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Preface

The electronic Schrodinger equation describes the motion of N electrons under
Coulomb interaction forces in a field of clamped nuclei. Solutions of this equation
depend on 3N variables, three spatial dimensions for each electron. Approximat-
ing the solutions is thus inordinately challenging, and it is conventionally believed
that a reduction to simplified models, such as those of the Hartree-Fock method
or density functional theory, is the only tenable approach. This book seeks to con-
vince the reader that this conventional wisdom need not be ironclad: the regularity
of the solutions, which increases with the number of electrons, the decay behavior
of their mixed derivatives, and the antisymmetry enforced by the Pauli principle
contribute properties that allow these functions to be approximated with an order
of complexity which comes arbitrarily close to that for a system of one or two
electrons. The present notes arose from lectures that I gave in Berlin during the
academic year 2008/09 to introduce beginning graduate students of mathematics
into this subject. They are kept on an intermediate level that should be accessible to
an audience of this kind as well as to physicists and theoretical chemists with a cor-
responding mathematical training. The text requires a good knowledge of analysis
to the extent taught at German universities in the first two years of study, including
Lebesgue integration and some basic facts on Banach and Hilbert spaces (comple-
tion, orthogonality, projection theorem, Lax-Milgram theorem, weak convergence),
but no deeper knowledge of the theory of partial differential equations, of functional
analysis, or quantum theory. I thank everybody with whom I had the opportunity
to discuss the topic during the past years, my coworkers both from Tiibingen and
Berlin, above all Jerry Gagelman, who read this text very carefully, found many
inconsistencies, and to whom I owe many hints to improve my English, and par-
ticularly my colleagues Hanns Ruder, who raised my awareness of the physical
background, and Reinhold Schneider, who generously shared all his knowledge and
insight into quantum-chemical approximation methods. The Deutsche Forschungs-
gemeinschaft supported my work through several projects, inside and outside the
DFG-Research Center MATHEON. I dedicate this book to my sons Klaus and Max.

Berlin, September 2009 Harry Yserentant
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Chapter 1
Introduction and Outline

The approximation of high-dimensional functions, whether they be given explicitly
or implicitly as solutions of differential equations, represents one of the grand chal-
lenges of applied mathematics. High-dimensional problems arise in many fields of
application such as data analysis and statistics, but first of all in the sciences. One
of the most notorious and complicated problems of this type is the Schrodinger
equation. The Schrodinger equation forms the basis of quantum mechanics and is
of fundamental importance for our understanding of atoms and molecules. It links
chemistry to physics and describes a system of electrons and nuclei that interact by
Coulomb attraction and repulsion forces. As proposed by Born and Oppenheimer in
the nascency of quantum mechanics, the slower motion of the nuclei is mostly sepa-
rated from that of the electrons. This results in the electronic Schrodinger equation,
the problem to find the eigenvalues and eigenfunctions of the Hamilton operator

Zy 1 X 1
—+_ -
|x; — ay| 21.7j:1 |xi — x|

i#j

(1.1)

written down here in dimensionless form or atomic units. It acts on functions with
arguments x1, ..., xy € R, which are associated with the positions of the considered
electrons. The ay are the fixed positions of the nuclei and the positive values Z, the
charges of the nuclei in multiples of the absolute electron charge.

The mathematical theory of the Schrodinger equation for a system of charged
particles is today a central, highly developed part of mathematical physics. Start-
ing point was Kato’s work [48] in which he showed that Hamilton operators of the
given form fit into the abstract framework that was laid by von Neumann [64] a
short time after Schrodinger [73] set up his equation and Born and Oppenheimer
[11] simplified it. An important breakthrough was the Hunziker-van Winter-Zhislin
theorem [46, 90, 98], which states that the spectrum of an atom or molecule con-
sists of isolated eigenvalues A9 < A < X of finite multiplicity between a minimum
eigenvalue Ay and a ionization bound X and an essential spectrum A > X. The math-
ematical theory of the Schrodinger equation traditionally centers on spectral theory.
Of at least equal importance in the given context are the regularity properties of
the eigenfunctions, whose study began with [49]. For newer developments in this
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2 1 Introduction and Outline

direction, see [32] and [45]. Surveys on the mathematical theory of Schrodinger
operators and the quantum N-body problem in particular are given in the articles
[47,75] and in the monograph [38].

Because of its high-dimensionality, it seems to be completely hopeless to attack
the electronic Schrodinger equation directly. Dirac, one of the fathers of quantum
theory, commented on this in [25] with the often quoted words, “the underlying
physical laws necessary for the mathematical theory of a large part of physics
and the whole of chemistry are thus completely known, and the difficulty is only
that the exact application of these laws leads to equations much too complicated
to be soluble.” This situation has not changed much during the last eighty years,
and depending on what one understands by soluble, it will never change. Dirac
continued, “it therefore becomes desirable that approximate practical methods of ap-
plying quantum mechanics should be developed, which can lead to an explanation
of the main features of complex atomic systems without too much computation.”
Physicists and chemists followed Dirac’s advice and invented, during the previous
decades, a whole raft of such methods of steadily increasing sophistication. The
most prominent are the Hartree-Fock method that arose a short time after the ad-
vent of quantum mechanics, and its many variants, extensions, and successors, and
the density functional based methods, that have been introduced in the sixties of
the last century and are based on the observation that the ground state energy is
completely determined by the electron density. These methods present themselves a
challenge for mathematics. Lieb and Simon [60] proved the existence of a Hartree-
Fock ground state and Lions [62] the existence of infinitely many solutions of the
Hartree-Fock equations. The existence of solutions of the more general multiconfig-
uration Hartree-Fock equations was proven by Friesecke [33] and Lewin [59]. The
singularities of the solutions of the Hartree-Fock equations at the positions of the nu-
clei have recently been studied by Flad, Schneider, and Schulze [31]. Schneider [72]
gave an insightful interpretation and analysis of one of the most accurate methods
of this type, the coupled cluster method. See [42] and the Nobel lectures of Kohn
[51] and of Pople [66] for an overview on the present state of the art in quantum
chemistry, and [16, 56-58] for more mathematically oriented expositions.

The current methods are highly successful and are routinely applied in practice,
so that the goals Dirac formulated eighty years ago are today widely reached. Never-
theless the situation is not very satisfying from the point of view of a mathematician.
This is because the success of many of these methods can only be explained by
clever intuition. In the end, most of these methods resemble more simplified mod-
els than true, unbiased discretizations and, at least from the practical point of
view, do not allow for a systematic improvement of the approximations. That is
why mathematicians, encouraged by the progress in the approximation of high-
dimensional functions, have recently tried to find points of attack to treat the elec-
tronic Schrédinger equation directly. Promising tools are tensor product techniques
as they are developed on a broad basis in Wolfgang Hackbusch’s group at the Max
Planck Institute in Leipzig. Beylkin and Mohlenkamp [10] apply such techniques to
a reformulation of the electronic Schrodinger equation as an integral equation.

The present text intends to contribute to these developments. Aim is to identify
structural properties of the electronic wave functions, the solutions of the electronic
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Schrodinger equation, that will ideally enable breaking the curse of dimensional-
ity. We start from ideas to the approximation of high-dimensional functions that
emerged from the Russian school of numerical analysis and approximation theory
[7,53,54,76] and have since then been reinvented several times [23, 24, 97]. They
are known under the name hyperbolic-cross or sparse-grid approximation. Since
the work of Zenger [97], approaches of this kind have become increasingly popu-
lar in the numerical solution of partial differential equations. For a comprehensive
survey of such techniques, see [15] and, as it regards their application to truly high-
dimensional problems, [35]. Among the first papers in which direct application of
such ideas has been tried for the Schrodinger equation are [34,39,43]. More recent
attempts are [27,28,36,37], and very recently the doctoral theses [40,96]. The order
of convergence that such methods can reach is limited since the involved basis func-
tions do not align with the singularities caused by the electron-electron interaction
[29,30]. Nevertheless such methods have a high potential as our considerations will
show, and be it only for the study of the complexity of electronic wave functions.
The principle behind these constructions can best be understood by means of a
model problem, the L,-approximation of functions « : R? — R that are odd and 27-

periodic in every coordinate direction on the cube Q = [, 7t]¢ by tensor products
d
o (k,x) = T ¢ (i) (1.2)

i=1

of the one-dimensional trigonometric polynomials @1, ¢>, @3, ... given by
1
) = —sin(k;§). 1.3
0u(8) = = sin(ki) (a3

Functions with the given properties that are square integrable over Q can be ex-
panded into a multivariate Fourier series and possess therefore the representation

u(x) = ;ﬁ(k)qb(k,x), alk) = /Q u(x) 6 (k,x) dx, (1.4)

where the sum extends over the multi-indices k = (ki,...,k;) € N and its con-
vergence has to be understood in the Ly-sense. The speed of convergence of this
series depends on that with which the expansion coefficients #(k) decay. Assume,
for example, that u is continuously differentiable, which implies that

Ju |2

d
= ‘
uly = E -
‘ |l = /Q axi

remains bounded. Consider now the finite part i, of the series (1.4) that extends over
the multi-indices k inside the ball of radius 1/€ around the origin, that is, for which

d
dx = Z(Zk?)lﬁ(k)l2 (1.5)
k i=1

d
1
< —. 1.6
; = (1.6)
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Due to the orthonormality of the functions (1.2), u, is the best approximation of u by
a linear combination of the selected basis functions and satisfies the error estimate

d
vl < @ 3 (38 ) AP = elul 7
k \i=1
in the Ly-norm. Unfortunately, the number of these basis functions grows like
1
~ (1.8)

for € tending to zero, which is out of every reach for higher space dimensions d. The
situation changes if one does not fix the smoothness of the functions to be approxi-
mated, but let it increase with the dimension. Assume, to avoid technicalities, that u
possesses corresponding partial derivatives and that these are continuous and set

1 01 () NI
I,mix — 0 10xy...0x4 B k \i=1 l . '

Let u} be the function represented by the finite part of the series (1.4) that extends
over the multi-indices k now not inside a ball but inside the hyperboloid given by

1
ki < —. (1.10)
i=1 €
The Ly-error can then, by the same reasons as above, be estimated as
d 2
il < &% ( 1Tk ) 0P = el (1.11)
k \i=1

and tends again like 0'(€) to zero. The difference is that the dimension of the space
spanned by the functions (1.2) for which (1.10) holds, now increases only like

~ |loge|te !, (1.12)

This shows that a comparatively slow growth of the smoothness can help to re-
duce the complexity substantially, an observation that forms the basis of sparse grid
techniques. Due to the presence of the logarithmic term, the applicability of such
methods is, however, still limited to moderate space dimensions.

Because of the Pauli principle, physically admissible wave functions have typical
symmetry properties that will later be discussed in detail. Such symmetry prop-
erties represent a possibility to escape from this dilemma without forcing up the
smoothness requirements further, a fact that has first been noted by Hackbusch [39]
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and is basic for the present work. Assume that the functions u to be approximated
are antisymmetric with respect to the exchange of their variables, that is, that

u(Px) = sign(P)u(x) (1.13)

holds for all permutation matrices P. It is not astonishing that symmetry properties
such as the given one are immediately reflected in the expansion (1.4). Let

¢ (k,x) = \/l—d_! ;sign(P)(f)(k,Px) (1.14)

denote the renormalized, antisymmetric parts of the functions (1.2), where the sums
extend over the d! permutation matrices P of order d. By means of the corresponding
permutations 7 of the indices 1,...,d, they can be written as determinants

d

1
Ta > sign(m) [Tk, (xz(i)) (1.15)

i=1

and easily evaluated in this way. For the functions u in the given symmetry class,
many terms in the expansion (1.4) can be combined. It finally collapses into

u(x) = Y (u, 9k, -))o(k,x), (1.16)

k1>..>ky

where the expansion coefficients are the L-inner products of u with the correspond-
ing functions (1.14). The number of basis functions needed to reach a given accuracy
is reduced by more than the factor d!, a significant gain. It can be shown (see Chap. 8
for details) that the number of ordered sequences k; > ky > ... > k; of natural num-
bers that satisfy the condition (1.10) and with that also the number of basis function
(1.14) needed to reach the accuracy &'(€) does not increase faster than

1

[ad m 3 ( 1 . 1 7)
independent of d, where ¥ > 0 is an arbitrarily chosen small number. In cases such
as the given one the rate of convergence in terms of the number of basis functions
needed to reach a given accuracy becomes independent of the space dimension.

The present work is motivated by these observations. It has the aim to transfer
these techniques from our simple model problem to the electronic Schrédinger equa-
tion and to establish a mathematically sound basis for the development of numerical
approximation methods. One may wonder that this can work considering all the sin-
gularities in the Schrodinger equation. The deeper reason for that is that the terms
of which the interaction potentials are composed depend only on the coordinates
of one or two electrons. This and the symmetry properties enforced by the Pauli
principle suffice to show that the admissible solutions of the electronic Schrodinger
equation fit into the indicated framework.
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The Pauli principle is a basic physical principle that is associated with the indis-
tinguishability of electrons and is independent of the Schrodinger equation. It is of
fundamental importance for the structure of matter. Electrons have an internal prop-
erty called spin that behaves in many respects like angular momentum. Although
spin does not explicitly appear in the electronic Schrodinger equation, it influences
the structure of atoms and molecules decisively. The spin o; of an electron can attain
the two values 4-1/2. Correspondingly, the true wave functions are of the form

v RV % {-1/2,1/2}N = R: (x,0) — w(x,0), (1.18)

that is, depend not only on the positions x;, but also on the spins o; of the elec-
trons. The Pauli principle states that only those wave functions Y are admissible
that change their sign under a simultaneous exchange of the positions x; and x; and
the spins 0; and o; of two electrons i and j, i.e., are antisymmetric in the sense that

y(Px,Po) = sign(P)y(x,0) (1.19)

holds for arbitrary simultaneous permutations x — Px and 0 — Po of the electron
positions and spins. The Pauli principle forces the admissible wave functions to van-
ish where x; = x; and o; = o; for i # j. Thus the probability that two electrons i and
J with the same spin meet is zero, a purely quantum mechanical effect. The admis-
sible solutions of the electronic Schrodinger equation are those that are components

u: (RHY = R:x— y(x,0) (1.20)

of an antisymmetric wave function (1.18). They are classified by the spin vector o,
being antisymmetric with respect to every permutation of the electrons that keeps
o fixed. We will discuss these interrelations in Chap. 4 and will study the different
components (1.20) separately. Let ¢ be a spin vector that remains fixed throughout,
and let /_ and I be the sets of the indices i of the electrons with spin 6; = —1/2
and o; = +1/2. To both index sets we assign a norm that can best be expressed in
terms of the Fourier transforms of the considered functions and is given by

N 12 ; |2
2= [(1 ‘9 1 ’—’
i = [ (1+2 |3 ) (13

i€l
These two norms are combined to a norm that is defined by

) i) do. (1.21)

laall> = Meelli® =+ [fael]3 - (1.22)

The momentum vectors @; € R? form together the vector ® € (R*)V. Their eu-
clidean length is |@;]. The quantity Q fixes a characteristic length scale that will be
discussed below. The norm given by (1.22) is related to the norm (1.9) and mea-
sures mixed derivatives whose order increases with the number of the electrons. It is
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first only defined for the functions in the space Z(0o) of the infinitely differentiable
functions # with compact support that are antisymmetric in the described sense but
can be extended to the space X! (o), the completion of Z(c) under this norm. The
space X!(o) is a subspace of the Sobolev space H! consisting of functions that
possess high-order mixed weak derivatives.

Our first result, which originates in the papers [92,94] of the author and will be
proven in Chap. 6, is that the eigenfunctions u of the Schrodinger operator (1.1) of
corresponding (anti-)symmetry for eigenvalues below the ionization threshold, i.e.,
the infimum of the essential spectrum, are contained in X' (). This means that they
possess mixed weak derivatives whose order increases with the number of electrons.
The norm (1.22) of these eigenfunctions can be explicitly estimated in terms of the
Ly-norm of the eigenfunctions. If Q > C/N max(N,Z) is chosen

llelll < 2+/e JJullo (1.23)

holds, where Z denotes the total charge of the nuclei and C is a generic constant de-
pending neither on the number of the electrons nor on the number, the position, nor
the charge of the nuclei. Conversely, there is a minimum Q2 < C VN max(N,Z) such
that (1.23) holds for all these eigenfunctions independent of the associated eigen-
value. There are hints that this 2 behaves like the square root of the ground state
energy. The estimate (1.23) depends on the partial antisymmetry of the eigenfunc-
tions, particularly on the fact that the admissible wave functions vanish at many of
the singular points of the electron-electron interaction potential, everywhere where
electrons with the same spin meet. Only small portions of the frequency domain
thus contribute substantially to the admissible eigenfunctions. This remark can be
quantified with help of the notion of hyperbolic crosses, hyperboloid-like regions in
the momentum space that consist of those @ for which

I+ f30)-m (3!

il icl,

1
) S @ (1.24)

with € > 0 given. If u, denotes that part of the wave function whose Fourier trans-
form coincides with that of u on this domain and vanishes outside of it, the H!-error

[l —uel[t < lu—uell| < &]lul] (1.25)

tends to zero like &'(g) with increasing size of the crosses. This estimate is a first
counterpart to the estimate (1.11) in the analysis of our model problem.

These observations, however, do not suffice to break the curse of dimensionality.
Asis known from [20] and is proven in Chap. 5, the eigenfunctions u for eigenvalues
A below the infimum X (o) of the essential spectrum decay exponentially, the decay
rate depending on the eigenfunction. Let R > 0 satisfy the estimate

1 Z(o)—A

— < — 1.2
RS TN (1.26)
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that is, let it be big enough compared to the size of the gap between A and X(0),
and define the correspondingly exponentially weighted eigenfunction as

N

i(x) = exp ( >

i=1

Xi

R

>u(x). (1.27)

The weighted eigenfunction u is then not only square integrable, as follows from
[20], it also belongs to the space X! (o) and moreover satisfies the estimate

llalll < 2+/e [l@ffo- (1.28)

This is shown in Chap. 6 along with the proof of (1.23). The parameter €2 scaling
the frequencies is the same as before, common to all eigenfunctions for eigenvalues
below the essential spectrum. In the limit of R tending to infinity (1.28) reduces
to the estimate (1.23). With that the corresponding mixed derivatives of the given
eigenfunctions decay exponentially in the L,-sense. The estimate relates the decay
of the eigenfunctions in the position and the frequency space to one another, i.e.,
their spatial extension and the length scales on which they vary. Estimates like (1.23)
and (1.28) are characteristic for products of three-dimensional orbitals. Our results
show that the solutions of the full Schrodinger equation behave in the same way and
justify in this sense the picture of atoms and molecules that we have in our minds.
Estimates like (1.28) have striking consequences for the approximability of elec-
tronic wave functions and limit the complexity of the quantum-mechanical N-body
problem. The idea is to expand the eigenfunctions of the electronic Schrédinger
operator (1.1) into products of the eigenfunctions of three-dimensional operators

—A+V, 1im V(x)= oo, (1.29)

x‘ﬂoo

like the Hamilton operator of the harmonic oscillator with a locally square integrable
potential V > 0, tending to infinity for its argument tending to infinity. The essential
spectrum of such operators is empty so that they possess a complete L,-orthonormal
system of eigenfunctions ¢y, ¢, s,... for eigenvalues 0 < A < A, < .... Every
L-function u : R3N — R can therefore be represented as L,-convergent series

N N
ulx) = Y k) [Tox(x), uk) = (u H%) (1.30)

keNN i=1

The speed of convergence of this expansion is examined in Chaps. 7 and 8 for the
given eigenfunctions u of the Schrodinger operator (1.1) under the condition

Vi) <V WP Vi) = 2exn

Xi

R

), (131)
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limiting the growth of the potential V, with R the length scale from (1.26) describing
the decay of the considered eigenfunctions and A a constant basically independent
of R. The result can again be best described in terms of a kind of norm estimate

3 i’l_k H& +H@ @(k))* < 4(u,Wu) (1.32)
02 ieLQZ 02 - ’ ’ ’

k Ni=1 icly

where the weight function W = W_ 4+ W, is composed of the two parts

2
) (1.33)

and € chosen as in the estimates (1.23) or (1.28). Interestingly, the right hand side of
this estimate solely depends on the decay behavior of the considered eigenfunction.
The crucial point is the appearance of the two products of the eigenvalues Ay in
the estimate (1.32). These products grow similar to factorials. The reason is that the
eigenvalues A; of corresponding operators (1.29) increase polynomially like

‘/l*

4 1 y [YEP 4|
(ealal)ntede
= ES

A 2 k3 (1.34)

for potentials that grow sufficiently fast, at least as fast as polynomials. The three
comes from the fact that we start from an expansion into products of three-dimen-
sional eigenfunctions. The constant o < 2 is related to the growth behavior of the
potential V. It can come arbitrarily close to &« = 2 for correspondingly chosen poten-
tials. Let € > 0 be given and consider the finite dimensional space that is spanned
by the correspondingly antisymmetrized tensor products of the three-dimensional
eigenfunctions ¢, for which the associated eigenvalues 4y, satisfy the estimate

A, M, 1
H@JFH@ <= (1.35)

icl_ il

Let ue be the L,-orthogonal projection of one of the given solutions u of the
Schrédinger equation onto this space. Moreover, let

2 u Aki ~7N\ (2
Il = % (3 g ) P (1.36)
k \Ni=1

Since ug is the part of the expansion (1.30) of u associated with the selected product
functions, respectively the eigenvalues Ay, for which (1.35) holds,

[l —ue]| < &lflue—uell| < &f]ulll (1.37)

As the norm given by (1.36) dominates the H'-norm up to a rather harmless con-
stant, this means that u, approximates the solution with an H'-error of order € if one
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lets € tend to zero. The parameter € determines the size of the hyperbolic crosses
(1.35). Therefore only a very small portion of the product eigenfunctions substan-
tially contributes to the considered wave functions and a surprisingly high rate of
convergence, related to the space dimension 3N, can be achieved.

One can even go a step further. Assume that the potential V in the three-
dimensional operator (1.29) is rotationally symmetric. The eigenfunctions, now
labeled by integers n,£ > 0 and |m| < ¢, are then of the form

1
uem(x) = — fur ()Y (x), 1= |x], (1.38)

where the radial parts f,, as well as the assigned eigenvalues A,,; do not depend on
the index m and the ;" are the spherical harmonics, functions that are homogeneous
of degree zero and thus depend only on the angular part x/r of x. The L,-orthogonal
expansion (1.30) of a square integrable function u : (R3)N — R becomes then

N
u(x) =Y w(n,l,m) [T Onem (%), (1.39)
i=1

n,t,m

where n, {, and m are multi-indices here. Define now the L;-orthogonal projections

N
(06, m)u)(x) = Y, @(n,t,m) _]j[l¢n,.é,.m,. (xi) (1.40)

in which the angular parts are kept fixed and the sum extends only over the corre-
sponding radial parts. These projections are in fact independent of the chosen three-
dimensional operator and can be defined without recourse to the given eigenfunction
expansion. They map the Sobolev space H' into itself. For all functions in H'

lull} = Yl 0(¢,mull3, (1.41)

lm

as is shown in Chap. 9. The point is that for the eigenfunctions u of the electronic
Schrodinger operator (1.1) of corresponding antisymmetry the expression

ZZ{H (1+6;(6i+1)) + H(1+ei(£i+1))}||g(e,m)u% (1.42)
4

m el icl,

remains finite. This is another important consequence from the regularity theory
from Chap. 6. It states that only few of the projections contribute significantly to an
admissible solution of the electronic Schrédinger equation and estimates the speed
of convergence of the expansion (1.39) in terms of the angular momentum quantum
numbers /;. To reach an H'-error of order ¢'(¢) hence it suffices to restrict oneself
to the contributions of the tensor products of eigenfunctions @,,¢,,, for which
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1
g(1+£,-(e,-+1)) - g(1+€,~(€,~+1)) <&@ (1.43)
JASY . A SN
lniéi lniéi 1
.HE + H 0r < g (1.44)
el iely

provided the potential V is adapted as described to the considered eigenfunction.
The condition (1.43) represents an additional selection principle that can help
substantially reduce the number of the antisymmetrized tensor products of eigen-
functions that are needed to reach a given accuracy. The expansion into tensor
products of Gauss functions forms an example for the efficacy of such measures.

The final result is truly surprising. Our estimates demonstrate that the rate of
convergence expressed in terms of the number of correspondingly antisymmetrized
tensor products of the three-dimensional eigenfunctions involved astonishingly does
not deteriorate with the space dimension 3N or the number N of electrons. It is
almost the same as that for a one-electron problem for the case that all electrons
have the same spin, and almost the same as that for a problem with two electrons
otherwise. What that means for the numerical solution of the Schrédinger equation
is not clear so far, but our considerations show at least that the complexity of the
quantum-mechanical N-body problem is much lower than generally believed.

Keeping the intended audience in mind, the exposition starts with a short chapter
on Fourier analysis and spaces of weakly differentiable functions. The third chapter
gives a short introduction to quantum mechanics that is tailored to the later needs.
An interesting point for physicists and chemists might be that we start from the
weak form of the Schrédinger equation, an approach that is common in the the-
ory of partial differential equations but less in the given context. Chapter 4 deals
with the electronic Schrodinger equation itself, formulates it precisely, and embeds
it into a functional analytic framework. As indicated we consider the spin compo-
nents of the eigenfunctions separately and do not exploit the symmetry properties of
the problem to the maximum extent. This approach is enforced by the distinct regu-
larity properties of the components. Chapter 5 contains a short introduction to some
notions from spectral theory, that are rewritten here in terms of the bilinear forms
underlying the weak form of the eigenvalue problem, and discusses the Rayleigh-
Ritz method for the approximate calculation of the eigenvalues and eigenfunctions.
We characterize the infimum of the essential spectrum in the spirit of Agmon [3]
and Persson [65] and prove a simple but for us basic result on the exponential decay
of the eigenfunctions. The Chaps. 6 to 9 form the core of this work. They contain a
lot of unpublished material going far beyond [92] and [94]. The results we have just
sketched are derived and proven there in detail.



Chapter 2
Fourier Analysis

Fourier analysis deals with the representation of functions as superpositions of plane
waves, of spatial or spatial-temporal nature. It plays in many respects a decisive role
in this work. The Schrodinger equation of a free particle is a wave equation whose
solutions are superpositions of such plane waves with a particular dispersion rela-
tion. The abstract framework of quantum mechanics is reflected in this picture and
can be motivated and derived from it. Fourier analysis plays moreover an extraor-
dinarily important role in the mathematical analysis of partial differential equations
like the Schrodinger equation and is basic for our considerations. We begin there-
fore with an elementary introduction to Fourier analysis. We start as usual from the
Fourier transformation of rapidly decreasing functions that is then extended to inte-
grable and square integrable functions. The third section of this chapter is devoted
to the concept of weak derivative and its relation to Fourier analysis. We introduce
rather general L,-based spaces of weakly differentiable functions that include the
usual isotropic Sobolev spaces but also spaces of functions with L,-bounded mixed
derivatives. Much more information on Fourier analysis can be found in monographs
like [70] or [77], and on function spaces in [2, 85,99].

2.1 Rapidly Decreasing Functions

A rapidly decreasing function u : R* — C, or in later chapters also from R” to R, is
an infinitely differentiable function whose polynomially weighted partial derivatives

x — x*(DPu)(x) 2.1
remain bounded for all multi-indices o = (o,...,04) and B = (By,...,B,) with
nonnegative integer components. Here we have used the known multi-index notation
for the powers x% of order |ot| = o + ...+ o, of the vector x = (xp,...,x,) in R”

and the partial derivatives. An example of such a function is the Gauss function

L)
x%exp(fz\x\ ), (2.2)

H. Yserentant, Regularity and Approximability of Electronic Wave Functions, 13
Lecture Notes in Mathematics 2000, DOI 10.1007/978-3-642-12248-4_2,
© Springer-Verlag Berlin Heidelberg 2010
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where |x| denotes the norm of the vector x € R” induced by the inner product
n
Xy = Zx,-y,-. (2.3)
i=1

The rapidly decreasing functions form a complex vector space, the Schwartz space
. The subspace Z of . consists of the functions in .% that have a compact sup-
port, that is, vanish outside bounded sets. The space & and with that also . are
dense subspaces of the spaces L and L, of integrable respectively square integrable
complex-valued functions on the R". This follows from the fact that the characteris-
tic functions of axiparallel quadrilaterals, whose finite linear combinations are more
or less by definition dense in L; and L;, can be approximated arbitrarily well by
functions in Z. Our strategy will be to work as far as possible with functions in .
or even Z and to transfer the corresponding results then by continuity arguments to
their completions with respect to the considered norms. This begins with the defini-
tion of the Fourier transformation, first only for rapidly decreasing functions.

Definition 2.1. The Fourier transform of a rapidly decreasing function u is given by

(o) = <\/%)n/u(x)e_iw"‘dx (2.4)

The Fourier integral (2.4) exists since rapidly decreasing functions are integrable.
As an example we calculate the Fourier transform of the Gauss function (2.2).

Lemma 2.1. The Fourier transform of the Gauss function (2.2) is

0 — exp<f%\a)|2). (2.5)

Proof. The function (2.2) splits into a product of one-dimensional functions of same
type. The Fourier transform of such a product is by Fubini’s theorem the product of
the one-dimensional Fourier transforms of these factors. We can therefore restrict
ourselves to the case of one space dimension, to the function f(x) = e /2 onR.
This function is the uniquely determined solution of the scalar initial value problem

fl(x)=—xf(x), f(0)=1.
Its Fourier transform has therefore the derivative

1
V2w

Integration by parts leads again to the differential equation

Fl@) =i—=[ fweiown
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Since the Fourier transform attains moreover at @ = O the value

7(0) = \/%7 /:Qe’xz/zdx —1
and solves with that the same initial value problem as f, it coincides with f. O
The main reason to start with rapidly decreasing functions is the following:

Theorem 2.1. The Fourier transform of afunctionin . is again rapidly decreasing.

Proof. Since one is allowed to differentiate under the integral sign,

(i0)8 (D7) (@) = (%2_”)" [ a0 e var,

where ug (x) = (—ix)%u(x) is again a rapidly decreasing function. Since
(e = (—1)FIDP{eio)

and as u, and all partial derivatives of this function vanish sufficiently fast at infinity,
Fubini’s theorem and multiple integration by parts yield finally the representation

()P (D7) (@) = (%2—”)" [0Pu) e ax

of the expression to be estimated. Since x — (DPuy)(x) is as rapidly decreasing
function integrable, the left hand side remains as required bounded in @ € R". O

The Fourier transformation does therefore not lead out of the space of the rapidly
decreasing functions, which is not the case for the functions in Z.

A fundamental property of the Fourier transformation is that functions can be
recovered from their Fourier transforms by a very similar kind of transformation:

Theorem 2.2. For all rapidly decreasing functions u : R* — C,

u(x) = (\/Lz_n)n/ﬁ(w)ei‘”dw. 2.6)

Proof. One cannot simply insert (2.4) into (2.6) and apply Fubini’s theorem as one is
then led to a diverging integral, in this form mathematical nonsense. We approximate
the function u therefore first by the convolution integrals

(Ko +u)@) = [ Kolr=yu(y)ay
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a kind of local averages, with the rescaled and normalized Gauss functions

o= () 5(g) w00 = () (- 41e).

as smoothing kernels. These kernels can with help of Lemma 2.1 be written as

Ko(x) = (\/;Z—E)ZH/eXP(_ng)eimxdw’

a formula that can in view of (2.5) be already interpreted as a special case of (2.6).
From Fubini’s theorem and the definition of the Fourier transform therefore

(Ky *u)(x) = (\/Lz_n)n/exp<— % \a)|2) i(®)e'®*dw

follows. Since u is integrable the right hand side of this equation converges by the
dominated convergence theorem for ¥ tending to O to the right hand side of (2.6).
To get the left hand side of (2.6), one rewrites the convolution integrals as

(Kg *u)(x /K x+\/5y)dy

Since u is as rapidly decreasing function bounded and continuous and since the
Gauss function K is integrable, the dominated convergence theorem leads to

lim (K, K(y)u(x)dy =
Jim (Ko u)(x) = [ KO)ulx)dy = ule).

This completes the proof of the inversion formula (2.6). ]

The Fourier inversion formula (2.6) shows that every rapidly decreasing function
can be represented as Fourier transform of another rapidly decreasing function, as

u(x) = (\/LZ_”)"/Q(—w)e—iwdw. @7)

The Fourier transformation is therefore a one-to-one mapping from the space of the
rapidly decreasing functions to itself. Every rapidly decreasing function can in this
sense be represented as superposition of plane waves.

Another consequence of the Fourier inversion theorem is the Plancherel theorem,
often also denoted as Parseval identity in analogy to the corresponding property of
Fourier series. It belongs undoubtedly to the central results of Fourier analysis.

