ) = [@pp(xr, x2)), (14)

where Oyr(xy, x2) = ¢1(x1)¢1(x2) is the HF wave function.
In Fig. 2| this quantity is plotted with respect to the second
electron coordinate x, for a fixed value of the first electron co-
ordinate x; = 0. The convergence of pg (X1, x2) with np,y is
again slow and reminiscent of the well-known slow basis con-
vergence of the correlation pair density for the 3D Coulomb
electron-electron interaction (see, e.g., Refs. 3| 35 and [36).
Note that the small derivative discontinuity seen on all the
curves of Fig. [2|at x, = 0 is due to the fact that we include in
our basis set the exact HF orbital in Eq. (7)) which has itself an
electron-nucleus cusp, namely ¢;(x) = ¢1(0)(1 —Z|x|+ o(x?)).
The electron-electron cusp condition in Eq. (3)) is only recov-
ered for large 7.

In conclusion, the present 1D model adequately captures
the main characteristics of the slow basis convergence prob-
lem of standard quantum-chemistry wave-function methods,
and it is thus appropriate for applying our basis-set correction
approach.

lll. BASIS-SET CORRECTION THEORY

We now develop the basis-set correction theory based on
DFT for the present 1D model which aims at removing the
basis-set incompleteness error in the FCI ground-state energy.
This requires to develop an extension of standard DFT from
the usual complete-basis-set setting to the case of the incom-
plete finite one-electron basis set $. In such a finite basis set,
it is known that the original Hohenberg-Kohn theorem®” does
not hold anymore®*!, in the sense that there is an infinite
number of local potentials which give, after projection in a fi-
nite basis set, the same ground-state density‘”. However, we
will show that we can still define density functionals associ-
ated with a finite basis set.

A. Density-functional theory for the one-dimensional model

We start by reviewing some useful definitions of standard
DFT specialized to the 1D model. For mathematically ori-
ented reviews of DFT, see for instance Refs. 4249, and in
particular Ref. |50/ which encompasses the 1D case.

Working on the same Hilbert space H as before, we now
consider the following 1D Hamiltonian for N = 2 electrons
with a general external potential v

HV] =T + Wee + V, (15)

where again 7 = —(1/2) Zfil 62/6xl.2 and W, = 6(x;—x3), and
V = Zfil v(x;) is now a general external potential operator.
We will still take admissible wave functions to be in the space
W given in Eq. {@). The convex set of densities representable
by a wave function ¥ € ‘W, the so-called N-representable
densities, is then#220

R={p|1AY¥Y eW,py =p}

:{peLl(R)IpZO, pr(x)dx:N, \/ﬁeHl(R)},
(16)



where py(x;) = N fR [¥(x1, x2)[>dx;, is the density of the wave
function ¥. We have R c X where X is the Banach space
X = Co(R) N LY(R) with Cy(R) the space of continuous func-
tions vanishing at infinity. Therefore, the space of external
potentials v that we can consider is the continuous dual space
of X,i.e. V= X' = M(R)+L*(R) where M(R) is the space of
bounded Radon measures. Note that the set V includes the ex-
ternal potential considered in Section[[l] i.e. vne(x) = —Z8(x).
For v € V, we then define the ground-state energy as

Eo[v] = inf (¥, H[v]¥). a7
YeWw

The Levy-Lieb density functional*?>l' is defined as a
constrained-search over wave functions yielding the density

Jol
Yo e R, Flp] = min (¥, (T + We.)¥), (18)
YeWw,

where W, = {¥ € W | py = p}. It gives the ground-state en-

ergy as
Eolv] = inf (F[p] + (v,0)), (19)

pER

where we have introduced the notation (v, p) = Jﬂg v(x)p(x)dx.

If a minimizing density py exists in Eq. (I9) then it is an exact
ground-state density for the potential v.

One can also define the Lieb density functional*, which is
the Legendre—Fenchel convex-conjugate of Ey[v]
Yp € R, FLlp] = sup (Eo[v] — (v,p)). (20)

veV

Just like the Levy-Lieb functional F, the Lieb func-
tional F gives the exact ground-state energy as Ey[v] =
inf,er (FL[p] + (v,p)). In general, the functionals F" and Fy.
are different, the Lieb functional being in fact the lower semi-
continuous convex envelope (Iscv) of the Levy-Lieb func-
tional, i.e.

FL = lIscv(F) < F. 1)

It turns out that the Lieb functional can also be expressed
as a generalization of the Levy-Lieb functional in which the
constrained search is extended from pure-state wave func-
tions to ensemble density matrices**%. This implies that
F[p] = FL[p] for densities p which are densities of a non-
degenerate ground state of the Hamiltonian H[v] for some po-
tential v. In the present case of two spin-singlet electrons, the
ground state is always non-degenerate and thus the Levy-Lieb
and Lieb functionals are identical, i.e. F = FL.

B. First variant of basis-set correction

The first variant of basis-set correction corresponds to the
one introduced for the 3D Coulombic case in Ref. |8/ and fur-
ther developed in Refs.|9H12, and[14. We consider the Hamil-
tonian H[v] in Eq. on the two-electron Hilbert space H®
associated with the basis set 8. For v € V, the FCI ground-
state energy is

Efe[vl = min (¥, HIVIY), 22)

where ‘W2, given in Eq. , is the set of normalized wave
functions restricted to H®. We define the corresponding
Levy-Lieb density functional for the basis set B as

Vp € R%, FOlp] = min (¥,(T + Weo)¥),  (23)
YeWw?s
where W2 = {\P e W8 | py = p} and R is the set of densi-
ties representable by a wave function ¥ € ‘W%

R ={p|3¥ e W’ py =p}. (24)

A priori, this set is not convex and not easily characterized.
The FCI ground-state energy can be expressed as

Eralv] = min (Flo] + (v, p) (25)

We now decompose the exact Levy-Lieb density functional
Flp]in Eq. (I8) as
Vp € R, Flp] = F¥[p] + E°[p], (26)

where E®[p] is the complementary basis-set correction den-
sity functional

E®[p] = (Plpl, (T + Wee)Plpl) — (PZ[p], (T + Wee) P [p1),
27)

and ¥[p] and W8 [p] are minimizing wave functions in
Egs. and || respectively. Clearly, since (Wf c W,
we have Vp € R?, FZ[p] > F[p], and thus EZ[p] < 0. Since
the decomposition in Eq. is defined only for p € RZ, we
cannot recover the exact ground-state energy Eo[v]. Instead,
we can obtain the following approximate energy obtained by
restricting the minimization in Eq. to densities p in R

EZ[v] = min (F[p] + (v, p))
pERB

= min( min (¥, (T + We)¥) + EZ[p] + (v, p))
PERE \ WeW?

