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Numerical analysis of Gaussian approximations in
quantum chemistry

Markus Bachmayr* Huajie Chen! and Reinhold Schneider

Abstract

Bases of atomic-like functions provide a natural, physically motivated description of
electronic states, and Gaussian-type orbitals are the most widely used basis functions in
molecular simulations. This paper aims at developing a systematic analysis of numerical
approximations based on linear combinations of some Gaussian-type orbitals. We give a
priori error estimates for Hermite-type Gaussian bases and for even-tempered Gaussian
bases. Some numerical results are presented to support the theory.

1 Introduction

The subject of electronic structure theory is the modelling of many-electron systems in
chemistry and physics, which enables the investigation and prediction of properties, such as
energies or electron densities, of molecules and materials in condensed phases. Among the
different models of electronic structure theory, for large-scale systems Kohn-Sham density
functional theory (DFT) [23, 29] achieves so far the best compromise between accuracy and
computational cost, and has become the most widely used electronic structure model in
chemistry and material science.

Let us consider a molecular system counsisting of M nuclei of charges {Z1,---,Zn}
located at the positions {R1,---,Rp} and N electrons in the non-relativistic and spin-
unpolarized setting. The ground state solutions of the system can be obtained by minimizing
the Kohn-Sham energy functional

N
E({¢i}) = %Z/W |V (z)]? da + /]RS Vext (x)p(z) da

1 p(2)p(y) 4 ) da
+2/RS/RS—|:EW| d dy+/Rsexc(p< ) d

with respect to wavefunctions {¢;}2¥; under the orthogonality constraints

/d¢i¢j =0y, 1<4,5j<N,
-
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M

N

where p(z) = g |ps(z)|? is the electron density, Viyx = — E ﬁ
‘ T — g
i=1 k=1

potential generated by the nuclei, and E.(p) denotes the exchange-correlation energy per unit
volume in an electron gas with density p. The existence of the minimizer has been established

in [2, 32]. The Euler-Lagrange equation corresponding to this minimization problem is the
so-called Kohn-Sham equation: Find \; € R, ¢; € H(R?), for i = 1,2,--- , N, such that

is the electrostatic

(—2A +Veg({oi}) ¢i = XNigi inR3, i=1,2,--- N,
/ $id; = by, (1.1)
R3

where Veg({¢;}) is the effective potential corresponding to the last three terms in the energy
functional. This nonlinear eigenvalue problem is commonly solved by a self-consistent field
iteration (SCF) algorithm [33, 35]. In each iteration, a new Hamiltonian is constructed
from a trial electronic state, and a linear eigenvalue problem is then solved to obtain the
eigenfunctions for the lowest eigenvalues. In each step, the algorithm requires expansion
of the wavefunction into a finite set of basis functions and assembly of the corresponding
Galerkin discretization matrix of the Hamiltonian.

The choice of basis functions, which ultimately determines the approximation quality
of the wavefunctions, is therefore crucial. There are basically four types of discretization
methods that are widely used in electronic structure calculations [35]: the linear combination
of atomic orbital methods; the plane wave methods; the real-space methods; and the atomic
sphere methods (augmented plane wave methods). Linear combination of atomic orbitals
(LCAO) methods are the methods most widely used by chemists, which capture the essence
of the atomic-like features of molecules and provide an intuitive description of electronic
states. Among them Gaussian-type orbitals (GTO) are used in the overwhelming majority of
computations, which were first adopted by Boys [5] and expounded upon in many other texts
(e.g. [36, 40]). The great virtue is that all matrix elements can be computed analytically,
which greatly simplifies and speeds up the calculations. The GTO methods can be very
accurate and efficient, as shown by the highly developed codes used in quantum chemistry
(e.g., GAUSSIAN, MolPRO and PSI).

To our knowledge, there are only a few previous works devoted to the numerical analysis
of atomic-like orbital bases. Klahn and Morgan studied in [27] the convergence of expansions
of the ground state of hydrogen atom in a Hermite Gaussian basis, and showed the error
of energy goes as n~%/2. By optimization of the exponent, Klopper and Kutzelnigg showed
numerically in [28] that the error could go as n~2. Later, Kutzelnigg gave an error estimate
for the expansion of 1/r and e¢™®" in the Chebyshev norm and energy expectation value
in [30, 31] (see also a contribution in [33]), which implies that the error of even-tempered
Gaussian bases goes as e~ “V™. Braess studied in [6] (see also a joint work with Hackbusch
in [7]) the approximation of 1/r and e~ ®" by sums of exponentials in a weighted L!-norm,
as well as the Chebyshev norm, and found an e~°V™ behavior of the error. Let us mention
that these results are all based on one-dimensional expansion of the radial part of Hydrogen-
like 1s wavefunctions, and the error estimates are mainly in L°°-norm or for the energy
expectation value. Gagelman and Yserentant studied very recently in [18] the expansion of
the eigenfunctions of Schrodinger operators with smooth confinement potentials in Hermite
Gaussian functions, which converge super-algebraically.

The purpose of this paper is to give a systematic numerical analysis of the GTO approx-
imations and derive a priori error estimates of more general wavefunctions in the H!'-norm.
It should be noted that our analysis does not only apply to DFT computations, but also



to various wavefunction methods (e.g., Hartree-Fock methods and configuration-interaction
methods [21]).

The first important point in our analysis is the regularity of the wavefunctions. It was
shown in [17, 24] that the exact electron densities are analytic away from the nuclei and satisfy
certain cusp conditions at the nuclear positions. The algebraic convergence rates obtained in
[27, 28], which are limited by the cusps of wavefunctions, are far from satisfactory. Similar
problems arise in plane wave methods, which yield poor convergence rates in full-potential
calculations and huge number of basis functions are needed in the computations. Thanks
to the recent studies by Flad et al. in [14], higher regularity in weighted Sobolev space for
wavefunctions of Schrodinger type eigenvalue problems can be employed in our analysis,
which help to obtain better convergence rates for atomic-like basis functions.