Theorem 2.3. For all rapidly decreasing functions u and v,

/ i(0)7(0) do = / u(x)v(x) d. 2.8)
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Proof. By the definition (2.4) of the Fourier transform of u,

/ﬁ(w)mdw - (\/%)n//u(x)me_iw"‘dxda).

The Fourier inversion formula (2.6) applied to v leads conversely to

/u(x)mdx = (\/;z_n)n//u(x)rw)e*iw'xdwdx.

The proposition follows from Fubini’s theorem. O

The Plancherel theorem shows particularly that the Fourier transformation preserves
the Lp-norm of a rapidly decreasing function, that is, that for all such functions u

/|ﬁ(a))\2da) - /|u(x)|2dx. 2.9)

In other words, the Fourier transformation is a unitary mapping. This property is the
key to the definition of the Fourier transform of arbitrary square integrable functions.
Besides its obvious physical meaning, a main reason to introduce the Fourier
transformation is that it transforms derivatives to simple multiplications by polyno-
mials. This follows differentiating the Fourier inversion formula, that is, from

(D) (x) = (\/%_”)n/(iw)“ﬁ(w)eiw'xdw, 2.10)

and the one-to-one relation between a function and its Fourier transform.

Theorem 2.4. The Fourier transforms of a rapidly decreasing function u and of its
partial derivatives of arbitrary order are connected via the relation

(D%) (o) = (i0)* i o). (2.11)
The relation (2.11) allows it to transform differential equations with constant coeffi-

cients to algebraic equations, and (2.10) offers a possibility to generalize the notion
of derivative. This idea will be taken up in the next but one section.

2.2 Integrable and Square Integrable Functions

A much larger space than the space .% of the rapidly decreasing functions and the
natural domain of definition of the Fourier transformation is the space L, the space
of the integrable functions u : R” — C, the measurable functions with finite L;-norm

Jul, = [ ol 212)
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The rapidly decreasing functions and even the functions in &, the space of the
infinitely differentiable functions with compact support, form dense subsets of L;.

Definition 2.2. The Fourier transform of a function u in L is given by

i(w) = (\/Lz_n)"/u(x)e*iw'xclx. (2.13)

The Fourier transform of an integrable function does not need to be itself integrable,
which causes considerable difficulties and is one of the main reasons to start instead
with the rapidly decreasing functions. However:

Theorem 2.5. The Fourier transform of an integrable function is uniformly contin-
uous and tends uniformly to zero for its argument tending to infinity.

Proof. Letu € Ly and uy,uy,... be a sequence of rapidly decreasing functions with
() —w(®)| < |lux—ulr, — 0

for all w € R", that is, whose Fourier transforms converge uniformly to the Fourier
transform of u. Since the u;, are as rapidly decreasing functions uniformly continu-
ous, the limit function # is uniformly continuous, too. To prove the second assertion,
we fix an € > 0 and choose a sufficiently large index &, such that

()| < |m(@)| + lux —ull, < |m ()| +e/2.
As 1y, is rapidly decreasing, there is an R > 0 with | ()| < €/2 for || > R. For
these o, |u(w)| < &, so that the function values #(®) tend uniformly to zero. O

The fact that the Fourier transform (@) of an integrable function u tends to zero
for w tending to infinity is usually denoted as the Riemann-Lebesgue theorem.

The Hilbert space L, consists of the square integrable functions u from R” to C,
the measurable functions for which the L,-norm given by the integral expression

Julf = [ luoPax (2.14)

remains finite. Square integrable functions do not need to be integrable. The Fourier
transform of such a function can therefore not simply be defined by the integral
expression above. The Plancherel theorem offers a remedy. It shows that the Fourier
transformation u — & can be uniquely extended from the dense subspace .7 of L,
to a norm preserving, unitary linear mapping F : L, — L,. We define this mapping
as the Fourier transformation on the space L, of the square integrable functions.

Theorem 2.6. The L,-Fourier transformation F : Ly — L, is a bijective, unitary
linear mapping. If S denotes the reflection operator u(x) — u(—x), its inverse is

F'=SF. (2.15)
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Proof. By the Fourier inversion formula (2.6) and (2.7), u = SFFu = F SFu for all
rapidly decreasing functions u. As F' and S are bounded linear operators, these rela-
tions transfer from .# to the entire L,, which proves the rest of the proposition. O

Next we study the relation between the L;-Fourier transformation u — & given
by (2.13) and the L,-Fourier transformation u — Fu defined via the described limit
process. We start with the following intermediate result:

Lemma 2.2. The L,-Fourier transform Fu of a square integrable function u that
vanishes outside a bounded set coincides with its Ly-Fourier transform iu.

Proof. Since the rapidly decreasing functions form a dense subspace of L, there
is a sequence uj,us,... of such functions that converge in the L,-sense to u. We
can assume without restriction that the u; vanish outside a bounded set covering
the support of u. As this set has finite measure, the u; then converge also in the
Li-norm to u and their Fourier transforms u;, hence uniformly to the L;-Fourier
transform of u. The i, converge on the other hand by definition in the L,-sense to the
L»-Fourier transform of u. Since uniform convergence implies local L,-convergence,
both limits coincide so that in this case indeed Fu = . O

This observation allows it to determine the L,-Fourier transform by a limit process
that is better suited to explicit calculations and probably also easier to grasp.

Theorem 2.7. For u € Ly and R > 0 let ug be the function that attains the same
values as u for |x| < R and vanishes outside this ball. The L,-Fourier transforms

g () = (E)"/uk(x)e*iw'ch (2.16)

of these band-limited functions ug, uniformly continuous, square integrable func-
tions, tend then in the Ly-sense to the L,-Fourier transform of u.

Proof. The functions (2.16) are by Lemma 2.2 the L,-Fourier transforms of the ug.
Since the ug converge in the L,-sense to u and the L,-Fourier transform is a bounded
linear operator from L; to Ly, the g thus converge in the Ly-norm or as one also
says in the quadratic mean to the L,-Fourier transform of u. O

Finally we can consider functions that are contained both in L; and L,. For such
functions both kinds of Fourier transformation lead as expected to the same result.

Theorem 2.8. The L,-Fourier transform of a both integrable and square integrable
function u is its original Ly -Fourier transform given by the integral expression

(o) = (\/Lz_n)n/u(x)e_iw"‘dx. @.17)
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Proof. The function ug from the previous theorem converge in this case both in
Ly and L, to u and their Fourier transforms therefore uniformly to the L;-Fourier
transform and in the L,-norm to the L,-Fourier transform of u. Since uniform con-
vergence implies local L,-convergence, both limits necessarily coincide. 0O

We are therefore allowed to denote the L,-Fourier transform of a square integrable
function u without any danger of confusion in the same way as the L;-Fourier trans-
form of an integrable function u by & and will do so from now on.

2.3 Spaces of Weakly Differentiable Functions

The space .7 of the rapidly decreasing functions from R” to C or R and particularly
its subspace Z consisting of the functions in .¥ that vanish outside bounded sets
are easy to handle but are much too small for most purposes. In particular they are
not complete with respect to the considered norms, that is, Cauchy sequences do
not need to converge. As we know, the smallest space that contains the functions
in 2 and that is complete under the L,-norm (2.14) is L, itself. The space L, can
therefore be regarded as the completion of & under the L,-norm. The aim of this
section is to introduce subspaces of L, that comprehend & and . and are complete
under norms measuring also the distance between certain, in an appropriate sense
defined partial derivatives. The in the given context most important of these spaces
is the space H', the completion of 2 or .# under the H'-norm that is given by

ullt = llull§+1ult, |ult=1Vull3, (2.18)

and is composed of the L,-norm of the considered function and the L,-norm of its
first order weak derivatives introduced below.

We begin with the discussion of an approximation process for locally integrable
functions that resembles that in the proof of Theorem 2.2. Let 6 : R” — R be an
infinitely differentiable function with values &(x) > 0 that vanishes outside the ball
of radius 1 around the origin and has L;-norm 1. Let & (x) = k"0 (kx) for k € N. Then

8.(x) > 0, &(x) = 0 for |x| > 1/k, /6k(x)dx — 1. (219

For all locally integrable functions u we then define the local averages

(Brxu)(x) = [ delx—y)u(r)dy: 220)

Lemma 2.3. If u is an integrable function so are its smoothed counterparts given
by (2.20). These converge to u in the Ly-sense as k goes to infinity.
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Proof. From (2.19) and Fubini’s theorem we get for u € L; the estimate

[ w@lax < [ 8=y u)ldydr = [lutldy

for the Li-norm of & *u. Let u € L; now be given and u a function in & with
|lu—iu]r, < €/4. The smoothed functions & *u and & = then also differ at most by

|8 % u— x|z, = [ Gx (u—u)lr, < [u—ullz, < &/4
and the error to be estimated can be bounded from above as follows:
H8k*u—uHL, < ||6k>kﬂ—L~t||Ll + 8/2.

Utilizing again the properties (2.19) of the smoothing kernels, we obtain moreover

(8xi) () ~i)| = | [ Selx—y)fi) ~a}dy] < max fie) ().

T y<1/k

Since u is uniformly continuous, the & * u converge therefore uniformly to u. Since
the & * u and u itself vanish outside a fixed bounded set, the uniform convergence
implies convergence in the Li-norm. Hence for sufficiently large indices &

|6k uu—ullr, < €/2+¢€/2,

which demonstrates that the & * u tend in the L;-norm to u as k goes to infinity. O

This result can be generalized to the functions in the spaces L, for 1 < p < co. The
proof uses for p > 1 the Holder inequality to bound the functions & * u.

Lemma 2.3 has a local counterpart. Let u be a locally integrable function. Con-
sider a ball of radius R and let v € L coincide with u on the ball of radius R + 1
with same center and vanish outside this ball. The functions & * v tend then in the
Li-norm to v. Since u and v and & *u and & * v coincide on the original ball of
radius R, the &y * u tend on this ball, and with that on every bounded measurable set,
in the L;-sense to u. A rather immediate consequence of this fact is:

Lemma 2.4. A locally integrable function u, for which
/ updx = 0 2.21)

holds for all functions ¢ € 9, vanishes.

Proof. The assumption particularly implies that the integrals (2.20) vanish for all k
and all x. The proposition follows therefore from the just made observation. O

We remark that the proposition follows for locally square integrable functions more
or less directly from the density of the functions ¢ € & in L, and that in this case
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one does not need to make a detour via an approximation process as in the more
general case of only locally integrable functions. Lemma 2.4 forms the basis of the
following generalization of the notion of partial derivative:

Definition 2.3. A locally integrable function D% : R" — C, o a multi-index with
nonnegative integer components, is denoted as weak partial derivative of corre-
sponding order of the locally integrable function u, if for all test functions ¢ € 2

/Dau(pdx = (—1)|“\/uD“<pdx. (2.22)

This definition requires some comments. The first is that the weak derivative D%
is unique as long as it exists, a fact that first justifies the definition and that follows
from Lemma 2.4. The second observation is that sufficiently smooth functions are
weakly differentiable in the given sense. Their weak partial derivatives coincide in
this case with their normal, classically defined partial derivatives. This is shown with
help of Fubini’s theorem and integration by parts. The existence of weak derivatives
does not however mean that the corresponding classical derivatives must exist.

We recall from Sect. 2.1 that the Fourier transform of the partial derivative D%u,
o a multi-index with nonnegative integer components, of a function u € .7 is

(Du)(0) = (iw)* i(w) (2.23)

and that, due to Plancherel’s theorem, its L, norm is given by
D% = /w2“|ﬁ(a))\2da). (2.24)

These properties can be used to characterize weak derivatives in the L,-case.

Theorem 2.9. A square integrable function u possesses a square integrable weak
derivative D%u if and only if the function

o — (i0)* i) (2.25)

is also in L. The weak derivative D®u of u is then the Fourier back-transform of the
function (2.25) and its Ly-norm therefore again given by the expression (2.24).

Proof. Let the function (2.25) be square integrable and denote by u,, its Fourier
back-transform. In terms of the L,-inner product and the L,-Fourier transform F' then

(e, @) = (Fug,F) = ((i0)*Fu,Fp) = (—1)/*/(Fu, (i0)*F¢)
= (=1)*/(Fu,FD%) = (=1)\“(u, D%).

for all ¢ € &, from which uy, = D% follows. The proof of the opposite direction
requires some preparation. Let the weak derivative D% of u € L, exist and be square
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integrable. Let ¢ be a rapidly decreasing function and ) an infinitely differentiable
function that takes the values y(x) = 1 for |x| < 1 and )y (x) = O for |x| > 2. Let

X

or() = 1) #(x):

As follows from the dominated convergence theorem then

lim (D%, gx) = (D%, ), Jim (u, D%Px) = (u,D%).

R—oo

Provided that both u and D% are in L,, the defining relation (2.22) holds therefore
not only for the functions ¢ € 2 but for all ¢ € .. This implies

(FD%u,F ) = (D, ) = (=1)*/(u,D%) = (=1)*/(Fu,FD%)

for all rapidly decreasing functions ¢. Since FD%p = (iw)*F ¢, thus
/ FD%Fodo = / (i0)*FuFpdw

for all rapidly decreasing functions ¢. As every function @ € Z can itself be written
as Fourier transform of a rapidly decreasing function, hence for all functions ¢ € 2

/(ia))D‘Fu(pda) = /FDD‘u(pda).

The locally integrable function ® — (iw)%u(®) and the function FD% € L, thus
coincide by Lemma 2.4 and the first one is as asserted square integrable. O

Let A be a finite set of multi-indices o with nonnegative integer components
that contains the multi-index o¢ = 0. To each such set of indices A we assign a
subspace Hy of L. It consists of the square integrable functions u that possess weak
derivatives D% € L, for all o € A and is equipped with the norm given by

lullF =3 11D%lf3. (2.26)
acA
An example of such an index set A is the set of all multi-indices oz = (¢, ..., 0t;) of

order |ot| = 0 + ... + &, < m. The corresponding space is the Sobolev space H"
that is invariant under rotations. It should however be emphasized that the construc-
tion is not restricted to such familiar cases. Another important example is the space
of the functions with L,-bounded m-th order mixed derivatives that corresponds to
the set A of the multi-indices o for which ¢4 < m for each component individually.

Theorem 2.10. The spaces Hy are complete, that is, are Hilbert spaces.
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Proof. Letug, k=1,2,..., be square integrable functions in Hy that form a Cauchy
sequence in the sense of the norm given by (2.26). Since L, is complete, the func-
tions uy converge in the L,-sense to a limit function u € L, and their weak derivatives
D%y, o € A, in the Ly-sense individually to limit functions vy, € L. Then

(v, @) = lim (D%, @) = (—1)'*! lim (i, D%p) = (= 1)\ (u, D%)

for all test functions @ € 2, that is, v, is the weak derivative D% of u. O

The norm (2.26) on H4 can with help of Theorem 2.9 be written as

ulf = ¥ [0 fale)do. 227)

oEA
The space H4 can be considered as the completion of 2 or . under this norm:

Theorem 2.11. The space 9 of the infinitely differentiable functions with compact
support and with that also the space . of the rapidly decreasing functions are dense
subspaces of all these spaces Hy, independent of the structure of the index sets A.

Proof. We assign to each function u € L, the infinitely differentiable functions

ur(x) = (\/Lz_n)n/wqﬁ(a))ei“”da)

whose partial derivatives are all square integrable. For u € Hy

ol = 3 [ 0 li@)Pdo

acA’ |o>R

so that the ug converge for these u in the norm (2.27) to u for R tending to infinity.
It suffices therefore to show that every infinitely differentiable function v whose
partial derivatives of arbitrary order are square integrable can, in the sense of the
norm (2.26), be approximated arbitrarily well by functions in &. For that purpose
let ¥ be as above an infinitely differentiable cut-off function that attains the values
x(x) =1 for |x| < 1 and y(x) = 0 for |x| > 2. The infinitely differentiable functions

oL

vanish then outside the balls of radius 2R around the origin and converge in the norm
(2.26) to v for R tending to infinity. O

The fact that the infinitely differentiable functions with compact support are dense
in such spaces is of great practical value since it allows to prove many results and
estimates first only for these functions and to transfer them then later with the help
of continuity arguments to the full space. We will utilize this property often.



2.4 Fourier and Laplace Transformation 25

For nonnegative integer values m of s the norm on the spaces H*® introduced above
is equivalent to the norm given by the expression

u||? = /(1+|a)\25)\ﬁ(a))|2da). (2.28)

This expression can be used to define new norms for non-integer values s > 0 and
to introduce corresponding spaces H* as completions of the spaces . or & under
this norm. The smoothness of these functions depends on s as follows:

Theorem 2.12. The functions in H® are continuous for all indices s > n/2 and even
m-times continuously differentiable if s > m+n/2.

Proof. We approximate u € H® by the infinitely differentiable functions

1 n .
u(x) = (— nw)e'®*dow, k=0,1,...,
0 = (752)" [, 1@

similarly as above. Their differences satisfy for indices £ > k the estimate

) —w < (32) [ el Fdo [ joPjie)Pdo.
T \21m/ Jok<|o|<2! 2% <|w|<2¢

The first of the two integrals on the right hand side takes the value

/-1
—2s n—2s\j —2s
o do = 2 // o| " do
/2k§\w\§2f| | Z}c( ) 1§|w|§2| |

and becomes arbitrarily small for sufficiently big k, provided that s > n/2, and the
second one can be estimated by the square of the H*-norm of u. The u; converge
therefore not only in the L,-sense, but also uniformly so that the limit function is
continuous. The same kind of arguments shows that their derivatives up to order m
converge uniformly provided that s > m+n/2. O

2.4 Fourier and Laplace Transformation

Let F : R>¢p — C be a measurable function for which there exists a real number s
such that the functions ¢ — F(r)e™*' are square integrable over the interval ¢ > 0
for all s > 59, which is particularly the case if F(r)e 0" is bounded. The function

flz) = /OWF(t)e*Z’dt (2.29)

is then defined on the half-plane consisting of all complex numbers z with real
part Re z > s¢. It is analytic there and is denoted as the Laplace transform of F.
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The Laplace and the one-dimensional Fourier transformation are closely related to
each other as becomes obvious from the proof of the following inversion theorem:

Theorem 2.13. Under the given assumptions
—st 1 * : it
F(r)e ' = 7 fs+im)e'” dw (2.30)

holds for all real s > s, where the function on the right hand side has to be un-
derstood as the Ly-limit of the infinitely differentiable, square integrable functions

1 (R .

t — —/ fls+iw)e' do (2.31)
21 J-r

for R tending to infinity. The equation (2.30) has to be interpreted correspondingly

in the sense of the equality of functions in Ly, that is, as equality almost everywhere.

Proof. The Laplace transform of F' can be represented via the Fourier transforms

fs+io) = \/Lz_n/:ogs(t)e_imtdt = gs(o)

of the both integrable and square integrable, parameter dependent functions g
taking the values g;(¢) = v2m F(t)e " fort >0 and g,(t) = 0 for t < 0. These func-
tions, and with that also F, can be recovered from their Fourier transforms with help
of Theorem 2.6, the L,-version of the Fourier inversion theorem, and Theorem 2.7.
Translating the result into the original notations one obtains (2.30). O

The Laplace inversion formula (2.30) is mostly written as limit

1 s+iR .
F(t) = lim — d 2.32
(1) = Jim 5 / Qe (2.32)

of complex line integrals. If f(z) is a rational function this limit can be calculated
with help of the residue calculus. The Laplace transform plays an important role in
electrical engineering and can, for example, be used to convert linear differential
equations to algebraic equations. In quantum chemistry it serves mainly to simplify
the calculation of integrals and to represent functions in terms of Gauss functions.
We will come back to the latter point at the very end of this text.



Chapter 3
The Basics of Quantum Mechanics

This chapter gives a short introduction to quantum mechanics starting from de
Broglie’s and Schrodinger’s wave picture. The emphasis is on the mathematical
structure of the theory with the aim to form a sound basis for the later study of
the electronic Schrodinger equation. The discussion starts in the first two sections
with a heuristic derivation of the Schrodinger equation for a single free particle
from which, in the third section, the general mathematical framework of quantum
mechanics is derived. The fourth section deals with a particular simple quantum-
mechanical system, the harmonic oscillator. The harmonic oscillator serves on one
hand as an example of a quantum-mechanical system with completely different
properties from the free particle and is ideal to exemplify and illustrate the gen-
eral concepts of quantum theory. On the other hand the explicit knowledge of its
solutions will in later chapters help to develop the mathematical theory further. In
the fifth section the weak form of the Schrodinger equation is derived and physi-
cally motivated. The equivalence of the weak formulation to the classical operator
formulation is shown. In later chapters we will exclusively work with the weak form
that is basic for the L,-theory of partial differential equations. The last section is de-
voted to many-particle systems. The central point here are the symmetry properties
of the many-particle wave functions that are not only fundamental for the structure
of matter and responsible for many of the strange properties of quantum systems
but that will also turn out to be essential for the regularity theory of the electronic
Schrodinger equation and for the study of its complexity.

The chapter is tailored to our later needs and can of course not replace the study
of basic textbooks in quantum mechanics like [18] or [63]. A standard reference
for quantum chemists is [6]. Mathematicians will like [79, 80], not only because
of the impressive visualizations and the accompanying software but also because
of its mathematical soundness. The historically most important and influential texts
are the monographs [25] of Dirac and [64] of von Neumann. The mathematical
framework of quantum mechanics presented in this chapter is due to von Neumann.

H. Yserentant, Regularity and Approximability of Electronic Wave Functions, 27
Lecture Notes in Mathematics 2000, DOI 10.1007/978-3-642-12248-4_3,
© Springer-Verlag Berlin Heidelberg 2010
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3.1 Waves, Wave Packets, and Wave Equations

Waves are omnipresent in nature. Modern quantum mechanics had it seeds in the
early 1920’s in de Broglie’s insight into the wave-like behavior of electrons that
can be directly observed in scattering experiments and that finally leads to the
Schrodinger wave equation, the basic equation for our understanding of atoms and
molecules. The purpose of this introductory section is to present the general mathe-
matical framework for the description of such wave phenomena.

We first recall the notion of a plane wave, a complex-valued function

RYXR — C: (x,1) — elkxior, (3.1)

with k € R the wave vector and @ € R the frequency.' At a fixed point x in space the
plane wave oscillates with the frequency ® and the period T = 27/ ®. The quantity
k-x — ot is called phase. The points x in space for which the phase attains a given
value are located on (hyper-)planes orthogonal to k. These planes have the distance
A =2r/|k| to each other, which is the spatial wave length, and move with the phase
velocity @/ k| in the direction of the wave vector. A dispersion relation

o = o(k) (3.2)

assigns to each wave vector k a characteristic frequency. Such dispersion relations
fix the physics that is described by this kind of waves. Most common is the case

o = clk|, (3.3)
which arises, for example, in the propagation of light in vacuum and of electromag-
netic waves in general. The phase velocity attains in this case the constant value c.

Plane waves are completely delocalized and attain at every point in space the
same absolute value 1. They can, however, be superimposed to wave packets

1 \d [ _ .
w(x) = (\/T_n) / o (k) e k=0 g (3.4)

where we preliminarily suppose that i is a rapidly decreasing function to avoid any
mathematical difficulty. The wave packets remain then for any given time ¢ rapidly
decreasing functions of the spatial variable x with the spatial Fourier transform

W(k,r) = e gy (k), (3.5)

where we have set P(ik) = —iow(k). As this quantity is purely imaginary, for all ¢

! We change the notation in this chapter and denote by @ the time frequency, not the argument of
the spatial Fourier transforms as before, which will in this chapter be denoted by k according to the
conventions in physics. In the forthcoming chapters we will return to the previously used notation.
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[wtnPar = [ 1w (3.6)

Correspondingly the L-norms of the spatial derivatives of ¥ remain constant in
time. Provided that the absolute value of P(ik) does not increase more rapidly than
a polynomial in & for |k| tending to infinity, the wave packets are infinitely differen-
tiable functions of ¢ and have the time derivatives

m

_ L d SI\M TS ik-x
v = ( \/ﬁ) / PGR)™ Gk, 1) %™ dk. 3.7)

Remembering Theorem 2.4, that is, that a partial derivative corresponds in the
Fourier representation to the multiplication with a polynomial in ik, we can formally
write this equation as a so-called pseudo-differential equation

m

> v(x,t) = P(D)" y(x,1) (3.8)

that becomes a true differential equation if £ — P(&)™ is a multivariate polynomial.
Consider as an example the dispersion relation (3.3). In this case, (3.8) becomes

82

1 \d R -
SSwlnn) = ¢ (\/T_n) /\k|2qf(k,t)e"< dk. (3.9)

that is, the classical second-order wave equation

2’y

=7 = Ay, (3.10)

3.2 The Schrodinger Equation for a Free Particle

When de Broglie postulated the wave nature of matter, the problem was to guess the
dispersion relation for the matter waves: to guess, as this hypothesis creates a new
kind of physics that cannot be deduced from known theories. A good starting point
is Einstein’s interpretation of the photoelectric effect. When polished metal plates
are irradiated by light of sufficiently short wave length they may emit electrons. The
magnitude of the electron current is as expected proportional to the intensity of the
light source, but their energy surprisingly to the wave length or the frequency of the
incoming light. Einstein’s explanation, for which he received the Nobel prize, was
that light consists of single light quanta with energy and momentum

E=hw, p=rhk (3.11)
depending on the frequency @ and the wave vector k. The quantity

h = 1.0545716-10"* kgm?s~! (3.12)
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is Planck’s constant, an incredibly small quantity of the dimension energy X time
called action. The relations (3.11) alone are naturally not sufficient to obtain a dis-
persion relation. To establish a connection between @ and k or E and p, it is an
obvious idea to bring additionally the energy-momentum relation

E = y/2|p|? + m2c* (3.13)

of special relativity for a particle of rest mass m into play, where ¢ denotes the speed
of light. For particles in rest it turns into the famous formula E = mc?. It yields the
desired dispersion relation and with that the second-order wave equation

m?c*

32
a—t‘z” = Ay + T (3.14)

that was later called the Klein-Gordon equation. This is what Schrodinger initially
tried. This equation did not meet his expectations, however, and led to the wrong
predictions, as it describes another kind of particles (those with spin zero), not elec-
trons. The correct relativistic equation for a single electron (but unfortunately only
for a single one) is the Dirac equation that was found a short time later. He therefore
fell back to classical physics and replaced (3.13) by the energy-momentum relation

L
E=— 3.15
ol (3.15)
from Newtonian mechanics. It leads to the dispersion relation
n
o= —|k? (3.16)
2m

and finally to the wave equation for a non-relativistic free particle of mass m in
absence of external forces, the Schrodinger equation

ihZl = —— Ay. (3.17)

In contrast to the classical wave equation (3.10) and also to the Klein-Gordon equa-
tion (3.14) it contains the imaginary unit and is therefore genuinely an equation for
complex-valued functions.

The Schrodinger equation (3.17) is of first order in time. Its solutions

1 \3 . R o
yixe) = (E) / e 135 1 i (k) e ik, (3.18)

the wave functions, are uniquely determined by their initial state yy. If yp is a
rapidly decreasing function the solution possesses time derivatives of arbitrary or-
der, and all of them are rapidly decreasing functions of the spatial variables. To
avoid technicalities, we assume this for the moment. We further recall that
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/|qf(x,t)\2dx = /\lﬁ(k,t)\zdk. (3.19)

remains constant in time. We assume in the sequel that this value is normalized to 1,
which is basic for the statistical interpretation of the wave functions. The quantities
|y|? and |y|? can then be interpreted as probability densities. The integrals

[ iwenPar [ ptenpa (320
Q Q

represent the probabilities to find the particle at time 7 in the region £2 of the position
space, respectively, the region 2 of the momentum space. The quantity

W N
5 |k [k, ) dk, (3.21)

is the expectation value of the kinetic energy. With help of the Hamilton operator

h2
H=——A, (3.22)
2m
this expectation value can be rewritten as
[vHva: = (v.1w). (323)

The expectation values of the components of the momentum are in vector notation

/ hk | §r(k, 1) dk. (3.24)
Introducing the momentum operator
p = —ihV (3.25)
their position representation is the inner product
[vrwas = wopw). (3.26)

The expectation values of the three components of the particle position are finally

[xlwnPar = (vqw). (3.27)

with g the position operator given by y — xy. This coincidence between observable
physical quantities like energy, momentum, or position and operators acting upon
the wave functions is in no way accidental. It forms the heart of quantum mechanics.
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3.3 The Mathematical Framework of Quantum Mechanics

We have seen that the physical state of a free particle at a given time ¢ is completely
determined by a function in the Hilbert space L, that again depends uniquely on
the state at a given initial time. In the case of more general systems, the space L is
replaced by another Hilbert space, but the general concept remains:

Postulate 1. A quantum-mechanical system consists of a complex Hilbert space 7
and a one-parameter group U (¢), ¢ € R, of unitary linear operators on .’ with

Uu)=I1, U(s+t)=U(s)U(r) (3.28)
that is strongly continuous in the sense that for all y € 77 in the Hilbert space norm

lIimU(t)y = y. (3.29)

t—0

A state of the system corresponds to a normalized vector in .7Z” and the time evo-
lution of the system is described by the group of the propagators U (¢). The state

w(t) = U0)w(0) (3.30)
of the system at time ¢ is uniquely determined by its state at time ¢ = 0.

In the case of free particles considered so far, the solution of the Schrodinger equa-
tion and with that time evolution is given by (3.18). The evolution operators U (),
or propagators, read therefore in the Fourier or momentum representation

k) — e 1Bk, (3.31)

Strictly speaking, they have first only been defined for rapidly decreasing functions,
functions in a dense subspace of L, but it is obvious from Plancherel’s theorem that
they can be uniquely extended from there to L, and have the required properties.

The next step is to move from Postulate 1 to an abstract version of the Schrodinger
equation. For that we have to establish a connection between such strongly contin-
uous groups of unitary operators and abstract Hamilton operators.

Definition 3.1. Let D(H) be the linear subspace of the given system Hilbert space
7 that consists of those elements y in # for which the limit

U(t)—-1
Hy = ih lim qu (3.32)
7—0 T
exists in the sense of norm convergence. The mapping ¥ — Hy from the domain
D(H) into the Hilbert space 7 is then called the generator H of the group.

To determine the generator for the case of the free particle, that is, for the unitary
operators U (¢) from L, to L, given by (3.31), we first calculate the expression
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L U(t)—1 n? 2
AV "y T H 3.33
H ! T v 2m v 0 ( )
for functions y € H?. Setting © = it /2m, its Fourier representation reads
e—ilk?® _ 2, 5
1 ’ K[| (K) 2 dk. 3.34
N e ) (334

The norm (3.33) tends therefore to zero as T — 0 by the dominated convergence the-
orem. For every y € L, for which the limit (3.32) exists and every R > 0 conversely

R \2 _
1yl > (5,) [, kI 9007 ak (3.39)

2m

so that the H?-norm of such a function y must remain finite.” The generator of the
evolution operator of the free particle is therefore the operator

h2
H= ——A (3.36)
2m

with the Sobolev space H? as domain of definition D(H). In view of this observation
the following result for the general abstract case is unsurprising:

Theorem 3.1. For all initial values y(0) in the domain D(H) of the generator of
the group of the propagators U (t), the elements (3.30) are contained in D(H), too,
depend continuously differentiable on t, and satisfy the differential equation

in %llf(t) — Hy(). (3.37)

Proof. For all elements y(0) in D(H) and all ¢, the limit

im YO o) = tim v Y]

i
0) = —-U(t)Hy(0
tim & tim U() = y(0) = — 2 U()HYO)
exists, which means that y(¢) = U(¢)y/(0) is contained in D(H ). Therefore

ifh lim w = ih lim [J(T—)_I’l’[([) = Hy(r),
7—0 T 7—0 T

which shows that 7 — (t) is a strong solution of (3.37), whose derivative
i
V(1) = — 2 UWHY()

depends because of the strong continuity of the group continuously on 7. O

2 Unfortunately, the Sobolev spaces H',H?,... are denoted by the same letter as the generator H
of the group, the Hamiltonian of the system. Both notations are common, so we keep them here.
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It should noted once more, however, that the differential equation (3.37), the ab-
stract Schrodinger equation, makes sense only for initial values in the domain of the
generator H, but that the propagators are defined on the whole Hilbert space.

A little calculation shows that for the solutions v, ¢ : R — D(H) of (3.37)

0= ih S (W),00)) = HY(),00)~ (W) HOW).  (38)

For all y and ¢ in the domain D(H) of the generator H therefore

(Hy,¢) = (v,H9). (3.39)

The generators of one-parameter unitary groups are thus necessarily symmetric.
Symmetry alone does, however, not suffice to characterize them completely.