= min ((F, (T + Wee + V)¥) + E%[py]),  (28)
YeWw?s

or, designating by ¥ € W?* a minimizing wave function in
Eq. (28).

ESV] = (V5 (T + Wee + V)PP + E'B[pq,g]. (29)

It is easy to see that Ey[v] < EOB[v] < EfCI[v]. For a given
basis set B, the functional EZ[p] provides a (self-consistent)
basis-set correction to the FCI energy so that E(")g[v] is a better
approximation to Ey[v] than E}%;CI[V] is. Moreover, as the basis
set is increased toward completeness, EOB [v] should converge
much faster to Ey[v] than E?CI[V] does, since, roughly speak-
ing, densities p typically converges faster than wave functions
Y with respect to the basis set.

For simplicity, instead of performing the minimization in
Eq. (28), one may use a non-self-consistent approximation
consisting in using the FCI ground-state wave function ‘I’ffc]

in place of W2, giving what we will call a “FCI+DFT” energy

EI?CHDFT[V] = <lPl§§CI’ (T + Wee + V)\Pi?cﬁ + Eg[owja]’ (30)



which is an upper bound of EZ[v], i.e. Ef, e[Vl > ES[VI.

Again, as the basis set is increased toward completeness
dEffCl +prrlv] should converge much faster to Ey[v] than E FCI[ V]
0es.

One inconvenient of this basis-set correction scheme is that,
for a given finite basis set 8, it does not give the exact ground-
state energy, even in principle if we knew the exact comple-
mentary basis-set correction functional E%[p]. This is due to
the fact that F3[p] is defined only on the restricted set of den-
sities RZ. Another related inconvenient is that since E%[p] is
defined only on this restricted set of densities, it is not clear
how to define the LDA for it. Defining the LDA would indeed
require to consider uniform densities, but uniform densities
are not in R%. Even though uniform densities are not in R
either, they can be approached with densities from R4, so
it would be preferable to have a complementary basis-set cor-
rection functional defined on the entire set R. This would also
permit to connect in principle the basis-set correction scheme
to the exact ground-state energy. This is what is achieved by

J

the second variant of basis-set correction.

C. Second variant of basis-set correction

For the second variant of basis-set correction, we work on
the full Hilbert space H (not restricted to the basis set 8), and
define the following Hamiltonian

HY W] =T+ W2 +V, (31)

where the kinetic-energy operator 7 and the external potential
operator V are still defined as before, but the electron-electron
interaction operator is now projected in the basis set 8

w2 = PPW,.P%, (32)

where P2 is the orthogonal projector onto the basis-set-
restricted Hilbert space . The notation “w$” is to remind
us that only W, is projected. Of course, W2 is a complicated
non-local two-electron operator. Using an orthonormal orbital
basis {¢;};=1...m spanning the same space as 8, its integral ker-
nel can be written as

M M M M
WEG, %3 %, 50 = 3T ¢ilx1)g(x2) (4i6hj Weeidh) d1(x1)] (x3), (33)

i=1 j=1 k=1 I=1

where (¢idj, Weebi) = [ ¢7(0¢3(0)¢u(x)¢i(x)dx are the

two-electron integrals in the orbital ba51s {¢;}. Forv e V,
the associated ground-state energy is

EY®[v] = inf (¥, HY[v]P). 34

0 v q}gw< v1¥) 34)

Clearly, if we were to restrict the minimization in Eq. (34)
to the set W2, EE)”B[ ] would reduce to Ei=801[ ] [Eq.
Therefore, we have EE)”‘B [VI<E FCI [v]. Moreover, because W,
is a positive operator, one would expect that projecting it in a
finite basis should typically decrease the ground-state energy,
i.e. Ee)”g [v] < Ep[v], but this may not be generally true.

We then define the corresponding Levy-Lieb functional for
all densities p € R as

Vp e R, F¥%[p] = min (¥, (T + W2)¥). (35)
YeW,
For the same reasons as before, comparison with Eq. (23)

shows that, for p € RE, F¥3[p] < FZ[p]. The ground-state
energy E(‘;’B [v] can be written as

EY8[v] = inf (F*®[p] + (v.p)). (36)

We now decompose the exact Levy-Lieb density functional
Flp] as

Vp € R, Flp]l = F*®[p] + E}Z [p], (37)

which defines the complementary Hartree- exchange-
correlation (Hxc) basis-set correction functional Ech[p]

(

Analogously to what is done in multideterminant range-
separated DFTU8205558  the  functional El‘;’ﬁ ] can be
decomposed as

ESIpl = ENY alol + EXoylpl, (38)

where ngm 4Lp] is the Hartree-exchange (Hx) contribution de-
fined as the expectation value of the complementary interac-
tion W2 = W,. — W2 over the minimizing multideterminant
(md) wave function %8 [p] (that we will assume to be unique
up to a global phase factor) in Eq. (33)

Eromalo] = (Lol W 2(o)), (39)
and Er’;f 1Lp] is the remaining correlation (c) contribution

EYB [p] = (Plpl. (T + Wee)¥lp])
—(PVB[p], (T + Wee) ¥ [p]). (40)

Clearly, since W[p] minimizes (¥,(T + W,)¥), we have
EWB Lalp] < 0. Since the decomposition in Eq. is defined
for all densities p € R, we can obtain the exact ground-state
energy as

Eolv] = inf (F*lp] + i [p] + ()

mf (\{52%}} (P, (T + WD) + e [p] + (V,p))

= jnf (2.7 + WE+ V)P + E}Slpwl). (41



For potentials v for which there exists a minimizing wave
function ‘I’BVB € W in Eq. |i this wave function yields a
exact ground-state density po, i.e. Pyrs = pPo. It is in fact
the minimizing wave function in Eq. (35) giving the density
Po, 1.e. ‘I’(”)VB = W¥3[py]. Using this fact and combining
Eqgs. @I)), (38), and (39), we can express the exact ground-
state energy as

Eo[v] = (¥, (T + Wee + VIWR?) + EX0 o], (42)

LI

Thus, this second variant of basis-set correction leads to an
energy expression similar to Eq. (29) obtained for the first

variant of basis-set correction, with the functional E;’“ﬁ 1Lo] re-

placing the functional E%[p] and the wave function W} re-
placing the wave function ‘P(()B . One advantage of this second
variant of basis-set correction is that it gives the exact ground-
state energy Ey[v]. The price to pay is that the minimization
in Eq. (#I) is more complicated than in Eq. (28) since it is
over general wave functions ¥ € ‘W and not simply wave
functions restricted to “W%. Moreover, the minimization in-
volves not only the functional E;”rf 1[p] but also the functional

Eﬁfm alolin Eq. which did not appear in the first variant
of basis-set correction.