For analysis of even-tempered GTO approximations, another important tool is the in-
tegral transform and sinc approximation theory. There are many different choices of GTO
bases used in chemistry, most of which cannot be regarded as spectral methods, but rather
as discretizations of certain integral representations of the wavefunctions [30]. Therefore,
we shall use the Laplace transform to represent the wavefunctions by an integral. The in-
tegrands that arise in the transform are of the form required for the application of the sinc
approximation theory, which help us to obtain satisfactory convergence rates.

This paper considers only a priori error analysis. The a posteriori error analysis, where
even less results are available at present, will be subject of our future work.

The remainder of this paper is arranged as follows: In the coming section, we present
the regularity results for wavefunctions of Schrodinger type equations. In Section 3, we give
a priori error estimates for numerical approximations using GTO bases, including Hermite
Gaussian basis functions and even-tempered Gaussian basis functions. Finally, we show some
numerical results and give a concluding remark.

2 Regularity of Wavefunctions

As a model problem, we shall consider the following Schrédinger-type linear eigenvalue prob-
lem, which can be viewed as a linearization of (1.1): Find A € R and 0 # u € H*(R?) such
that |lu z2gs) =1 and

a(u,v) = XNu,v) Vove H (R?), (2.2)

where the bilinear form a : H'(R?) x H*(R?) — R is defined by
1
a(u,v) == [ Vu-Vov —|—/ Veguv, (2.3)
2 R3 R3

and the effective potential Vg is smooth with exception of the singularities at the positions
of the nuclei. As the analysis in this paper can be carried out for each nucleus separately, in
the remainder of this work we consider a single nucleus located at the origin.

It was shown in [15, 16, 17, 24] that the exact wavefunctions are analytic away from the
nuclei and satisfy certain cusp conditions at the nuclei. To study the asymptotic behavior
of the wavefunctions, we formally consider the underlying R? as a manifold with one conical
singularity at the origin [14], which can be realized by introducing charts with polar coordi-
nates. Further details concerning manifolds with conical singularities can be found in [13].
To be more specific, we consider equation (2.2) on the open stretched cone

XN =R, x 5%



The quotient _
X2 =R, x 52/(0 x §?)

corresponds to a manifold with conical point at the origin, which can be identified with
R3. The asymptotic regularity results for wavefunctions used in this paper are based on
the results obtained by Flad, Schneider and Schulze [14]. This type of analysis has been
introduced to investigate singularities for boundary value problems in conical domains with
corners and edges, we refer to [4, 13, 19] for more details. In our case the geometry is fairly
simple, while the Coulomb potential fits perfectly in this treatment. The following definitions
of weighted Sobolev spaces and asymptotically well behaved functions are from [14].

The open stretched cone X” can be considered as a half space of the infinite cylinder on
which we introduce the standard Sobolev space

HEne(XM) i={u € Hi (R x S?)[g, xs2 1 (1 —w)ue H(R?)} (2.4)

for any smooth cut-off function w, i.e., w = 1 near 0 and w = 0 outside some neighborhood
of 0. Further, define the sth weighted Sobolev space with index ~ of periodic functions on
X" by

K5 (X) = {u e D/(XM) ¢ |r)*1=79% € LAR®) V |of < s} . (2.5)

Note that the difference between Sobolev space and the weighted Sobolev space is only the
appearance of the weight function |r|*~7. Neither of the Sobolev spaces in (2.4) nor (2.5) is
really appropriate for the infinite open stretched cone X”. Instead it is better to consider
the combination

HEV(XN) = W (X7) + (1= w) Higno(X7), 26)

cone

which provides the appropriate behavior in the limits |r| — 0 and |r| — co simultaneously.
Consider the subspace of K*7(X") of certain asymptotic type using polar coordinates!
(r,0,¢). These subspaces consist of functions with asymptotic expansions as r — 0

i(r,0,0) ~ Y Z cjk(6,¢)r P In* r, (2.7)
j k=0

where ¢, belong to finite-dimensional subspaces L; C C*°(S?) and p; are taken from a strip
of the complex plane, i.e.,

3 3
ij{ZG(CZ 5—7+19<Rez<§f’y}
with —oo < ¢ < 0. An asymptotic expansion (2.7) is completely characterized by the

asymptotic type P = {(p;,m;, L;j)};ez,. Together, weight data -, 1}, and asymptotic type
P define the weighted Sobolev spaces with asymptotics as r — 0,

HEVXN) = {u € (XN :

u=2 i:cjk(e’ @) Pt re (775X

j k=0 e>0

IFor a function u(r), we denote by (r, 8, $) the polar coordinate representations, i.e., u(r) = a(r, 8, ¢).
This notation will be used throughout this paper.



Definition 2.1. A function u is called asymptotically well behaved if
ue Ky (XM) for v <3/2 and P ={(—4,0,L;)}jez, (2.8)

The finite dimensional spaces L; C C*(S?) are given by L; = span{Ye,, £ < j}, where Yo,
denotes spherical harmonics on S?.

Throughout this paper, we shall make the assumption that the effective potential is of
the form
Z 4
e ﬁ +o,(r) with v, € CF(R3), (2.9)
r r
where p is an asymptotically well behaved function. The following regularity result for

eigenfunctions of (2.2) will be used in our analysis. The proof can be found in [14, Theorem
1].

Verr(r) =

Proposition 2.1. If u is an eigenfunction of (2.2), then u is asymptotically well behaved.