Definition 3.2. Let A : D(A) — .5 be a linear operator that is defined on a dense
subspace D(A) of 2. Let D(AT) be the set of all ¢ € /# for which there exists an
element & € 27 with (&,y) = (¢,Ay) for all w € D(A). As D(A) is dense in 7
this & is then also uniquely determined, so that one can define by AT¢p = & a new
mapping A" from D(AT) to ., called the adjoint of A. The operator A is called
self-adjoint if A" = A and in particular the domains D(A") and D(A) coincide.

This is a very subtle definition. Self-adjointness is more than symmetry. Symmetry
only means that AT is an extension of A to a possibly larger domain D(AT), self-
adjointness that the domain of A is in some sense already maximal. The Hamilton
operator (3.36) is an example of a self-adjoint operator with the Sobolev space H>
as domain of definition. This can be easily proved with help of the Fourier represen-
tation and is no accidental coincidence, as follows from the next theorem, Stone’s
theorem, a cornerstone in the mathematical foundation of quantum mechanics:

Theorem 3.2. IfU(t), t €R, is a one-parameter unitary group as in Postulate 1, the
domain D(H) of its generator H is a dense subset of the underlying Hilbert space
and the generator itself self-adjoint. Every self-adjoint operator H is conversely the
generator of such a one-parameter unitary group, that is usually denoted as

Ut) = e it (3.40)

Proof. Since we are primarily interested in stationary states and will not further
refer to Stone’s theorem we give only a short sketch of the proof. For some spe-
cial cases the more important second part of the theorem is easily shown. When
H is bounded one defines the evolution operators (3.40) simply with help of the
power series expansion of the exponential function. If H possesses a complete set of
eigenvectors Y, Y, ..., the evolution operator can be written down in terms of the
corresponding eigenvector expansion of the vector to which it is applied. The proof
for the general case is correspondingly based on the spectral decomposition
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A= / LdE,

of self-adjoint operators that von Neumann [64] developed to establish a sound
mathematical basis for quantum mechanics which was quite new at the time, essen-
tially the framework described here. The unitary group that a self-adjoint operator
generates can be easily given in terms of its spectral decomposition and reads

e :/ e MdE) .

Details can be found in textbooks and monographs on functional analysis, like [69,
87], or [91]. The reverse direction, that the generator of such a unitary group is a
self-adjoint operator, can be proven by more elementary means; see [87]. 0O

Instead of the unitary group of the propagators, a quantum-mechanical system can
be thus equivalently fixed by the generator H of this group, the Hamilton operator,
or in the language of physics, the Hamiltonian of the system.

In our discussion of the free particle we have seen that there is a direct corre-
spondence between the expectation values of the energy, the momentum, and the
position of the particle and the energy or Hamilton operator (3.22), (3.36), the mo-
mentum operator (3.25), and the position operator x — xy. Each of these operators
is self-adjoint. The Hamilton operator has already been discussed, its domain is the
Sobolev space H?. For the momentum operator this is seen by means of its Fourier
representation; its domain is the Sobolev space H!. The domain of the position
operator consists of all those wave functions y for which x — xy is still square
integrable. This reflects the general structure of quantum mechanics:

Postulate 2. Observable physical quantities, or observables, are in quantum me-
chanics represented by self-adjoint operators A : D(A) — J# defined on dense
subspaces D(A) of the system Hilbert space 7. The quantity

Aa) = (y,Ay) (3.41)

is the expectation value of a measurement of A for the system in state y € D(A).

At this point we have to recall the statistical nature of quantum mechanics. Quantum
mechanics does not make predictions on the outcome of a single measurement of
a quantity A but only on the mean result of a large number of measurements on
“identically prepared” states, that is, on a given ¥ € D(A). The quantity (3.41) has
thus to be interpreted as the mean result that one obtains from a large number of such
measurements. This gives reason to consider the standard deviation or uncertainty

AA = Ay — (A)y]. (3.42)
The uncertainty is zero if and only if Ay = (A)y, that is, if ¥ is an eigenvector of

A for the eigenvalue L = (A). Only in such eigenstates the quantity represented by
the operator A can be sharply measured without uncertainty.
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One of the fundamental results of quantum mechanics is that, only in exceptional
cases, can different physical quantities be measured simultaneously without uncer-
tainty, the Heisenberg uncertainty principle. Its abstract version reads as follows:

Theorem 3.3. Let A and B two self-adjoint operators and let @ be a normalized
state in the intersection of D(A) and D(B) such that Ay € D(B) and By € D(A).
The product of the corresponding uncertainties is then bounded from below by

AAAB > %\((BAfAB)q/, vl (3.43)

Proof. For arbitrarily chosen real values A and u,
(BA=AB)y,y) = (B—ul) (A=A, y) = (A= AL)(B—ul)y,y).
Since the operators A and B are self-adjoint, one can rearrange this to
((BA—=AB)y,y) = 2iIm((A = Ay, (B—ul)y).
The Cauchy-Schwarz inequality yields
(BA—AB)y,y)| < 2||Ay — Ay[[|By — py]].

The expression on the right hand side attains its minimum if one inserts the expecta-
tion values (A) = (y,Ay) and (B) = (y,By) for A and p. This proves (3.43). O

As an example we consider the three components

. d
qk = Xk; Pk = —lha— (3.44)
Xk

of the position and the momentum operator. Their commutators are
qkPk — Prqrx = 1h1. (3.45)

This results in the Heisenberg uncertainty principle
1
AprAqr > Eh' (3.46)

Position and momentum therefore can never be determined simultaneously without
uncertainty, independent of the considered state of the system. The inequality (3.46)
and with that also (3.43) are sharp as the instructive example

= () w(3). wi = () "ee(4iaR). e

of three-dimensional Gauss functions of arbitrary width demonstrates. For these
wave functions the inequality (3.46) actually turns into an equality. From
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(k) = (V) yo(0) (3.48)

one recognizes that a sharp localization in space, that is, a small parameter ¢} deter-

mining the width of v, is combined with a loss of localization in momentum.
States with a well defined, sharp energy E play a particularly important role in

quantum mechanics, that is, solutions y # 0 in JZ of the eigenvalue problem

Hy = Evy, (3.49)
the stationary Schrodinger equation. The functions

f—e it 3.50
e iy (3.50)

represent then solutions of the original time-dependent Schrédinger equation. Our
main focus in the forthcoming chapters will be on stationary Schrédinger equations.

3.4 The Harmonic Oscillator and Its Eigenfunctions

The Hamilton operator (3.36) of the free particle has no eigenfunction in its domain,
the Sobolev space H?, as can be shown switching to the Fourier representation. This
behavior differs completely from that of the system considered in this section, the
harmonic oscillator. The harmonic oscillator is one of the few quantum-mechanical
systems for which the Schrodinger equation can be solved exactly. It can serve to
describe the behavior of quantum-mechanical systems in the neighborhood of points
of equilibrium and plays therefore in quantum theory at least as important a role
as its classical counterpart in the description of macroscopic systems. The system
Hilbert space of the harmonic oscillator is again the space L, of the square integrable
functions. To find its Hamiltonian, we start from the Hamilton function

1 5 me* 5

H = — —_— 3.51
(pg) = 5 -IpI"+ ——ld4l (3.51)
of classical mechanics, where m denotes the mass of the considered particle, p is its
momentum, g its position and ® the oscillator frequency. The first part on the right

hand side represents the kinetic energy and the second the potential energy

2
Vig) = "= laP (3:52)

as a function of the position. The correspondence principle, a collection of rules
describing the transition from classical mechanics to quantum mechanics, tells us
that the Hamilton operator of the harmonic oscillator reads therefore

2

h
H= Ay +V(@)y, (3.53)
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with V the potential (3.52) just introduced representing the potential energy and
the Laplacian part the kinetic energy as for the free particle. The domain of this
operator contains the rapidly decreasing functions. The Schrodinger equation (3.37)
of the quantum-mechanical harmonic oscillator is thus given by

oy n? m

o’ ,
— Ay + 2 x Py, (3.54)

ih
! ot 2m 2

and its stationary counterpart counterpart (3.49) finally becomes

2 2
fh—AI// + Py = By (3.55)
2m 2

The solutions of these equations for different values of the mass and the oscillator
frequency transfer to each other by scaling. In terms of the dimensionless quantities

t /] 1
=2 =L r=— (3.56)
L T mo 0]

omitting the dashes the time-dependent Schrodinger (3.54) equation reads

dy 1 1, »

and with the rescaled energies A = E /h, its stationary counterpart (3.55) becomes

1 1
*EA‘V+§|X|2‘I/: Ay, (3.58)

Our next aim is to study the solutions of this eigenvalue problem. As the Hamilton
operator splits into a sum of operators each acting only on a single component, we
can restrict ourselves essentially to the one-dimensional case, that is, to the operator

1d> 1

Surprisingly, this eigenvalue problem can be solved almost without any computa-
tion. The crucial observation, due to Dirac, is that this operator can be written as

|
H = AUHE, (3.60)

with A and AT the two formally adjoint first order “ladder” operators

A:%(%er), AT:%(—%HC), (3.61)

whose name becomes obvious from the following considerations.
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Theorem 3.4. The Hamilton operator (3.59) has the normalized eigenfunctions

%@—GW%M,%—%MW% (3.62)

that are polynomial multiples of the Gauss function ¢o, with assigned eigenvalues
1
ln:n+§, n=0,1,2,.... (3.63)

Proof. Tt suffices to show that the ¢, are eigenfunctions of ATA. The essential prop-
erty of the operators A and A" and the key to the proof is the commutation relation
AAT = ATA + 1. (3.64)

Since Ay = 0 and (ATv,w) = (v,Aw) for all rapidly decreasing functions v and w,

ATAGy = nd,  (Bn,0) = 1,
as follows by simple induction. This already completes the proof. 0O

The operator A" increases the excitation level by one, it climbs up the ladder. Its
counterpart A steps down and decreases the excitation level by one. In formulas:

1 1
Ont1 = \/m 1 = %

The next question is whether there are further eigenfunctions and eigenvalues, or
the other way around, whether the finite linear combinations of the functions (3.62)
form a dense subset of L,. The answer to this question requires some preparations.
We start from the following variant of Wiener’s density theorem:

AT,

Ad,. (3.65)

Lemma 3.1. The finite linear combinations of the shifted Gauss functions

N2
ga(x) = exp(— (x 2a) ), aeR, (3.66)

form a dense subset of the space L, of the square integrable functions.
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Proof. The Hilbert space L, can be decomposed into the direct sum of the closure
of the linear combinations of the functions (3.66) and the orthogonal complement of
this subspace. It suffices therefore to prove that this orthogonal complement consists
only of the function f = 0, that is, that (f,g,) = 0 for all a € R implies that the
function f vanishes. The Fourier transforms of the g, are by Lemma 2.1

Ba(k) = e *go (k).

Plancherel’s theorem yields therefore, for f € L, arbitrary,
(r.80) = | _Fgoera.

Since f € L, implies fe L, and with that fgo € L1 N Ly, the orthogonality of f € L,
to all functions g, thus implies that the Fourier transform of fgo and with that fgo
itself vanish. As go(k) # 0 for all k, this means f = 0 and finally f = 0. a

We remark that result can be generalized; the arguments transfer to the translates of
every function in L, with bounded, strictly positive Fourier transform.

Lemma 3.2. The shifted Gauss function (3.66) can be approximated arbitrarily
well in the Ly-sense by finite linear combinations of the eigenfunctions (3.62).

Proof. Inserting the power series expansion of x — e**, one gets the representation
—a2 -
g _ a®/2 Z “ xn e 2
n=0 n!

This series converges not only locally uniformly but also in the L,-sense, since the
sum of the L,-norms of the single summands remains finite and L, is complete. As

/ e gy = 2L [T e 2y o n!/ e dx
. > ). =nmf

for n > 1, the squares of these norms satisfy namely the estimate

g 212 a2n o,
/ —‘)c”e X/2’ dx S —'/ e dx
—oo | N1 n: J—o

. . . . 29 . .
As the eigenfunction ¢, is the product of the function x — e~ /2 with a polynomial
of order n with non-vanishing leading coefficient, the single summands in the series

can be written as finite linear combinations of the eigenfunctions (3.62). O

From Lemma 3.1 and Lemma 3.2 we can conclude that the process described in
Theorem 3.4 indeed yields all eigenfunctions of the Hamilton operator (3.59):
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Theorem 3.5. The set of the eigenfunctions (3.62) is complete. For all f € L,

N
Jlim 7= S (r.000. = 0. (3.67)
- n=0

0

Proof. The two lemmata show that the finite linear combinations of the eigenfunc-
tions are dense in L,. Since the ¢, form an orthonormal system, being eigenfunctions
of a self-adjoint operator corresponding to distinct eigenvalues, the projection

N
Puf = D (f,00) $n (3.68)

n=0
is the best approximation of f € L, by a linear combination of ¢, ¢», ..., ¢y. O

Particularly further eigenfunctions ¢ # O that are orthogonal to all the eigenfunc-
tions ¢, from (3.62) cannot exist. Another consequence of (3.67) is the relation

171G = X 1(f, )l (3.69)
n=0

between the L,-norm of a square integrable function f and the #;-norm of the se-
quence of its expansion coefficients that is often denoted as Parseval identity.

Next we want to measure and characterize the speed of convergence of the eigen-
function expansion. For that purpose we introduce a scale of norms given by

=

£ = X (n+D)>[(f.00) (3.70)

n=0

for s > 0 arbitrary. These norms should not be confused with the norms on the
Sobolev spaces H* from Sect. 2.3 and have a very direct interpretation for integer
values of s in terms of the smoothness and the decay rate of the considered functions:

Lemma 3.3. For rapidly decreasing functions f and integer values s, the norm
given by the expression (3.70) is equivalent to the Ly-norm of the functions H*f.

Proof. The central observation is that with f also the functions H®f are rapidly
decreasing. From the representation (3.69) of the L,-norm, from the fact that the
operator H is self-adjoint, and the fact that H¢, = A,,¢, one obtains therefore

IH£ll6 = X 2 1(f> )l
n=0

for all nonnegative integers s. Since A, = n+ 1/2, this proves the proposition. O
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The lemma shows particularly that the norms (3.70) remain finite for the rapidly
decreasing functions. For all r less than s, one gets the error estimate

1f=Pufllr < NI fls- (3.71)

Hence the approximation error tends faster to zero than any given power of 1/N for
functions that are sufficiently smooth and decay rapidly enough. The approximation
is not saturated, as with Fourier series. Compared to Fourier series the convergence
rate halves with given order of differentiability, a fact that is owed to the infinite
extension of the real axis. With help of the usual techniques from approximation
theory one can link the convergence rate directly to the given kind of regularity.

If one expresses the wave functions in terms of their eigenfunction expansions,
everything reduces to a very simple diagonal form. The Hamilton operator (3.59)
itself reads in terms of the eigenfunction expansion

Hy = 2(v,0n) b (3.72)
n=0

Its domain consists of all those square integrable functions y for which the series
> 2 (W, 0) (3.73)
n=0

converges. Remarkably it is much smaller than the subspace of L, that consists of
the functions y with finite energy expectation value, for which the quadratic form

(v.Hy) = Y A |(y,60) (3.74)
n=0

attains a finite value. This quadratic form induces a norm that is equivalent to the
norm given by (3.70) for s = 1/2. We will come back to this important observa-
tion in the next section. The uncertainty AE of a measurement of the energy in the
normalized state Y in the domain of the Hamilton operator H is given by

oo

(AE)* = Y (A — (W, Hy))*|(v,0a) - (3.75)

n=0

The likelihood that the measurement returns a value ¢ < A < fB is

> (w00l (3.76)

a<ln<p

and the probability that it yields a value outside the spectrum, that is, no eigenvalue,
is therefore zero. The unitary group that H generates in the given case is simply

Uty = iemnt(‘//aq)n)(Pw 3.77)

n=0
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It is instructive at this place to return for a moment to physical units. If we insert
for the mass m of the particle in the Schrodinger equation (3.54) the mass

m = 9.1093822- 103 kg (3.78)

of the electron and choose the frequency @ so that the ground state energy E =h/2
of the oscillator coincides with the binding energy of the electron in the hydrogen
atom, the characteristic length and the characteristic time in (3.56) become

L=52917721-10""'m, 7T =2.4188843-107""s (3.79)

in meters and seconds. The constant L is the atomic length unit, the Bohr, and the
constant 7 the atomic time unit. The atomic energy unit, the Hartree, is E = i@, or

E = 4359743910~ ¥ kgm?s~2. (3.80)

The Planck constant itself attains in these units the value 2 = 1. These numbers give
an impression of the dimensions of the objects that quantum mechanics studies.

The eigenvalue problem for the two-, three- or higher-dimensional case can be
easily reduced to the case of one space dimension; all our considerations directly
transfer. Since the three-dimensional operator (3.58) splits into the sum

1 1 3 19> 1
— A+ |x)? = =t =7 3.81
3 +2|x| Z{{ 28xl-2+2x’} (3.81)

of three one-dimensional operators (3.59) each of which acts only on one of the
three components of x, the eigenfunctions are simply the tensor products

V(x) = On, (x1)Ony (02) Py (x3),  m1,m2,m3 = 0,1,2, ... (3.82)

In contrast to the one-dimensional case the eigenvalues
3
A:nJrE, n=20,1,2,..., (3.83)

are highly degenerate. The dimension

(n+1)(n+2)

5 (3.84)

of the corresponding eigenspaces is equal to the number of possibilities to write the
nonnegative integer n as a sum n = n|+ np+ n3 of three other nonnegative integers.
The eigenfunctions (3.82) span the linear space of the products

x — P(x)e h/2 (3.85)
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of polynomials P in three variables with a fixed rotationally symmetric Gaussian, a
class of functions that is therefore dense in L, and is itself invariant under rotations.

3.5 The Weak Form of the Schrodinger Equation

In our discussion of the harmonic oscillator we started from an expression for the
total energy of the system which led us to its Hamilton operator H. This approach
can be generalized and offers at the same time an elegant possibility to escape from
often very serious mathematical difficulties dealing with self-adjoint extensions of
Hamilton operators that are in the beginning only defined on much too small spaces
of smooth functions. The approach starts from a subspace .7 of the system Hilbert
space .7 that is dense in . and is itself a Hilbert space under a norm || - ||; that
dominates the given norm || - || on .#Z. This space is associated with the elements
Y € 2 with finite expectation value B(y, y) of the total energy, where

B: A x A — C: (y,0) — B(y,9) (3.86)

is a hermitian bounded bilinear form on 7, a hermitian bilinear form for which

1By, 0)| < M|[yll1l¢]l (3.87)

holds for all elements ¢, y € 7. Moreover we assume that for all y € 74

By, ) > & |w|i—ulvl?, (3.88)

with 0 a positive and u an arbitrary real constant. In both cases considered so far, in
the case of the free particle and of the harmonic oscillator, this bilinear form reads

B(y,9) = (Hy,9), (3.89)

for rapidly decreasing wave function ¢ and y and can be extended to a much larger
Hilbert space. In the case of the free particle, this is the Sobolev space H', the space
of the square integrable functions for which the expectation value of the kinetic en-
ergy remains finite, and in the case of the harmonic oscillator a subspace of H'. The
key observation is that every such bilinear form induces conversely a self-adjoint
operator H that is then the Hamilton operator of the system and can in cases as just
given be considered as self-adjoint extension of the original differential operator.
This is the famous Friedrichs extension that can be summarized as follows:

Theorem 3.6. The set D(H) of all w € S for which there exists an element & €
with B(y,0) = (§,¢) for all § € FA forms a dense subspace of 74 and with that
also of F€. There is a unique self-adjoint operator H : D(H) — 7 with
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B(y,¢) = (Hy,9) (3.90)

for all elements y € D(H) and all elements ¢ € F.

Proof. Under the given assumptions, the expression

(v,0) =B(w,0)+u(v,9)

defines an inner product on .7 which induces a norm on # that is equivalent to the
original norm and under which J# is complete. The Riesz representation theorem
thus guarantees that for every & € 7 there is a unique G€ € 7] with

<G§>¢>:(§>¢)> o € A.

The mapping G : 7 —  : £ — GE& is linear, bounded, symmetric, and injective.
As B(y,0) = (€,9) forall ¢ € 77 if and only if v = G( + uy) and as conversely
B(GE,¢) = (£ —uGE,¢) for all ¢ € 77, the range of G is the set D(H ) introduced
above. It is a dense subset of .7] and with that also of J#. Let Hy : D(H) — ¢ be
the inverse of G and set H = Hy — . For all y € D(H) and ¢ € 7] then

(Hy,¢) =B(v,9).

To calculate the adjoint of H and its domain, let ¢ € 7 and £ € 7 be given. Then

(&, v)=(¢,Hy)

for all w € D(H), or (§,Gx) = (¢,HGy) = (¢,x — uGy) for all y € 5, if and
only if GE = ¢ — uG¢ or ¢ € D(H) and & = H¢. This shows that H is self-adjoint.
The uniqueness of H follows simply from the density of 7 in J7. 0O

Let us now consider the stationary Schrodinger equation (3.49), the problem to
find the solutions ¥ # 0 in D(H) of the eigenvalue equation

Hy =FEvy. 3.91)
By (3.90) a solution y € D(H) of this equation also solves the equation

B(y,0) = E(y,9), ¢c . (3.92)

If conversely y € J7] solves the equation (3.92), y is by definition contained in the
domain D(H) of H and solves therefore, due to (3.90) and as .7 is dense in .77, the
equation (3.91). Both equations, the eigenvalue equation (3.91) and its weak form
(3.92), are thus completely equivalent and can be replaced by each other. Similar
considerations are possible for the time-dependent Schrodinger equation (3.37).

In the forthcoming chapters we will focus our attention almost exclusively on
the weak form (3.92) of the eigenvalue equation that is —one might believe it or
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not— mathematically much easier to handle than the original form (3.91) and fits
perfectly into the framework of the L,-theory of elliptic partial differential equations.

3.6 The Quantum Mechanics of Multi-Particle Systems

So far we have only considered single, isolated particles moving freely in space or
inside an external potential as in the case of the harmonic oscillator. Let us now
assume that we have a finite collection of N such particles with the spaces L, (€;)
as system Hilbert spaces. The Hilbert space describing the system that is composed
of these particles is then the tensor product of these Hilbert spaces or a subspace of
this space, i.e., in the given case a space of square integrable wave functions

l[/:Ql X...XQN — C: (é],...,&]\/) — w<§1,...7£N). (393)

From the point of view of mathematics, this is of course another postulate that can
in a strict sense not be derived from anything else, but is motivated by the statistical
interpretation of the wave functions and particular of the quantity |y|? as a proba-
bility density. Assume that the particles can be distinguished from each other. The
probability to find the particles i in the subsets €2/ of €2; is then the integral of this
probability density over the cartesian product ] x ... x Q of these Q. If

N
v(&,....En) = [[1@-(&-), (3.94)

which means that the particles do not interact and are thus statistically independent
of each other, this probability is the product of the individual probabilities

/ 16i(8)* &, (3.95)
Qi

as the statistical interpretation requires. The space of the square integrable wave
functions (3.93) is the completion of the space spanned by the products (3.94) of
the square integrable functions ¢; from the configuration spaces £2; to C.

Quantum mechanical particles of the same type, like electrons, cannot be dis-
tinguished from each other by any means or experiment. This is both a physical
statement and a mathematical postulate that needs to be specified precisely. It has
striking consequences for the form of the physically admissible wave functions and
of the Hilbert spaces that describe such systems of indistinguishable particles.

To understand these consequences, we have to recall that an observable quantity
like momentum or energy is described in quantum mechanics by a self-adjoint op-
erator A and that the inner product (y,Ay) represents the expectation value for the
outcome of a measurement of this quantity in the physical state described by the
normalized wave function y. The question is whether two distinct normalized wave
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functions, that is, unit vectors in the Hilbert space of the system, can represent the
same physical state and how such wave function are then related.

At least a necessary condition that two normalized elements or unit vectors y
and ' in the system Hilbert space 7 describe the same physical state is surely
that (y,Ay) = (y/,Ay’) for all self-adjoint operators A : D(A) C 5# — J# whose
domain D(A) contains both y and y/, that is, that the expectation values of all
possible observables coincide. This requirement fixes such states almost completely:

Lemma 3.4. Let f and g be given unit vectors in the complex Hilbert space 7€ and
assume that (f,Sf) = (g,8g) for all bounded symmetric operators S : A — H.
Then there exists a real number 0 such that g = e°f and vice versa.

Proof. The proof is an easy exercise in linear algebra. Assume that f and g are
linearly independent, that is, span a two-dimensional subspace. The vectors f and

h=g—(gf)f#0

form then an orthogonal basis of this subspace and every vector
v=of+Bh+V

in 7 can be uniquely decomposed into a linear combination of f and 4 and a further
vector v/ that is orthogonal to these two. We consider the symmetric operator

Sv=oaf+2Bh
defined in terms of this decomposition. A short calculation shows that

1= (£.5f) = (&.5¢) =2 |(f.8)]

or, since f and g are unit vectors, [(f,g)| = || f]l/[g]|- This is a contradiction to the
linear independence of f and g. Thus g = el?f for some real number 6. O

Wave functions that describe the same physical state can therefore differ at most by
a constant phase shift y — €'y, 6 a real number. Wave functions that differ by
such a phase shift lead to the same expectation values of observable quantities.

In view of this discussion the requirements on the wave functions describing a
system of indistinguishable particles are rather obvious and can be formulated in
terms of the operations that formally exchange the single particles:

Postulate 3. The Hilbert space of a system of N indistinguishable particles with
system Hilbert space L, (£2) consists of complex-valued, square integrable functions

WZQX...XQ%CZ(51,...751\/)—)1[/(&1,...,5]\1) (396)

on the N-fold cartesian product of £, that i, is a subspace of L (Q"). For every y in
this space and every permutation P of the arguments &;, the function & — y(P&) is
also in this space, and moreover it differs from y at most by a constant phase shift.
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This postulate can be rather easily translated into a symmetry condition on the wave
functions that governs the quantum mechanics of multi-particle systems:

Theorem 3.7. The Hilbert space describing a system of indistinguishable particles
either consists completely of antisymmetric wave functions, functions  for which

y(PE) = sign(P) () (3.97)

holds for all permutations P of the components &, ... ,Ey of &, that is, of the single
particles, or only of symmetric wave functions, wave functions for which

v(PE) = w(&) (3.98)

holds for all permutations P of the arguments.

Proof. We first fix a single wave function y and show that it must be symmetric or
antisymmetric. Let o¢(P) be the phase shift assigned to the permutation P, that is, let

w(PS) = a(P)y(&)

for all arguments & € QV. For all permutations P and Q then necessarily

a(PQ) = a(P)a(Q).

Next we consider transpositions, permutations that exchange two components.
Transposition are conjugate to each other, which means that for every pair of trans-
positions T and 7" there is a permutation P with T/ = P~!TP, from which by the
relation above a(T") = o(T) follows. Since transpositions are self-inverse,

a(T)? = a(T?) = o(l) = 1.

Thus there remain only two cases: either o(7') = —1 for all transpositions 7" and
with that o(P) = sign(P) for all permutations P, or o(T') = 1 for all transpositions
and o (P) = 1 for all permutations. In the first case, the given wave function v is
antisymmetric, and in the second one symmetric.

The Hilbert space can therefore only contain symmetric and antisymmetric
functions. But a sum of a symmetric and an antisymmetric function can only be
symmetric if the antisymmetric part vanishes, and antisymmetric if the symmetric
part vanishes. The Hilbert space must therefore either completely consist of sym-
metric functions, or completely of antisymmetric functions. O

Which of the two choices is realized depends solely on the kind of particles and
cannot be decided in the present framework. Particles with antisymmetric wave
functions are called fermions and particles with symmetric wave functions bosons.

We are interested in electrons. Electrons have a position in space and an internal
property called spin that in many respects behaves like an angular momentum. The
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spin o of an electron can attain the two values ¢ = £1/2. The configuration space
of an electron is therefore not the R? but the cartesian product

Q=R x{-1/2,4+1/2}. (3.99)

The space L,(£2) consists of the functions y : 2 — C with square integrable com-
ponents x — W(x,0), 0 = £1/2, and is equipped with the inner product

w9 = ¥ [vix0)do) dr (3.100)

o=+1/2
A system of N electrons is correspondingly described by wave functions
v: RV x{-1/2,1/2}¥V = C: (x,0) — y(x,0) (3.101)

with square integrable components x — y(x, ), with o now a vector consisting of
N spins 0; = £1/2. These wave functions are equipped with the inner product

(v.9) = 3 [ wx,0)6(x.0) d. (3.102)

where the sum now runs over the corresponding 2V spin vectors ¢. Electrons are
fermions, as all particles with half-integer spin. That is, the wave functions change
their sign under a simultaneous exchange of the positions x; and x; and the spins o;
and o; of electrons i # j. They are, in other words, antisymmetric in the sense that

y(Px,Po) = sign(P)y(x,0) (3.103)

holds for arbitrary simultaneous permutations x — Px and 0 — Po of the electron
positions and spins. This is a general version of the Pauli principle, a principle that
is of fundamental importance for the physics of atoms and molecules.

The Pauli principle has stunning consequences. It entangles the electrons with
each other, without the presence of any direct interaction force. A wave function
(3.101) describing such a system vanishes at points (x,o) at which x; = x; and
o; = 0 for indices i # j. This means that two electrons with the same spin cannot
meet at the same place, a purely quantum mechanical repulsion effect that has no
counterpart in classical physics and will play a decisive role in our further reasoning.

Finally we consider again the harmonic oscillator and begin with the case of
a single electron. The Hamiltonian is the same as discussed in Sect. 3.3, but it
acts now on wave functions y with two components x — y(x,0), one for each
of the two possible values of the spin. The eigenfunctions are therefore products
of the known position-dependent eigenfunctions with functions ¥ depending only
on the spin variable. These functions y form a two-dimensional space. That is, the
eigenvalues remain the old ones but their multiplicity is doubled. The Hamiltonian
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for a system of N electrons that move in the potential of a harmonic oscillator but
do not directly interact with each other reads in dimensionless form

N 1 1
i=1

where A; denotes the three-dimensional Laplacian acting upon the components of
the position vector x; of the electron i. The eigenfunctions of this Hamiltonian are
the antisymmetric linear combinations of the products of the one-particle eigenfunc-
tions discussed in Sect. 3.4, the so-called Slater determinants

1
Wdet(d)i(xj,aj)) (3.105)

built up from them. Such Slater determinants are only different from zero when the
functions ¢; are linearly independent of each other and, up to a possible change of
sign, do not depend on their ordering. To find the ground states of the aggregate sys-
tem, that is, the eigenfunctions for the minimum eigenvalue, one therefore has to fill
up these orbitals consecutively with eigenfunctions of minimum possible energy, a
procedure that is denoted as aufbau principle in the physical and chemical literature.
One starts with the two eigenfunctions for the eigenvalue 3 /2, one corresponding to
spin —1/2 and the other to spin +1/2, proceeds with the 2 x 3 eigenfunctions for
the eigenvalue 5/2, and so on, until all N electrons are distributed. The minimum
eigenvalue in the case of 10 electrons is, for example,

3 5 7
2X = — 4+ 2x==2
><2—|—6><2+ ><2 5

Since the eigenvalue 7/2 of the one-particle operator has multiplicity 12, there are

12
( A ) — 66
possibilities to choose the two orbitals of highest energy, which means that the mul-
tiplicity of the minimum eigenvalue 25 of the ten-particle operator is 66.

In reality, the electrons interact with each other. The Hamiltonians therefore
no longer split into distinct parts, each acting only on the coordinates of a single
electron, and the eigenfunctions can no longer be built up from one-particle eigen-
functions. For a system consisting of N electrons, they depend on 3N variables and
have 2V components. The challenge is to reduce the horrifying complexity of these
objects to a level that comes into the reach of numerical methods.



Chapter 4
The Electronic Schrodinger Equation

Atoms, molecules, and ions are described by the Schrodinger equation for a system
of charged particles that interact by Coulomb attraction and repulsion forces. As
the nuclei are much heavier than the electrons, the electrons almost instantaneously
follow their motion. Therefore it is usual in quantum chemistry and related fields
to separate the motion of the nuclei from that of the electrons and to start from the
electronic Schrodinger equation, the equation that describes the motion of a finite
set of electrons in the field of a finite number of clamped nuclei, or in other words
to look for the eigenvalues and eigenfunctions of the Hamilton operator

1 i i i Zy 1 X 1
H=—=-)A — — + = —_— 4.1)
25 S5 xi—ayl 2,55 lxi — ;]
i#]J
written down here in dimensionless form or atomic units. It acts on functions with
arguments x1, ..., xy € R, which are associated with the positions of the considered
electrons. The ay,...,ag € R? are the fixed positions of the nuclei and the positive

values Z, the charges of the nuclei in multiples of the electron charge.