Similarly to the first variant of basis-set correction, we can
define a non-self-consistent approximation consisting in using
the FCI ground-state wave function \P1§C1 in place of ‘I’gB in

Eq. @2), giving an alternative “FCI+DFT” energy
El‘;v(?nDFT[V] = <LP]§CI’ (T + Wee + V)lylléa) + Ezﬁd[p‘vﬁm]a(43)
which is quite similar but not equivalent to Eq. since
the complementary basis-set correction functional is different.
Like for the first variant of basis-set correction, when the ba-

. . . WB
sis set is increased toward completeness, Ef, prrlv] should

converge much faster to Ey[v] than E?CI[V] does.
Finally, we define the Lieb density functional for this sec-
ond variant of basis-set correction

Vo e R, F\Plp] = sup (Ey®Iv1 - (v.p)). (44)

Like in standard DFT, by the theory of Legendre—Fenchel
transformations, this Lieb functional FKB must be the lower
semi-continuous convex envelope of the Levy-Lieb functional
FY8 je.

F"® = 1sev(F™®) < F*5. (45)

One could also write down this Lieb functional as a
constrained-search over ensemble density matrices, and again
we should have F*2[p] = F}*[p] for densities p which are
densities of a non-degenerate ground state of the Hamiltonian
HY3[v] for some potential v. As already mentioned, in the
present case of two spin-singlet electrons, the ground state
is always non-degenerate and thus the Levy-Lieb and Lieb
functionals are identical, i.e. F*® = F}". As we will see
in Section the definition in Eq. (#4) is useful to cal-
culate the functional in practice since it involves a uncon-
strained maximization over potentials v whereas the defini-
tion in Eq. involves a potentially more complicated con-
strained minimization over wave functions yielding a fixed
density p.

In summary, the advantage of the second variant of basis-set
correction over the first variant is that it is connected with the
exact ground-state energy [via Eq. @I)) or (42)] and that it in-
volves a complementary basis-set correction functional which
is defined for all densities in R. In the next section, we exploit
this in order to construct a LDA for the functional E;"f 1lol.

IV. LOCAL-DENSITY APPROXIMATION FROM FINITE
UNIFORM-ELECTRON GAS

In standard DFT, the LDA is based on the infinite UEG.
Essentially, for the 1D case, calculating the energy per parti-
cle of the infinite UEG amounts to plugging an uniform den-
Sity punif : X > po € (0,+00) in the density functional F[p]
and taking the thermodynamic limit, i.e. limy_o F[ounit]/N.
One difficulty is that a non-zero uniform density function
Punit defined on the entire real line R is obviously not N-
representable. For the 3D case, the infinite UEG was rigor-
ously mathematically defined in Refs. 53/and 54! by first con-
voluting the uniform density with a function of compact sup-
port (so that the convoluted density is N-representable) and
then taking the thermodynamic limit N — oo (after removing
the Hartree energy which is divergent for the Coulombic 3D
case). Here, in the spirit of Ref. |59, we will instead consider a
finite UEG, i.e., for a finite electron number N.

A. Finite uniform-electron gas for the complete-basis-set
case

To define a 1D finite UEG, we generalize the standard DFT
of Section from the real line R to a finite interval Q, =
(—a/2,a/2) of length a. Hence, the one-electron Hilbert space
is A, = L*(Q,, C) and the two-electron Hilbert space is H,, =
h, ® h,. For external local potentials v € V,, (where the space
V, will be specified below) and N = 2 electrons, we define
the ground-state energy of the Hamiltonian H[v] = T+ W +V
[Eq. ] restricted to the Hilbert space H,, as

Eoqlv]l = inf (¥, Hv]Y),, (46)
YeW,

with the set of admissible wave functions

(Wa:{‘l’eﬂal‘l’eHl

per

Q2 0), (F, W), =1}, (47

where <\P1,\I‘2>a = fQZ TT(X],Xz)\Pz(xl,Xz)dxldXZ is the in-
ner product on H, and H;er designates the set of func-
tions in H' with periodic boundary conditions on the domain
(see, e.g., Ref. [60), which can be defined as H;er(Qﬁ,C) =

{‘Ppg | ¥ e Hlloc(Rz’ C), Yis aZz-periodic} where ¥ desig-
nates the restriction of ¥ to Q2 and Hlloc(Rz,C) is the local
first-order Sobolev space.

The corresponding Levy-Lieb density functional is

Vo € Ry, Falpl = min (P, (T + Wee)¥)y, (48)

YeWa,



where W,, = (¥ € W,, py =p} and R, is the set of N-
representable densities on Q,

Ra=1{p13Y € We,pv = p}

= {p eLY(Q)|p=>0, fg p(x)dx =N, pe€ ngr(gd)},

(49)
and Hp(Q) = (f € H'(Q) | limeopflx) =
limy—,q/2 f(x)}). We have R, ¢ X, where X, is the Banach
space X, = Cper(Qq) N L'(Q,) with Cper(Q,) the space of
continuous functions on €, with periodic boundary condi-
tions. Therefore, the space of external potentials to con-
sider is the continuous dual space of X,, i.e. V, = X, =
Mper(€2,) + L*(L2,) where M,e:(€2,) is the space of bounded
Radon measures on Q, with periodic boundary conditions. In
the limit of an infinite interval (¢ — o), we recover the stan-
dard theory on the real line R, i.e. lim,_,, F,;[p] = F[p] where
F[p] is the standard Levy-Lieb functional defined in Eq. (T8).
Similarly, we could generalize the Lieb density functionals in
Eq. (20) to the finite interval Q.

We now define a finite UEG (fUEG) by considering the uni-
form density puir : X — po = N/a on the interval Q, for the
fixed electron number N = 2. Note that py,¢ is in fact the
unique uniform density belonging to R,. The energy per par-
ticle of this finite UEG is

F a[punif]

N 9
and is a function of the only variable py since N is fixed and
a = N/py. The value of F,[pynif] corresponds to the ground-

state energy of the two-electron Hamiltonian with zero exter-
nal potential

&ruEG(Po) = (50

Hiygg = H[0] =T + W, (51)

with periodic boundary conditions on €,, provided that the
ground-state density is the uniform density pypi (i.€., no trans-
lational symmetry breaking). We note that in Refs. 61164
1D finite UEGs mapped to a ring were introduced using the
Coulomb electron-electron interaction. Here, instead we use
the Dirac-delta electron-electron interaction and we do not
work on a ring.