Denote by Ve, the solid harmonics
ylm (Ta 97 (b) = Te}/lm (97 (b)

Since the solid harmonics Yy, (r, 0, ¢) have explicit Cartesian expressions (see, e.g. [21]) as

ylm (T; 9; ¢) = ylm(r(za Y, Z)7 9(1'; Y, Z)a (b(za Y, Z))
(=|ml)/2

= Pom(,7, 2) = New (@ +sgn(m)iy) ™ 3" ¢™(@? + 527270 (2.10)
t=0

with the constants Ny, and Cy,,, they yield a significant simplification for numerical integra-
tions in computations. Therefore, the solid harmonics are always used as the angular parts
of the LCAO bases instead of spherical harmonics Y., (6, ¢). The following two propositions
will be used in our analysis.

Proposition 2.2. If u is an eigenfunction of (2.2), then
ue€ C® Ry x S%) (2.11)
and it can be expanded using polar coordinates (1,0, ) as

[e'S) 14

w(r,0,6) =>_ > Rem(r)Vim(r,0,6) (2.12)

=0 m=—/¢
with Rem € C([0,00)).

Proof. The proof of (2.11) is given in [14, Proposition 1], and therefore it only remains to
prove (2.12).
Since u is asymptotically well behaved, we have the expansion

k
a(r,0,¢) = w(r) Z rjozj 0,6) + Pry1(r,0,0), (2.13)
j=0



5
where @1 € F57(XN) for v < 3 + k and s € R. Note that further details on asymptotic

type P are also investigated in [14], which not only demonstrates the absence of logarithmic
terms in the expansion (2.7), but also shows that for each j only a finite number of spherical
harmonics with ¢ < —p; can contribute, implying that «;(8, ¢) € span{Y;n(6,¢), £ < j}.

[eS) 4

This proves that the first part of (2.13) can be represented by Z Z Ry, (7) Ve (1,0, 6)
=0 m=—4¢
with R}, (r) € C*([0,00)) and R, (r) = 0 for r > 1.
For the second part of (2.13), we define

1
Ry, (r) = 3 /32 Dpi1(r,0,0)Yen(0,6)d0 do,

and have

[eS) 4
(I)kJrl (Ta 9; QS) = Z Z Rzm(r)ylm (97 (b) .

=0 m=—4~
Note that (2.11) implies that RS € C*((0,00)), and it is only necessary to prove that RS,
is smooth at the origin. Using a direct calculation and the expression of (2.10), we have that
if f(r) has a singularity at 7 = 0 such that f ¢ C([0,0)), then f(r)Vem(r,0,6) ¢ HT(R?).
Since for any £ € Z and s € R, there exists sufficiently large k such that ®;,; € H'T+5(R3),
we can obtain that R (r) € C*([0,0)).

Taking Rem(r) = RS, (r) + RS, (r), we obtain (2.12) with R, (r) € C°*([0,00)). This

completes the proof. [J O

Proposition 2.3. Ifu is an eigenfunction of (2.2), then for any N € Z.., there exist smooth
functions (0, ) € span{Ye,, (0, 0), £ < j} C C>(S?), j=0,1,---,N, such that

N
a(r,0,0) —w(r) Y _rla;(0,¢) € HY*TN-(R?). (2.14)
j=0

Proof. Again we use the asymptotic expansion of u as (2.13). For any s € R, there exists
a sufficiently large k, such that ®;; € H*(R?®). Therefore, for any N € Z,, there exists
k > N such that ®;,, € H?/?*N=¢(R?). Since a direct calculation and interpolation theory
imply that

" Yo (6, ¢) € H*/272(B(0,1))

for k > ¢ and B(0,1) = {z : |2| < 1}, we have

k
wir) Y rla;(0,6) € H/PTNS(RY).
J=N+1
This completes the proof. [ O

3 Error Estimates for Gaussian Approximations

In what follows, we shall denote by C a generic positive constant which stands for different
values at its different occurrences and is independent of finite dimensional subspaces. We
shall use |-] and [-] to denote the floor and ceil integer of a real number, respectively.



Let V5 be the finite dimensional space spanned by a set of GTO basis functions. The
Galerkin approximation of the ground state solution of linear Schrodinger-type equation
(2.2) is determined by the variational problem: Find A\s € R and 0 # us € Vj such that
||u5||L2(R3) =1 and

a(ug,v) = A\s(ug, v) Vovels. (3.15)

Using standard estimates [3, 42], we have that the H! error of the finite dimensional approx-
imation is estimated by

|‘U—U5||H1(R3) < C inf HU_UJHHl(H@)- (3.16)
eVs

Since a simple calculation leads to
[As — Al = a(us — u,us —u) < Cllu— U5||§{1(R3),

we have that the error of eigenvalue approximations goes as the square of the corresponding
eigenfunction error.
For the nonlinear Kohn-Sham equation (1.1), we have the discretized problem

(Hegoy00,0) = (N¢),v) YwveVs i=1,---,N,

/R3¢f¢§ = 0y

1
with Hygsy = —§A + Veg({¢?}). Using similar arguments as in [10] (see also [8]), we can

prove the estimate

N
Z H(bZ — (b?HHl(]RL") < (C sup inf H(bZ — U6||H1(]R3)- (3.17)

; v5EVs
P 1<i<N vs€Vs

under certain assumptions (including the coercivity assumption on the tangent space, the
regularity assumption of the exchange-correlation term &, and the completeness assumption
of the limit of the finite dimensional space). Due to the continuity of the energy functional,
for the error in the ground state energy we obtain (cf. [8, 10])

IE{}) — E{oi)l < C Y Il — 617 ey-

i=1

Therefore it is only necessary for us to obtain the estimates of the right hand side of (3.16)
and (3.17) for specified V;.

3.1 Hermite Gaussian Bases

The simplest GTO basis functions may be written in the following form

IO 9, p) = cnr"e_<7'2Y'gm(9, ©), n—¢=0,2,4,--- (3.18)

nlm

where ( is a fixed exponent and c¢,, are normalization constants. If we add polynomials with
some odd orders n — £ to the set of basis functions, this set becomes formally overcomplete,
and the error decreases much faster. Unfortunately, the incorporation of odd order polyno-
mials makes the evaluation of integrals as difficult as for Slater type basis functions, and is
therefore of less practical interest.