Like the Hamilton operator for a system of electrons moving in the potential of
a harmonic oscillator, the Hamilton operator (4.1) is derived via the correspondence
principle from its counterpart in classical physics, the Hamilton function or total
energy of a system of point-like particles in a potential field. It is again composed of
two parts, a first part representing the kinetic energy of the electrons, built up from
the Laplacians A; acting upon their position vectors x;, and the potential part

V= i i Z 1y )
SvSi—avl 252 i =] :
i)

describing the interaction of the electrons among each other and with the nuclei.
The difficulty is not only that these potentials are singular but that the electrons are
coupled to each other so that the eigenfunctions are no longer products or linear
combinations of products of three-dimensional one-electron eigenfunctions.

H. Yserentant, Regularity and Approximability of Electronic Wave Functions, 51
Lecture Notes in Mathematics 2000, DOI 10.1007/978-3-642-12248-4_4,
© Springer-Verlag Berlin Heidelberg 2010
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The transition from the full, time-dependent Schrodinger equation taking also
into account the motion of the nuclei to the electronic Schrédinger equation is a
mathematically very subtle problem that is not addressed here; we refer to [78]
and the literature cited therein. The present book is concerned with the study of
the analytical properties of the eigenfunctions of the operator (4.1) with the aim
to find points of attack to approximate them efficiently. This chapter is devoted to
the precise mathematical formulation of the electronic Schrodinger equation. Our
approach is based on the weak formulation of the problem outlined in Sect. 3.5.

4.1 The Hardy Inequality and the Interaction Energy

We first neglect the spin-dependence of the wave functions that will then be taken
into account in the next section. Since the eigenvalues of a self-adjoint operator are
always real, the electronic Schrodinger equation splits into two separate equations
of the same form for the real and the imaginary part of the wave functions. We can
therefore restrict ourselves in the sequel to real-valued wave functions

u:(R3)N—> R (xp,...,xn) = u(xq,...,xn), 4.3)

which, of course, need to be square integrable. Their L;-norm given by

Julf = [ huo)Pax @4

is usually normalized to one. The integral of the function x — |u(x)|* over a subdo-
main of the R3V then represents the probability that the electrons are located in this

part of the configuration space and the quantity

1 N 1 N )
-3 E/MA,'MCIX =3 Z/W,u\ dx, 4.5)
=1 i=1

provided that it exists, the expectation value of the kinetic energy. That is, wave
functions must possess first-order weak derivatives and the H'-seminorm given by

ulf = 1V )P “6)

must remain finite. The solution space of the eigenvalue problem must be a subspace
of the Hilbert space H'(R3) or briefly H!, the space that consists of the square
integrable functions (4.3) with square integrable first-order weak partial derivatives
and that is equipped with the H'-norm given by the expression

ullf = lull§+|ul3. 4.7)
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In Sect. 2.1 we introduced the space Z of the infinitely differentiable functions with
compact support. From Sect. 2.3 we know that the functions in 2 form a dense sub-
set of H' and H' can thus be considered as completion of 2 under the norm (4.7).
The rest of this section is based on a classical inequality, the Hardy inequality for
functions defined on R3. Hardy-type inequalities play a central role in this work.

Lemma 4.1. For all infinitely differentiable functions v in the variable x € R? that
have a compact support,

/#vzdx < 4/|Vv\2dx. (4.8)
X

Proof. Let d(x) = |x| for abbreviation. To avoid any difficulty, we assume at first
that v vanishes on a neighborhood of the origin. Using the relation

=5

integration by parts then yields
15 1 2
or, using Ad = 2/d and resolving for the left-hand side, the representation

1 1
d—zvzdx: —2/Ede-Vvdx

of the integral to be estimated. The Cauchy-Schwarz inequality yields

| | 1/2 1/2
/d—zvzdx < 2< d—zvzdx> (/|Vd.Vv|2dx>

or, using |Vd| = 1, the estimate (4.8) for functions v vanishing near the origin. To
complete the proof, let @ : R? — [0, 1] be an infinitely differentiable cut-off function
with @(x) = 0 for |x| < 1/2 and with @(x) = 1 for |x| > 1. Set

Vi (%) = o(kx)v(x).

The estimate (4.8) then holds for the functions v; as just proved. Using

| (kx)| <1, |k<Vw><kx>|sﬁ
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with a constant ¢ independent of k and the local integrability of

1
X— —
X2’

the proposition follows with help of the dominated convergence theorem. O

The Hardy inequality (4.8) first serves to estimate terms involving the potential

V- -3y A ily ! "
X) = — 2z b '
S i—avl 2,52 i =]
i)

in the Hamilton operator (4.1) that is composed of the nucleus-electron interaction
potential, the first term in (4.9), and the electron-electron interaction potential. Let
Z denote the total charge of the nuclei, the sum of the charges Z,, and set

6(N,Z) = /N max(N,Z). (4.10)

A simple calculation on the basis of the Hardy inequality (4.8), Fubini’s theorem,
and the Cauchy-Schwarz inequality then yields our first important estimate:

Theorem 4.1. The functions u and v in 9 satisfy the estimate
/Vuvdx < 30(N,2)[ullo|v]:. @.11)
Next we write the Hamilton operator (4.1) in the form
H=—3atV (4.12)
and introduce the bilinear form
a(u,v) = (Hu,v) (4.13)
on 2, where (, ) denotes the L,-inner product. Since
(—Au,v) = /Vu~Vvdx, (4.14)

there exists, by Theorem 4.1, a constant M depending on N and on Z with

a(u,v) < M{lulr[[v] (4.15)



4.2 Spin and the Pauli Principle 55

for all u,v € 2. The bilinear form (4.13) can therefore be extended to a bounded,
symmetric bilinear form on H ! Furthermore, for u>9 0%2+1 /4andall u,v € H 1

)+ () > 7 [l (4.16)
Neglecting the spin, the Sobolev space H! would therefore be the proper Hilbert
space associated with the given system of electrons and the value a(u,u) the expec-
tation value of the total energy in the state described by the normed wave function
u € H'. A function u # 0 in H! is an eigenfunction of the Hamilton operator (4.1)
or (4.12), and the real number A the associated eigenvalue, if the relation

a(u, ) =A(u,x) 4.17)
holds for all y € H'. That is, we consider weak solutions of the eigenvalue equation
Hu=Au, (4.18)

in the same way as this has been discussed in Sect. 3.5 in conjunction with the
Friedrichs extension and as one defines weak solutions of boundary value problems.
The relation (4.16) shows that the eigenvalues A are bounded from below.

4.2 Spin and the Pauli Principle

As described in Sect. 3.6, electrons have an internal property called spin that be-
haves similar to angular momentum. Although spin does not explicitly appear in the
electronic Schrodinger equation, it influences the structure of atoms and molecules
decisively. The purpose of this section is to explain how spin can be incorporated
into the variational framework. The spin of an electron can attain the two half-
integer values +1/2. Correspondingly, the true wave functions are of the form

v (RN x{-1/2,1/2}¥ = R: (x,0) — y(x,0), (4.19)

that is, depend not only on the positions x; € R, but also on the spins 0; = +1/2
of the electrons. The Pauli principle, one of the fundamental principles of quantum
mechanics, states that only those eigenfunctions are admissible that change their
sign under a simultaneous exchange of the positions x; and x; and the spins o; and
o; of two electrons i and j, that is, are antisymmetric in the sense that

y(Px,Po) = sign(P)y(x,0) (4.20)
holds for arbitrary simultaneous permutations x — Px and ¢ — Pc of the electron

positions and spins. The Pauli principle forces the admissible wave functions to
vanish where x; = x; and 0; = o; for i # j, that is, that the probability that two
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electrons i and j with the same spin meet is zero. The admissible solutions of the
scalar Schrodinger equation (4.17) are those that are components

u: (RN = R:x — y(x,0) 4.21)

of an antisymmetric wave function (4.19). To clarify these relations and deduce
(4.17) from the full equation incorporating spin, we introduce the bilinear forms

=Y a(y(-,0),¥(-,0)), (4.22)
(wv,¥) = (w(-,0),¥(-,0)) (4.23)

o

on the spaces of functions (4.19) with components in H', respectively, L, where the
sums extend over the 2V possible spin vectors ¢. The quantity B(y, y) represents
the expectation value of the total energy for normed y and B is thus the bilinear
form that is induced by the complete Hamilton operator of the system, the operator
whose eigenvalues and eigenfunctions are sought. An antisymmetric function y
with components in H! is a solution of the full problem if and only if

By, y') =2A(y.y) (4.24)

for all test functions W’ of this kind. This eigenvalue problem decouples into eigen-
value problems for the components of the eigenfunctions y due to the fact that the
bilinear form (4.13) is invariant under permutations of the positions x;, i.e., that

a(u(P-),v(P-)) = a(u,v) (4.25)

holds for all such permutations P and all functions u,v € H'. This property translates
into a statement on the antisymmetrization operator <7 given by

(Zy)(x,0) —ngn y(Px,Po) (4.26)

where the sum extends over the N! possible permutations of the electrons. It maps
an arbitrary function (4.19) into an antisymmetric function and reproduces antisym-
metric functions. For all functions (4.19) with components in H' respectively L;,

By, 7y ) =B(dy,y), (y,.dy)=(dy,y). (4.27)

Theorem 4.2. An antisymmetric function y with components in H' satisfies the
eigenvalue equation (4.24) if and only if its components solve the equations

a(y(-,0),v) = A(y(-,0),v), veH" (4.28)
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Proof. Let 6(n,0) =1if n = o and §(n,0) = 0 otherwise. Every function (4.19)
with components in H'! can then be written as

w(xn) =Y w(x0)d(n,0),
o
that is, as a linear combination of functions of the form

v (x,n) =v(x)d(n,0)

with v € H' and some given o, and every antisymmetric function therefore as a
linear combination of antisymmetrized functions of this form. It suffices therefore
to restrict oneself to test functions <7y’ where ' is a function of the given form.
Let y now be an arbitrary antisymmetric function with components in H'. Then

By, y') =By, y')=B(y,y)=a(y(-,0),v),
(v, y')=(dy,y)=(v,¥) = (y(-,0),v),
from which the proposition follows. O

The components of the solutions y of the full equation (4.24) are therefore indeed
solutions of the scalar equation (4.17). To characterize these components, let Z(0)
denote the space of all functions u € & with

u(Px) = sign(P)u(x) (4.29)

for all permutations P that leave ¢ invariant and let L, (o) and H' (o) be the closure
of (o) in the corresponding spaces.

Theorem 4.3. A function in 9 is the component (4.21) of an antisymmetric function
(4.19) with components in 9 if and only if it belongs to 2(0). The corresponding
statement holds for functions with components in Ly and H', respectively.

Proof. If y is antisymmetric, u(x) = y(x,0), and Po = o, then
u(Px) = y(Px,0) = y(Px,Po) = sign(P)y(x,0) = sign(P)u(x),

so that the components (4.21) of an antisymmetric function are of the form (4.29).
A function u satisfying (4.29) is conversely the component u(x) = y(x, o) of

B 2 sign(P)u(Px)d(Pn,o)
won) = =5 S 5(Po,0) ’

and can thus be recovered from an antisymmetric function. O
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The components # = y(-,6) in H' (o) of the full, spin-dependent eigenfunctions y
solve, by Theorem 4.2, particularly the reduced eigenvalue equation

a(u,v)=Au,v), veH' (o), (4.30)

that results from (4.28) replacing the test space H' by its subspace H'!(c). From
the solutions of these equations, one can conversely recover solutions of the full
equation (4.24) combining all 2V components of the eigenfunctions .

Theorem 4.4. If the function u # 0 in H' (o) solves the eigenvalue equation (4.30)
reduced to the space H' (0), the antisymmetric function W # 0 defined by

y(x,m) = %Zsign(P)u(Px)b‘(Pn,O') 4.31)
P

solves the full equation (4.24) and the function u itself solves the original equation
a(u,v) = Au,v), veH" (4.32)

Proof. Let y' be an antisymmetric function with components in H'. Its component
x — y/(x,0) then belongs to H' (). Since, as in the proof of Theorem 4.2,

B(y, W/) :B(V}JvW) :a(w/('76)vu) = a(u,l//(~,c)),
(W?WJ) = (w/>llf) = (w/("c)>u) = (u’w/("c))a

the function (4.31) therefore solves the equation (4.24) for the complete, spin-
dependent wave functions. As u(x) = sign(P)u(Px) whenever P fixes 0, u is a
constant multiple of the function y(-, &). The rest follows from Theorem 4.2. O

With that the circle is closed. Since the functions u € H' (o) and u(x) = u(Q~'x)
in H'(Qo) generate, up to a possible change of sign, the same function (4.31) for
arbitrary permutations Q of the electrons, and since it € H'(Q0) solves the equation

a(,v) = A(@,v), veH'(Qo), (4.33)

if and only if u solves (4.30), one can restrict oneself to the reduced equations (4.30)
on the |N/2] essentially different spaces H' (o) instead of solving the system (4.24)
for the 2 components of a wave function (4.19) directly. Every solution of such a
reduced equation also solves the eigenvalue problem (4.17) on the bigger space H'.



Chapter 5
Spectrum and Exponential Decay

In this chapter we begin to study the solutions of the electronic Schrédinger equa-
tion and compile and prove some basic, for the most part well-known, facts about its
solutions in suitable form. Parts of this chapter are strongly influenced by Agmon’s
monograph [3] on the exponential decay of the solutions of second-order elliptic
equations. Starting point are two constants associated with the solution spaces in-
troduced in the previous chapter, the minimum energy that the given system can
attain and the ionization threshold. Both constants are intimately connected with the
spectral properties of the Hamilton operator and are introduced in the first section
of this chapter. The second section deals with some notions and simple results from
spectral theory that are rewritten here in terms of bilinear forms as they underly the
weak form of the Schrodinger equation. The weak form of the equation will not
only be the starting point of the regularity theory that we will develop later, but is
also the basis for many approximation methods of variational type, from the basic
Ritz method discussed in the third section to the many variants and extensions of the
Hartree-Fock method. Our exposition is based on simple, elementary properties of
Hilbert spaces like the projection theorem, the Riesz representation theorem, or the
fact that every bounded sequence contains a weakly convergent subsequence. Hence
only a minimum of prerequisites from functional analysis is required. For a com-
prehensive treatment of spectral theory and its application to quantum mechanics,
we refer to texts like [44,69-71], or [87, 88]. We finally show, in the fourth section,
that the essential spectrum of the electronic Schrodinger operator is non-empty and
that the ionization threshold represents its lower bound. We will assume that the
minimum energy is located below the ionization threshold. It is then an eigenvalue,
the ground state energy. The corresponding eigenfunctions are the ground states.
The knowledge of the ground states and particularly of the ground state energy is of
main interest in quantum chemistry. The last section is devoted to the exponential
decay of the eigenfunctions for eigenvalues below the ionization threshold, a re-
sult that goes back to O’Connor [20] and has later been substantially refined [3]. In
contrast to many other presentations the symmetry properties of the wave functions
enforced by the Pauli principle are hereby carefully taken into account.

H. Yserentant, Regularity and Approximability of Electronic Wave Functions, 59
Lecture Notes in Mathematics 2000, DOI 10.1007/978-3-642-12248-4_5,
© Springer-Verlag Berlin Heidelberg 2010
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5.1 The Minimum Energy and the Ionization Threshold

Recall that we denoted by Z the space of the infinitely differentiable functions with
bounded support and that the space Z(o) consists of the functions in & that are
antisymmetric under the permutations of the positions of the electrons that leave the
given spin vector ¢ invariant. The Sobolev space H' is the completion of & under
the norm (4.7) and the space H' (o) the closure of (o) in H'. Let a(u,v) be the
extension of the bilinear form (4.13) from 2 to H'. From (4.16) we know that the
total energy is bounded from below. Hence we are allowed to define the constant

A(o) = inf{a(u,u)|u€ 2(c), |lulo =1}, (5.1)

the minimum energy that the system can attain with the given distribution of spins.
Its counterpart is the ionization threshold. To prepare its definition let

X(R,0) = inf{a(u,u)|u € 2(0), ||ullo =1, u(x) =0 for [x| <R}. (5.2)

Lemma 5.1. The constants (R, 0) are bounded from above by the value zero.

Proof. Let u # 0 in (o) be a normed infinitely differentiable function that van-
ishes on the ball of radius 1 around the origin of the R*". The rescaled functions

et = ()

then have L,-norm 1, too, and vanish on the ball of radius R around the origin.
Therefore, by the definition (5.1) of the constant £(R, 0),

Z(R, O') < a(uR,uR).

At this place, the particular properties of the given potential enter. By Theorem 4.1,

a(ug,ur) < 5 uglt +30(N,Z) |[ullo|ul:-

| —

This estimate can be rewritten in terms of the original function u using the relations

1
urllo = l[ullo, [urli = R lulr.

For arbitrarily given € > 0 and R chosen sufficiently large, therefore X(R,0) < €.
As the Z(R, 0) are monotonely increasing in R, X(R,0) < € for all R > 0 follows.
Since € can be chosen arbitrarily small, this implies the proposition. O
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As the (R, o) are monotonely increasing in R, we can therefore define the constant

X(o)= I%LII:QZ(R,O') <0, 5.3)
the energy threshold above which at least one electron has moved arbitrarily far
away from the nuclei, the ionization threshold. As one knows from [65], and as we
will show in the fourth section, it is closely linked to the spectral properties of the
Hamilton operator (4.1), respectively the corresponding bilinear form a(u,v), and
represents the infimum of the essential spectrum. Our main assumption is that

A(o) < X2(0), (5.4)

that is, that it is energetically more advantageous for the electrons to stay in the
vicinity of the nuclei than to fade away at infinity. As we will see later, this assump-
tion implies that the minimum energy (5.1) is an isolated eigenvalue and that the
corresponding eigenfunctions, the ground states of the system, decay exponentially.
The condition thus means that the nuclei can bind all electrons, which evidently does
not always need to be the case, but of course holds for stable atoms and molecules.

5.2 Discrete and Essential Spectrum

The purpose of this section is to introduce some basic concepts and facts from spec-
tral theory that are here rewritten in terms of bilinear forms as they are considered
in the Lp-theory of linear elliptic differential equations. We start from an abstract
framework with two real Hilbert spaces %) and ¢ C 4. Let (-,-) denote the
inner product and || - ||o the induced norm on 4% and | - ||; the norm on 7. We
suppose that 7] is a dense subspace of 7) and that there exists a constant ¢ with

lullo < cllully, ue 4, (5.5)
that is, 7] is densely embedded in %). Furthermore, let
a: x4 — R:u,v — alu,v) (5.6)
be a symmetric bilinear form that is bounded in the sense that
a(u,v) < Mlul|i||v|1, u,v € 54, (5.7)
and coercive in the sense that there is a constant 6 > 0 with
a(u,u) > §||ul?, ue 4. (5.8)

These properties imply that a(u,v) is an inner product on .7 that induces a norm
which is equivalent to the original norm and can substitute it.
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In the case that we have in mind %7 is the Hilbert space L, respectively one of
its subspaces L, (o) with the corresponding symmetries built in, and .74{ the Hilbert
space H'! of the square integrable, one times weakly differentiable functions from
RN to R, respectively its corresponding subspace H'!(c). The condition (5.8) is
formally more restrictive than the condition (4.16) that the bilinear form (4.13) sat-
isfies. It is, however, possible to replace bilinear forms like (4.13) by shifted versions
as in (4.16) that satisfy (5.8) since this results only in a shift of the spectrum.

Eigenvalues and eigenvectors (or eigenfunctions in concrete applications) are de-
fined in weak sense, in the same way as weak solutions of differential equations.

Definition 5.1. An eigenvalue A of the bilinear form (5.6) is a real number for
which there exists an element u € 77 that is different from zero and for which

a(u,v) = Au,v), vesq. (5.9

Every such u is called an eigenvector for the eigenvalue A. The linear subspace &),
consisting of these eigenvectors is the corresponding eigenspace. The multiplicity
of the eigenvalue A is the dimension of this eigenspace.

The problem is that, unlike the finite dimensional case, the fact that the number A is
not an eigenvalue does not necessarily mean that the equation

a(u,v)—l(u,v) = (f,V), VE«%, (5.10)
possesses a unique solution u € .77 depending continuously on the data f € J4.

Definition 5.2. A real number A belongs to the resolvent of the bilinear form (5.6)
if and only if the equation (5.10) possesses a unique solution u € ] for all given
f € % that depends continuously on the data, that is, if the linear mapping

Ry: 58— 74: f>u=R)f (5.11)
is bounded. The values A which do not belong to the resolvent form its spectrum.

The spectrum obviously contains the eigenvalues but can be much larger, which is
the case with the bilinear forms induced by the Hamilton operators of atoms and
molecules. It should be noted that, because of the identity

a(Ryf,Ryf) = A(Ryf,Ryf) + (f,Ryf) (5.12)

and the coercivity (5.8) of the bilinear form, it suffices to require that the resolvent
mapping (5.11) is bounded as a mapping from .74 to .7%. Because of

(fﬁng) = a(leang)_)‘(leang) (513)

the resolvent mappings are symmetric in the sense that

(leag) = (f?ng)a fagef%- (5.14)



5.2 Discrete and Essential Spectrum 63

The spectrum of the bilinear form (5.6) is bounded from below. A first lower bound
can be given in terms of the constants from (5.5) and (5.8).

Theorem 5.1. All real numbers A < §/c* belong to the resolvent of the bilinear
formy; its spectrum is therefore a subset of the interval A > 6/ ez >0.

Proof. For A <0, the coercivity (5.8) implies
alu,u) = A(u,u) > alu,u) > 8|lulf,
and for A > 0 correspondingly
a(u,u) = 2.(u,u) > (8 =A%) ul}.
The shifted bilinear form
u,v — a(u,u)— A(u,u)

is therefore coercive for A < §/c?. The proposition thus follows from the Riesz
representation theorem applied to this bilinear form as the inner producton 7. O

In particular there is a symmetric bounded linear operator G : ) — 4 with
a(Gf,v) = (f,v), vesm, (5.15)

the resolvent mapping (5.11) for A = 0. A given element u € .4 is an eigenvector
of the bilinear form (5.6) for the eigenvalue A if and only if

u—AGu = 0. (5.16)

That is, in view of Theorem 5.1, the eigenvalues and eigenvectors of the bilinear
form and of the linear mapping G correspond to each other.

Since G is injective, G has an inverse A with the range D(A) of G as domain. For
allu € D(A), Au € 74 is characterized by the relation (Au,v) = a(u,v) forv € J4.
It can be shown that A is self-adjoint and that the spectrum of A and of the bilinear
form coincide. The operator A and the bilinear form determine each other. In the
case in that we are mainly interested, A is the self-adjoint extension of the given
Hamilton operator discussed in Sect. 3.5. We will not utilize these facts here.

Theorem 5.2. The real number A belongs to the resolvent of the bilinear form if
and only if the bounded linear mapping

1-AG: S — 7 (5.17)

possesses a bounded inverse Ty, : Iy — .
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Proof. Let A belong to the resolvent. We first observe that, for all given f € 74,
a(Gf,v)—A(Gf,v) = (f—AGf,v), veEJI.
By definition of R, this implies Gf = R) (f — AGf) or G = R, (I — AG). Moreover,
a(I=AG)Ryfv) = (fiv), ve A,
from which (I — AG) Ry, = G follows. Therefore
I =(I+AR))(I—-AG) = (I-AG)(I+ ARy),

that is, the operator T, = I + AR} is a bounded inverse of / — AG.
Let the operator I — A G conversely have a bounded inverse 7). For f € 4 given
the equation (5.10) can then have at most one solution because

a(u,v)—A(u,v) =0, ve.,

implies u — AGu = 0 and with that u = 0. On the other hand, u = GT f solves the
equation (5.10). Thus A belongs to the resolvent and R; = GTj. O

Theorem 5.3. The resolvent is an open and the spectrum a closed set.

Proof. Let Ay belong to the resolvent and Ty be the inverse of I — A9gG. We start
observing that u € 77 solves the equation (5.10) if and only if u — AGu = Gf or

u=TGf+ (A — L) THGu.

The Banach fixed point theorem guarantees that this equation possesses a unique
solution depending continuously on f for all A in a sufficiently small neighborhood
of the given Ag. All A in this neighborhood of A belong therefore to the resolvent.
Hence the resolvent is open and the spectrum correspondingly closed. O

Theorem 5.4. The value A belongs to the spectrum of the bilinear form if and only
if there exists a sequence of elements f,, € F&) with

lim [[(7=2G)fallo = 0, [ allo = 1, (5.18)

that is, if A is a so-called approximate eigenvalue.

Proof. Let A first belong to the resolvent and let 7), be the bounded inverse of the
operator I — AG. If the vectors r, = (I — AG) f, tend then to zero in .7%) as n goes to
infinity, the same holds for the vectors f;, = Ty r,,. Thus A cannot be an approximate
eigenvalue and the approximate eigenvalues form a part of the spectrum.

Let A conversely belong to the spectrum. If A is an eigenvalue, nothing has to
be shown. If 4 is not an eigenvalue, I — AG is injective. Furthermore, the range of
I —AG is a dense subset of 7% Let (f,(I —A1G)g) = 0 for all g € .7%). Since G is
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symmetric, then also ((I —AG)f,g) = 0 for all g € 7. This is only possible for
(I—AG)f =0, that is, for f = 0 by the injectivity of I — AG.

Therefore the inverse operator of  — AG mapping the range of I — AG back to
its domain %) cannot be bounded. Otherwise it could namely be extended to a
bounded inverse T; of I — A G and A would belong to the resolvent by Theorem 5.2.
This means that there is a sequence of elements g, in the range of I — A G such that

lim [|gallo = 0, (|7 =2G)"gullo = 1.

The vectors f, = (I — AG) g, have then the properties (5.18) so that A is indeed
an approximate eigenvalue. a

Definition 5.3. An eigenvalue A of the bilinear form (5.6) is called isolated, if there
exists a constant ¥ > 0 with

Il < 7NU=AG)f o, f €&, (5.19)
where éaf is the J#&)-orthogonal complement of the corresponding eigenspace
& ={feH|(I-L1G)f=0} (5.20)

of the bilinear form. The isolated eigenvalues of finite multiplicity form the discrete
spectrum, the other values in the spectrum the essential spectrum.

The discrete spectrum is of special importance in the study of atoms and molecules.
As we will see, it fixes the energies of the bound states and with that the frequencies
of the light that the atom or molecule emits and absorbs, its spectrum.

Theorem 5.5. All A # Ay sufficiently close to an isolated eigenvalue Ay of finite
multiplicity belong to the resolvent and all accumulation points of the spectrum to
the essential spectrum.

Proof. As G maps the corresponding eigenspace &y and its orthogonal complement
éaoL into itself, the problem to solve equation (5.10) or equivalently u — AGu = G f
for f € 4 given splits into the subproblem to find an element v € ézol with

v—AGv = Gf,

where f’ denotes the orthogonal projection of f onto the subspace &;" of ), and
a corresponding subproblem on &p. The restriction of I — AyG to éaOL possesses a
bounded inverse T : éaol — éaol, as can be shown using an argument as in the proof
of Theorem 5.4 and utilizing (5.19). The equation on éaol is therefore equivalent to

v =Tof +(A— L) TyGv.

By the Banach fixed point theorem it possesses again a unique solution for all A
sufficiently close to Ag. There remains the subproblem on &j. Because

w—AGw = (1—A/A0)w
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for w € &), this subproblem is solvable for A # Ay. The discrete spectrum contains
therefore only isolated points, as the notion ‘isolated eigenvalue’ suggests. Since the
spectrum is a closed subset of R, this proves also the second proposition. ]

Theorem 5.6. The value A belongs to the essential spectrum of the bilinear form if
and only if there exists a sequence of elements f, € 76 with

lim [[(7=2G)fallo = 0, [ Fallo = 1, (5.21)
and additionally
fu — 0 weakly in 4. (5.22)

Proof. Let A belong to the essential spectrum. If the subspace
& = {f e M |(1-2G)f =0}

of 74 is infinite dimensional, &) contains a sequence of pairwise orthogonal ele-
ments f,, of norm 1. Because

oo

Y1) < vl

i=1
for all v € 74, then necessarily
lim (f,,v) =0

n—oo

for all v € J%). Hence the f, converge weakly to zero and nothing is left to be done.
Otherwise we decompose 5% into the direct sum

Hy = EDES

of & and its orthogonal complement & f in J%. The restriction of  —AG to & f is
injective by definition. However, its inverse mapping the image of éaf under I —AG
back to c%l cannot be bounded because A would then not belong to the essential
spectrum. Therefore there exists a sequence of elements f;,, € éaf with

lim [(1=2G)fullo = 0, IIfullo = 1.

As every bounded sequence in a Hilbert space contains a weakly convergent subse-
quence, we can assume that the f,, converge weakly in 7% to a limit element f. As

(f,v) = lim(fy,v) =0, ve&,

this f belongs itself to the orthogonal complement (5% of &,. Since
(I=2G)f,g) = lim ((I =AG)fn, g) = 0
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for all g € 74, f is also contained in &),. Therefore f = 0, and we have found a
sequence of elements in 77 that satisfy both (5.21) and (5.22).

Conversely, let A be an isolated eigenvalue of finite multiplicity and let (f,,) be a
sequence of elements satisfying (5.21) and (5.22). Decompose the f; as

a=vntwy, wESE,w, € co@ll
Since (I — AG)v, = 0, by condition (5.19)
wallo < 07T =AG)wallo = 071 = AG) fullo

so that w, — O strongly. As f, — 0 weakly by assumption, this means v, — 0
weakly. Because &) is finite dimensional, this implies v, — O strongly. But then
also f,, — 0 strongly, which contradicts || f,||o = 1. |

There is a simple, but very useful corollary from Theorem 5.6 that often plays an
important role in dealing with the essential spectrum.

Corollary 5.1. For every A in the essential spectrum there exist u, € 7 with

llunllo =1, wuy,— 0 weakly in 3, (5.23)
lim a (i, ) = A (5.24)
n—s00

Proof. Choosing the u, proportional to G f,, with the f;, from Theorem 5.6,

(fo — AGfr,Gfp)
A+ 5 A
IGflI3

By calculating the directional derivatives one can easily recognize that the eigen-
vectors are the stationary points of the Rayleigh quotient

a(up, up) = O

(5.25)

and that at an eigenvector u the Rayleigh quotient attains the corresponding eigen-
value A. In particular the minimum of the Rayleigh quotient is the minimum
eigenvalue in finite space dimensions. The goal is to transfer these properties to
the infinite dimensional case. The situation is much more subtle there because it is
not even a priori clear whether the Rayleigh quotient attains its minimum. The most
general result, at the same time demonstrating that the spectrum is never empty, is:

Theorem 5.7. The constant
A = inf{a(u,u)|ue A, |ullo=1} (5.26)

belongs to the spectrum and represents its infimum.
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Proof. The range of G is a dense subspace of .77{. This results from

|ull§ = a(u,Gu), ue 4.
If therefore a(u, x) = O for all )y in the range of G, u = 0 follows. Thus

GG

where the infimum is now taken over all f # 0 in 7). Due to the coercivity of the
bilinear form, A > 0. We first express A in terms of the norm of G and show that

G|l = A" (5.27)
By the representation above, the estimate

IGFIE < AN (F,GF) < A7V FllollGFllo

and therefore the upper estimate |G| < A~! follow. As the expression

(f,Gg) = a(Gf,Gg)

defines an inner product on %), the Cauchy-Schwarz inequality yields

(Gf.g) < (f,Gf)"/*(g,Gg)"/>.

Inserting g = G f one obtains

IG£II5 < IGII(f.Gf), (5.28)

which implies the lower estimate A ~!' < ||G|| and proves (5.27).
Let (f,) now be a sequence of elements in .7%) with

[fullo =1, lim [[Gfullo = [|G].

As, by equation (5.28),

< (fa,Gfa) < lIGIN£ll5:

one obtains from (5.27)

lim (fu,Gfa) = A~ = lim [|Gfuo-
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The relation

an *AanH% = A? HanH% - 2A(fnaan) + ”fn“g

yields therefore finally
lim [|fu — AGf o = 0.

Thus A is an approximate eigenvalue and hence belongs to the spectrum.
Conversely, every point A > 0 in the spectrum is an approximate eigenvalue.
Therefore there exists, for every € > 0, an f € J%) of norm 1 with

A7 = |GF+ATN(f—AGS)|o < ||G]| + €

so that A=! <||G|| =A=' or A < . Because all A in the spectrum are positive as
already stated in Theorem 5.1, this proves the proposition. O

The typical situation with molecular Hamiltonians as ours is that the spectrum
splits into an essential spectrum with a greatest lower bound X* > A and a dis-
crete spectrum then necessarily containing eigenvalues A < X*. In the case of the
hydrogen atom, for example, the discrete spectrum consists of the eigenvalues

A= —#, n=1,2,3,...
that cluster at the minimum of the essential spectrum. This had been interpreted by
Bohr as a quantum effect and was explained by Schrodinger in his seminal paper
[73] in which he first stated his equation. The hydrogen eigenvalues are calculated
in Sect. 9.4 and are depicted in Fig. 5.1. Our next theorems aim at such situations.
They form the mathematical basis of the Ritz method to compute the eigenvalues
corresponding to the ground state and the excited states of atoms and molecules.