For a given density po in the range [0, 10] a.u. and for
the fixed electron number N = 2 and interval length a =
N/py, we calculate the ground-state energy by performing
a FCI calculation using a one-electron plane-wave (pw) or-
thonormal basis {py}uez, <. Where pu(x) = (1/va)e*
and k, = 2an/a. The one-electron kinetic integrals
(Pny>»tPny)a = (2712n% /az)é,”ﬂ2 and the two-electron integrals
(D, Pry> WeePny Py )a = (1/@)0p, 4nyny1n, are trivial. We use a
plane-wave cutoff nbw, = 60 which leads to FCI energies con-
verged to at least 1 mhartree (and in fact generally better than
that). As usual, the finite UEG energy per particle can be de-
composed as

gruec(P) = tsuec(P) + enurc(P) + Exfuec(P) + &cfuec(0),
(52)

with the non-interacting Kkinetic energy per particle
tsruec(p) = 0 (since N = 2 the only occupied orbital is the
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FIG. 3. FCI correlation energy per particle &.ruec(p) [Egs. (13_51)
and (52))] of the 1D finite UEG as a function of the density p for
N = 2 electrons and a plane-wave cutoff nhy, = 60. The exact PT2
correlation energy per particle, which is independent of N and p, is
indicated as a horizontal line. The correlation energy per particle of
the infinite UEG (N — oo) as parametrized by Magyar and Burke?*
from essentially numerically exact Bethe-ansatz results is also plot-

ted for comparison.

constant plane wave po(x) = 1/+/a which has a zero kinetic
energy), the Hartree energy per particle ey sugc(p) = p/2,
the exchange energy per particle &, fugc(p) = —p/4, and the
correlation energy per particle & fupg(p)-

The correlation energy per particle & fugg(p) is plotted in
Fig.[3] In the high-density limit, &. tueG(p) tends to the corre-
lation energy per particle in second-order perturbation theory
(PT2) with respect to the electron-electron interaction We,

1
lim &, =g =
poco c,fUEG(p) ¢,fUEG 2%’

(53)
which is a constant independent of p. It turns out that this con-
stant is the same for N = 2 and N — o0?%. In the low-density
limit, & fupg(p) goes to zero linearly with p (see Ref. 65))

P

& ~oT,
c,fUEG(p) o0 4

(54
so0 as to exactly cancel out the Hartree and exchange energies
per particle. This is due to the fact that, in this limit, the prob-
ability density of finding the electrons at the same point of
space is zero and thus the Dirac-delta electron-electron inter-
action has not effect. This is the 1D version of the strong-
interaction limit of DFT®Y Equation is also true for
N — oo and is in fact true independently of N In
Fig. [3| we also show the correlation energy per particle of
the infinite UEG (N — o0) as parametrized by Magyar and
Burke?* from essentially numerically exact Bethe-ansatz re-
sults. Not only the correlation energies per particle for N = 2
and N — co agree well for small and large densities, as they
should since they have the same N-independent asymptotic
behaviors [Egs. (53] and (54)], but they also agree very well
for intermediate densities (the maximal deviation between the



two curves being about 0.4 mhartree), showing that the ther-
modynamic limit N — oo is essentially already reached at
N = 2 for this 1D UEG. Hence, there is no need considering
1D UEGs with N > 2 electrons. This must be due to the very
short-range nature of the Dirac-delta electron-electron inter-
action. For the 1D UEG with the Coulomb interaction, the
correlation energy per particle depends much more strongly
on the electron number®?

B. Finite uniform-electron gas for the incomplete-basis-set
case

We now generalize the second variant of basis-set correc-
tion of Section [ILJ from the real line R to a finite interval
Q, = (—a/2,a/2) of length a. Forv € V, and N = 2 elec-
trons, we define the ground-state energy of the restriction to
the Hilbert space H,, of the Hamiltonian H*?[v] = T+ W2 +V
[Eq. (3I)], featuring the electron-electron interaction pro-
jected in the basis set 8 used for the 1D He-like atom, as

EYPIv] = Jnf (. HY3[V]¥P),. (55)

The corresponding Levy-Lieb density functional is

Vp € Ry, F¥2[p] = qu}‘}l (P,(T +W3w),, (56)

ap

and the corresponding Lieb density functional is

Vp € Ry, FY%p] = sup (ES2] - v.p)). (57
VEVa

where (v, p), = j;] v(x)p(x)dx. Again, in the limit of an infi-
nite interval (a — o0), we recover the theory of Section [IlII C

For a given basis set B, we now define an associated finite
UEG by considering the uniform density pynir : x = pg =
N/a on the interval Q, for the fixed electron number N = 2.

J

M=

I
—_

M
<pn1[7n27 eepmpn4>d Z

i=1 j=1 k=

—_

where (¢;¢;, Weedr¢;) are the two-electron integrals in terms
of the HF orbitals {¢;};=1... s of the lD He-like atom expanded
in the basis set B (see Section and S;, = (b1, Pu)a =
fg @ (x)pp(x)dx are the overlap integrals between the HF or-
bitals and the plane-wave basis functions. The potential v to
optimize in Eq. (61) is also expanded on the same plane-wave

—_

The kinetic + electron-electron energy per particle of this 5-
dependent finite UEG is

FY [ punif]

foEg(Po) = N

(58)
where

FY[pwit] = (P [ounit], (T + WP [ounit])as  (59)

and ¥¥3[pynif] is the ground-state wave function (assumed to
be unique up to a global phase factor) of the two-electron
Hamiltonian

HB . =T+ W23+ V"8, (60)

with periodic boundary conditions on Q, and with V%% =
SN vWB(x;) where vW2(x) is the local potential (that we as-
sume to exist and which is defined up to an additive constant)
which enforces the constraint that the ground-state wave func-
tion ¥W8 [ounif] yields indeed the uniform density pynir. Since
the projected electron-electron interaction W2 breaks trans-
lation invariance, the addition of the potential w8 is neces-
sary to restore a uniform density. This is in contrast with
the UEG for the complete-basis-set case for which no ex-
ternal potential was necessary to obtain a uniform density
[Eq. (51)]. To conveniently obtain the potential v*Z, we use
the fact that, since the two-electron finite UEG has a non-
degenerate ground state, the Levy-Lieb functional F** and
the Lieb functional F’ WB are identical. The potential vV then
just corresponds to the maximizing potential in Eq. (57) for
£ = Punit (see Refs. [71H73))
wB

v"? = argmax (ES2v] = (v, punit)a) - (61)
veV,

For a given basis set B, for a given density py in the range
[0, 10] a.u., and for the fixed electron number N = 2 and in-
terval length a = N/py, we calculate the energy EWB [v] by
performing a FCI calculation using a plane-wave orthonor-
mal basis {pu},ez, < - The one-electron kinetic integrals
are still (pu,,pu,)a = (27r2n% /az)émm. The integrals of the
electron-electron interaction projected in the basis set B [see
Eq. (33)] can be calculated as

M
D 85,85, (Bitis Weebihi) S ks 1 (62)