Theorem 3.1. Let V5 = Vstpan{wGTO: 0<n<N,{=n,n—2,---,n—2 {—J, - <

nlm

m < /t}. If u is an eigenfunction of (2.2), then

mf ||u - U6||H1 (R3) < CN™ 4+E (319)
vs €V

If the basis functions (3.18) have odd order n — € included in the basis set forn < K < N,
—1
say, Vs = VI¥ = Viy®span{ GTO . 0<n<K,l=n—-1,n-3,---,n—1-2 Ln2 J, — <

ném
m < £}, then

Hlf HU7’U5||H1 (R3) <CN~™ i %JFE_ (320)

vs€EV N

Proof. We observe that under the same polynomial orders, the GTOs given in (3.18) span
the same space with the harmonic oscillator (HO) functions (see, e.g. [21])

w'g@%(raea(p) = Rgg(?")}/@m(e,@)7 ’ﬁ‘ _EZ 1;27" Ty (321)
3/4\ /2 +1(f — £ — 1)
Bie) = O e L e e,

where 72 = (n+ ¢)/2 + 1 and the polynomials LS are generalized Laguerre polynomials:

—e® "

- i
La(@) == am

(e”*a™Te),

To see this, we note that all Laguerre functions of order n and lower may be written in terms
of (3.18) of the same order.

The HO functions are the eigenfunctions of a three-dimensional isotropic harmonic oscil-
lator

H= A+ (20

with the principal quantum number 2(fn—1)—¢ = n. If we write the Hamiltonian in Cartesian
coordinates as

H = =38+ 5202 +9°+ )

which is separable in the three Cartesian directions, then the solution can be expressed as a
product of one-dimensional HO functions in Cartesian coordinates

him (r(2,y,2),0(2,, 2), (2,9, 2)) = i (2,9, 2) = xi' (@)X W)Xk (2),

where x! are Hermite functions of degree i, e.g.,

1/4
Vi) = (2—4) o i/ Eo) (-

™

di

Hi(w) = (=1)"exp(a®)—— exp(—a?),

and the quantum number is given by i + j + k = n. Define 7n : L*(R) — span{xil, k < N}
satisfying

(v—"7nv,on) =0 Yoy € span{x?,kz < N}.



Denote 9, = 8, + z. We define for an integer t,

HY(R?) = {v e L}(R?) : 9%v € L*(R®), 0 < |o| < t}

~ 1/2 _
with the associated norm [[v[| g gs) = (Z|a\§t ||8O‘v||%2(R3)) . For fractional t, H'(R?)
and || - || g¢(gs) are defined by interpolation theory. It is obtained from a standard spectral
analysis [38] that for any v satisfying 9*v € L2(R) and s > ¢, there holds

108 (v — 7n0) || L2y < CN™E=D/20%] 2wy t =0, 1. (3.22)

Let us define the projection Iy : L?(R3) — Vy = span{gag(k), 0<i,j,k< %} as a product
of three one-dimensional projections by

N =780 0T 8y O T80

Note that since (2.14) implies in particular that u € H3 < (R?), which together with the
exponential decay property of u (see, e.g. [24, 42]) leads to u € H*/?>~¢(R?). We can thus
derive from (3.22) that

N —(§-e-1)/2 L
J HUHHS/zfe(]Rz)SCN 4, (3.23)

||u — HNU||H1(R3) S C \‘3
Since Vi C span{gag.(k), 0<i+j+k<N}=Vy, we can derive (3.19) from (3.23) directly.

For a given K, by taking w(r) in (2.14) that equals e~ in the vicinity of the origin
and vanish outside the neighbor of the origin, we can divide u into two parts

K
u(r,0,0) = = Y"1l a;(0,0) + us(r,0,0),

=0

such that ug € H5/2+K_E(R3) according to Proposition 2.3. Therefore, we can obtain from
(3.22) that

lus — Tnus| o (rey < CN_(%+K_E)/2||Us||ﬁ5/2+Kfe(R3)

K
Take v5 = e~ " eraj(H, ®) + Tyus € VA, we have
j=0

—(3 _
||U_U6||H1(R3) = ||ué — HNUs||H1(R3) <CN (3 +K=e)/2,

This completes the proof. O O

Remark 3.1. We mention that it has been shown by Klahn and Morgan in [27] that the
error of the ground state energy of the Hydrogen atom goes as n~=3/%. Furthermore, the one
dimensional calculations by Hill in [22] and numerical experiments by Klopper and Kutzelnigg
in [28] show that by adding a finite number of functions with odd order polynomials in (3.18),
the error of energy is improved by a factor n=2 with each additional basis function, which is
consistent with our results.



3.2 Even-Tempered Gaussian Bases

As we see from Theorem 3.1, the approximation by GTO basis functions of the form (3.18)
with only even order polynomials converges relatively slowly, while for a basis including
the odd powers of r, it converges much faster, since such a basis set can better resolve the
singularities of the wavefunctions to be expanded [30]. However, the integration of basis
functions including odd powers of 7 is much more complicated than in the case of only even
powers, leading to the same difficulties as for Slater type orbitals in practical computations
(see, e.g. [21] for a discussion of GTO integral evaluation). That is why the bases with
variable exponents are the most popular choice in practice, in which the radial parts are
described exclusively by means of variable exponents, and the only powers of 7 introduced are
those associated with the angular momentum quantum number £ of the spherical harmonics.
The following set of spherical harmonic GTO basis functions are thus used,

7(7}7%%(767 0, (P) = cne_nnr27“£}/€'ﬂI(97 (P), n=0,1,---, (324)

with ¢, the normalization constant.