Fig. 5.1 Discrete spectrum and minimum of the essential spectrum of the hydrogen atom

Theorem 5.8. Let the interval A < X contain only points of the discrete spectrum,
that is, isolated eigenvalues of finite multiplicity. Let the subspace & of 4 be in-
variant under G and contain the eigenvectors for all eigenvalues in this interval and
let & be the orthogonal complement of & in 4. The value

A = inf{a(u,u) |u € A4NE, |Jullo=1} (5.29)

belongs then itself to the spectrum and is greater than or equal X.
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Proof. The vector spaces & and 7N & are closed subspaces of .74 and /7,
respectively, and therefore themselves Hilbert spaces to which our theory applies.
As with & also & is invariant under G, the restriction of G to & plays then the
role of G. By Theorem 5.7 and Theorem 5.4, applied to &+ and 4 N &+ in place
of 73 and 7], there exist therefore elements f, € & + for which

Jim [[(1 = 24:G) fullo = 0, [Ifallo = 1. (5:30)

The quantity A, thus belongs, by Theorem 5.4, to the spectrum in the original sense.
We show that the assumption A, < X leads to a contradiction. The reason is that,
under the given assumptions, A, would then be an isolated eigenvalue of finite
multiplicity and the associated eigenspace &, a subspace of &, or conversely &
a subspace of &-. The £, above would then belong to &;" so that, by (5.19),

I fallo < 97— 2:G) £ llo

with a certain constant 1. But this contradicts (5.30). O

Our considerations now culminate in the min-max principle on which the Rayleigh-
Ritz variational method to compute the eigenvalues and eigenvectors is based.

Theorem 5.9. Let uy, ... ,u, be pairwise orthogonal normed eigenvectors for the
isolated eigenvalues A < ... < Ay, of finite multiplicity. Let the interval A < Ay,
contain no other point of the spectrum and let, for m > 2, the vectors uy, ... ,Uupm—1
span the eigenspaces for the eigenvalues A < Ay,. Then

a(v,v)

Am = minmax , (5.31)

Y vElm (VV)

where the minimum is taken over all m-dimensional subspaces Vy, of 7€ and the
maximum, without explicitly stating this every time, over all v£0 in ¥y,

Proof. Let &; be the subspace spanned by the vectors uy, ... ,u;. If m =1, the proof
starts from the observation that, by Theorem 5.7, A1 = A is the infimum of the
Rayleigh quotient and A, therefore represents a lower bound for the right-hand side
of (5.31). Choosing the subspace ¥] = &}, one sees that the value A, is attained.

If m > 1, A, is an upper bound for the right-hand side of (5.31), as one rec-
ognizes inserting &, for #;,. To prove that the maximum over an arbitrarily given
m-dimensional subspace %, is > A,, and A,, therefore also a lower bound for the
right-hand side of (5.31), fix a basis vy, ..., v, of #,. Leta € R™, a#0, be a vector
that is orthogonal to the vectors xy,...,x,—; € R™ with the components

xli = (viowg), i=1,...,m.
The vector

m
Vvi= Y alivi € Y

i=1
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satisfies then the orthogonality conditions

m

(V*auk) = Z(V[,Mk)ll|i = )C]{ll =0

fork=1,...,m— 1. Therefore v* € & | and

max > > min
VEYm (V,V) (V*,V*) ve&t

As &, contains by assumption all eigenvectors for the eigenvalues A below A,
Theorem 5.8 finally shows that the rightmost expression is > A,,. 0O

The crucial point with the min-max principle is that no a priori information on the
eigenvalues or eigenspaces is needed, which makes it an extremely powerful tool
not only to give bounds for the eigenvalues but also to compute them.

5.3 The Rayleigh-Ritz Method

The Rayleigh-Ritz method is a variational method to compute the eigenvalues below
the essential spectrum and the corresponding eigenvectors. It has the advantage of
being based on minimal, very general assumptions and produces optimal solutions
in terms of the approximation properties of the underlying trial spaces. We do not
advocate the method as standard numerical procedure for the electronic Schrodinger
equation but include this section to show how the approximation properties of finite
dimensional subspaces transfer to the solution of the eigenvalue problem. The theory
of the Rayleigh-Ritz method has to a large extent been developed in the context of
finite element methods, see [8,9], or [68]. A recent convergence theory and a survey
of the current literature can be found in [50].

We start from the same abstract framework as in the preceding section and from
assumptions as in Theorem 5.9 in particular. Let uy, ... ,u, be pairwise orthogonal
normed eigenvectors for the isolated eigenvalues 4 < ... < A,, of finite multiplicity.
Let the interval A < A, contain no other point of the spectrum and let, in the case that
m >k > 2, the vectors uy, ... ,u;_1 span the eigenvectors for the eigenvalues A < A;.
As in the preceding section, let &; denote the subspace spanned by uy, ..., u.

Let . be a subspace of J# of a dimension n > m. Then there exist pairwise
orthogonal normed vectors u}, ..., u}, € .7 and real numbers A{,...,A, with

a(uy,v) = A (up,v), veS. (5.32)

" m
approximate then the eigenvalues Ai,...,4,, of the original problem and the u;, the

corresponding eigenvectors in a sense explained later. This already fixes the method,

Without restriction, let A{ < ... <A/. As will be shown, the quantities 4{,...,4,
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which replicates the weak form of the eigenvalue problem and is completely
determined by the choice of the subspace .# replacing the original solution space.

Computationally, one starts from a basis ¢, ..., ¢, of .# and calculates the sym-
metric and positive definite (n x n)-matrices A and M with the entries

Alij=a(@i,0;), Mlij = (¢i, ;). (5.33)

If the discrete eigenvectors u;, € . have the representation

=

uy = Y xili i, (5.34)
1

the coefficient vectors x; € R” solve the algebraic eigenvalue problem
Axk = l,iMxk, x,{Mxl = 6k1. (535)

The existence of a complete set of M-orthogonal eigenvectors x; follows from the
spectral theorem of linear algebra. The relevant x; and A, can be computed by the
standard methods of numerical linear algebra like the Lanczos method or, often
the better choice in the present context, by preconditioned inverse iteration methods.

A first, but fundamental and very important observation on the relation between
the original eigenvalues A; and their discrete counterparts A, is:

Theorem 5.10. Independent of the choice of the subspace ., always
M <A, k=1,....m. (5.36)

Proof. The proof is a simple consequence from the min-max principle. Let ¥} be
the k-dimensional subspace of 7] spanned by u/, ..., u;. Then

A; = max a(vv) ,
ve?p (v, v)
from which the proposition follows with Theorem 5.9. O

To give lower estimates and to bound the error, the approximation properties of
the spaces . have to be brought into play. They are measured in terms of the
a-orthogonal projection operator P : 7 — . defined by

a(Pu,v)=a(u,v), ve.Z. (5.37)

With respect to the energy norm given by ||v||*> = a(v,v), the projection Pu is the
best approximation of u € 7 by an element of ., which means that for all v € .

lJu— Pul| < [Ju—v]. (5.38)



5.3 The Rayleigh-Ritz Method 73
We remark that the approximation Pu of the solution u € J# of the equation
alu,v)=f*(v), veA, (5.39)

with f* a given bounded linear functional on .74 can be computed without the
knowledge of u. In finite element methods, Pu is the approximate solution.

Theorem 5.11. Fork=1,...,m given, let
di = sup {|lu—Pul| |u € &, |[ullo=1} (5.40)
denote the distance from & to .. Provided that dk2 < A1 /4 then

/7
L L (5.41)

<
0= M T A

Proof. We first introduce the constant
O = inf{HPuHo | u € &, llullo= 1}.
If we suppose for a moment that this oy is greater than zero, the subspace of .

spanned by the vectors Puy,...,Pu; has dimension k. By the min-max principle
from Theorem 5.9, now applied to the restricted eigenvalue problem on .,

Pu,P
3, < max “PPY).
uEgk ||PMH0

As Pu is the a-orthogonal projection of u onto .7, one further obtains

a(u,u) 1 a(u,u)

A < max A

1
— max = —
ued ||Pull3 — of ueéi (u,u) of
by the definition of oy, or, using Theorem 5.10 for the lower estimate,

M= 1

0 <
- lk O},

Therefore it remains to estimate oy in terms of the constant (5.40). Let

Il
M-

oiu; € éak

i=1

be an arbitrary vector in &}, of norm ||u|lo = 1. Then

1Pullg = Null§—2 (e — Pu) + |l = Pul[§ = 1 =2 (u,u— Pur).
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Utilizing (u;,v) = Ai*la(u,-,v) and A; > A > 0, one gets

IN

k k
[(u,u— Pu)| = Z(xl-li_la(ui,u—Pu) lfIZ\aia(ui,u—Pu)L
i=1 i=1

Choosing constants 6; = %1 such that
6;0;a(uj,u—Pu) > 0

and introducing the new vector

Il
M-

0;0u; € éak,
1

one obtains the estimate

k
|(u,u— Pu)| < lflzeiaia(ui,ufPu) = A 'a(vyu— Pu).
i=1

Due to the symmetry of the bilinear form and the definition of P thus
|(u,u — Pu)| < A a(v—Pv,u—Pu) < A7y —Py|| ||lu— Pul|.
As also ||v||3 = 1, by the definition of dj this implies

1

|(u,ufPu)’ < gy

dg.

Hence, passing to the infimum over the normed vectors u € &,

2
2 2
o, > 1——d
k = Al k
Inserting this above and using dk2 < A1 /4, the proposition follows. O

The point is that the square of the distance (5.40) enters into the error estimate (5.41).
The eigenvalues are thus much better approximated than is possible for the eigen-
vectors. For the minimum eigenvalue the estimate (5.41) reduces to

0 < A=A < 4uy—Puy*. (5.42)

We now turn to the approximation of the eigenvectors. The problem here is that
in general there is no unique correspondence between the original eigenvectors and
their discretized counterparts and that a multiple eigenvalue can split into a cluster
of discrete eigenvalues. The following theorem reflects this:
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Theorem 5.12. Let u € 74 be an eigenvector for the eigenvalue A. Then

Hu — 2 (u,uy,) uy .

= ul<r

1
< — ||lu— Pulo, (5.43)
rA

where [ = 1/ and w = 1/2] has been set and 0 < r < 1/A is arbitrary.
Proof. We first represent the difference to be estimated in the form
n
w— Y (wuw)uy = Y (uul)up +u — zuuk
= ul<r = p|>r k=1
and replace the inner products in the first sum on the right hand side by

L, (u— Pu,uy).

M

(“’“;c) =

This is possible as u is an eigenvector and the u;, are discrete eigenvectors. With that
(u,u}) = A a(u,u}) = A a(u),, Pu) = A" A/ (Pu,u}).
The resulting error representation reads in abbreviated form
1
w — Y (uup)up = —R(u—Pu)+ (I —Py)(u—Pu),
< A

where the operator R and the JZj-orthogonal projection Py onto . are given by

Rf = Z - ‘u (fauk)uka P()f Z f,uk
=l =r k k=

Expressing the norms in terms of the expansion coefficients in the orthonormal basis
of . consisting of the discrete eigenvectors u/, ..., u,, one finds

2 1
2 1 2
IR = ZM\H )| = SR

This estimate is used to estimate the first term in the error representation. The propo-
sition follows from the orthogonality properties of the different terms. 0O

The larger r is chosen, the more discrete eigenvectors ) are used to approximate
the given eigenvector u and the smaller the error is, but the less specific the rela-
tion between the original and the discrete eigenvectors becomes. If the considered
eigenvalue A is sufficiently well separated from its neighbors A’, one can set
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= —min|———|, 5.44
2 AT£A ’ AN (544)
orr =1/A should this lead to a value A > 1. As the approximate eigenvalues cluster

around the exact ones, asymptotically then only approximate eigenvalues tending to
A are taken into account. The choice (5.44) for the parameter r results in the factor

1
— 5.45
o A’;él ’ Al — ’ (5.43)
in front of the norm on the right hand side of the error estimate. The smaller it is, the
better the given eigenvalue A is separated from its neighbors. For an eigenvector u
for the minimum eigenvalue A;, the error estimate transfers then to

If the eigenvalue A belongs to a cluster of closely neighboring eigenvalues, the pa-
rameter r should be chosen accordingly and (5.43) be interpreted as a result on the
approximation by an element in the corresponding discrete invariant subspace.

The natural norm associated with the problem is the energy norm induced by the
bilinear form. This error norm is considered in the following theorem which applies
to eigenvectors for eigenvalues that are well separated from their neighbors:

A
<
0_212

u — Z (u,uy,)

| —|<r

HufPuHo (5.46)

Theorem 5.13. Denoting by u' the given projection of the eigenvector u from
Theorem 5.12 onto the chosen span of discrete eigenvectors,

e — o |* < [l — |13 + nax A= Al full3. (547)

Ll <r
Proof. The estimate immediately follows from the relation

lu—=d|? = Au—d|lg + 3, (A4 —A)(w,u)
| —pl<r

that is shown by a straightforward computation. 0O

If the parameter r is chosen sufficiently small the discrete eigenvalues A, in-
side the selected interval tend asymptotically to A. Combining the estimate from
Theorem 5.13 with those from Theorem 5.11 and Theorem 5.12, one recognizes
that the energy norm of the error tends to zero as fast as the energy norm distance
(5.40) of the corresponding invariant subspace to the trial spaces. The Rayleigh-Ritz
method in this respect fully exhibits the approximation properties of the trial spaces,
however these are chosen, and is in this sense optimal.

Remarkably only the approximation error ||u — Pul|o of the considered eigenvec-
tor u enters into the estimate (5.43). The estimate (5.43) differs in this respect from
the error estimate (5.42) for the eigenvalues and the energy norm estimate (5.47)
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into which additionally the approximation error of all eigenvectors for eigenvalues
below the considered one enters. To overcome this drawback, we assume for the
rest of this section that the 7#j-orthogonal projection Py onto the ansatz space .7 is
stable in the energy, or equivalently, the 7] -norm, that is, that there is a k¥ with

IPwl < xlvll, ve 4. (5.48)

The idea is that k should be independent of hidden discretization parameters. This
holds, for example, for certain spectral methods, for wavelets, and in the finite ele-
ment case, there at least under some restrictions on the underlying grids [14, 17].

Theorem 5.14. Let u € 74 be an eigenvector for the eigenvalue A. Then

2k+1
rA

u — Z (u,uy,) uy

g —pl<r

< |l — Pul|, (5.49)
where L =1/ and p;, = 1/2] has been set and 0 < r < 1/A is arbitrary.

Proof. The proof of (5.49) is based on the same error representation as that of
Theorem 5.12 and transfers almost verbatim. Particularly it uses the norm estimate

2 ! 1 ! 2 1 2
IRAP = % 4| —— ()| < S IRfI
| —ul>r K= My d

The only exception is that in the final step one can no longer argue using the orthog-
onality properties of the different terms but has to switch to the triangle inequality.
At this point the bound for the norm of the operator Py enters in form of the estimate

[1Po(u— Pu)|| < K [|u— Pull

for the projection of the approximation error. ]

It is not astonishing that a similar error estimate holds for the higher eigenvalues, at
least for those that are sufficiently well separated from the eigenvalues below them:

Theorem 5.15. Let u € 54 be a normed eigenvector for the eigenvalue A. Assume
that A > A for all discrete eigenvalues 2] in the neighborhood of A fixed by the
condition |l — | < r, where again p =1/, p;, = 1/A), and 0 <r < 1/A. Then

. / 2K +1\2 2
— < —
QIL?;}L(QLI{ A) < ( ) ) ||lu— Pul|~, (5.50)

provided that there is already a discrete eigenvalue A > A for which Al — A < A.

Proof. Denoting by ' the given projection of u from Theorem 5.12 or Theorem 5.14
onto the chosen span of discrete eigenvectors, as in the proof of Theorem 5.13

lu—w|? = 2lu—d|§ + 3 (= A)(uu)
= p|<r
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Since the given differences A, — A are by assumption nonnegative, this implies
112 112 . / 112
u—ul|”> Au—u|g + min (A, — A) ||« ||5-
llu =" = Allu—u]5 /lk’zl( = Ao

Since ' and u — u’ are by definition .7%3-orthogonal and ||u||o = 1, this means

A=A
u—iu'|>> min (A — A —l—l(l—min k > u—u'|%.
=i > i (- ) min 22

k

As the second term on the right-hand side of this inequality is by assumption non-
negative, the proposition follows from Theorem 5.14. 0O

We remark that one can even get rid of the assumption that there is already a discrete
eigenvalue 4] > A for which A/ — A < A at the price of a slightly more complicated
expression on the right hand side of the error estimate. If there is a discrete eigen-
value A; < A, the best possible choice for the parameter r is given by

1 A
= max{l, itk}il)ik_—%é} (5.51)

Assuming the energy norm stability (5.48) of the 7Zj-orthogonal projection onto
the ansatz space, the method can thus take full advantage of a higher regularity of
the considered eigenvector or eigenfunction compared to the other ones, particu-
larly compared to those for lower eigenvalues. It should further be noted that in
the finite-element context one gains, depending on the regularity of the problem,
up to one order of approximation in the #)-norm compared to the 7] -norm. By
Theorem 5.12 this property transfers to the approximate eigenfunctions.

5.4 The Lower Bound of the Essential Spectrum

We return in this section to the electronic Schrodinger equation, that is, the bilinear
form introduced in Sect. 4.1. The results of the previous two sections transfer to
this case if one replaces the given bilinear form by a shifted variant as in (4.16).
We recall the definition (4.1) of the minimum energy A (o) and of the ionization
threshold X(o) from Sect. 5.1. The aim of this section is to translate our basic
assumption (5.4) on these two quantities into a statement about the spectrum.

We begin with an intermediate result that holds for much more general cases than
only for the electronic Schrodinger equation, for example for Schrodinger operators
with locally integrable potentials that are bounded from below. If necessary, the
solution space H' (o) has then to be replaced by a corresponding subspace.
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Lemma 5.2. For all A in the essential spectrum and all R > 0,

A > X2(R,0), (5.52)
that is, the (R, ©) remain bounded if the essential spectrum is non-empty.

Proof. The proof relies on the fact that there exists, for every R > 0, an infinitely
differentiable function 1 that depends on R, has a compact support, and for which

a(u,u) 4+ (Mu,u) > X(R,0)]|ul|3 (5.53)
holds for all functions u in 2 (o) and with that also in the solution space H' (o).
To construct 1, let ¢y, ¢ : R — [0, 1] be a pair of infinitely differentiable functions
such that ¢ (r) = 0 for r < R and ¢; (r) = 1 for r > R+ 1 and such that ¢? + ¢? = 1
everywhere. Let ;1 (x) = ¢;(|x]) and y2(x) = ¢2(|x|). Then
1)+ () =1
for all x € R3N. This implies
Vul> = [VOuu) P+ V() = (Vi P+ Vel ) o?
for all infinitely differentiable functions u with compact support. Thus

au.u) = algiu ) + G zn) — (V2P + VP ) ol ax.
Since the bilinear form (4.13) satisfies for sufficiently large u the estimate (4.16),
) = G o) = [ (3 + V2 + |Vl i d

follows. If u € 2(0), also yju € (o). Since x;(x) = 0 for |x| < R therefore
a(xuu, xiu) > Z(R,0)|| xaullg

by the definition (5.2) of the constant (R, o). Because
Il = el ~ [2BuPax,

this proves the estimate (5.53) with the infinitely differentiable function

N(x) = (Z(R,0)+u) ¢2(r)* + 1 (r)* + $3(r)?

vanishing for r > R+ 1, where |x| = r has been set.
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The second main ingredient of the proof is the fact that every H'-bounded
sequence of functions possesses a subsequence that converges on every bounded
set in the Ly-sense. Let A now be a point in the essential spectrum. By the corollary
from Theorem 5.6 there exists then a sequence of functions u,, € H' (o) with

lunllo =1, wup, — 0 weaklyin Ly(0o),

lim a(uy,u,) = A.

Nn—o0
The estimate (4.16) shows that then also a joint bound for the H'-norms of these
functions exists. We can thus additionally assume that the u, converge in the
L,-sense to a limit function u* on the bounded support of the function 1 from (5.53).
But as the functions u, converge weakly to zero in L;, necessarily u* = 0. Hence

lim (Nu,,u,) =0.

n—oo

As, by (5.53) and because ||u,|lo = 1, for all n
a(up,up) + (Nutn,up) > (R, 0),

one obtains in the limit the upper bound A > X(R, o) for the the constants (5.2) or,
the other way around, a lower bound for the essential spectrum. ]

In other words, if the essential spectrum is non-empty the limit

X(o) = 1%1_120 Z(R,0) (5.54)
remains finite and forms a lower bound of the essential spectrum. Conversely, if the
2 (R, 0) tend to infinity, the essential spectrum is empty. The subspace spanned by
the eigenfunctions for the eigenvalues in the discrete spectrum is then dense in the
solution space as can be seen applying Theorem 5.7 to its orthogonal complement.

The next lemma shows that the limit (5.54) is, if finite, not only a lower bound
for the essential spectrum but in fact its greatest lower bound, its infimum:

Lemma 5.3. [fthere is no point A < X in the essential spectrum, then for all € > 0,
X —e < X(R,0) (5.55)

for all R that are sufficiently large in dependence of €.

Proof. By Theorem 5.5, all accumulation points of eigenvalues belong to the essential
spectrum. By Theorem 5.7, the interval A <A (o) is a subset of the resolvent. The
interval A < X can thus contain at most finitely many eigenvalues of finite multiplicity
and no other point in the spectrum. If it does not contain a point of the spectrum,
the proposition follows from Theorem 5.7. Otherwise, let the L,-orthogonal normed
eigenfunctions uy,...,u, span the corresponding eigenspaces and let
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n
2 u uk

denote the L,- and a-orthogonal projection onto the subspace spanned by these
eigenfunctions. For all functions u € (o) by Theorem 5.8 then

a(u— Pu,u—Pu) > X |ju— Pul|3.
A short calculation shows

n
a(u,u) = a(u— Pu,u— Pu) + Z?Lk(u,uk)z,
k=1
n

2 2 2
lu—Puld = )} — 3 (u0)?.
k=1

With help of the relation above one concludes that

awmzzw%ﬁmmwMﬁ
=1

holds for all functions u € Z(0) and particularly for those that vanish on the ball of
radius R around the origin and have L,-norm 1. Taking the infimum over all these u

Z(R, 2 (2 — M)l xruel[§

follows, where yg denotes the characteristic function of the exterior of the ball of
radius R around the origin. Since the L,-norm of the functions the yruy tends to zero
as R tends to infinity, the proposition follows choosing R sufficiently large. O

Like the previous lemma, this lemma holds for much more general cases than only
the electronic Schrodinger equation, particularly for Schrodinger operators with lo-
cally integrable potentials. We can conclude that the essential spectrum is empty if
and only if the constants (5.2) tend to infinity as R tends to infinity. In this case,
the linear combinations of the eigenfunctions are dense in the given Hilbert space.
Every function in this space can be expanded into these eigenfunctions. If the limit
(5.54) remains finite, the essential spectrum is non-empty and the ionization thresh-
old X(o) is not only its greatest lower bound but even its minimum, since it is an
accumulation point of the essential spectrum. Remembering Lemma 5.1 we obtain:

Theorem 5.16. The essential spectrum of the electronic Schrodinger operator is
non-empty. Its minimum is the ionization threshold X(c) < 0 from (5.3). The mini-
mum energy A(0) < X(0) from (5.1) is an isolated eigenvalue of finite multiplicity.
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The eigenfunctions for the eigenvalue A = A (o) are the ground states of the system
with the spin distribution kept fixed, and the minimum eigenvalue A (o) itself the
ground state energy. The greatest lower bound of the essential spectrum for the full,
spin-dependent problem can be determined with the same techniques. It is equal the
minimum of the bounds X(o) obtained for the components.

The information that Theorem 5.16 provides is by far not all what is known for
Hamilton operators of atoms and molecules. Important results are the Hunziker-van
Winter-Zishlin theorem [46,90, 98] that characterizes the ionization threshold as the
energy threshold above which such a system can break apart, or the fact that atoms
and positively charged ions have an infinite discrete spectrum below the ioniza-
tion threshold. We refer to the survey article [47] or monographs on mathematical
physics like [38,71], or [88] for an in-depth discussion of such topics.

5.5 The Exponential Decay of the Eigenfunctions

The spectral properties of Schrodinger operators are strongly intertwined with
the exponential decay of their eigenfunctions for eigenvalues below the essential
spectrum. The first results of this type for more than three electrons are due to
Ahlrichs [4] for the case of a single nucleus, that is, an atom, and to O’Connor [20],
who treated the general case and derived an isotropic L;-bound. O’Connor’s result
was a short time after improved by Combes and Thomas [19]. Simon [74] found a
pointwise isotropic bound. The actual decay behavior of the eigenfunctions is com-
plicated and in general highly anisotropic. A first result in this direction was proven
by Deift, Hunziker, Simon, and Vock [22]. In some sense the final study is Agmon’s
monograph [3]. Agmon introduced the Agmon distance, named after him, with the
help of which the decay of the eigenfunctions can be described rather precisely.

The isotropic L,-decay of the eigenfunctions plays a central role for this work
because we want to show, on the basis of this result, that also many of the high-
order mixed derivatives of the eigenfunctions decay exponentially. For this reason,
and to keep the presentation as self-contained as possible, we give a short proof
of O’Connor’s theorem that closely follows Agmon’s argumentation [3]. It starts
directly from the definition (5.3) of the ionization threshold and does not utilize the
fact that it represents the infimum of the essential spectrum.

Theorem 5.17. Let A < 2(0) be an eigenvalue below the ionization threshold (5.3)
and u € H'(0) be an assigned eigenfunction. For A < X < X(0), the functions

x = exp(V2E=A) [x] )ulx), exp(V2E=2) |x] ) (Vu)(x)  (556)

are then square integrable, that is, u and Vu decay exponentially in the L,-sense.

Proof. We begin choosing a radius R such that

Z(R,0)—X = 0a>0. (5.57)
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We further introduce the bounded functions

x|
1+¢lx|’

S(x) = V/2(Z—2)

with € > 0 given arbitrarily, and observe that
(VE)(W]2 < 2(2-A)
for all x # 0 independent of the choice of €. Since
V(e %) -V(ebv) = Vv-Vv —|V8|3?,
this leads to the estimate
-5 k) 2
ale™%v,e®v) > alv,v) — (Z=2A)|Iv|jg (5.58)
for all infinitely differentiable functions v that have a compact support and that van-
ish on a neighborhood of the origin. In particular, the estimate holds for the functions
v € Z(0) that takes the value 0 on the ball of radius R around the origin. For these v,
a(v,v) = X(R,0)|vI[5.
In combination with (5.57) and (5.58), this yields
o |v]|3 < ale™%v,e®v) — A |v|3. (5.59)
Next, we fix a rotationally symmetric, infinitely differentiable function y that van-
ishes on the ball of radius R around the origin and takes the value y(x) = 1 for
x| > R+ 1. Let u in 2(0) be arbitrary. Setting v = ye%u, (5.59) becomes
o ||xedull2 < a(yu, xe*®u) — A(qu, xe*ou). (5.60)

To shift the factor ) to the right hand side, we introduce the function

2xVy-V&+|Vy?
n= 2

that takes the value 11(x) = 0 for |x| < R and |x| > R+ 1. With help of the relation
V(xu)-V(xe*®u) = Vu-V(x*e*u) + 2ne*%u?,
the estimate (5.60) for the functions u € (o) can then be rewritten as

o |lxedulld < a(u,x%e®u) — A(u, x%e*u) + (u,ne*u). (5.61)
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As )(e‘s, the first-order derivatives of ){85, and nez5 are bounded and as Z(0) is a
dense subspace of H! (), the estimate transfers to arbitrary functions u € H' (o).

Since y’e?®u € H'(c), the first two terms on the right hand side of (5.61) cancel
for the given eigenfunction u for the eigenvalue A. The estimate thus reduces to

ol xelulld < (u,ne*®u) (5.62)

for this u. To estimate the H'-norm of )(e5u, we recall that, by (4.16) and (5.58),

1 -
7 V7 < a(v) + bl < ale™Pve®) + (2= 2+ w3

for all infinitely differentiable functions v that have a compact support and that van-
ish on a neighborhood of the origin, where the constant 4 > 0 was more precisely
specified in Sect. 4.1. From that one obtains, in the same way as above, the estimate

1
1 lxe®ullf < (u,ne*®u)+ (2 + )| e ulls

for the given eigenfunction u and, with (5.62), finally the estimate

T4u
8112 < 26
lzeull} < (4+4=—5 ) @w.ne?u).

Since the functions ne?® and V§ are uniformly bounded in &, the L,-norms of the
functions e®u and e®Vu therefore remain bounded uniformly in €. The proposition
follows with the monotone convergence theorem letting € tend to zero. O

The given decay rates cannot be improved without further assumptions on the con-
sidered system. This can already be recognized by the case of a single electron that
moves in the field of a nucleus of charge Z, that is, by the Hamilton operator

1 z
H=—--A-Z. (5.63)
20

In this case, the ionization threshold and with that the bottom of the essential spec-
trum is X* = 0. The ground state wave function and the associated eigenvalue are

u(x) = e 2N, L =— %zz, (5.64)

up to normalization of u. For this example,

exp (V2(Z = A) x| ) ulx) = 1 (5.65)

so that the functions (5.56) cannot be square integrable for ¥ > X*. The same ap-
plies for the higher eigenfunctions of the operator (5.63), which can be found in
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almost every textbook on quantum mechanics and which are calculated in Chap. 9.
Figure 5.2 shows a cross section through the exponentially decaying, rotationally
symmetric ground state eigenfunction (5.64). Its singularity at the origin is typical
for the behavior of electronic wave functions in the vicinity of the nuclei.

Fig. 5.2 The rotationally symmetric ground state eigenfunction of the hydrogen atom

The given technique of proof is by far not restricted to the electronic Schrodinger
equation and can, for example, be applied to any Schrédinger operator

H=—A+V, (5.66)

with a locally integrable potential V(x) tending to infinity as |x| goes to infinity.
Our considerations show that the essential spectrum of such operators is empty, that
their eigenvalues tend to infinity, and that all their eigenfunctions tend in the L;-
sense faster to zero than any exponential function x — e, y > 0, grows.



Chapter 6
Existence and Decay of Mixed Derivatives

A primary aim of this work, and the decisive step to our analysis of the complexity
of electronic wave functions, is to study the regularity of these functions. We want
to show that they possess certain high-order square integrable weak derivatives and
that these derivatives even decay exponentially, in the same way as the wave func-
tions themselves. This goal is reached in the present chapter. A central idea of the
proof is to examine instead of the solutions of the original Schrédinger equation the
solutions of a modified equation for the correspondingly exponentially weighted
wave functions. This equation is set up in the first section of this chapter and is
based on the result on the exponential decay of the wave functions from Sect. 5.5.
The study of the regularity in isotropic Holder spaces in [32] is based on a similar
idea. In Sect. 6.2 we introduce the high-order solution spaces and the correspond-
ing norms. The actual proof relies on a mixture of variational techniques and Fourier
analysis. The key is the estimates for the arising low-order terms, particularly for the
nucleus-electron and the electron-electron interaction potential. These estimates are
proven in Sect. 6.3 and Sect. 6.4. The estimates for the nucleus-electron interaction
potential and an additional term coming from the exponential weights are in the end
based on the Hardy inequality from Sect. 4.1, whose central role is reflected here
again. In contrast to these estimates the estimates for the electron-electron interac-
tion potential require that the considered functions satisfy the Pauli principle, that
is, are antisymmetric with respect to the exchange of the positions of electrons with
the same spin. The reason is that such functions vanish at the places where electrons
with the same spin meet, which counterbalances the singularities of the electron-
electron interaction potential. To derive these estimates and to master the arising
singularities a further three-dimensional Hardy-type estimate is needed that holds
only for functions vanishing at the origin. In Sect. 6.5 the regularity theorem for the
exponentially weighted wave functions is stated and proven. This result serves then
to derive bounds for the exponential decay of the mixed derivatives of the original
wave functions. The present chapter is partly based on two former papers [92,94] of
the author in which the existence of the mixed derivatives has been proven and es-
timates for their L;-norms were given. The result on the exponential decay of these
derivatives [95] was up to now only available on the author’s website.