(

basis set

v = > cupal), (63)

nEZ,|n|<nbmy

with coefficients ¢, € R and we impose c_, = ¢, in order to
have a real-valued and parity-even potential. The one-electron



potential integrals, needed to calculate E(‘)”;B[v], are

Cpi—
nis VPnyla = Z ny dx = ni N 64
(Pny>VPny) jg; uP , (OV(xX) pp, (x)dx va (64)

and the second term in Eq. is simply (v, punif)a = Vacopo.
Finally, for the optimization of the potential, it is useful to
have the derivative of F[v] = E(”)Vf [v] = (v, punit)a With respect
to the coefficient ¢,. Using the Hellmann-Feynman theorem,
we find

OF[v]
) = (pnapll‘r)a - (pn,punif)a
Cn
= Z Ynin+n — \/Epoén,O» (65)
\/_
11 E€Z.|ny |<nby
where we have used Py, (X) =

aneZ 11| <nbuax aneZ,\annmx y’113"2p”](x)p;:z(x) with the one-
particle reduced density matrix y of the ground-state wave
function ‘I’ of H"2[v]. In practice, we use a plane-wave
cutoff of nby, = 30. We can use a smaller cutoff than the
cutoff used for the complete-basis-set UEG in Section
since the FCI energy E(‘;“f [v] has a fast convergence with

nhas due to the presence of the projected electron-electron
interaction Wezz. To optimize the coefficients {c,} of the
potential, we use the conjugate gradient method®?. Since the
term n = 0 in Eq. (63) is just an arbitrary constant, we keep
the coeflicient ¢y fixed to 0. With a zero potential v, the FCI
density py,_,(x) can deviate from the target density py by
about as much as 0.2 a.u. for the basis set 8 of smallest size
(i.e., M = 1). With our optimized potentials vW%, the density
PY s (x) deviates from the target density py to at most about
107* au

As an aside, it might be worthwhile to stress here that in
the Hamiltonian in Eq. (60), the kinetic-energy operator T
is not projected in the basis set 8. We observed that if 7 is
also projected in the basis set B, then the high-lying states
of T collapse to the lower part of the spectrum, which in-
evitably pollutes the nature of the ground state of the finite
UEG Hamiltonian and renders numerically impossible to find
a potential restoring a uniform density. This is why in the
second-variant of basis-set correction in Section [IlLC we have
decided to project only the electron-electron interaction W
in the basis set 8.

The optimized potentials v*?(x) obtained from Eq. are
plotted in Fig. 4] for the example of the target density py = 2
a.u. and for different sizes n,.x of the basis set B of the 1D He-
like atom introduced in Section To compensate for the
breaking of translation invariance of the projected electron-
electron interaction, all potentials show oscillations with max-
imum amplitude on the edges of the interval. As expected,
when np,y increases, the amplitude of the potential decreases,
as it must eventually go to zero in the complete-basis-set limit
Nmax — 0.

Once the FCI ground-state wave function w8 [owit] =
W,z for the optimal potential v*Z has been obtained, we cal-
culate the following energy per particle using this wave func-

External potential of the UEG (a.u.)

-0.4 -0.2 0 0.2 0.4
Electron coordinate x (a.u.)
FIG. 4. External optimized potential vW2(x) [Eq. ] keeping a

uniform density py = 2 a.u. for the 1D finite UEG for N = 2 electrons
and for different sizes n,,c Of the basis set 8 of the 1D He-like atom.

tion
(P puit], (T + Wee) V2 [ ounit Ve
N

which we can decompose in the same way as in Eq. (52]

fUEG (o) = , (66)

e (P) = tsfuec(p) + E.UEG(P) + ExUEG(P) + £ fupg ()
(67)

with the same kinetic, Hartree, and exchange contributions
as in Eq. (52), and a new correlation energy per particle
chEG(,o) This latter quantity is plotted in Fig. for dif-
ferent sizes npygy Of the basis set B of the 1D He-like atom.
As expected, when ny,,x increases, & fUEG(p) becomes more
negative and gets closer to the correlation energy per particle
&.rueG(p) of the complete-basis-set limit ny,,x — oo. For fi-
nite nm,x, it can be observed that, in the high-density limit, the
correlation energy per particle &7 tUEG(p) goes to zero, unlike
in Eq. (33). This is due to the fact that, as the density in-
creases, the relevant electron-electron distances contributing
to the correlation energy become smaller and the basis set 8
is unable to resolve the Dirac-delta electron-electron interac-
tion at a fine enough distance scale.
Finally, we calculate the complementary multideterminant
correlation energy per particle of the finite UEG for the basis

set B [see Eq. {@0)]
& ueG(P) = Rk 0); (68)

which is plotted in Fig. E] for different basis sizes nyax. AS
nmax increases, the magnitude of é?’ﬁ 1uEG©) decreases and
must eventually go to zero in the complete-basis-set limit
nmax — ©0. The magnitude is largest for high densities since

r’ﬁ afupG(0) must compensate for the inability of the basis
set B to represent the Dirac-delta electron-electron interac-
tion at a small distance scale. Perhaps surprisingly, there is
also a local maximum of the magnitude of sc mdfUEGP) gt
small densities. This is due to the fact that, at small densi-

ties, & ﬁ aruEG(P) does not exactly cancel out the Hartree and

gruec(p) —
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and (67)] of the 1D finite UEG as a function of the density p Tor

N = 2 electrons and for different sizes n,,, of the basis set B of the
1D He-like atom. The curve labelled by “HF” corresponds to the
limiting case where the basis set 8 contains only the exact HF occu-
pied orbital.

exchange energies per particle, in contrast to the complete-
basis-set case [Eq. (54)]. Again, this must come from the in-
ability of the basis set B to represent the Dirac-delta electron-
electron interaction sufficiently precisely to give a zero prob-
ability density of finding the electrons as the same point of
space in the low-density limit. Interestingly, in between the
small and the large-density regimes, for ny,x > 5, the magni-

tude of é‘c”ﬁ 4ruEG(P) passes through a minimum. In particular,

for nma = 70, “C’Vﬁ d urG () 1s almost zero at around p = 0.5

a.u., which means that the basis set 8 accurately captures the
effect of the Dirac-delta electron-electron interaction at this
density.

C. Finite local-density approximation

We can now define the finite LDA (fLDA) for the com-
plementary multideterminant correlation density functional
E?ﬁ d[p] [Eq. ] involved in the second-variant of basis-
set correction using the previously determined complemen-
tary correlation energy per particle é?’ﬁ arueg(P) of the 1D fi-
nite UEG

EWBd fLDA [p f ()C)SC md,fUEG (x))dx. (69)

We recall that in standard LDA the functional of an inhomoge-
neous system for a finite electron number N is approximated
using the UEG for infinite electron number N — oo. Here, in-
stead, in the present finite LDA the functional of the inhomo-
geneous system is approximated using the UEG of the same
electron number N. The use of this finite LDA in lieu of the
standard LDA should not be seen as a crucial point for the
basis-set correction theory but more like a convenient alterna-
tive. For a sufficiently short-range complementary interaction
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FIG. 7. FCI ground-state energy EB [Eq. ( .] and FCI+fLDA
ground-state energy Eggﬁm A [Eq. . ] of the 1D He-like atom as a
function of the basis size ny,,. The first point labelled by “HF” cor-
responds to the limiting case where the basis set 8 contains only the
exact HF occupied orbital (in this case, FCI simply reduces to HF).