Remark 3.2. In most of the practical computations, one may construct the basis set from
fized linear combinations of GTOs:

K,

~ .2

waém(ra 9) SD) = ( E Cake_nkT )Tenm(ea 30)7 n= 07 1) Tty (325)
k=1

with cqk the contraction coefficients. Such linear combinations are known as contracted
GTOs, and the individual Gaussians from which the contracted GTOs are constructed are
referred to as primitive GTOs (see, e.g. [21]). For simplicity, we shall focus on primitive
GTOs in this paper.

Some sufficient but not necessary conditions for completeness of the basis set (3.24)
have been established in [21, 26]. The criteria are not helpful in practice since they do not
guide us towards bases that converge rapidly, but only tell us that it is in principle possible
to construct complete basis sets of the simple form (3.24). The optimization of Gaussian
exponents is a highly nonlinear problem with multiple solutions. Since an inspection of the
exponents reveals that the ratio between the exponents is approximately constant [21], one
should be able to obtain the following representation of the exponents

M = af" (3.26)

with the parameters a and 5. We shall focus our attention in the following analysis on this
specific type of GTOs, which are commonly referred to as even-tempered Gaussian bases.
The main result of this section is the following theorem, which considers the convergence
rate of some even-tempered Gaussian approximations for wavefunctions with finite angular
momenta and corresponding radial parts that are products of exponentials and polynomials.

Theorem 3.2. Given an integer L. Let Vs =V = span{wg’ﬁ% :n<N,0</ILZL, 1<

m < £} with n, given by the form (3.26). If u has the expression
u(r) =a(r,0,8) = > P a(r)e " Vem(r, 0, 9), (3.27)

0<<L,|m|<t

where v, are constants and Py, v are the polynomials with degrees no greater than M, then
for sufficiently large N, there exist ay and By such that

in%/ Hu — 'U5||H1(]R3) S CM7L6_C\/N (328)
€Vs

vs

10



with some constants Cyr,r, and c.

To prove this theorem, we shall apply sinc quadrature approximation results, for details
of which we refer to the monograph of Stenger [39]. As a first step, we use these results to
prove the following lemma.

Lemma 3.1. Let £ € NU {0} and f(r) € H([0,00)). Assume that F(s) := L~1(f(r?),s)
exists, where L~ is the inverse Laplace transform and there exists d > 0 so that F o exp is
holomorphic in the strip Pq .= {z € C:Imz € (—d,d)} and satisfies

O oo
/ e(3=H) | p(erid)| 4g +/ eG=2)7| ()| dz < Cgy
—00 0

with some constant Cq ¢ > 0. If there exist pug, 2o, D¢ > 0 such that

'3_

e~ g)’C|F(e_3")| + e(%_g)”|F(ex)| < Dee™™%  for x > Iy,
then for N > max{i7u,/(2nd), (In®2)/(2mdus)}, there exist an, By, ¢ € R and fx €
span{e_””rz}i]lfl, with 1y, as in (3.26), such that
I7°(f = Fn)llz2qo.00)) + I7°0n(f — £l L2(0,00))
<2722 (20 + 1) (2040 + (200) T Dg) e VAN - (3.29)

Proof. We shall first consider the L2-error estimate in the case £ = 0, i.e., || f — Inllz2((0,00))-
Let G(z) = e F(e”). By a variable substitution, we obtain

f(r) = /OOO F(s)e_s’“2 ds = /_O:o G(ac)e_ex’“2 dz.
Let
> kh 2 N kh .2
fu(r):=h > Gkh)e ", fyn(r):=h Y Gkh)e "
k=—o0 k=—N

and T'(x) := / e dr = gm*%. We have
0

> ° 5.2 s . eihyp2) 2
I =il = [ ([ G0 as—n 3 Gme ) ar

— 0 =0

= / (/ / G(s) G(t) e (e g dt
0 —o00 J —00

+12 30 ST Gk Gk e e

Jj=—00 k=—0o0

—2h Z / G(s)e '™ ds G(jh)efejhﬁ) dr,

j=—o0” ~

11



and by the definition of T,

:/_O:O /_Z G(s)G(t)T(e® + ') dsdt

+ h? i i G(jh) G(kh) T (e + e*)

j=—00 k=—o00

—2h i /OO G(s) G(jh) T(e® + ') ds,

j=—0c’~

which can be rewritten as

- /OO G(s)(/oo Gt)T(e* +e)dt —h i G(kh) T(e® + ekh)) ds
o0 k=—o0

—00 —

—h i G(kh)(/_oo G(S)T(esjuekh)ds—hf: G(jh)T(ejh—i—e’“h)).

k=—o00 j=—o0

Using the result of sinc theory in [39, Theorem 3.2.1] for the last formula, we obtain

I = Flltsoon = [ Glo)g |

— 00

o0

o= (d+it)/h

(G(t —id)T(e® + et_id)m

o—(d—it)/h e
_— t
sin[r(t + id) /h]) °

o= (d+it)/h
sin[m(t — id)/h)

o~ (d—it)/h

— G(t +id) T(e® + &)

oo . o]

—n Y G(kh)%/

k=—o00 >

(G(t —id) T (e 4 et~4)

— G(t +id) T(e*h + e *id) ]) dt, (3.30)

sin[z(t + id)/h
and applying the same result once more yields

1 00 00 e—Tr(d-i—'L't)/h e—ﬂ'(d—i—is)/h
T4 /, - /, - (sin[ﬂ(t —id)/h] sin[r (s — id)/h]
G(t —id) G(s — id) T(e! 7 4 ¢571d)

e*ﬂ'(dJrit)/h e*ﬂ'(dfis)/h o NG T t—id stid

T S = id) /] s (s L ad) A O ¢ M Gls Fd T(ETE A e
e—m(d—it)/h e—T(d+is)/h . ;