H. Yserentant, Regularity and Approximability of Electronic Wave Functions, 87
Lecture Notes in Mathematics 2000, DOI 10.1007/978-3-642-12248-4_6,
© Springer-Verlag Berlin Heidelberg 2010
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6.1 A Modified Eigenvalue Problem

First we replace the rotationally symmetric exponential weight functions in (5.56)
by products of weight functions that depend only on the coordinates of one sin-
gle electron. Such weights are easier to analyze and fit into the framework that we
will develop in the following sections. Let u € H! (o) be an eigenfunction for the
eigenvalue A < X(0). Let 0y,...,0y > 0 be given weight factors and let

N N
F(x) =7yY 6ilx|, > 6> =1 6.1)
i=1 i=1

Let y be a decay rate as in Theorem 5.17, that is,
Y < V2(Z(0)-A), (6.2)
and define the correspondingly exponentially weighted eigenfunction as
u(x) = exp (F(x))u(x). (6.3)

This exponentially weighted eigenfunction solves then an eigenvalue equation that
is similar to the original one. To derive it we start from the following two lemmata:

Lemma 6.1. Let the function u € H' and the constant y € R be first arbitrary. The
function u defined as in (6.3) is then not only locally square integrable but has also
locally square integrable first-order weak partial derivatives. They read

Diii = e DyFu + ef Dyu, (6.4)
where the operator Dy, denotes weak differentiation for u and pointwise for F.

Proof. We first consider functions u € 2, that is, infinitely differentiable functions
with bounded support, and replace the function (6.1) by its smooth counterparts

N
Fe(x)=1v 29,'\/ \x,-|2+£2. (6.5)

i=1

Integration by parts then yields, for all test functions ¢ of the same type,

/(eFSDkFgu + erDku)(p dx = /Dk(eFeu)(p dx = — /eFeu Dy dx.
Letting € tend to zero, one obtains, from the dominated convergence theorem,

/(eFDkFu + e Du) g dx = —/eFuDk(p dx.
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Since F' and its first-order partial derivatives are bounded on the support of ¢ and
2 is a dense subspace of H', this relation transfers to all u € H'. This proves the
differentiation formula above and transfers the product rule to the given case. O

Lemma 6.2. For all functions u € H' and all test functions v € 9,
a(u,eFv) — a(eFu,v) = c(eFu,v), (6.6)
where c(u,v) denotes the H'-bounded bilinear form
c(u,v) /{2VF Vu+ (AF — |VF)u}vdx. (6.7)

Proof. We consider again first only functions u € 2 and replace F by its infinitely
differentiable counterparts (6.5). A short calculation yields

A(6F8M> —efe Ay = ZVFg-V(eFSu) + (AF&‘_ |VF5‘2) e’

If one multiplies this equation with a test function v € 2 and integrates by parts

/Vu~V(e /v )-Vvde

_/{2VF£ Feu) + (AF; — |VF|*) e™eu} v dx

follows. As F; and VF are locally uniformly bounded in € < gy and |A;F¢| < 1/]xil,
one can let € tend to zero in this expression and recognizes with help of the dom-
inated convergence theorem that (6.6) holds for all functions u and v in 2. The
H'-boundedness of the bilinear form (6.7) follows from the Hardy inequality. As
the functions in & have a bounded support, both sides of equation (6.6) thus rep-
resent, by Lemma 6.1, bounded linear functionals in u € H Lforve 9 given. The
equation transfers therefore to all functions u € H! and all test functionsv € 2. 0O

After these preparations we can now return to the initially introduced eigenfunction
u € H' (o) for the eigenvalue A and its exponentially weighted counterpart (6.3).

Theorem 6.1. The exponentially weighted eigenfunction u defined by (6.3) is itself
contained in the space H' and solves the eigenvalue equation

a(u,v) + ys(u,v) = i(ﬁ,v), veH!, (6.8)

where the expression s(u,v) denotes the H'-bounded bilinear form

29/{4 %u}vdx (6.9)
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and the real eigenvalue A< X(0) <0is given by
[
r=A+57" (6.10)

Proof. The function (6.1) satisfies the estimate F(x) < y|x|. Under the condition
(6.2) the exponentially weighted eigenfunction (6.3) is therefore, by Theorem 5.17
and Lemma 6.1, contained in H!. Setting v = efy, by Lemma 6.1 and Lemma 6.2

a(,v) + c(u,v) = a(u,v) = A(u,v) = A(u4,v)

for all test functions v € 2 and hence for all v € H!. The proposition follows calcu-
lating VF and AF explicitly and observing that |[VF|> = y2. O

The next sections are devoted to the study of the modified eigenvalue problem
(6.8) that the exponentially weighted eigenfunctions (6.3) satisfy. Hereby we take
up a slightly more general approach and relax the symmetry properties prescribed
by the Pauli principle a little bit. Let / be a nonempty subset of the set of the electron
indices 1,...,N. Let Z; denote the subspace of Z that consists of those functions in
2 that change their sign under the exchange of the electron positions x; and x; in R3
for indices i # j in 1. The closure of the subspace % in H' is the Hilbert space H,'.
Our modified eigenvalue problem then consists in finding functions u # 0 in H, 11 and
values A < 0 that satisfy the condition

a(u,v) + ys(u,v) = A(u,v), veH. (6.11)

Our aim is to study the regularity of the solutions of this eigenvalue problem in
Hilbert spaces of mixed derivatives. Conditions on the parameter y enter only im-
plicitly since, with u a solution of (6.11) and with that also of equation (6.12) below,
i = e Fu is conversely a solution of the original eigenvalue equation (4.17) for
which e’ is then a square integrable function. We assume y > 0 in the sequel.

Theorem 6.2. Provided that the function (6.1) is symmetric with respect to the per-
mutations of the electrons with indices i € I, which is the case if and only if all 6;
fori eI are equal, a function u € HI1 that solves (6.11) also solves the full equation

a(u,v) + ys(u,v) = A(u,v), veH". (6.12)

That is, (6.11) does not only hold for test functions v € H,l, but for all v € H'.

Proof. The proof is based on the observation that the affected bilinear forms are
invariant under the considered permutations of the electrons, that is, on the fact that

a(u(P-),v(P-)) =a(u,v), su(P-),v(P-))=s(u,v)
for these permutations P, which follows from the invariance of the potential (4.9)

and the function (6.1) under these permutations. Let G denote the group of
permutations that fix the indices in the complement of / and define the operator
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1 .
(2v)(x) = Epé;mgn(P)v(Px),

that reproduces functions in 2y and H, 1 respectively, and maps functions in H Lto
partially antisymmetric functions in H,'. Since, for arbitrary functions u,v € H',

a(Au,yv)=a(u,v), s(u,v)=s(u,ov), (Fuv)=u,ov),
a solution u € H,l of (6.11) satisfies the equation

a(u,v) + ys(u,v) = a(Fu,v) +ys(Au,v) = a(u,7v)+ ys(u,ov)
= Au, &v) = A(Au,v) = A(u,v)

for all v € H', that is, solves the full equation (6.12). O

In the limit case ¥ = 0, the modified eigenvalue problem therefore transfers again
into the original eigenvalue equation (4.17) from which our discussion started.

6.2 Spaces of Functions with High-Order Mixed Derivatives

We attempt to prove that the solutions of the equation (6.11) possess, regardless
of their origin, high-order mixed derivatives and that it is possible to estimate the
L>-norms of these derivatives by the L,-norm of the solutions themselves. Let

o
A = — (6.13)
k=1 axz'z,k

denote the Laplacian that acts on the spatial coordinates x; 1, x;, and x;3 of the
electron i and let the differential operator . of order 2|/| be the product

< = ()T A (6.14)

iel

of the second-order operators —A;. The seminorms |- |7 and | -|;,; on the space
of the infinitely differentiable functions with compact support are then defined by

|u‘%,0 = (u,fu), |u‘%,1 = (u,A.,fu). (615)

Correspondingly, we introduce, for s = 0, 1, the norms given by

lull 75 = lull3 + a7 (6.16)
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Let I* be the set of all mappings o : I — {1,2,3}. The operator . and with that the
given seminorms can then be written in terms of the products

La:

, oel (6.17)
a)Ci,oz(i)

icl
of first-order differential operators, more precisely as the sum

niey 2. (6.18)

acl*

Correspondingly, since all partial derivatives of a function in 2 commute,

ulfo = 3 lILaulig, |ulfy = Y, [Louli. (6.19)

oacl* acl*

The completions of Z; under the norms given by (6.16) are the spaces X;. They
consist of functions that possess, for big |/|, very high order weak partial derivatives.
We will show in that the solutions of the equation (6.11) are contained in X, ,1.

The structure of the proof of our regularity theorems is in the end very simple.
Expressed naively, we transform the strong form

Hu—Hu+y29{ ﬁ }—/lu, (6.20)

il

of the second-order equation (6.12) into the high-order equation
(el+.2)Hu = A(el+.%)u (6.21)

with correspondingly smooth solutions. As the operator €/ + % is invertible for
€ > 0, both equations are equivalent and our regularity theorem is proved. Of course,
this does not work in this simple way, one reason being all the singularities of the
coefficient functions of the operator H. However, we can switch to the weak form

a(u,ev+2Lv) + vs(u,ev+ £Lv) = Au,ev+ £v), ve 9, (6.22)

of this equation, that is formally obtained from (6.21) if one multiplies both sides of
the equation with a test function v € Zj, integrates, and then transforms the resulting
integrals integrating by parts, or simply by replacing the test functions v in (6.12)
by test functions €v 4 Zv. The solutions of equation (6.12) obviously satisfy the
equation (6.22). The idea is to interpret this equation as an equation on X,' and
to show that its solutions are conversely solutions of the original equation (6.12).
Before we can realize this idea, we have, however, to show that the bilinear form

a(u,v) = a(u,ev+2v) + ys(u,ev+ 2v) (6.23)
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on 7y x Z; can be extended to a bounded bilinear form on X! x X;'. This is trivial
for its leading part. The problem is to estimate its singular low-order terms corre-
spondingly. The next two sections exclusively deal with this task.

6.3 Estimates for the Low-Order Terms, Part 1

As stated, the key to our regularity theory is estimates for the low-order terms in the
bilinear form (6.23), that is, for the terms involving the interaction potentials

Zy . 1 X 1
2i,j:l i —xj
i#j

(6.24)

between the nuclei and the electrons and between the electron among each other, and
estimates for the part arising from the bilinear form (6.9). This bilinear form con-
sists, like the nucleus-electron interaction potential, of a sum of one-electron terms.
The terms involving only one single electron represent the simple part. The corre-
sponding estimates are in the end based on the Hardy inequality from Lemma 4.1.
They do not rely on symmetry properties of the wave functions. The situation is dif-
ferent for the terms of which the electron-electron interaction potential is composed.
These estimates are therefore treated in a separate section.

The first of the estimates we need to study the regularity properties, namely the
estimate (4.11) from Theorem 4.1, has already been stated in Chap. 4 and formed
the basis of the variational formulation of the eigenvalue problem. The aim of the
present section is to complement this estimate by estimates for the expressions

(Vaeut, Lv), s(u,Lv), s(u,v). (6.25)

in the bilinear form (6.23) respectively in (6.11). The crucial observation is that most
of the partial derivatives of which the differential operator .Z is composed commute
with the single parts of the interaction potentials (6.24) and can be shifted from one
to the other side in the single parts of the bilinear form (6.9), up to those few that
act on a component of the position vectors of the electrons under consideration.

Theorem 6.3. For all infinitely differentiable functions u and v in the space 9,
(Viett, £v) < 2N'Y2Z ulro|v|11. (6.26)

Proof. We first consider a single electron i and have then to distinguish the cases
i ¢ Iandi € I. The first case is the easier one. We start from the representation (6.18)
of .Z. Since the partial derivatives of which the L,, are composed in this case do not
act on the components of x;, Fubini’s theorem and integration by parts yield
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1 1
_ — (_ 20 4=\ dy
/‘xi_m uLvde = (-1 /Ix,-—av\ (/uLavdx)dx,

acl*

1 ~
= z /(/x—a|LauLaV dxl) dx,
17— Wy

acl*

where we have split x into x; and X. By the Cauchy-Schwarz and the Hardy inequal-
ities, the inner integrals on the right hand side can be estimated by the expressions

1/2 3 a
</’Lau|2dx,-) (4 Zz“l/|mLav|2dxi)

With help of the Cauchy-Schwarz inequality, now first applied to the resulting outer
integrals and then to the sum over the single o € I, the estimate

1
——— uZvdx
/|x,~—av\u v

1/2

<2( 3 flala) (33 [I52 tofa)
oel* ol (=1 Xi
follows. In more compact notion, this estimate reads
1
/— WL dx < 2 |ulio [Vivlro. 6.27)
[x; —ay| ’ '

It transfers without change to the case of indices i € I, but the proof is somewhat
more complicated then. In this case, we decompose the operator .Z into the sum

Z = (—1)“' ZL%c = (—1)“' ZLﬁAiLﬁ, Lg = H J

b
ael* Bel el 9x; ()

where ; =1\ {i} and I} denotes the set of the mappings 3 that assign one of the
components 1, 2, or 3 to the electron indices j in ;. Since the Lg do not act upon the
components of x;, integration by parts and Fubini’s theorem lead as above to

1 1
Lydx = (=)l / / LgAiLgy dx | dx;
/|x,‘fav| hev P |x; — ay| HEpSITBY

Ber;

1 ~
= — 2 /(/—|Xiav|LﬁuAl‘Lﬁdel‘) dx

Belf

By the Cauchy-Schwarz and the Hardy inequality, the inner integrals on the right
hand side can, up to the factor 2, be estimated by the expressions

1/2
</|Vl-Lﬁu2dx,-) (/A,-Lﬁvzdx,-)

1/2
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These expressions can be rewritten as
(3152 ) (2150 5 )
k=1 Lk k=1/=1 il OXik
where we have applied the relation
33 192w 92w 3
Lr/5mrne - 22 laren v

to the functions w = Lgv. This relation is proved by integrating by parts. Since the
set of the differential operators L, & € I*, coincides with the set of the operators

——Lg, k=123, Bel;,
”

summation over all 3, the Cauchy-Schwarz inequality (applied twice, to the outer
integrals and then to the sum over the 3), and Fubini’s theorem lead again to (6.27).
Summation over the single contributions in the potential finally yields

N
(Viett, £v) < 2Z|ul10 Y, [Vivlro,
i=1
from which the proposition follows with the elementary estimate
N N 1/2
> Vivlpo < N'V2 <Z |Viv%,o) =NV,
i=1 i=1
that is responsible for the factor N 172, 0O

The proof of the estimates for the expression s(u, £v) resembles that of Theorem
6.3. It is prepared by the following lemma for functions of three real variables.

Lemma 6.3. For all infinitely differentiable functions u,v : R> — R that vanish out-
side a bounded subset of their domain,

12 12
/{&—|~Vu+ﬁu}vdx§3</|u2dx> (/Vv|2dx) . (6.28)

Proof. The difficulty is that the derivatives have to be shifted to v. We first assume
that u vanishes on a neighborhood of the origin. Integration by parts then yields

/{L~Vu+Lu}vdx = —/ui-Vvdx —/Luvdx
| x| | x| | x| | x|
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This relation remains true for the general case, as one can show by an argument
as in the proof of Lemma 4.1, that is, by multiplying u with a sequence of cut-off
functions and applying the dominated convergence theorem. The proposition then
follows again from the Cauchy-Schwarz inequality and the Hardy inequality. O

Theorem 6.4. For all infinitely differentiable functions u and v in the space 9,
s(u,Zv) <3\ulro|vir:- (6.29)

Proof. We consider again a single electron i and have, as in the proof of
Theorem 6.3, to distinguish the cases i € I and i ¢ I. For indices i € I, one obtains

/{£~V,-u+iu}$vdx
[xi] [xi]
//{ ] VLﬁM+‘ |Lﬁu}ALﬁvdxdx

With help of the Cauchy-Schwarz and the Hardy inequality the inner integrals on
the right hand side can, up to the factor 3, be estimated by the expressions

1/2 1/2
(/V,-Lﬁu|2 dx,) (/A,-Lﬁvz dx,) .

Rewriting these expressions as in the proof of Theorem 6.3, from this the estimate

1
/{| ‘ | ‘ }ngX<3|“10VVIO

follows. This estimate also holds if i ¢ I, as is shown starting directly from the
representation of .Z as the sum of the differential operators Lé, that is, from

i 1
/{X—~V,-u+—u}.$vdx
i Jxi|
1 -
_ 2 //{| ] ViLqu + — ™ Lau}Lavdxl-dx.

ocl*

[3 erf

The inner integrals are now, with Lemma 6.3, up to the factor 3 estimated as

1/2 1/2
(/|Lau2 dxi> </|V,Lav|2dxi> .

From that then again the estimate above follows. Summation over the i, the Cauchy-
Schwarz inequality, and the fact that the 91-2 sum up to 1 complete the proof. 0O
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The group of estimates for the one-electron parts in the bilinear form (6.23) is
completed by the following estimate for the expression s(u, v) itself:

Theorem 6.5. For all infinitely differentiable functions u and v in the space 2,
s(u,v) < 3ullo|v]i- (6.30)

Proof. With help of Lemma 6.3, the single parts can again be estimated as

X 1
/{u%~viu+ |)TM}de < 3 ullo I Vivllo-
i 1

The proposition follows from that in the way already employed. O

6.4 Estimates for the Low-Order Terms, Part 2

The part in the bilinear form resulting from the electron-electron interaction poten-
tial is estimated basically in the same way as the terms considered in the previous
section. The central observation is again that most of the derivatives of which the
differential operators L, are composed commute with the single parts of the poten-
tial. However, there is one important difference. In the cases already studied only
one derivative remained, in contrast to the two derivatives we have to face here. One
of these derivatives has to be shifted to the other side. This causes an additional
problem since the partial derivatives of the interaction potential entering into the
estimates are not locally square integrable in three space dimensions. Therefore the
Pauli principle has to be brought into play. A wave function that is compatible with
the Pauli principle vanishes where two electrons with the same spin meet, a fact
which counterbalances the singular behavior of the derivatives of the interaction
potential and enables us to estimate the terms under consideration.

To master the most singular terms, the Hardy estimate from Lemma 4.1 has to be
complemented by a second, closely related estimate for functions of three variables.

Lemma 6.4. For all infinitely differentiable functions v in the variable x € R> that
have a compact support and that vanish at the origin,

1 1
/szdx§4/W|Vv\2dx. (6.31)

Proof. The estimate is proved in the same way as the Hardy inequality (4.8). Setting
temporarily d(x) = |x|, it starts from the relation

7= 37 ()

with the help of which (6.3 1) is proved for functions v that vanish on a neighborhood
of the origin. To transfer this estimate to functions v that vanish only at the origin
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itself, one has to utilize that in this case there exists a constant K with

V()| < Klx|

and can then complete the proof in the same way as that of (4.8) with help of the
dominated convergence theorem, multiplying v with cut-off functions. 0O

It should be noted that the estimate (6.31) does not hold for functions not vanishing
at the origin since the function x — 1/|x* is not locally integrable in three space
dimensions, which is the source of our problems.

The single parts of which the electron-electron interaction potential is composed
involve only two electrons so that the estimates that we have to prove are essentially
two-electron estimates. To simplify the notation, we restrict ourselves for a while to
the two-electron case and denote the three-dimensional coordinate vectors of these
electrons by x and y. Correspondingly, the real numbers x1, x», and x3 and yq, y»,
and y3 are the components of these vectors. For abbreviation, let

1

o(x,y) = —— (6.32)
x =
In this notation, our task is essentially to estimate the integrals like
du Z == d(x,y) (6.33)
/ k=1 8xk ayz

for infinitely differentiable functions u and v that have a compact support and that
are antisymmetric under the exchange of x and y.

The first step is to combine the inequality (6.31) and the Hardy inequality (4.8)
to the estimate for antisymmetric functions on which our argumentation is founded.

Lemma 6.5. For all infinitely differentiable functions u in the variables x,y € R3
that have a compact support and are antisymmetric under the exchange of x and y,

/|x y|4 d(x,y) < 16k§:l/<%)2d(x,y). (6.34)

Proof. Since such functions vanish where y = x, Lemma 6.4 yields

([ /<4Z/x 7 () o)

By the Hardy inequality from Lemma 4.1,

/(/ e~ yl2 ayg >dy = /<4§/(%)zdx>dy

The proposition follows with Fubini’s theorem. O
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The counterparts to this estimate are the following variants

/ﬁvzd(x,y) < 42/(;—;)2d(x,y), (6.35)
/—|xjy|2v2d(x,y) < 4;/(;—;)2d(x,y) (6.36)

of the Hardy inequality (4.8) that, in contrast to (6.34), do not rely on the antisym-
metry of the considered function. They are proved in the same way as (6.34). The
argumentation in this section centers in the estimates (6.34), (6.35), and (6.36).

Now we can begin to estimate the integrals (6.33). In the first step we shift one
of the partial derivatives from the function v to the function u.

Lemma 6.6. Let u and v be infinitely differentiable functions in the variables x and
y in R3 that have a compact support. Then, for all indices k and !,

o*v
. 6.37
/¢ Ox Zay/ /axk axka 3. 3.0 (xa)’) ( )

Proof. The problem is the singularity of ¢ that does not allow to integrate by parts
directly. Let ¢(r) thus be a continuously differentiable function of the real variable
r > 0 that coincides with the function 1/r for r > 1 and is constant for r < 1/2. Let

Ou(x,y) = ne(nlx—y|), neN.

The ¢, are then itself continuously differentiable and coincide with the original
function ¢ for all x and y of distance |x — y| > 1/n. Integration by parts leads to

4

d%v
/"’"“ Ix2 Y2 /9xk 8xk8 Teay? G0

The integral on the right hand side of this equation splits, because of

0
E (Gnu) = Iy u+ ¢n 8
into two parts. We claim that there is a constant M, independent of »n, such that

]a%(d)nu)] < ﬁ

This is because, for the function ¢, itself and its first-order derivatives, the estimates

Cc

c IPn
— <
= =y lox

[9n] <

= e—y*
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hold, where c is independent of . As u vanishes outside a bounded set, the integrands
are thus uniformly bounded by an integrable function. Since the ¢, and their first-
order partial derivatives converge to ¢ and its respective derivatives outside the
diagonal x =y, a set of measure zero, the dominated convergence theorem yields

v v
lim / , / ,Y)-
A | T ) Fayz 400) = [ 500 Gy 4Y)
For the other side of the equation, one can argue correspondingly and obtains
4

. % o*v
tim [ de) = [ousss a)

which then completes the proof of (6.37). O

The next estimate is the place where the antisymmetry crucially enters. It depends
on the fact that the corresponding functions u vanish on the diagonal x = y.

Lemma 6.7. Let u and v be infinitely differentiable functions in the variables x,y in

R3 that have a compact support and let the function u be antisymmetric with respect
to the exchange of x and y. Then the estimate

2 1/¢u8282 d(x,y) (6.38)

3 92y 1212
< C{H 1H8xk8y/H } {H 1 kaay/‘ } )

holds, where the constant C is specified in the proof.
Proof. We first rewrite the expression to be estimated with help of (6.37) and obtain

3 3 3 3
1 Jdu J°v 1 xe—yx v
— -— d(x,y) + / u d(x,y).

k=1 |x —y| dx; 8xk9y% (v.7) k%l ‘x*y‘z |x— vl 8xka)’% (x.7)

The first double sum is estimated by the expression

/2 v /2
(2 Gy an) (2 (o) ae)

As u vanishes on the diagonal x = y, there is a constant K with

u(x,y)| < K|x—yl.

The second double sum is thus bounded by the therefore finite expression

/ N v
O teann) (£, G )

1/2
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The estimates (6.36), applied to the partial derivatives of u, and (6.34) show that the
estimate (6.38) holds with C = 6+/3. Since the role of x and y can be exchanged, the
constant can be improved to C = 3y/6, combining the two resulting estimates. O
Correspondingly one proves the estimate
3 82\/ V23 g 2)?
w2l dxy) < 2 H A 6.39
kzl/"’ 52 46Y) {2 o } {kzl axkl} (6-39)

applying (6.35) to u, and finally, with help of (6.35) and (6.36), the estimate

Jouvatey) < V2 [ulolvls (6.40)

for all infinitely differentiable functions u and v that have a compact support, in
these cases regardless their antisymmetry with respect to the exchange of x and y.

We can now return to the full set of the electron coordinate vectors xy,x,...,xy
in R? and the old notation and merge the building blocks (6.38) to (6.40) into the
last missing estimate for the interaction potentials.

Theorem 6.6. For all infinitely differentiable functions u € Iy and v € 2,
(Veett, 2v) < CN*Julpo |11, (6.41)

where the constant C < 3\/3 is independent of the number N of electrons.

Proof. We first turn our attention to the interaction potential

1
\x,-—xj|

¢ij(x) =
of two electrons i # j and estimate the expression

/‘Pijufvdx |l| Z /(f) uL v dx.

ael*

The strategy is the same as in the previous section. We split the operators L, into
the product of operators Lg that do not act upon the components of x; and x; and a
remaining part. Here we have to distinguish three cases, namely that both indices i
and j belong to the index set /, that only one of these indices belongs to /, and that
none of these indices is contained in /.

The first case is the most critical one because of the singularities of the derivatives
of the interaction potential and the dependence on the antisymmetry. It is therefore
considered first. Let /;; =1\ {i, j} # 0 and let I}; again denote the set of the mappings
B that assign one of the components 1, 2, or 3 to an electron index in I; - The set of
the differential operators Ly, ¢ € I*, coincides then with the set of the operators

Jd 9

— —L k=123
8xi,k 3)61‘,( B> 3Dy ﬁ €l

l]’
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and the integral to be estimated can, as in the previous section, be written as sum

3 d*Lgv
Y wlZvdx = 3 B ) g
(=1) Z/d)l]uLavdx D /( D / dijLgu 320, dx,dx,) dx,

oel* Ber; k=1

where x is split into x;, x;, and the remaining components x. Like u itself, its partial
derivatives Lgu, B € I7;, are antisymmetric under the exchange of x; and x;. This is
due to the fact that the operators Lg do not act upon the components of x; and x; and
can be seen as follows. Let w be an arbitrary function that changes its sign under
the permutation P that exchanges x; for x; and let e # 0 be a vector that is invariant
under P. Let w(x) = w(Px). Since e = Pe and w(x) = —w(x), then

(Vw)(Px)-e = PT(Vw)(Px)-e = (VW)(x)-e = — (Vw)(x) -e,

so that the directional derivative of w in direction e inherits the antisymmetry of w.
The proposition follows from that by induction on the order of Lg. The inner inte-
grals on the right hand side of the equation above can therefore be estimated with
the help of (6.38). In the same fashion as in the previous section, finally the estimate

1/2
(O [outyd < Clulyo { IVivfo+ 1Vl | (6.42)

ocl*

follows, where C < 3/6 is the same constant as in (6.38). The case that I;; is empty,
that is, 7 consists only of the indices i and j, is treated in the same way.

In the case thati € I, but j ¢ I, we set [; = I\ {i} and denote by I again the set of
the mappings 8 from I; to the set of the indices 1, 2, and 3. The set of the differential
operators Ly, & € I, then coincides with the set of the operators

——Lg, k=1,2,3, Bel,
k

and the integral to be estimated splits into the sum

3 0°L N
-nny /¢i,-uL§vdx =Y /(;//%Lﬁu ax—f:dxidxj) dx.

oel* Be[i*

The inner sum on the right hand side can be estimated with help of (6.39), which
then finally again results in the estimate (6.42), where C < 2 is now the constant
from (6.39). The same estimate holds, of course, for the case thati ¢ I and j € I.

If neither i nor j are contained in /, one simply starts from

0" S, foutivar= 3, [( [[ostauta anas ) o

ocl* ocl*
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from which one obtains, with the help of (6.40), again the estimate (6.42), now with
a constant C < \/§ Independent of whether two, one, or none of the indices i and j
is contained in 7, the estimate (6.42) holds with a constant C < 3\/6.

The proposition finally follows from the elementary estimate

1 1 1/2
32 (nF )< (Zn?) " (6.43)
LJ 1

summing over all particle pairs. 0O

Again, the dependence of the bound on the problem parameters, here the number N
of electrons, enters only in the very last step, through the estimate (6.43).

6.5 The Regularity of the Weighted Eigenfunctions

We are now in the position to prove that the solutions u € H,! of the modified eigen-
value equation (6.11) are located in the space X;' from Sect. 6.2, the completion of
the space Z; of the infinitely differentiable functions (4.3) with compact support that
are antisymmetric under the exchange of arguments x; and x; in RR3 for all indices
i # j in the given subset I of the set of indices 1,...,N under a norm measuring
high-order mixed derivatives. The key to our results is the estimates for the low-
order terms, those discussed in the preceding two sections, that can be summarized
as follows. For all functions u in &; and v in 9, first the estimates

(Vu,Zv) <CO(N,Z)|ulro|virt, s, Lv)<3|ulio|vi (6.44)

in terms of the seminorms (6.15) hold, where the first one for the term with the
interaction potential (4.9) represents a combination of the estimates (6.26) from
Theorem 6.3 and (6.41) from Theorem 6.6, and the second one is the estimate (6.29)
from Theorem 6.4. The constant C is independent of the number N of electrons,
of the considered index set /, of the number, the position, and the charge of the
nuclei, and particularly of their total charge Z. The proofs yielded the upper bound
C=2+3V3forC. The quantity 6(N,Z) has been defined in (4.10) and covers the
growth of the bound in N and Z. The antisymmetry of the functions u with respect
to the exchange of the corresponding electron coordinates substantially enters into
the proof of the first estimate, since without this property it is not possible to get a
handle on the electron-electron interaction terms. The estimates (6.44) potentially
involving very high-order derivatives are complemented by the estimates

(Vu,v) <30(N,Z) |\ullo|v]i, s(u,v)<3|ullo]v]i (6.45)

from Theorem 4.1 and Theorem 6.5 for functions « and v in &, that generally hold
and do not rely on the given antisymmetry properties. The estimates show that the
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bilinear forms (Vu,.#v) and s(u,.£v) can be uniquely extended from %; x Z; to
bounded bilinear forms on X 10 x X;', and that particularly the bilinear form

a(u,v) = a(u,ev+2v) + ys(u,ev+ 2v) (6.46)

from Sect. 6.2 can be uniquely extended from & to a bounded bilinear form on X;!.
For the ease of presentation, we will keep the notation (Vu,.£v) and s(u,.£v) for
arguments u € XI0 andv e X ,1 and mean the extended forms then, where, of course,
some care has to be taken to avoid misinterpretations and fallacies.