The exact energy is taken from Ref. 24!

W2 = W, — W2, the LDA should not depend much on the
electron number used in the definition of the underlying UEG.

We then correct the FCI energy of the 1D He-like atom us-
ing this fLDA functional in the non-self-consistent approxi-
mation introduced in Eq. , obtaining what we will call the

“FCI+fLDA” energy

EggﬂlDA = (Wi (T + Wee + Voo Wiy) + EWBd rpalows 1.

FCI

(70)

In practice, we calculate EC LD A[p\*,zsa] by numerical inte-
gration using cubic interpolation between calculated values of



é‘c”ﬁ 1suec@)- The FCI densities of the 1D He-like atom take

values from O to about 3.5 a.u..

In Fig. [7] the FCI+fLDA energy is plotted as a function
of the basis size ny,x. It is clear that the basis-set correction
provides a spectacular improvement of the FCI energy. For
example, for np,x = 0, the FCI energy is about 55 mhartree
above the exact energy while the FCI+fLDA energy is only
1.5 mhartree below the exact energy. For np.x > 20, the
FCI+fLDA energy is within 1 mhartree of the exact energy.
We note that the residual error must come from the fact that
in Eq. the functional EY7 [p] is approximated with the
fLDA functional and also that the wave function ‘Pgs is ap-

. : B
proximated by the FCI wave function Wi ;.

CONCLUSION

In this work, we have reexamined the recently introduced
DFT-based basis-set correction theory on a 1D model with
delta-potential interactions, which is a convenient setting
to carefully study the slow basis convergence problem of
quantum-chemistry wave-function methods. We provided
mathematical details about the formulation of the theory, as
well as a new variant of basis-set correction which has the
advantage that the basis-set correction functional is defined
for all N-representable densities. This allowed us to define
a LDA for the basis-set correction functional, not based on
range-separated DFT as in all previous works, but directly
on a 1D finite UEG adapted to the basis set employed. We
showed that this approach is very effective to correct for the
basis-set incompleteness error in the FCI ground-state energy.
We believe that the present work puts the basis-set correction
theory on firmer grounds.

Future efforts will focus on the extension of the present
work to 3D Coulombic systems. The extension of the the-
ory is straightforward. What remains to be seen is whether
the present work adapts well to the standard Gaussian-type-
orbital basis sets used in quantum chemistry and whether we
can still construct an accurate LDA for the basis-set correction
functional based on a 3D UEG with the Coulomb electron-
electron interaction projected in the basis set.
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Appendix A: Convergence rate of the expectation value of a
Dirac-delta potential in a basis of Hermite functions

1. One-electron Dirac-delta potential

Let us consider the 1D hydrogen-like Hamiltonian

1 d?
h=--—-7Z5x),
2 dx? @)
with nuclear charge Z € (0, +00). The ground-state wave func-
tion is (see, e.g., Refs.[74l and [75))

(AD)

Vx eR, o(x) = VZe M, (A2)

which exhibits a cusp identical to the 3D Coulombic case.
We expand ¢ in the orthonormal basis of Hermite functions

{3 bnert [Eq. @)

(e

VxeR, ¢o(x) = Z cafyy (%),

n=0

(A3)

with coefficients ¢, = L& SH(x)e(x)dx, which are non-zero
only for even integers n. Using the following asymptotic
equivalent of the unnormalized Hermite functions, for fixed

76
2" (n+1
r

H,(V2ax)e ™™ ~
n( ) e VE

and the well-known asymptotic equivalent of the gamma func-
tion

2

)cos (x\/ég— %),(A@

I ~ V2rnz'2e, (A5)
7—00

we obtain the following asymptotic equivalent of the normal-
ized Hermite functions

2 1/4
fix) ~ \/jam cos(x\/4a - E)
n—oo mn 2

Writing n = 2p with p € N, we then find the leading term of
the asymptotic expansion of the coefficients c,, by integrating
over x

(A6)

Z3 (=1

po \am a4 2p)H (A7

C2p
This is perfectly consistent with the analysis of Refs. [77
and [78] which shows that an exponentially decaying func-
tion ¢ having a square-integrable first weak derivative (i.e.,



¢ € H'(R)) but a non-square-integrable second weak deriva-
tive (i.e., ¢ ¢ H%(R)) must have Hermite expansion coeffi-
cients ¢, going to zero as n* with k € (1,3/2]. The leading
term of the asymptotic expansion of ¢, ny (x) is thus

cos (x \/%) s (A8)

VAL
e Ao 2p)2

and, in particular at x = 0,

Cprzap(x)

VA
pe vl (2py

Calling @ the best approximation (in the sense of the > norm)
to ¢ obtained with a maximal quantum number 7,5, i.€.

c2p3(0) (A9)

Nmax

VXER, §x)= ) cufi(x),

n=0

(A10)

we find that $(0) converges slowly to the exact value ¢(0) =

\/Zas

7(0 0 z? 1 All
#(0) e o (0) - 7?/5%’ (A1)

and the expectation value of the Dirac-delta potential v,(x) =
—Z6(x) has a similar convergence behavior in 1/ n,lr{fx

(Bovne®) = —Zp(0)?
~  —Zp(0)* + 22290 1

— 12 °
Phmax =00 V@ Nmax

We also expect the total energy to converge as l/nrln/fX in a
basis of Hermite functions.

(A12)

2. Two-electron Dirac-delta interaction

Let us consider the Hamiltonian of the 1D two-electron

Hooke’s atom**
16> 10> 1 1

H = 252 262 + Eaﬂx% + szxg +6(x1 — x2), (A13)
where w is the angular frequency parameter of the exter-
nal harmonic potential. In contrast to the 1D He-like atom
[Eq. (II])], the 1D two-electron Hooke’s atom has the advan-
tage to be solvable in terms of special functions. Indeed,
changing the variables to the center-of-mass (cm) coordinate
X = (x; +x,)/2 and the relative (rel) coordinate x5 = (x; —x3)
makes the Hamiltonian separable

H = hem + el (A14)
where
hem = —%;—;2 +wX?, (A15)
and
Dyt = i + laﬂx%z + 6(x12). (A16)

6x%2 4

12

The total ground-state energy is then

Ey =&y + &, (A17)

where & = w/2 is the ground-state energy of Ay and & is
the ground-state energy of /. which is found from the equa-
tion*+%

r(-2+1
22w <2—2) =1,
v
r(-%)
where vy = gp/w — 1/2. For example, for w = 1 a.u., we have
g0 = 0.806746 a.u?%. The ground-state wave function is