. _ T t+id s—id

+Sin[w(t ] id)/h]G(t +id) G(s — id) T (et 4 57)

o~ (d—it)/h o~ (d—is)/h

Sl + id) k] sn[r(s 1 id) /7]

G(t +id) G(s +id) T (e + e”id)) dsdt

e*ﬂ‘d/h

E(W)QN(G,T, d, (3.31)

IN

12



where

N(G,T,d) = / / |Gt—zd G(s — id) T (et + e5~)|

+ |G(t —id) G(s + id) T(e! =™ + es+id)|
+ |G (t 4 id) G(s — id) T(e' T 4 e571d)]
+|G(t +id) G(s +id) T(e" + e5Ti4)|) ds dt .
For the latter expression, we obtain the estimate
\/_ G(t —id) G(s —id) G(t —id) G(s +id)
et id | ps— zd)1/2 ‘ + ‘ (etfid + eerid)l/Q ‘

t+zd G(s—zd) G(t + id) G(s +id)
‘ (et+zd+es zd)1/2 ‘ ‘ (et+id+es+id)1/2

< @(max{/_ooe et F (et i) dt, /OO e 3! |F(e t+’d)|dt})2, (3.32)

— 00

D dsdt

where the right hand side is finite by our assumptions.
We now choose h := ,/ Q’Tf\l,, note that this amounts to taking

_ [zmdN amd
a=c¢e “o ﬂ:e o N

)

as the parameters (3.26) of the even-tempered GTO basis. As a consequence, N > 2210/ (27d)
implies Nh > %o, and we therefore obtain

o0 _ekhp2\2
Ifn = FnlZeose)y = h2/ ( Z G(kh)e )" dr

|k|>N

= 1Y Y GHRRGUMT(EM +eh)

|E|>N |l|>N

2 —N oo . 2
h ﬁ (/ F(exh)e%xh dz + / F(exh)e%xh d:L')
2v/2 —o N

< ﬂoQ\/_Do o—2n0Nh_
< WG

Since by assumption N > (In” 2)/(27dpuo), we have e~™%/"/sinh(wd/h) < 4e~ V2™ dHoN i
(3.31). We thus obtain from (3.31) and (3.33) that

IN

(3.33)

ILf = fnnlleqo,00)) < ILf = full2qo,00)) + 1fn = fnnllz2(0,00))
<71 (280, + 27 gt Dy)e VITIHOVN (3.34)

This completes the error estimates for || f — fn|l£2(j0,00))-
For the H'-seminorm error estimate, i.e. ||0(f — fn)||£2(j0,00)), We approximate

f(r)=—-2r /_OO e"G(z)e " da

13



by

) =—2rh Y hGkR)e T

k=—o0

N
Fan(r) = —=2rh S e GkR)e "
k=—N
Applying the same arguments as above to

G(z) := —2¢*G(x) and T(x) :=/ r2e= v dp = ?af?’m,
0

we can derive that for the choice h = N made before, we have

1.1 1 —arda
||fl_leVh||L2([0,00)) §7T4(24Cd+2 Tug 1D0)e V2rdpoVN

with some constant cs; to this end, note that the same arguments for G and T as (3.32) and
(3.33) lead to

N(G,T,d) < \/237T(max{/ e%t|F(et_id)|dlf,/(>O

—0Q0 —00

o

2
e%tlF(et-i-id)' dt})

and

h2ﬁ( N < : ’
Il 2 < F e:ch €ZahdI+/ F e:ch ethdx
I = Fnnllzz 0,000 < 7\ (™) . (™)
< an\/ED% e—2;mNh )
V2
This completes the proof of (3.29) in the case { = 0, where we additionally estimate
(27)Y/4(1 + v/2) < 4 to simplify the constants.
In the case ¢ > 0, we can obtain (3.29) by repeating the same arguments as above with

o0 2 2571' Y
Ty(x) ::/O r2e ™ dr = ( 2€+1) ’/$2€+1

and - ( )
- o 2420 —ap? . 20 +1)! s
Ti(x) '7/0 rT e dr = ol+2 22043
which completes the proof. [ [l

The following lemma states that for particular functions that are products of a monomial
r™ and an exponential factor e™?" with « > 0, the assumptions of Lemma 3.1 are satisfied.
Here we use the notation n!! :=n(n —2)(n —4)---(n+1—2 |2 |).

Lemma 3.2. Let f, (r) := r"e™ " withn € NU{0} and v > 0, and let £ € NU {0}.
If F,, ,(s) == E‘l(fnﬁ(r%),s), then F,, ~ o exp is holomorphic in the strip Pq == {z € C:
Imz € (—d,d)} for d € (0,%), and there exists C > 0 independent of n, ¢, and d, such that

0 ) _ o )
/ e<%*%>m|F(ewd)|dm+/ F=8)7|p(em*id)| do
0

—00
4 )%+%+n

< On”(max{n, (L 4204 2n) " + 7—@—n< :
COS

[¢/2 +n] !) . (3.35)

14



Moreover, for
pe= 2] +£L£+1, 3 =max{2ln(4y2(3n + 2¢ + 2)),0},
there exists D > 0 independent of n, £, and d, such that
e_(%_g)”|F(e_x)| + e(%_g)ﬂF(exﬂ < Dnl'max{n,y"}e "  for x > @y, (3.36)
Proof. For v =0 and n = 0,1, we know
L7 e™Y)(s) = (2v/m) s e

and

“HVreTVT)(s) = —(4vm) s T2 (25 — 1)e 5.
Recall that £71(p) = ® implies L7 (rp(r))(s) = ®'(s) provided that the corresponding
integrals exist and ®(0) = 0 [37]. Applying this property recursively, for k € Ny we obtain

L7 (faro(Vr)(s) = s~
with Py = (2y/7)"!
4k + 3

4k+3

ng( )(37ﬁ

1
5Po(8) + 8% Py () + =~ Pag(s)

and  Popya(s) = — 1

for even-order polynomials, as well as

L7 (farr0(VI)(s) = s Pojy1(s) e
with  Pi(s) = —(4v/m) 7' (25 — 1)