The second ingredient of the proof of the regularity theorems is Fourier analysis.
Recall from Chap. 2 the definition of the space . of the rapidly decreasing func-
tions. As with 7, let .7 denotes the space of the rapidly decreasing functions of
corresponding antisymmetry. The seminorms (6.15) of a rapidly decreasing function
read in terms of its Fourier transform

= [(Lior) (o) @orao (647

i=1 icl

Correspondingly, the H'-seminorm |u|; and the Ly-norm ||ullo = | u |y are given by

N K
= [ (S laP) oo (6.49)
i=1

We call a rapidly decreasing function a rapidly decreasing high-frequency function
if its Fourier transform vanishes on a ball of radius €2, to be fixed later, around the
origin of the frequency space. The closures of the corresponding space

S ={ve S|V w)=0 for || <Q} (6.49)

of rapidly decreasing functions with the given symmetry properties in H;' and X!,
respectively, are the Hilbert spaces H, 1{  and X;';;. The closures of the space

Fr={ve S| v(w)=0 for || >Q} (6.50)

in H,' and X;! are the spaces H,'; and X;';, respectively, of low-frequency functions.
The low-frequency and the high-frequency functions decompose the spaces

H} = HI{L ® HII,H, X' = XI}L @ XI}H (6.51)

into orthogonal parts. By the Fourier representation (6.47) and (6.48) of the norms,

o) [
s < Q° (W) luzllo 6.52)
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for the low-frequency functions u;, € 7. The space H}' ., and its subspace X, 13
therefore coincide. The relation (6.52) transfers to all functions in these spaces. In
fact, the functions in H, ; are infinitely differentiable and all their derivatives are
square integrable. Fourier analysis also shows that

lurllo < Q Yupli, |uwlro < Q umlr (6.53)

for all high-frequency functions in uy in H,{H and X,}H respectively. On H,{H, the
seminorm |- |; and the norm || - ||; thus are equivalent. For u;, € H}';, conversely

lurlt < | \ucllo, |uclr < R |ulro- (6.54)

The central observation, on which the proof of the regularity theorems is based,
is that the low-order terms in the bilinear form in the second-order equation (6.11),
as well as in the high-order bilinear form (6.23), behave like small perturbations on
the corresponding spaces of high-frequency functions. The reason is that the norms
of such functions themselves and that of their derivatives as well can be estimated
by the norms of derivatives of higher order. By (6.44) and (6.53),

(VMH,,,%VH) SC@(N,Z)inuH‘[,l ‘VH‘I,la (6.55)

S(MH,XVH) §3Q_1‘MH‘1,1 |VH‘1,1 (6.56)
for all uy, vy € . u. Correspondingly, by (6.45) and (6.53), for these uy and vy

(VMH,VH) §39(N,Z)Q_1|MH|1 ‘VH‘la (657)

S(MH,VH) §3971|MH|1 ‘VH‘L (658)
This implies that the two bilinear forms become coercive on the corresponding
spaces of high-frequency functions, provided that the bound €2 separating the low
from the high frequencies is chosen large enough. If we assume C > 3 and choose

Q > 4CO(N,Z)+ 127, (6.59)

for all high-frequency functions uy € H;';; the estimate

a(uH,uH)+ys(uH,uH) > |MH‘% (6.60)

FN-

holds, and correspondingly, for the functions ugy € X, ,1H, the estimate

(& lunli + unl7,). 6.61)

I

ZZV(MH,MH) Z

The claimed coercivity follows from that by the equivalence of the seminorm | - |;
and the norm || - ||; on the given spaces of high-frequency functions. We still combine
the low-order terms in a(u, v), respectively a(u,v), in the bilinear forms
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b(@,v) = (V@,ev+2v) +vs(@,ev+ 2v), (6.62)

b(e.x) = Vo, 2)+vs(e,x) (6.63)
on X, ,0 x X;! and L, x H', respectively. They satisfy, for Q as in (6.59), the estimates

~ 1 1/2 1/2
blo.v) < 22 (elold+ o) *Elvi+})" 664

1
b(9.1) < 32l lol x, (6.65)

for functions @, v, and ¥ in the corresponding spaces.
Due to the orthogonality properties of the low- and the high-frequency functions,
the low- and the high-frequency part of a solution of the eigenvalue equation (6.11)

a(u, ) +vs(u,x) = Alu,x), x€H,, (6.66)

interact only by the low-order part in the bilinear form on the left hand side. The aim
is to control the high-frequency part and its mixed derivatives by the low-frequency
part of the given solution. The first step to reach this goal is the following lemma
that immediately results from the orthogonality of the low- and the high-frequency
functions both with respect to the L, - and the H'-inner product.

Lemma 6.8. Let u = up + uy be the decomposition of a solution u € H,1 of the
equation (6.11), (6.66) into its low-frequency and its high-frequency part. Then

a(up, xu) +vs(un, xu) — Aun, xu) = —b(ur, xu),  Xu EHI}H- (6.67)

We will keep the low-frequency part u;, fixed for a while and will consider (6.67)
as an equation for the high-frequency part uy. We will show that such equations are
uniquely solvable for frequency bounds (6.59) and that the regularity of the right
hand side transfers to the regularity of the solution.

Lemma 6.9. For frequency bounds €2 as in (6.59), the equation
alup, xu) + vs(up, xu) + 1w(um, xu) = b(@.xn),  Xu € H'y, (6.68)

possesses a unique solution uy € HII_H for all given functions ¢ € Ly and arbitrary
nonnegative parameters [L. This solution satisfies the estimates

lurllo < l@llo, |uuli < 2 @]o- (6.69)

Proof. As u > 0, the additional term does not alter the coercivity (6.60) of the
bilinear form on the left hand side of the equation (6.68). The Lax-Milgram theo-
rem hence guarantees the existence and uniqueness of a solution. The estimate for
the H'-seminorm of the solution follows directly from (6.60) and (6.65) inserting
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xu =ug. The Ly-norm of the solution can be estimated by its H I_seminorm utiliz-
ing the property (6.53) of high-frequency functions. O

A corresponding result holds for the high-order counterpart of the equation (6.68),
that formally results from this equation replacing the test function g by test func-
tions evy + Zvy, with all the care that has to be taken with this type of arguments.

Lemma 6.10. For frequency bounds €2 as in (6.59), the equation
ZJV(MH,VH)JFll(MH’EVH +$VH) = ’I;((P,VH), Ve GXI}Hﬂ (670)

possesses a unique solution uy € X,l 1 for all given functions ¢ € XIO and arbitrary
nonnegative parameters L. This solution satisfies the estimate

1/2
gl < @ (ellel3+o )" 6.71)

Proof. As >0 and (u,eu+ .Zu) > 0 for u € X;, the proposition again follows
from the coercivity (6.61) of the bilinear form a(uy, vy ), from the bound (6.64) for
the bilinear form b(¢,v) on the right hand side, and the Lax-Milgram theorem. O

We want to show that the solutions of the equations (6.68) and (6.70) coincide for
(ONS XIO. For that we need the following, at first sight seemingly obvious lemma:

Lemma 6.11. The solution uy € X,} 1 of the equation (6.70) satisfies the equation
(6.68) for all rapidly decreasing functions yy € 1 u of the particular form

XH = €vh 4+ ZLvy, vy € (711-1. (6.72)

Proof. Tt suffices to show that the representation (6.46) holds not only for functions
u and v in Z; but for all functions u € X;! and v € .77, and to prove a corresponding
relation for the bilinear form (6.62), that, in a strict sense, is defined by (6.62) only
for functions ¢ and v in & and then continuously extended to X ,0 x X,'. We begin
with the case that u € 9; and approximate v € .#7 by the functions

vel(®) = 9(%)v(), R>0,
in 7, where ¢ is an infinitely differentiable, rotationally symmetric function with
values ¢ (x) =1 for |x| < 1 and ¢ (x) = O for |x| > 2. For sufficiently large R, vg and
v coincide on the support of u. As vg tends to v in the X,1 -norm, by the definition
(6.46) of the bilinear form a(u,v) for functions in Z;

a(u,v) = Igim a(u,vg) = a(u,ev+.2v) + ys(u,ev+.2v)

for all u € 97 and v € .. Since the left and the right hand sides of this equation
represent bounded linear functionals in u € X,l for v € .7 given, and since 7 is a
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dense subset of X!, the equation transfers to all u € X;' and v € .#}. Correspondingly,

b(@,v) = b(@,ev+.2v)
forall ¢ € XI0 and v € .7, from which the proposition then follows. O

The argument that closes the gap between the equations (6.68) and (6.70) is the
observation that every function in yy € .%7 i can be represented in the form (6.72).
The proof requires that the parameter € is strictly positive and breaks down for € = 0.

Lemma 6.12. For all rapidly decreasing high-frequency functions xg € /1 u there
is a rapidly decreasing high-frequency function vy € .7 i that solves the equation

evyg+Lvy = XH- (6.73)

Proof. The antisymmetry of a function with respect to the given permutations trans-
fers to its Fourier transform and vice versa. The function vy € .%7 i given by

1

{’\H )= ——~ j{\H (D
@ e o 21
has by this reason the required symmetry properties and solves the equation. O

The solution of the modified equation (6. 70) therefore satisfies the equation (6.68)
forall y, €77y and, as .7} j, is dense in H} > forall xy GH, - Since the equation
(6.68) possesses only one solutlon the solutions of both equations coincide for ¢ in
X,o given. Since € > ( was arbitrary, this observation and (6.53) prove:

Lemma 6.13. If the bound Q2 separating the high from the low frequencies is cho-
sen according to (6.59) and ¢ € XD, the solution uy, EHIEH of the equation (6.68) is
contained in the space X,} 1 and satisfies the estimates

lurlio <1@lro, |urlin <2 @lro- (6.74)

Since the low-frequency part u;, of the solution u of the equation (6.11), (6.66) is
contained in XI0 and even in X;!, we can apply the result just proved to the equation
(6.67), from which it follows that also the high-frequency part ugy of u and with
that u itself are contained in X,'. The quantitative version of this result reads:

Theorem 6.7. The solutions u € H,1 of the modified eigenvalue problem (6.11) for
negative A are contained in X,l. For frequency bounds (6.59), their seminorms
(6.15), (6.19) can be estimated as follows in terms of their low-frequency parts:

lulro < V2lutlro, (6.75)
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Proof. By Lemma 6.13, the high frequency parts ugy of these u satisfy the estimates
lurlro < |uclro, |uwlri < Qlurlro-

They can thus be controlled by the corresponding low-frequency parts u; inde-
pendent of the given A < 0. The proposition follows from the orthogonality of the
decomposition into the two parts u;, and uy and the inverse estimate in (6.54). O

The estimates (6.75) for the mixed derivatives of the solutions have a counterpart
for the solutions themselves that follows in the same way directly from Lemma 6.9.

Theorem 6.8. Under the same assumptions as in Theorem 6.7, the solutions of the
modified eigenvalue problem (6.11) satisfy the two estimates

lullo < V2[lucllo, |uli < vV2Q|Jug]lo- (6.76)
A solution u € H,1 of the equation (6.11), (6.66) is trivially contained in HI} for all

nonempty subsets I’ of 1. As s(u,v) is obviously invariant under the exchange of all
electrons i in the subset I’ of I, Theorem 6.2 ensures that u solves the equations

a(u, ) +ys(u,x) = A(u,x), x €Hy, (6.77)
on all of these spaces H,} and thus satisfies, by Theorem 6.7, the estimates

lulro < V2\urlro,  |ulry < V2Qurlro (6.78)

for all nonempty subsets I’ of the given index set 1. Therefore the norms given by

N 12 12
2 —/< ’ﬂ ) <1+‘ﬂ
1,1 z, ”

i=1 Q iel Q
2 (1)[
10 /H( o

iel

> i) do, (6.79)

(%

e

2
) i(w)|* do. (6.80)

of these functions, that combine the H'-norm and H'-norms of the corresponding
mixed derivatives, remain finite. The frequency bound (2 fixes a length scale. Such
length scales naturally appear in every estimate that relates derivatives of distinct or-
der to each other. They have to be incorporated in the definition of the corresponding
norms to compensate the different scaling behavior of the derivatives and to obtain
physically meaningful estimates that are independent of the choice of units.

With these notations, we can now formulate and prove our final and conclusive
regularity theorem for the solutions of the modified eigenvalue problem (6.11):

Theorem 6.9. The solutions u € H,1 of the modified eigenvalue problem (6.11) for
negative values A satisfy, for frequency bounds (6.59), the estimates

lullro < V2e [lullo, [lullrs < V2e [[ullo. (6.81)
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Proof. By the estimates (6.76) for the Ly-norm of the solution itself, respectively
the estimates (6.78) for the L-norms of its corresponding mixed derivatives,

i ORI 2f

iel' iel'

.2
O @@)Pdo  (6.82)

;
Q
for all subsets I’ of I, where the empty product is by definition 1. As

s Taf-m(+l5f

I'Cl iel icl

), (6.83)

one obtains from (6.82) first the estimate

2 0),'
ulll7, < 2/ 1+‘—
o <2/ TI(1+]3

iel

2\ o,
> ()] do. (6.84)
The product on the right hand side of (6.83) is, because of

H(1+’%’2> < exp(z

iel iel

(0] 2

Q

) , (6.85)

bounded by the constant e for all @ in the ball of radius €2 around the origin. This
proves the first of the two estimates. The second is treated in the same way. O

Theorem 6.9 particularly states that the solutions u of the electronic Schrodinger
equation (4.30) itself possess high-order mixed derivatives. Only small portions of
the frequency domain substantially contribute to the wave functions. This remark
can be quantified with help of the notion of hyperbolic crosses, hyperboloid-like
regions in the frequency or momentum-space that consist of those @ for which

H(1+’%2>+H(1+’%2

icl_ icl,

1
) s @ (6.86)

where € > 0 is a control parameter that determines their size, and /_ and I, are
again the sets of the indices i of the electrons with spin 0; = —1/2 and 0; = +1/2
respectively. If u. denotes that part of the wave function whose Fourier transform
coincides with that of « on this domain and vanishes outside of it, the H'-error

|l —uel|1 = O(¢) (6.87)

tends to zero like &'(g) with increasing size of the crosses. This observation might
serve as a basis for the construction of approximation methods, for example utiliz-
ing the fact that functions like the projections u; with Fourier transforms vanishing
outside such hyperbolic crosses can be sampled on sparse grids [93]. The solutions
of the electronic Schrodinger equation in some sense behave like products
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N

u(x) = I ¢i(x:) (6.88)

i=1

of orbitals, that is, exponentially decaying functions in H', a fact that roughly justi-
fies the picture of atoms and molecules that we have in our minds.

It is remarkable that Theorem 6.9 not only ensures that the given high-order
mixed derivatives of the correspondingly exponentially weighted or unweighted
eigenfunctions exist and are square integrable, but also gives a rather explicit es-
timate for their norms in terms of the L;-norm of the weighted or unweighted
eigenfunctions themselves. The estimate (4.11) from Theorem 4.1 implies the lower
bound A > —962/2 for the eigenvalues. As X(c) < 0, this results in the upper bound

Y < V2(Z(0)— 1) < 36(N,Z) (6.89)

for the decay rates y considered in Sect. 6.1. Theorem 6.9 tells us therefore that the
estimates (6.81) hold at least for the scaling parameters

Q > (4C+36)vVNmax(N,Z), (6.90)

independent of the considered eigenvalue below the ionization threshold, and in par-
ticular for the €2 that is equal to the right hand side. There is conversely a minimum

Q < (4C+36)v/Nmax(N,Z) (6.91)

independent of the choice of the coefficients 6; in the definition of the exponential
weight (provided that the choice of the 6; maintains the given antisymmetry, of
course) such that these estimates hold for all eigenfunctions for these eigenvalues.
This minimum £2 can principally be much smaller than the given upper bound and
fixes an intrinsic length scale of the considered atomic or molecular system.

6.6 Atoms as Model Systems

The scaling parameter € limits the local variation of the wave functions quantita-
tively. It can be assumed that the right hand side of (6.91) considerably overestimates
the optimum (2 for spatially extended molecules that are composed of a big number
of light atoms. The question is how sharp this bound is for compact systems with
many electrons tightly bound to the nuclei, like heavier atoms. Atoms are, in the
given Born-Oppenheimer approximation, described by the Hamilton operator

N N
1 z 1 1
H = {—A-—}+— —_— (6.92)
; 27 |xi‘ 2 i7]'z=:1 ‘xi _xj|
i#]
The first term covers the attraction of the electrons by the nucleus and the second
their interaction with each other. The crucial property that we utilize here is that the
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potential in this operator is homogeneous of degree minus one, i.e., that

V(9x) =0V (x) (6.93)

for all ® > 0. The H'!-seminorm and the L,-norm of eigenfunctions of such oper-
ators are linked to each other by the famous virial theorem, a proof of which we
include for the sake of completeness. This proof is essentially a reformulation of
that in [86] in terms of weak solutions of the eigenvalue problem.

Theorem 6.10. The H'-seminorm and the Ly-norm of an eigenfunction u € H' for
the eigenvalue A of the atomic Hamilton operator (6.92) are linked via the relation

lulf = —2Aull3. (6.94)

Proof. Let ug(x) = u(0x) for ¥ > 0. A short calculation only utilizing the fact that
u is an eigenfunction for the eigenvalue A then shows that

/Vuﬂ Vydy — Zﬁzl/u@v dx — 2192/V(19x) gy dx
for arbitrary test functions v € H'. Because of V (9x) = 'V (x), this reduces to
/Vu@-Vvdx - Zﬁzl/uﬁvdx— 219/Vu,9vdx.
On the other hand, for all test functions v € H!,
/Vu-Vvdx = ZA/uvdx — Z/Vuvdx.
Setting v = u in the first and v = uy in the second case, for ¥ # 1 it follows that

(0 + l)l/uu@dx = /Vuu@dx.
For all square integrable functions u# and v

é\iinu v(x) u(dx)dx :/v(x)u(x)dx,

as can be shown approximating u by continuous functions with bounded support.
Since for u € H' the product Vu is square integrable, too, this yields

ZA/uzdx :/Vuudx.

Using once more that u is an eigenfunction, one finally gets the proposition. O

The virial theorem relates the expectation values of the kinetic energy, the potential
energy, and the total energy to each other, but also determines, through the different
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scaling behavior of both sides of the equation, the length scale on which the consid-
ered eigenfunction varies. Hence it is no surprise that a lower bound for the optimal
scaling parameter €2 can be derived in terms of the eigenvalues.

Theorem 6.11. If the estimates from Theorem 6.9 hold for the eigenfunction u in
H'(0) for the eigenvalue A of the atomic Hamilton operator (6.92), necessarily

Q > @. (6.95)

Proof. From the virial theorem, from the Fourier representation (6.48) of the
H'-seminorm and of the norm given by (6.79), and from Theorem 6.9 one gets

—2A lull§ = [uli < Q*|lullf, < 2e?||ul.

Because u # 0, one can divide by the L;-norm of u and obtain the proposition. 0O

Since the ionization threshold X (o) is less than or equal to zero by Theorem 5.16,
the upper estimate resulting from Theorem 6.9 and the lower estimate just derived
resulting from the virial theorem lead to the bounds

VIA(0)] < Q < VNmax(N,Z)++/|A(0)] (6.96)

for the optimum Q that is independent of the considered eigenvalues 1 < X(0).
The second term on the right hand side of (6.96) that comes from the additional
part (6.9) in the equation (6.8) for the exponentially weighted eigenfunctions will
therefore never dominate the asymptotic behavior of the optimum €2 in N and Z.
The problem thus reduces to the question of how well the bound (6.91) reflects
the growth of the optimum scaling parameter €2 in N and Z for unweighted eigen-
functions, in which case the second term on the right hand side of (6.91) can be
omitted. To answer this question at least partially, we consider the operator

N
H = Z{—%Ai z } (6.97)

i=1 i

in which the electron-electron interaction is completely neglected and to which The-
orem 6.11 can be literally transferred. Due to the absence of the electron-electron
interaction potential, the estimates (6.81) hold then regardless of any symmetry
property. The eigenfunctions of this operator are linear combinations of the products

N

u(x) = [T¢i(x) (6.98)

i=1
of hydrogen-like wave functions, solutions of the Schrodinger equation

—1A¢—£¢:l¢ (6.99)
2 ||
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for a single electron in the field of a nucleus of charge Z. The hydrogen-like
wave functions are explicitly known and are calculated in almost every textbook
on quantum mechanics; see Chap. 9 for details. The corresponding eigenvalues

72
A= mEyL n=1.2,..., (6.100)
are highly degenerate. The associated eigenspaces are spanned by the eigenfunc-
tions with the given principal quantum number n, the angular momentum quantum
numbers [ = 0,...,n — 1, and the magnetic quantum numbers m = —I,...,[ and
have dimension n?. The knowledge about these eigenfunctions forms the basis of
our understanding of the periodic table.
If we ignore the Pauli principle, every product (6.98) becomes an admissible
eigenfunction. The ground state energy of the corresponding system is then N times
the minimum eigenvalue (6.100),i.e., A = —NZ2 /2, from which the lower bound

Q >N’z (6.101)

follows, which behaves like the upper bound (6.91) in the number N of electrons
and the nuclear charge Z for the case of neutral atoms or positively charged ions.
Thus neither the upper bound (6.91) nor the lower bound (6.95) can be improved
without bringing the Pauli principle or the electron-electron interaction into play.

If the Pauli principle is taken into account, the orbitals ¢; in (6.98) have to be par-
titioned into two groups associated with the electrons with spin up and spin down.
The orbitals in each group have to be linearly independent of each other as the prod-
uct otherwise vanishes under the corresponding antisymmetrization. That increases
the ground state energy and correspondingly decreases the lower bound for the scal-
ing parameter. Unlike a real atom, the system attains its minimum energy A in states
in which the numbers of electrons with spin up and spin down differs at most by
one, that is, with at most one unpaired electron. Consider, for example, the case that
the electrons can be distributed to M doubly occupied shellsn = 1,2, ..., M with 2n?
electrons in the shell n, n> with spin up and n?> with spin down. Then A = —MZ2,
Because N ~ 2M? /3, the minimum eigenvalue hence behaves in the described situ-
ation like A ~ N'/372 and the scaling parameter needs therefore to grow at least like

Q >Nz (6.102)

There remains some gap between this lower bound and the upper bound (6.91), but
the estimate shows at least that the actual growth of the optimal scaling parameter
in N and Z is not substantially overestimated by the right hand side of (6.91) for
systems like the ones considered here.

In fact, the observed behavior is not restricted to the model Hamiltonian (6.97).
Lieb and Simon [61] proved that the minimum eigenvalue of the full operator (6.92)
grows like 2> Z7/3 with the nuclear charge Z in the case Z = N, i.e., of neutral sys-
tems, which confirms the lower estimate (6.102). A more detailed study [94] of the
product eigenfunctions (6.98) moreover shows that the optimum €2 behaves in this
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case indeed like the square root of the ground state energy, which can be explained
from the behavior of the orbitals. One may conjecture that this generally holds.

6.7 The Exponential Decay of the Mixed Derivatives

In Sect. 6.5 we have proven that the eigenfunctions themselves as well as the
correspondingly exponentially weighted eigenfunctions possess square integrable
high-order mixed weak derivatives. In this short concluding section it is shown that
the exponentially weighted mixed derivatives of the eigenfunctions are square inte-
grable. This follows essentially from the fact that the corresponding partial deriva-
tives of the exponential weight factors can be estimated by these factors themselves:

Theorem 6.12. Let DYu = Lou, Ly as in (6.17), be one of the weak partial deriva-
tives of the eigenfunction u whose existence and square integrability follows from
the results of Sect. 6.5, and let e be one of the associated weight factors for which
DY (efu) has been shown to be square integrable too. The weighted derivatives

ef'DVu, eFiDVu (6.103)
8x,~7k

are then square integrable as well.

Proof. The proof is based on the representation

D¥(efu) = Y e"FuD" Hu
usv

of the corresponding weak derivatives of e‘u, that is a generalization of the product
rule from Lemma 6.1 and can be derived from it taking into account the special
structure of the multi-indices v considered. The coefficient functions are products

Xio(i
o = P IT07

that run over the components upon which D* acts. This representation allows us
to express e/ DVu in terms of DY (efu) and the weighted lower order derivatives
e’ DV=Hu of u. Since the F,, are uniformly bounded, the square integrability of
e DVu follows by induction on the order of differentiation. The square integrability
of the second function is proven differentiating the representation above. To cover
the resulting derivatives of the F}; one needs again the Hardy inequality. O

The exponential functions x — exp(F(x)) dominate every polynomial, regardless
the decay rate y determined by the gap between the considered eigenvalue A and the
ionization threshold. This results in the following corollary of Theorem 6.12:
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Theorem 6.13. Let DYu = Lou, Ly as in (6.17), be one of the weak partial deriva-
tives of the eigenfunction u whose existence and square integrability follows from
the results of Sect. 6.5, and let P be an arbitrary polynomial. Then

d
Ly

This statement can again be reversed. For every multi-index u the function DY (x*u)
and the weighted derivative @YD" of its Fourier transform are square integrable.
The u are not subject to restrictions, due to the exponential decay of the wave func-
tions and their mixed derivatives, but the v are, because of the restricted regularity.



Chapter 7
Eigenfunction Expansions

The aim of this chapter is to derive discrete counterparts of the regularity theorems
from Chap. 6 similar to how smoothness can be characterized for periodic functions
in terms of the decay rate of their Fourier coefficients. The problem is that the so-
lutions of the electronic Schrodinger equation are defined on the infinitely extended
space so that not only their regularity properties but also their decay behavior comes
into play and has to be utilized. The foundations for that have been laid in Chap. 6.
The idea is to expand the high-dimensional solutions of the Schrodinger equation
into series of tensor products of eigenfunctions of three-dimensional operators

H=-A+V (7.1)
with locally square integrable, nonnegative potentials V for which

lim V(x) = +co. (7.2)

[x|—oo

An example of such an operator is the Hamilton operator of the three-dimensional
harmonic oscillator studied in detail in Sect. 3.4. As follows from the considera-
tions in Sect. 5.4, the essential spectrum of such operators is empty. They possess
an Lp-complete, L,-orthonormal system of eigenfunctions ¢, ¢>, @3, ... for strictly
positive eigenvalues 0 < A; < A, < ... of finite multiplicity. Every square integrable
function u : R3¥ — R can therefore be represented as L,-convergent series

N N
u(x) = Y ulk) [Tox (), utk) = (u Hl¢k,.), (7.3)

keNN i=1

where the sum runs over the tensor products of the three-dimensional eigenfunc-
tions, that form an L,-complete orthonormal system in L, (R3V). In this chapter we
will examine the convergence properties of such series in H' for the eigenfunctions
of the electronic Schrodinger operator that obey the Pauli principle. It will turn out
that only very few of the products substantially contribute to these eigenfunctions.

H. Yserentant, Regularity and Approximability of Electronic Wave Functions, 117
Lecture Notes in Mathematics 2000, DOI 10.1007/978-3-642-12248-4_17,
© Springer-Verlag Berlin Heidelberg 2010
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7.1 Discrete Regularity

As in the previous chapters we fix the spin distribution of the electrons and denote
by I_ and I; the sets of the indices 1,...,N of the electrons with spin 6; = —1/2 and
0; = +1/2 respectively. The aim is to show that the norm given by the expression

"'”Z_Z(i%)(,ﬂ T ) e a4

k lEI+

of the solutions of the electronic Schrodinger equation for eigenvalues below the
ionization threshold remains bounded by a weighted L;-norm; the constant 2 is
here the same as in Chap. 6 and fixes the length scale on which the solutions vary.

We consider again the two parts of the norm separately and select one of the
index sets I_ and I that we denote by /. The first step is to rewrite the given part of
the norm in terms of the differential operators

= A+ Vi, Vi) =V(x), (7.5)

that act upon the coordinates of the electron i. We first restrict ourselves hereby to
the functions in &, the infinitely differentiable functions with bounded support.

Lemma 7.1. For all infinitely differentiable functions u and v with bounded support,
N N

Z(Z%)(H /lk> k)v(k) = Y B(u,Hjv), (7.6)
kN j=I icl j=1

where the bilinear form on the right hand side is given by

v) = ((EH,> u, v). 7.7

Proof. Expanding the functions H;v € L,, we first obtain the representation

S o =3 (1])e 1) (3 o)

iel

From the weak form of the three-dimensional eigenvalue problem one obtains

N N
<HjW> H¢k,-) = M (W, H¢ki>,
i=1 i=1

for square integrable functions w with compact support that are infinitely differen-
tiable with respect to the given x;, and from that, step by step, the proposition. O



7.1 Discrete Regularity 119

The next step is to split the terms on the right hand side of (7.6) into terms that can
be estimated separately with help of the results and estimates from Chap. 6.

Lemma 7.2. For all infinitely differentiable functions u with bounded support,

B(u,Hu) <2 Y (—1)P! <<H v,) (Aj I1 A,-> u, u> (7.8)

I, I il i€h

+2 %2(—1)"2‘ <<Vj gl \/,-)(i];[]zA,)u, u)

where the first sum on the right hand side of this estimate extends over all partitions
I = LLUI, of the index set I into disjoint subsets I, and I, for which j ¢ I, and the
second sum over all partitions I = U, of I for which j ¢ I.

Proof. The idea is to split the product of the H; into a sum of products of the A; and
and of the V; and to utilize that A; and V; commute for i # j. For indices j € I first

Bl = 3, 0M((TT%) (T14) (a4 v (- 454 v)u).

1L, i€l i€l

where the sum runs over the disjoint partitions I’ = I] UL} of I' =I'\ {j}. Since

o= o () (1))

is a symmetric, positive semidefinite bilinear form for 7] and 7} given and thus

<v—|—w,v+w> < 2<v,v> + 2<w,w>,

one obtains from this relation, setting v = —A ;u and w = Vu, by integration by parts
B(u,Hju) < 2 Z |12|+1((H Vi) (Aj H A,-)u, u>
1,1 ielf ief,u{j}

+2 Y (-1l <<Vj I1 W)(HAi)u,u).
1,1 ielfu{j} i€l

This is obviously an estimate of the form (7.8). For the indices j ¢ I simply

B(u,Hju) = Y (- ’2((]"[ V,> (A,»HA,)M, u)

I, i€l ich

3 eI (Ta)en)
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where the sums run over the partitions of [ into disjoint subsets /; and I;. As the
terms of which the sums are composed are all nonnegative, (7.8) follows. O

To keep control of the right hand side of (7.8), one needs to bound the growth of
the potentials V; in (7.5) respectively that of the original potential V. Let

* Ag
Vi) = Zexp(

Xi

R

). (79)
with Ag a given constant and R a scaling parameter to be discussed later. We assume
Vi(x) < Vi (x)% (7.10)

This condition holds automatically for polynomially growing potentials V, as for the
case of the harmonic oscillator, independent of the choice of the scaling parameter R
and be it at the price of a large constant Ag. The assumption (7.10) allows us to
estimate the right hand sides in (7.8) and with that the left hand side of (7.6) in
terms of the norms (6.15) of the correspondingly exponentially weighted functions.

Lemma 7.3. For all infinitely differentiable functions u with bounded support

ka,)( xk) (1)’2'*‘( v.*) ?
Bl rve ey |
+2 < > (_ _l)u 9

where the sums run over the partitions LUI, of I and j ¢ I, in the second case.

Proof. The products of the Laplacians in (7.8) can, as in (6.18), be written as sums
of squares of operators. These operators commute with the corresponding multi-
plication operators and can be distributed in equal parts to both sides of the inner
products. In the notion introduced in Sect. 6.2, integration by parts leads to

e ((gl \4) ( A; ,ngi) ", u) - 0%2(( ]31 vi) VjLau,VjLau)

as 1 and I, are disjoint and j ¢ I;. The other terms on the right hand side of (7.8)
are treated correspondingly utilizing j ¢ I, and

() (I ) = 5 (0L )

The proposition thus follows from Lemmas 7.1 and 7.2, the non-negativity of the
potentials V;, and the assumption (7.10) on their growth. O
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As we know from Chap. 6, the seminorms on the right hand side of (7.11) of an
eigenfunction u € H' (o) for an eigenvalue A below the ionization threshold X (o)
remain finite as long as the constant R is chosen sufficiently large in dependence on
the gap between the eigenvalue and the ionization threshold. Theorems 6.7 and 6.8
and the inverse estimate (6.52) for the low-frequency parts of functions yield then

w) [(GE)], =l (ana) ]
_ L H 2y < 20 =+ H — Jull , (7.12)
('Qz Q i€l Q 5L,0 Q ich Q 0

w) (0% e, = 2l (s )],

— - u <2 - u (7.13)
(-Qz ,lgl Q bl gl Q 0

The final step is therefore essentially to transfer the estimate (7.11) to the classes of
functions to which the solutions of the electronic Schrodinger equation belong.

Lemma 7.4. A square integrable function u : R — R that possesses square in-
tegrable weak derivatives of corresponding orders and for which the expressions

v 2 Vi v
(mg), [(emg)

il i€l

2

, (7.14)
J0

remain finite for all disjoint index sets I ,J C I and all indices j ¢ J can, in the sense
of the norm induced by the right hand side of (7.11), be approximated arbitrarily
well by functions in 9 and is thus contained in the completion of 9 under this norm.

Proof. Let x be an infinitely differentiable cut-off function with values y (x) = 1 for
|x| <1 and x(x) =0 for |x| > 2 and set )y (x) = x(x/®). The functions uy = yyu
then possess weak derivatives of all considered orders. Moreover,

lim Ju—ug|| = 0

in the mentioned norm. This follows from the dominated convergence theorem,
because the functions )y are uniformly bounded and tend pointwise to one and
because their derivatives tend uniformly to zero for ¥ tending to infinity. Thus it
suffices to approximate the functions uy. But this is possible without difficulties
since the V;* and their involved derivatives remain bounded on bounded sets. ad

The finite parts of the left hand side of (7.11), and with that also the complete left
hand side, can therefore be estimated by the right hand side of this equation for the
eigenfunctions u of the electronic Schrodinger operator. This yields:

Theorem 7.1. Provided the potentials V; satisfy the estimate (7.10) with R chosen
sufficiently large in dependence on the gap between the considered eigenvalue and
the ionization threshold, the given eigenfunctions u satisfy the estimate

) iLk T2 2% ) aw P < 4w (7.15)
Q2 ieL'Qz Q2 - ’ ’ ’

& \i=I icl,
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where the weight function W = W_ 4+ W, is composed of the two parts

Z)H(H’%*Z) (7.16)

i€l
Proof. It remains only to estimate the terms on the right hand side of (7.11) as in
(7.12) and (7.13) and to note that the single terms can, because of the identity

)

be combined into the right hand side of (7.15) to finish the proof of the theorem. O

NV_*
we= (143 |5
- (2l

(M%) -m(+%

I,Cly \ i€l} i€l

Theorem 7.1 is the central result of this chapter and measures the regularity of the
considered solutions of the electronic Schrédinger equation in terms of the decay
rate of their expansion coefficients. It is interesting to note that the right hand side
of (7.15) no longer contains derivatives. The weights (7.16) are of the same structure
as the weights in the norms (6.79) and (6.80) that have been considered in Chap. 6,
but here in the position space and not in the Fourier space. The theorem shows that
the question whether the expressions (7.4) are bounded or not solely depends on the
decay behavior of the solutions. The size of their derivatives enters only indirectly
via the constant {2 that measures their variation. The decay rate again depends on
the gap between the considered eigenvalues of the Schrédinger operator and the
ionization threshold. This gap determines, via the relation (7.10), the admissible
operators (7.1) and with that their eigenfunctions ¢ and their eigenvalues Ay, whose
growth finally determines the speed of convergence of the expansion.