V(X, x12) € R, W(X, x12) = DX (x12), (A19)

(A18)

where the center-of-mass wave function is just given by the
first Hermite function ®(X) = foz“’(X) and the relative wave
function is given by

Yx12 € R, ¢(x12) = ¢Dy,(Vwlxial),

where c¢ is a real-valued normalization constant and x
D,(x) with v € R is the parabolic cylinder function’®. The
relative wave function has the same cusp as in Eq. (3), i.e.
Y(x12) = PO + (1/2)lxpal + O],

Let us consider now the expansion of the wave function ¥
in the tensor-product orthonormal basis of Hermite functions
{(x1, %) = [ (xD) [ (x2)}n, e Due to invariance of the
harmonic-oscillator Hamiltonian to a rotation of coordinates,
the same space is spanned by the rotated orthonormal basis
(X, x12) B 20X f(¥12))n e (see Refs. 77 and [78).
This means that the relative wave function ¢ is independently
expanded as

(A20)

Vxp €R, Yxin) = ) dafs(x10),

n=0

(A21)

with coefficients d,, = k f,f’/z(xlz) ¥(x12)dx12, which are non-
zero only for even integers n. Using Eq. (AG) and with the help
of Mathematica®?, we find the leading term of the asymptotic
expansion of the coefficients d»,

(1) ¢ 1
poeo @342+ IAT (o) 2p)34

where pp = —vo/2 + 1/2. Introducing the best approximation
to iy obtained with a maximal quantum number 7,5

dy,

(A22)

Nmax

Vap €R, o) = D dafy(r0),  (A23)
n=0

we find that (0) converges slowly to the exact value ¥(0) =
¢ V21 /[2T (o)) as

- c 1

0 ~ )+ ————, A24

IO = O+ s (A29)

and the expectation value of the Dirac-delta interaction W, =
6(x12) has a similar convergence behavior in 1/ n,ln/fx

<IZ’ WeeJ’) = ‘Z(O)Z
2cy(0) 1
~ Y0+ ——————. (A25
Nmax —> lp( ) VT 2ﬂ0r(ﬂ0) nl'ln/dzx ( )



We thus see that the two-electron energy converges as 1/ n:n/azx
in a basis of Hermite functions.

I'T. Helgaker, W. Klopper, H. Koch and J. Noga, J. Chem. Phys. 106, 9639
(1997).

2A. Halkier, T. Helgaker, P. Jgrgensen, W. Klopper, H. Koch, J. Olsen and
A. K. Wilson, Chem. Phys. Lett. 286, 243 (1998).

3T. Helgaker, P. Jgrgensen and J. Olsen, Molecular Electronic-Structure The-
ory (Wiley, Chichester, 2002).

47.7. Shepherd, A. Griineis, G. H. Booth, G. Kresse and A. Alavi, Phys. Rev.
B 86, 035111 (2012).

ST. Kato, Comm. Pure Appl. Math. 10, 151 (1957).

OR. T. Pack and W. Byers-Brown, J. Chem. Phys. 45, 556 (1966).

C. Hittig, W. Klopper, A. Kohn and D. P. Tew, Chem. Rev. 112, 4 (2012).

8E. Giner, B. Pradines, A. Ferté, R. Assaraf, A. Savin and J. Toulouse, J.
Chem. Phys. 149, 194301 (2018).

9P-F. Loos, B. Pradines, A. Scemama, J. Toulouse and E. Giner, J. Phys.
Chem. Lett. 10, 2931 (2019).

10g, Giner, A. Scemama, J. Toulouse and P.-F. Loos, J. Chem. Phys. 151,
144118 (2019).

Ip_E Loos, B. Pradines, A. Scemama, E. Giner and J. Toulouse, J. Chem.
Theory Comput. 16, 1018 (2020).

I2E. Giner, A. Scemama, P.-F. Loos and J. Toulouse, J. Chem. Phys. 152,

174104 (2020).

13Y. Yao, E. Giner, J. Li, J. Toulouse and C. J. Unmrigar, J. Chem. Phys. 153,
124117 (2020).

14 Giner, D. Traore, B. Pradines and J. Toulouse, J. Chem. Phys. 155,
044109 (2021).

15Y. Yao, E. Giner, T. A. Anderson, J. Toulouse and C. J. Unmrigar, J. Chem.
Phys. 155, 204104 (2021).

16A. Savin, in Recent Developments of Modern Density Functional Theory,
edited by J. M. Seminario (Elsevier, Amsterdam, 1996), pp. 327-357.

175, Toulouse, F. Colonna and A. Savin, Phys. Rev. A 70, 062505 (2004).

18], Toulouse, P. Gori-Giorgi and A. Savin, Theor. Chem. Acc. 114, 305
(2005).

195 Paziani, S. Moroni, P. Gori-Giorgi and G. B. Bachelet, Phys. Rev. B 73,
155111 (2006).

20A. Ferté, E. Giner and J. Toulouse, J. Chem. Phys. 150, 084103 (2019).

21C. M. Rosenthal, J. Chem. Phys. 55, 2474 (1971).

221, R. Lapidus, Am. J. Phys. 43, 790 (1975).

23D. R. Herrick and F. H. Stillinger, Phys. Rev. A 11, 42 (1975).

24R. J. Magyar and K. Burke, Phys. Rev. A 70, 032508 (2004).

2D. R. Herschbach, J. Chem. Phys. 84, 838 (1986).

26D J. Doren and D. R. Herschbach, Phys. Rev. A 34, 2654 (1986).

27D. J. Doren and D. R. Herschbach, J. Chem. Phys. 87, 433 (1987).

28D, R. Herschbach, J. Avery and O. Goscinski, eds., Dimensional Scaling in
Chemical Physics (Springer Science+Business Media, Dordrecht, 1993).

2P.-F. Loos, C. J. Ball and P. M. W. Gill, Phys. Chem. Chem. Phys. 17, 3196
(2015).

30C. 7. Ball, P-F. Loos and P. M. W. Gill, Phys. Chem. Chem. Phys. 19, 3987
(2017).

3y, Nogami, M. Vallieres, and W. van Dijk, Am. J. Phys. 44, 886 (1976).

32A. Szabo and N. S. Ostlund, Modern Quantum Chemistry: Introduction to
Advanced Electronic Structure Theory (Dover, New York, 1996).

33W. Press, S. Teukolsky, W. Vetterling and B. Flannery, Numerical Recipes
(Cambridge University Press, Cambridge, 1992).

34W. Klopper, K. L. Bak, P. Jgrgensen, J. Olsen and T. Helgaker, J. Phys. B
32, R103 (1999).