4k +5

and P2k+3(5) = — 5

1
sPats1(s) + 5" Pyjeyq (5) + 7 F2er1(s)
for odd-order polynomials. For v > 0, we thus have

L7 fory(VI)(8) = v 2L (faro(7V/7))(s)

2
728)67%

2k+1 _ 4k+43
YT Py

for even-order polynomials and

L7 foerrn(V))(8) = A7 LT (fargr0(0V/T))(s)

22 g~ 2.\ —22
= 0t Popp1(y "s)e” %

for odd-order polynomials. In summary, we obtain

Funy(8) = L7 fan(V1))(s) = "

2

P, (v 2s)e” 7 (3.37)

_ 2n43
2

and therefore

—x

n " - 2
Fnﬁ(el‘) :,}/n—kle—%apn(,y—Qea)e—%e ’
where P, has degree [n/2] and satisfies the recursion

2n+3
2

5P, (s) + s?P.(s) + an(s) :

Pn+2(3) = - 4

15



JFrom this recursive definition it can be seen that the absolute values of the coefficients in
P, are bounded by (21/7) n!!, and consequently

[n/2]
1 72cod —x .
[y (75| < (2/m) 71y nlle 5T 37 e (ke (3.38)
k=0

By the assumption d < /2, we obtain that F,, ,(e®) is holomorphic with respect to z in the
strip Z4. Concerning the integrability condition (3.35), for the integrals over the positive
real axis we obtain

) _
/ e—(%+§+"—k)$e——72105d57x < (1 + é +n— k) ! )
0 4 2

For the integrals over the negative real axis, note that for a > 0,

w2cosd —x 72 T

. ~ ~2cosd —a A2

/ e aze s e dz / eag;e e COdelL’
0

—00
o0 72
:/ Sa_le_TSCOdeS
1

= (72 jos d)ar(a) '

Applying this to each term in (3.38) with o = 2 + £ 4+ n — k for each k, we obtain (3.35).
Concerning the decay condition (3.36), on the one hand, for x > 0 we have

|Fros (€%)] S nllmax{n, " }e~ (131427

which leads to the choice of uy in the hypothesis. The choice of %y, on the other hand,

ensures that 2
etz —Are” ~ —a

for © > &y, which yields the required estimate for negative x, and hence (3.36). O |

With the two above lemmas, we are now ready to prove Theorem 3.2.
Proof of Theorem 3.2 Let the even-tempered Gaussian approximation of u be

N
vs(r) = 05(r,0,0) = D > chemx(r)r Yem(0,0) € Vi
0<(<L k=0
lm|<e
with xg(r) = e~ (k=0,1,---,N) and ckepm the approximation coefficients. Since for u
we have
u(r) =i(r,0,6) = Y Pona(r)e " Vom(r, 0, 6),
0<(<L
|m|<e
we obtain
N
- ¢
lu = vsllmEs < Y H(Pem,M(T)e YT =N ek (r))7 Yem(97¢)HH1(R3)- (3.39)
&
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The Laplace operator can be expressed in polar coordinates as

A*ig 7"22 + L 9 smt92 +#3_2
T r29r \' or) ' r2sind 0 90)  r2sin?6 9%¢’
where the last two terms multiplied by 72 are the total angular momentum operator Ag2

on the sphere (i.e., the Laplace-Beltrami operator). It can thus be verified by a simple
calculation (see, e.g., [11]) that

1 () Yo (6, 6) 211 o =

s <f2(7“) +(22) + 1 1)f2(r)> ar [ ¥2,(0. )46,
0 S

r2

Therefore, each term of the right hand side of (3.39) can be estimated as

||(P€m M 6 —er chéka r YV@TI’L( HHl(R3)

N
||T€+1 (me’M(T)ei’wT — Z CEXk (T)) H%z([o,oo))

N

| (Pom,ar (r)e ™" =~ cixin(r) 120,00
k=0

N

+H7ﬂe+1@7‘(p€m7M(7~)e—W — Z Cka(T))H%?([o,oo))
j=0

N

L+ Ol (Penar(r)e™ =3~ erxa(r) 720,00
j=0

Applying Lemma 3.1 and Lemma 3.2, where we choose a fixed d € (0, ), we obtain

N

H (Pem,pr(r)e” " — Z cumxk(r))rlYem(@, ) H

H'(R3
k=0 (R?)

s (2£+3)

M (max{M,~, My
+,yl l— Mb2+M|—€/2+M-| ) —QCW, (340)

where by := 4/ cosd, C' is a constant depending only on d and the coefficients of the polyno-
mial Py, a7, and c is a constant determined by d and pp in Lemma 3.1. Summing up (3.40)
over the indices ¢ and m in (3.39), we obtain (3.28), where

(2L + 3)!
2L

Cunr~ (L+1)° M"(maX{M MY +47E Mb”M(L/?JrMW)

with 7 = max{yo,--- ,v2} and v = min{~o,--- ,7}. This completes the proof. [
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Remark 3.3. The above theorem gives a priori error estimates for approximations of Slater-
type functions. More general wavefunctions can in turn be approzimated by sums of Slater-
type orbitals

YSTO(r, 0, 0) = LE(r) e " Yo (6, ), n=0,1,..., (3.41)

nfm

where o, ve are constants and LS are Laguerre polynomials. Since each wign? as defined in
(3.41) is of the form (3.27) in Theorem 3.2, from this one can obtain estimates for more
general wavefunctions for which the Laguerre function expansion coefficients of radial parts
have sufficiently rapid decay.