35D. P. Tew, W. Klopper and T. Helgaker, J. Comput. Chem. 28, 1307 (2007).

360. Franck, B. Mussard, E. Luppi and J. Toulouse, J. Chem. Phys. 142,
074107 (2015).

37p. Hohenberg and W. Kohn, Phys. Rev. 136, B 864 (1964).

33]. E. Harriman, Phys. Rev. A 27, 632 (1983).

3 A. Gorling and M. Ernzerhof, Phys. Rev. A 51, 4501 (1995).

13

40R. Pino, O. Bokanowski, E. V. Ludefia and R. L. Boada, Theor. Chem. Acc.
123, 189 (2009).

41V, N. Staroverov, G. E. Scuseria and E. R. Davidson, J. Chem. Phys. 124,
141103 (2006).

42E. H. Lieb, Int. J. Quantum Chem. 24, 243 (1983).

43R. M. Dreizler and E. K. U. Gross, Density Functional Theory (Springer-
Verlag, Berlin, 1990).

44H. Eschrig, The Fundamentals of Density Functional Theory: 2nd Edition
(revised and extended) (Edition am Gutenbergplatz, Leipzig, 2003).

45 A. Anantharaman and E. Cances, Ann. L. H. Poincaré 26, 2425 (2009).

4SF. Engel and R. M. Dreizler, Density Functional Theory: An Advanced
Course, Theoretical and Mathematical Physics (Springer-Verlag, Berlin
Heidelberg, 2011).

47S. Kvaal, U. Ekstrom, A. M. Teale and T. Helgaker, J. Chem. Phys. 140,
18A518 (2014).

48T, Helgaker, Principles of Density-Functional Theory, Lecture at the
GdR CORREL Mini-School on Mathematics in Electronic Structure
Theory, Université Pierre et Marie Curie, Paris, 2017, https://
trygvehelgaker.no/Presentations/Paris_2017.pdf.

“E. Cances, A mathematical introduction to Density Functional Theory and
Kohn-Sham models, Presentation at Banff International Research Station
for Mathematical Innovation and Discovery, Canada, 2019, www.birs.ca/
workshops/2019/19w5035/files/Cances.pdf,

S0M. Lewin, E. H. Lieb and R. Seiringer, arxiv.org/abs/1912.10424 .

SIM. Levy, Proc. Natl. Acad. Sci. U.S.A. 76, 6062 (1979).

528, M. Valone, J. Chem. Phys. 73, 4653 (1980).

53M. Lewin, E. H. Lieb and R. Seiringer, Journal de I'Ecole polytechnique —
Mathématiques 5, 79 (2018).

54M. Lewin, E. H. Lieb and R. Seiringer, Pure and Applied Analysis 1, 35
(2020).

35P. Gori-Giorgi and A. Savin, Int. J. Quantum Chem. 109, 1950 (2009).

S6A. Stoyanova, A. M. Teale, J. Toulouse, T. Helgaker and E. Fromager, J.
Chem. Phys. 139, 134113 (2013).

57E. Rebolini, J. Toulouse, A. M. Teale, T. Helgaker and A. Savin, Mol. Phys.
113, 1740 (2015).

58, Rebolini, A. M. Teale, T. Helgaker, A. Savin and J. Toulouse, Mol. Phys.
116, 1443 (2018).

39P. M. W. Gill and P--F. Loos, Theor. Chem. Acc. 131, 1069 (2012).

60, Lewin, Théorie spectrale et mécanique quantique, Lecture notes, 2021,
https://hal.archives-ouvertes. fr/cel-01935749.

'P.-F. Loos and P. M. W. Gill, Phys. Rev. Lett. 108, 083002 (2012).

2P__F. Loos and P. M. W. Gill, J. Chem. Phys. 138, 164124 (2013).

9P-F. Loos, C. J. Ball and P. M. W. Gill, J. Chem. Phys. 140, 18A524 (2014).

%4P__F. Loos, Phys. Rev. A. 89, 052523 (2014).

65E. Risinen, M. Seidl and P. Gori-Giorgi, Phys. Rev. B 83, 195111 (2011).

6M. Seidl, J. P. Perdew and M. Levy, Phys. Rev. A 59, 51 (1999).

7M. Seidl, Phys. Rev. A 60, 4387 (1999).

%M. Seidl, P. Gori-Giorgi and A. Savin, Phys. Rev. A 75, 042511 (2007).

9P, Gori-Giorgi and M. Seidl, Phys. Chem. Chem. Phys. 12, 14405 (2010).

70g, Risinen, S. Pittalis, K. Capelle and C. R. Proetto, Phys. Rev. Lett. 102,
206406 (2009).

7IF. Colonna and A. Savin, J. Chem. Phys. 110, 2828 (1999).

72Q. Wu and W. Yang, J. Chem. Phys. 118, 2498 (2003).

T3A. M. Teale, S. Coriani and T. Helgaker, J. Chem. Phys. 130, 104111
(2009).

74D J. Griffiths, Introduction to quantum mechanics (Prentice Hall, New Jer-
sey, 1995).

75S. Geltman, Journal of Atomic, Molecular, and Optical Physics p. Article
ID 573179 (2011).

7M. Abramowitz and 1. A. Stegun, Handbook of Mathematical Functions
with Formulas, Graphs, and Mathematical Tables (Dover Publications,
New York, 1983).

77S. Kvaal, M. Hjorth-Jensen and H. M. Nilsen, Phys. Rev. B 76, 085421
(2007).

78S. Kvaal, Phys. Rev. B 80, 045321 (2009).

79T. Busch and G. Huyet, J. Phys. B, 36, 2553 (2003).

80Wolfram Research, Inc., Mathematica, Version 12, Champaign, IL (2020).


https://trygvehelgaker.no/Presentations/Paris_2017.pdf
https://trygvehelgaker.no/Presentations/Paris_2017.pdf
www.birs.ca/workshops/2019/19w5035/files/Cances.pdf
www.birs.ca/workshops/2019/19w5035/files/Cances.pdf
https://hal.archives-ouvertes.fr/cel-01935749

	Basis-set correction based on density-functional theory: Rigorous framework for a one-dimensional model
	Abstract
	Introduction
	One-dimensional model system
	Description of the model
	Full-configuration interaction in a basis set

	Basis-set correction theory
	Density-functional theory for the one-dimensional model
	First variant of basis-set correction
	Second variant of basis-set correction

	Local-density approximation from finite uniform-electron gas
	Finite uniform-electron gas for the complete-basis-set case
	Finite uniform-electron gas for the incomplete-basis-set case
	Finite local-density approximation

	Conclusion
	Acknowledgements
	Author Declarations
	Data Availability
	Convergence rate of the expectation value of a Dirac-delta potential in a basis of Hermite functions
	One-electron Dirac-delta potential
	Two-electron Dirac-delta interaction