The regularity result of Proposition 2.2, however, only yields superalgebraic decay of the
Laguerre function coefficients of the wavefunctions, which is insufficient considering the rapid
growth in L and M of the constants Cp a in Theorem 3.2 (see also our numerical tests
in Example 8). In an extension of Theorem 3.2 to general wavefunctions, additional reg-
ularity assumptions may thus be required to ensure semi-exponential convergence rates of

even-tempered GTO approximations.

Remark 3.4. Kutzelnigg [30, 31, 83] has shown the error of ground state energy expectation
value for the Hydrogen atom obtained by certain even-tempered Gaussian bases goes as e~ V™.
However, it is not clear whether these results can be extended to a priori H-error estimates
for general wavefunctions in R3.

4 Numerical Experiments

All the numerical results in this section are given in atomic units.

Example 1. We simulate a Hydrogen atom by Gaussian bases as a simple example to
support the theory in this paper. Solve the linear eigenvalue problem: Find A € R and
u € H*(R?) such that

We consider only the first two states of this system (the corresponding exact energies are
—0.5 and —0.125).

We first use the Hermite Gaussian basis functions (3.18) by taking ¢ = 0.2 with and
without one odd order polynomial. The numerical errors of the first two states energies are
presented in Figure 4.1 and 4.2 respectively. We observe that the convergence rates of the
energy errors are consistent with our theoretical results. We also exploit the even-tempered
Gaussian basis functions for this example. The numerical errors of the first two state energies
are presented in Figure 4.3, which decay semi-exponentially and are consistent with our
theoretical results. We compare the wavefunctions obtained by Hermite Gaussian basis and
even-tempered Gaussian basis in Figure 4.4 using the same discretization, say N = 5. We
observe that the even-tempered Gaussian basis capture the cusp of the wavefunction at the
nuclear position much better than Hermite Gaussian basis, even though neither of these
bases have the cusp property.

Example 2. We use the package Molpro [41] to simulate a water molecule HoO using even-
tempered Gaussian bases. Molpro is a system of ab initio programs for molecular electronic
structure calculations, based on which we perform an all-electron DFT calculations with
the Lee, Yang and Parr correlation functional [34] and a self-consistent field iterations. For
angular momentums, we include spdf types for the oxygen atom and spd types for the
Hydrogen atoms. Since we do not have the analytic solution, the numerical results obtained

18



—6— K=0
- — = slope=-1.5
—%—K=1
— — slope=-35

Figure 4.1: Numerical errors of Hermite Gaus-
sian bases for the first state energy (exact

value E = —0.5).

Figure 4.3: Numerical errors of even-tempered
Gaussian basis for the first two state energies.

BBy

—6—K=0
— - —slope=-15
——K=1
— — slope=-35

Figure 4.2: Numerical errors of Hermite Gaus-
sian bases for the second state energy (exact

value E = —0.125).

0.7

0.6

05

04

03

0.2

0.1

Hermite Gaussian
even-tempered Gaussian

Figure 4.4:

Comparison of radial wavefunc-
tions obtained by Hermite Gaussian bases and

even-tempered Gaussian bases.

by the default basis of the package, say the VDZ basis [41], are taken to be the exact ones.
The numerical errors of the ground state energy per electron are presented in Figure 4.5,
from which we observe a semi-exponential decay of the ground state energy error.

|E ~ En|

10 T

14 16

Figure 4.5: Numerical errors per electron of the ground state energy for HoO by the Molpro
package using even-tempered basis.
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Example 3. We consider the H!-error for the approximation of f(r) :=r"e™" as in (3.29),
ie.,
en = [Ir"(f = Fn)llL2(o.s0y) + IIP°0n(f — )12 (10,000

for n =0,...,4 and £ = 0,2. Here the approximations fy are constructed as in Lemma
3.1. Note that in this construction, the value of h depends on the choice of a free parameter
d > 0, which also enters in the error estimates. This parameter is chosen as follows: for
given n, ¢, and N, we first symbolically evaluate ey as a function of d using Maple, and
then perform a numerical minimization of €y with respect to d, using extended precision.
The results are shown in Figure 4.6. We observe the expected growth of the constants in the
error estimates with increasing n (in particular for the larger value of £), but also an increase
in the convergence rate for larger values of n.

. Radial H'-Approximation Error, £ = 0 Radial H'-Approximation Error, £ =2
10 —
——n=0 2 ~ ——n=0
- —e—n=1 10 I —e—n=1
—&—n=2 e —&—n=2
10° ——n=3 . NG n=3
- o -
— —o—n=4 —o—n=4
T +
10° e -
~ \\\\\ =+,
= T~ e
~ — "
T e
10° ~ h
\\ %
—o\
107

Figure 4.6: H'-errors (in double logarithmic scale) for approximation of r™e~" as in Example
3.

5 Concluding remarks

In this paper we have given a numerical analysis for two types of Gaussian approximation
in electronic structure calculations. We have obtained a priori error estimates for Hermite
Gaussian basis and even-tempered Gaussian basis respectively, which illustrate the efficiency
of Gaussian bases in molecular simulations. Our analysis is not restricted to Kohn-Sham
theory, but can be extended to various wavefunction methods.

Although several good and flexible Gaussian basis sets have been developed for molec-
ular calculations, such as even-tempered bases, it has not been possible to construct a sin-
gle, universal molecular basis set that is applicable under all circumstances. In particular,
the requirements for accurate excited states, different wavefunction models, and correlated
treatment are more severe [21]. Besides, since a relatively large number of Gaussian basis
functions are needed to represent the wavefunctions, basis sets are usually constructed from
fixed linear combinations of several Gaussians as in the contracted GTOs (3.25) (e.g. for
STO-kG and Huzinaga basis sets [20, 25]), instead of using single Gaussian basis functions
individually. In this paper we have not considered this additional aspect of atomic bases
used in practice, but restricted ourselves to the basic primitive Gaussian approximations.
Our work may thus be viewed as a step towards a more complete understanding of Gaussian
bases from a numerical point of view.
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