Theorem 7.1 offers a lot of freedom in the choice of the potentials V in the three-
dimensional operator (7.1) on which the whole construction is based. The most
obvious possibility is to start from a three-dimensional reference potential

Vo(x) < {Agexp(|x|)}? (7.17)

that is independent of the considered solutions of the equation, and to set

V(x) = I%Vo(;_?)' (7.18)

The eigenfunctions and eigenvalues of the operator (7.1) are linked to the eigenfunc-
tions ¢k(0) and eigenvalues )Lk(o) of the reference operator —A + Vj by the relation

1 X l( )
O (x) = o ¢k(°)(§), A = 15_2’ (7.19)

that is, by a rescaling. The product 2R that then appears on both sides of the esti-
mate (7.15) relates the length scale R, that measures the extension of the system, to



7.2 Antisymmetry 123

the length scale 1/€2, on which the considered solutions vary. After renormalization
of u, both the norm (7.4) and (u, Wu) are then invariant under a change of units,

R— VR, Q—0v'Q, (7.20)

or correspondingly x — 9~ !x and @ — ¥ @, in the position, respectively in the
momentum or Fourier space. The estimate (7.15) becomes invariant under such a
change of units and depends only on the dimensionless ratio £2R of the length scales
R and 1/ measuring the oscillatory behavior of the considered solutions u of the
Schrodinger equation, but not on these quantities themselves.

7.2 Antisymmetry

The physically admissible solutions of the electronic Schrédinger equation are anti-
symmetric under the permutation of the electrons with the same spin. This property
is reflected in their expansion (7.3) into the product of the three-dimensional eigen-
functions. Let G denote the group of these permutations and let

(@v)(x) Y sign(P)v(Px) (7.21)

1
16l 56

be the corresponding antisymmetrization operator. It reproduces functions in the
given solution space H'(o) and in the associated space L,(o) of square integrable
functions. The operator ./ is symmetric with respect to the L,-inner product and
bounded as linear operator from L, to L,. Introducing the notation

N
wik,x) = [ () (7.22)
i=1

for the tensor products of the three-dimensional eigenfunctions, for u € L, (o) thus

ux) =Y, (k) o y(k,x). (7.23)
keNN

Since y(Qk,x) = y(k,Q~'x) and because of the group properties of the considered
set of permutations, the antisymmetrized basis functions transform like

A y(Qk,x) = sign(Q) &/ y(k,x) (7.24)

under the given permutations of the multi-indices k. They vanish when two entries
of k associated with electrons of the same spin coincide. Since for u € L,(0),

u(k) = (u, w(k, ) = (Fu, 9k, ) = (u, 7 y(k, -)), (7.25)
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one can combine the remaining terms for which the multi-indices coincide up to
one of the given permutations of the indices. Introducing the antisymmetrized and
renormalized, pairwise orthogonal tensor product basis functions

W k.x) = /]G] yik,x) (7.26)

that can be written as product of two determinants, or as single determinant when all
electrons have the same spin, the expansion of functions u € L, (o) into the tensor
products of the given eigenfunctions reduces to the orthogonal decomposition

u(x) = zk‘,ﬁ(k)lT/(k,X)» (k) = (u, y(k, -)), (7.27)

where k runs over a set of representatives and those k can be excluded for which
two entries k; associated with electrons of the same spin coincide. The estimate
(7.15) from Theorem 7.1 for the corresponding eigenfunctions u of the electronic
Schrodinger operator transfers in the given circumstances to the estimate

Z(i%)(g% + H%) AP < 4(u,Wu),  (7.28)

& \i=I icl,

where the sum extends over the same small subset of the multi-indices & as in (7.27)
and the size of the single expansion coefficients increases correspondingly. The stan-
dard situation is that the indices i = 1,...,N_ label the N_ electrons with spin —1/2
and the indices i = N_ +1,...,N the Ny = N — N_ electrons with spin +1/2. A
possible set of representatives consists then of the multi-indices k with components

ky>...>kn.y, ky 41> ... >kn. (7.29)

The symmetry group G consists then of |G| = N_! N, ! elements, the factor by which
the number of the basis functions diminishes through antisymmetrization.

7.3 Hyperbolic Cross Spaces

Theorem 7.1 states that only a very small part of the terms in the expansion (7.3)
of a solution of the electronic Schrodinger equation makes a substantial contribu-
tion. Consider the finite dimensional space that is spanned by the tensor products
(7.22), respectively by their antisymmetrized counterparts considered in the previ-
ous section, for which the associated eigenvalues Ay, satisfy an estimate of the form

M, A 1
HE+HE < (7.30)

icl_ il
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or, which is because 2ab < a? + b* slightly less restrictive, an estimate of the form

L P E I |
{H@} < 5 (7.31)

i=1

Due to the obvious geometrical meaning of the products such spaces of ansatz func-
tions are denoted as hyperbolic cross spaces. Their dimensions are much smaller
than those of the common spaces that can be associated with balls of the form

=z

Ak 1
_Q_é < ps] (7.32)

i=1

and have comparable approximation properties. Their use goes back to the Russian
school of numerical analysis [7, 53, 54, 76]. The sparse grid spaces [15] that origi-
nated from the work of Zenger [97] are based on the same kind of ideas. They are
meanwhile very popular in the treatment of higher-dimensional problems.

Let u, be the L,-orthogonal projection of one of the solutions u of the electronic
Schrodinger equation to which Theorem 7.1 applies onto such a hyperbolic cross
space that is determined by the conditions (7.30) or (7.31). Moreover, let

N
Il = (3 g ) 1w (1.33)

k i=1

Since u, is the part of the expansion (7.3) of u associated with the selected product
functions (7.22), respectively the eigenvalues A, for which (7.30) or (7.31) hold,

[l —uel| < & llu—uel| < &full- (7.34)

As the norm given by (7.4) dominates the H'-norm up to a rather harmless constant,
ue approximates the solution with an H'-error of order € if one lets the parameter
€ determining the size of the hyperbolic crosses tend to zero. The speed of conver-
gence is determined by the speed with which the eigenvalues A; of the underlying
three-dimensional operator tend to infinity. For sufficiently fast increasing potentials
they grow rapidly as will be shown in the next chapter. Hence a surprisingly high
convergence rate, related to the space dimension 3N, can be achieved, at least if one
takes the antisymmetry of the wave functions into account as described in Sect. 7.2.



Chapter 8
Convergence Rates and Complexity Bounds

We have seen in the previous chapter that the expansion of a solution of the
3N-dimensional electronic Schrodinger equation for eigenvalues below the ioniza-
tion threshold into correspondingly antisymmetrized products of eigenfunctions of
three-dimensional Schrodinger-like operators (7.1) with sufficiently fast increasing
potentials converges very rapidly, provided that the three-dimensional eigenvalues
tend sufficiently fast to infinity. This chapter is devoted to the quantitative study of
this convergence behavior. We begin in Sect. 8.1 with the examination of the growth
of the three-dimensional eigenvalues A; and show that they increase like

M 2 k3, (8.1)

under conditions that are easy to fulfill. The three comes from the fact that we start
from an expansion into products of three-dimensional eigenfunctions. The constant
o is related to the growth of the underlying potential. For the Hamiltonian of the
three-dimensional harmonic oscillator, that falls into the considered class, this con-
stant takes the value o = 1. Every value o0 < 2 can be reached with sufficiently
rapidly increasing potentials, but not the value or = 2 itself. That is, the products
in the estimates (7.15) respectively (7.28) and the definition of the hyperbolic cross
spaces from Sect. 7.3 increase like powers of factorials. Hence it remains to estimate
the number of sequences of positive integers k; > ... > ky satisfying an estimate

ki <2, (8.2)

=

1

where N is here the number of electrons with spin —1/2 and +1/2 respectively
and 2! is a bound determining the accuracy. This is a number theoretic problem.
We will give estimates for the number of these sequences. In particular we will
show that their number remains bounded independent of the number of the electrons
and essentially grows like ~2% as L tends to infinity. This means that the rate of
convergence, measured in the number of the involved antisymmetrized products or
determinants, does not deteriorate with the number of electrons.

H. Yserentant, Regularity and Approximability of Electronic Wave Functions, 127
Lecture Notes in Mathematics 2000, DOI 10.1007/978-3-642-12248-4_8,
© Springer-Verlag Berlin Heidelberg 2010
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8.1 The Growth of the Eigenvalues in the 3d-Case

The study of the growth of the eigenvalues of second-order elliptic differential
operators is a classical topic. It has a long history that began with the work of Weyl
[89] and Courant and Hilbert [21] in the first third of the last century. The growth
of the eigenvalues of three-dimensional Schrodinger operators (7.1) is examined in
[81] and, for the case of rotationally symmetric potentials, in great detail in [82,83],
and [84]. In this section, we derive some simple, but for our purposes sufficient es-
timates for the growth of the eigenvalues of operators of the form (7.1), (7.2). We
begin with the example of the three-dimensional harmonic oscillator

Hp = — Adp + 0?|x|*¢. (8.3)

The eigenfunctions and eigenvalues of this operator have been calculated in
Sect. 3.4. The eigenfunctions are products of rescaled Hermite polynomials (or lin-
ear combinations of such products) with a fixed Gaussian and the eigenvalues read

A = (2n+3)o, n=0,1,2,.... (8.4)

The eigenspaces for these eigenvalues are highly degenerate and have the dimension

(n+1)(n+2)

> ; (8.5)

which is the number of the possible representations of n as a sum n = n| +ny +nsz of
three nonnegative integers n1, ny, and n3 in given order. From this we obtain:

Lemma 8.1. The ascendingly ordered eigenvalues (8.4) of the three-dimensional
harmonic oscillator, counted with multiplicities, satisfy the lower estimate

A > 30k'/3 (8.6)
and behave asymptotically like Ay ~ (48k)'3 o for k tending to infinity.

Proof. By (8.4) and (8.5), & = (2n+3)w for n > 1 if and only if

(1) (0+2) z £+2)
D D

The estimate (8.6) therefore holds for all £ > 2 because, forall n > 1,

i €+2) < (2n3—|—3)3,

and remains true for k= 1. The asymptotic representation of the eigenvalues follows
from the fact that both sums behave like ~ /6 for n tending to infinity. O
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That this growth is not the best possible is suggested by the example of the eigen-
values of the Laplace operator on a cube, that is, by the eigenvalue problem

on the region Q = (0, 7R)>. Solutions of this eigenvalue problem are

2 3/2 3 ; 2 2 2
o(x) = (ﬁ) []sin (n%) A = ’“J“Z#, (8.8)
i=1

where ny, ny, and n3 are now natural numbers. As one can again associate exactly
one eigenfunction to every such ordered triple of natural numbers, one gets:

Lemma 8.2. The ascendingly ordered eigenvalues of the Laplace operator from
(8.8), again counted with multiplicities, can be estimated from above as

A < 12R2K3/3. (8.9)

Proof. We assign to the triples (n,n,n3) the axiparallel cubes of side length 1 with
these triples as upper right corners. The number of the triples for which

n?n3+n3 <30

is then equal to the total volume of the assigned cubes. Since these cubes cover a
cube of side length | L], their total volume and with that the number of these triples
is at least (L — 1)3. The proposition follows choosing (L —1)* = k. O

A more detailed analysis shows that the above system of eigenfunctions is complete
and that the eigenvalues of the negative Laplace operator indeed grow like ~k23.
Not much surprisingly, the eigenvalues of operators of the form (7.1), (7.2) cannot
grow faster than those. Even worse:

Theorem 8.1. The eigenvalues Ay < Ay < ... of an operator of the given form with
a continuous potential V tend toward infinity slower than ~ k2/3 in the sense that

. M
klg?o s 0. (8.10)
Proof. We begin with the observation that the eigenfunctions ¢, of the negative
Laplace operator from (8.8) can be extended by the value zero to functions in
H'(RR3), a fact that can be easily checked by direct calculation going back to the
definition of weak derivatives. Let #; be the k-dimensional subspace of H'(IR?) that
is spanned by the eigenfunctions @y, . .., ¢ and assume that the assigned eigenvalues
Al,..., ] are ascendingly ordered. As (¢;,¢;) = &;; and (V¢;,V¢;) = A/J;; then

(Vo,Ve)+(V.0) < (VO.Vo) +M(R)(9,9) < 4t +M(R)
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for all functions ¢ € ¥} with L-norm one, where M(R) denotes the maximum of the
function V on the given cube Q of side length mR. By the min-max characterization
of the eigenvalues of H from Theorem 5.9 therefore

or, if we insert the upper estimate from Lemma 8.2,
A < 12R2KP1P 4 M(R)

for R > 0 arbitrary. Since R — R>M(R) is a continuous function that increases mono-
tonely from zero to infinity, there is a minimum R = R(k) for which it attains the
value R?M(R) = k*/3. If we insert this particular R into our estimate, we obtain

A < 13R(K) /3.

Every computable lower bound for the quantities R(k), and particularly every strictly
monotone increasing function M* > M for which the solution of the equation
R2M*(R) = k*/3 can be explicitly given, thus leads to an upper bound for the eigen-
values. Since R(k) tends in any case to infinity for & tending to infinity, the estimate
proves the proposition. O

The result transfers to all potentials that are bounded from above by a continuous
potential tending to infinity. This fact limits the order of convergence that one can
reach with such expansions into tensor products of three-dimensional eigenfunc-
tions. It is, however, possible to approach the growth ~k2/3 arbitrarily.

Theorem 8.2. If the potential V can be estimated from below as
V(x) > K|x/P (8.11)

with ¥ > 0 and B > 2, the eigenvalues grow at least like

)ukZCka/3, o = i

=57 (8.12)

where c is a positive constant that depends only on K and .

Proof. We first assume 3 > 2. An simple calculation shows then that there is a
constant a > 0 that depends on x and 3, but is independent of ®, such that

2
krf > 0’ —aw?, p= _13 62’
holds for all r > 0. If we denote by M < 7&2' < ... the eigenvalues of the harmonic
oscillator (8.3), the min-max characterization of the eigenvalues yields
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A > A,i —aw?
or, with the lower estimate from Lemma 8.1 for these eigenvalues,

X > 30k'? - aw?.

If one maximizes the right hand side with respect to @, one obtains (8.12). The
case 3 =2 can, with help of the min-max characterization of the eigenvalues and
Lemma 8.1, be directly reduced to the case of the harmonic oscillator. O

We remark that one can, with the technique from the proof of Theorem 8.1, easily
show that from the reverse estimate

V(x) < x'|x]P (8.13)

for the potential in (7.1) conversely a lower bound

A < k%3 (8.14)

with the same o as in (8.12) follows. Theorem 8.2 therefore yields the correct ex-

ponent for the case that the potential can be enclosed between two such bounds.
One can even go further and consider exponentially growing potentials. Such

potentials fully exhaust the possible growth, as follows directly from Theorem 8.2:

Theorem 8.3. If the potential V grows faster than any polynomial in the sense that
there exists, for every B > 2, a constant Kk = K(f8) > 0 such that (8.11) holds,

ka/3
1!52 ph =0 (8.15)

for all exponents o in the interval 0 < o < 2.

8.2 A Dimension Estimate for Hyperbolic Cross Spaces

We have shown in the previous section that, for a proper choice of the underlying
three-dimensional operator, its eigenvalues A; increase like >k%/3, where o can
approach the value 2 arbitrarily but cannot reach it. Hence it remains to estimate the
number of sequences ki > ... > ky of natural numbers, where N here denotes the
number of electrons with spin —1/2 and spin +1/2 respectively, for which

N
[Tk < 2~ (8.16)
i=1

The minimum value that this product can attain is N!, so that its size at least
partly counterbalances the size of the other quantities for bigger N. The problem
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to estimate this number has obviously to do with the prime factorization of integers
and is correspondingly difficult. To simplify it, we group the k; into levels. Let

Uk) =max {£L€Z |2 <k }. (8.17)

An upper bound for the number of these sequences is then the number of the strictly
decreasing finite sequences k; > ky > ... > ky of natural numbers for which

[12%) < 2t (8.18)

Since there are at most 2 numbers k; for which ¢(k;) = ¢, their number is

a(N,L) =Y ﬁ (VZ(Z)) (8.19)

v (=0

where the sum runs over all sequences v of integers 0 < v(¢) < 2¢ for which

= =

Yv(e)=N, DY v()(<L (8.20)

=0 =0

The binomial coefficient in (8.19) represents the number of possibilities to choose
v(¢) distinct numbers k; from the set of the 2¢ integers 2¢, ..., 21 — 1 of level £. To
calculate the a(N,L), we introduce the quantities a(K;N,L) that are defined in the
same way as the a(N, L) with the exception that the additional condition

v(l) =0 forl{ >K (8.21)
is imposed on the sequences v. Since necessarily v(¢) =0 for £ > L,
a(N,L) = a(K;N,L) for K > L. (8.22)

The a(K;N,L) can be calculated recursively starting from a(0;N,L) =1 for N =0
and N =1 and a(0;N,L) = 0 for all other values of N. For K > 1,

21(
a(K;N,L) = Y ( y ) a(K—1;N— V', L—KV'), (8.23)

v/

where v/ = v(K) runs from 0 to the maximum integer less than or equal 2%, L/K,
and N, the reason being that, assuming (8.21), the conditions (8.20) transfer to

Kilv(é) = N-v(K), Kz_:lv(é)é < L—-Kv(K). (8.24)
(=0 =0
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Fig. 8.1 The growth of the numbers a(N, L) for N = 10, 15,20,...,175

If one steps down from the considered maximum values for L and N to zero, the
known quantities a(K—1;N,L) can be directly overwritten with the new values
a(K;N,L). The algorithm can thus be easily realized without recursive function calls
within every software system allowing for integers of arbitrary length. For

N=Y2+j o0<j<2mt! (8.25)

m
(=0

the minimum L for which there is a sequence v satisfying the conditions (8.20) and
with that a(N, L) > 0 is that for which the single levels ¢ are maximally filled, that is,

L=Y20+jm+1). (8.26)

m
(=0

Let L(N) denote this minimum L assigned to the number N given by (8.25). The
L(N) increase very rapidly; for N = 179 already L(N) > 1000. A crude estimate
yields N < L+ 1if a(N,L) > 0, or conversely a(N,L) =0 if L < N— 1. Thus

a*(L) := max a(N,L) = max a(N,L). (8.27)

Figure 8.1 shows, in logarithmic scale, how the a(N, L), extended to piecewise linear
functions, behave compared to their joint least upper bound a*(L). It becomes obvi-
ous from this picture that this common upper bound exceeds the actual dimensions
for larger N by many orders of magnitude, the more the more N increases.
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8.3 An Asymptotic Bound

The best possible upper bound that is independent of N for number of the sequences
ki > ... > ky of natural numbers k; for which (8.16) holds grows at least like ~2L.
The reason for that is that already in the case N = 1, there are 2L such “sequences”,
those with values k; = 1,...,2%. Figure 8.1 suggests conversely that the upper bound
(8.27) for the quantities (8.19), and with that for the given number of the sequences
k1 > ... > ky, does not grow much faster than ~2L. This is in fact the case as already
demonstrated by a rather crude estimate that can be deduced from the following
lemma and a well-known result from combinatorics that has its roots in considera-
tions of Euler [26] and was first proved by Hardy and Ramanujan [41].

Lemma 8.3. The number of the infinite, monotonely decreasing sequences

ki >ko>ky > ... (8.28)
of natural numbers for which

[12%) < 2f, (8.29)

with L a given nonnegative integer, is bounded by the quantity

L

Y p(0)2f, (8.30)

=0

where p({) denotes the partition number of £, the number of possibilities of repre-
senting { as sum of nonnegative integers without regard to the order.

Proof. The number of these sequences is bounded from above by the number of se-

quences k1 ,ky, k3, . .. of natural numbers for which at least their levels £(k;) decrease

monotonely and that satisfy (8.29). We show that the expression (8.30) counts the

number of these sequences. Let the integers ¢; = ¢(k;) first be given. As there are 2%

natural numbers k; for which £(k;) = ¢;, namely k; = 2% ..., 26%! — 1, there are
[12% =2 ¢=34,

i=1 i=1

sequences ki, kp, k3, .. for which the £(k;) attain the prescribed values ¢;. The prob-
lem therefore reduces to the question how many monotonely decreasing sequences
of nonnegative integers ¢; exist that sum up to values ¢ < L, that is, for which

S l=t
(=1

for an ¢ < L. This number is the partition number p(¢) of £. O
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The partition number plays a big role in combinatorics and has first been studied by
Euler [26]. Hardy and Ramanujan [41] determined the asymptotic behavior of p(n)
as n goes to infinity. One of the simpler estimates they proved reads as follows:

Theorem 8.4. There is a constant K independent of n such that

pln) < Ke2va 8.31)
n

holds for all natural numbers n.

As the partition numbers p(n) increase monotonely in n and therefore p(¢) < p(L)
for all natural numbers ¢ < L, we can conclude from the estimate (8.31) that

L

Jim 27 LN p(0)2f = 0 (8.32)
(=0

for all ¥ > 0. Every sequence k; > kp > ... > ky of natural numbers for which
N
I1k < 24, (8.33)
i=1

holds can obviously be expanded to an infinite, monotonely decreasing sequence
(8.28) that satisfies the condition (8.29) by setting all k; =1 for i > N. The sum
(8.30) represents therefore also an upper bound for the number of these sequences.
Hence the number of these sequences does indeed not grow faster than

< (2HMP 9 > 0 arbitrarily small, (8.34)

independent of N, a value that cannot be substantially improved. The upper bound
for the number of these sequences from Sect. 8.2 behaves, because of (8.31), like

a'(L) = (21l g(L) < L7V, (8.35)

The exponent 1+ £(L) can be computed as described there and decays for L ranging
from 10 to 1000 monotonely from 1.406 to 1.079. For L = 100, 1 +&(L) = 1.204.

8.4 A Proof of the Estimate for the Partition Numbers

The estimate from Theorem 8.4 is by far not the best possible. In fact, Hardy and
Ramanujan proved in [41] that the partition number behaves asymptotically like

(1 exp (71/2n/3)
p(n) = (4\/5—1—0(1)) — (8.36)
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as n goes to infinity. This result has later been improved by Rademacher [67], who
has shown that (8.36) is the first term in an infinite series that represents p(n) exactly.
We restrict ourselves here to the much simpler proof of the estimate (8.31) that
suffices for our purposes and follow hereby the lines given in [41].

Hardy and Ramanujan start from three identities that go back to Euler. Euler first
observed that the p(n) are the expansion coefficients of the infinite product

oo o

Y =Tl (8.37)

i’
n=0 i=1 l—z

or that this infinite product is in today’s terminology their generating function. The
partial products of this infinite product converge uniformly on the discs |z| < R of
all radii R < 1. The limit function is thus an analytic function that possesses a power
series expansion converging for |z| < 1. Expanding the single factors as

= ﬁ ( i zki) , (8.38)
i=1

k=0

ﬁ 1

i=1

1—Z

one further recognizes that the coefficient in front of 7" is the number of possibili-
ties to represent the number n as a sum n = k- 1 + ...+ k,- n of nonnegative integer
multiples of i = 1,...,n, which is the partition number p(n) of n. This proves (8.37).
The difficulties in describing the asymptotic behavior of p(n) for n tending to in-
finity have a lot to do with the complicated behavior of the infinite product (8.37)
when approaching the boundary of the unit circle.

Let p(n;r) denote the number of possibilities to write the nonnegative integer n
as an infinite sum n = n| +ny + ... of nonnegative integers ny >ny > ... withn; =0
for all indices i greater than r. In the same way one sees then that

oo r 1

2 pmn? =Tl (8.39)

n=0 i=1

is the generating function of these restricted partition numbers p(n;r) that play an
important role in our argumentation too.

The third identity is a little bit more tricky. Its proof is based on an elementary
but ingenious argument from combinatorics. We refer to [5] for such techniques.

Lemma 8.4. For all complex numbers |z| < 1,

M —1+iz’2f[( : )2 (8.40)
i 1-7 b Y '

Proof. The proof is based on a classification of the partitions of natural numbers.
The idea is to assign to each finite partitionn =n; +ny+ ..., ny >ny > ... > 1,

a so-called Ferrers diagram that consists of n dots which are arranged in rows and
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Fig. 8.2 The Ferrers diagram of a partition of the number 20 and the associated Durfee square

columns. The first row consists of n; dots, the second of n, dots, and so on. The
Durfee square of a partition is the largest r x r square that can be drawn into the up-
per left corner of its Ferrers diagram. Figure 8.2 shows the Ferrers diagram and the
Durfee square assigned to the partition 7+ 6 +4 + 3 of the number 20. The partitions
of n are classified by the size r x r of their Durfee squares. Assume that, additionally
to the > dots in the Durfee square of a given partition of the number 7, there are
k+¢=n—r? dots in the upper right and the lower left corner of the corresponding
Ferrers diagram, k in the upper right and ¢ in the lower left. The upper right corner
has at most » rows and corresponds therefore, for k > 1, to a partition of k into a sum
of at most r natural numbers. The number of such partitions is p(k;r). The lower
left corner corresponds, for ¢ > 1, to a partition of £ whose Ferrers diagram has at
most 7 columns. The number of these partitions is p(¢;r). The reason for that is that
one can assign to every partition of £ a conjugate partition interchanging the rows
and columns of the associated Ferrers diagram. Since p(0;r) = 1, the total number
of partitions of a natural number # is thus

pn)= 3 > plkr)p(tr), (8.41)

1<r2<n k+l=n—r?

including those with no dot to the right or below the assigned Durfee square. The
outer sum classifies the partitions of n by the size of their Durfee squares, and the
inner sum is the number of partitions of n with an r x r Durfee square.

The proof of (8.40) is based on this identity. If one inserts it into the left hand side,
splits 7 according to the partition n = r> + k + ¢, and rearranges the sums, one gets

=

2 P = rizrz <§)P(k;")zk) <§‘6p(£;r)zé>.

n=1 =1

If one inserts the generating function (8.39) for the inner sums on the right hand side
and adds the value 1 to both sides, the proposition follows from (8.37). ]

Equation (8.40) can be translated into a set of formulas that can be used to cal-
culate the partition numbers, but also form the basis for our subsequent estimates.

Lemma 8.5. Let qi(n) =n+ 1 and define q,(n) forn > 0 and r > 1 recursively by

gr+1(n) = z (E—i—l)q,(n—(r—i—l)ﬁ). (8.42)
(r+1)¢<n
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Then the partition numbers p(n) for all natural numbers n are given by

p(n) = z qr(nfrz). (8.43)

1<r2<n

Proof. The g,(n) are the expansion coefficients of the product

(=) = L a0z

i=1

1
1—Z

as can be shown by induction on r. If one inserts this relation and (8.37) into (8.40),
the relation (8.43) follows by equating the expansion coefficients. 0O

The following estimate, from which Hardy and Ramanujan derived their bound
for the partition numbers, is based on the representation from Lemma 8.5.

Lemma 8.6. For all natural numbers n,

n2r—1

p(n) < r=21 Cr— (8.44)

Proof. Following Hardy and Ramanujan, we show first that

n V2 2r—1
qr(n) < m (8.45)

As q1(n) = n+ 1, this is true for r = 1. If (8.45) holds for r given, (8.42) yields

(n—(r+ 1)€+r2)2’_1
pal) s 2 DT e (8:46)

For a,b > 0 and all integers m > 2,
m(m—1)a"2b* < (a+b)"—2d" + (a—b)".

Inserting the values m =2r+ l,a=n—(r+1){+ 2, and b=r+1 and utilizing
the abbreviation o:(¢) = (n— (r+1) £+ r*)>*!, one obtains from this inequality

Qr+1)2r(r+17? (n—(r+ DL+ 1< a(l—1)—20a() + a(f+1).
If we denote by L the maximum integer ¢ for which (r+ 1) ¢ < n, (8.46) yields

Cr D (4 D) grnln) < 3 (4 1) (e~ 1) ~2a(0) + a0 +1)
(=0
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and, evaluating the sum on the right hand side,
Cr+DH(r+ 1)1 gria(n) < a(=1)+ L+ 1) a(L+1) = (L+2) a(L).

Ifn—(r+1)(L+1)+r*>0,0nehas 0 < o(L+1) < ax(L). Otherwise a:(L+1) <O0.
Since o(L) > 0 by the definition of L, one obtains in each of the two cases

@r+DH(r+ 11 grai(n) < a(=1) < (n+(r+ 1)),

which finishes the proof of (8.45). From (8.43) and (8.45) we get

2r—1

CER e

which proves the asserted estimate (8.44) for the partition numbers. 0O

The rest follows from Stirling’s formula that relates factorials to powers and is
proven in many introductory analysis textbooks; see for instance [52]. It reads

) nn+l/2 1
M e = ®47

Stirling’s formula yields in the limit of r tending to infinity

_ 1 (4r)! V2
M DI 2 (8.48)

Hence there exists, by Lemma 8.6, a constant K such that

i (N%) : (8.49)

r

<K2 =

26r 2r—1 K
n

The proposition, that is, the estimate (8.31) from Theorem 8.4 follows from the
power series expansion of the exponential function.

8.5 The Complexity of the Quantum N-Body Problem

Our estimates demonstrate that, for the case that all electrons have the same spin,
the number of antisymmetrized tensor products or Slater determinants built from the
three-dimensional eigenfunctions that are needed to reach an H'-error of order & (¢)
does not increase much faster than & (8_6/ *) for € tending to zero, where, of course,
nothing is said about the constant and its dependence on the different problem pa-
rameters. That is, the rate of convergence expressed in terms of the number of basis
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functions astonishingly does not deteriorate with the space dimension 3N or the
number N of electrons. It behaves almost as with the expansion of a one-electron
wave function into eigenfunctions of the given type. In the case of the expansion
into Gaussians, the eigenfunctions of the harmonic oscillator (8.3), the constant o
attains the value oo = 1, a value that we will still improve to o = 3/2. The results
from Sect. 8.1 and particularly Theorem 8.3 show that one can come arbitrarily
close to o = 2, but cannot completely reach this value. The rate with which the di-
mension of the corresponding spaces grows with increasing accuracy then behaves
asymptotically almost like that of a first-order method in three space dimensions. In
the general case of electrons of distinct spin, the order of convergence halves due to
the singularities of the wave functions at the places where electrons with opposite
spin meet, which is reflected in the presence of two products instead of only one
in (7.28) and (7.30) or the square root in (7.31). The rate of convergence remains,
however, independent of the number of electrons and comes arbitrarily close to that
for the two-electron case. Our considerations thus show that the complexity of the
quantum-mechanical N-body problem is much lower than generally believed.



Chapter 9
The Radial-Angular Decomposition

Symmetry plays an important role in quantum mechanics. Closed solutions of
quantum mechanical problems are mostly determined with help of symmetry prop-
erties of the underlying Schrodinger equation. This holds particularly for one-
electron problems with rotationally symmetric potentials. In this case the solutions
split into products of problem-dependent radial parts and angular parts that are built
up from three-dimensional spherical harmonics. The most prominent example is the
Schrodinger equation for hydrogen-like atoms. The knowledge about its solutions is
basic for our understanding of chemistry. The solutions of the Schrédinger equation
for a general system of N electrons moving in the field of a given number of clamped
nuclei unfortunately do not attain such a simple form. The norms that we introduced
to measure their mixed derivatives are however invariant to rotations of the coordi-
nates of the single electrons. We therefore decompose the solutions of the N-particle
equation in this chapter into tensor products of three-dimensional angular momen-
tum eigenfunctions, the decomposition that reflects this rotational invariance. The
contributions of these tensor products to the total energy decrease like

{H(+é (Gi+1) + [T (1+4( éjt))}_1 ©.1)

iel_ iely

with the angular momentum quantum numbers ¢; of the electrons; /_ and I, are
again the sets of the indices of the electrons with spin 4-1/2. We will use this decom-
position to study the convergence behavior of the eigenfunction expansions from
the last chapters further and in particular will obtain an improved estimate for the
convergence rate of the expansion into Gauss functions, the eigenfunctions of the
harmonic oscillator. The central sections of this chapter, in which N-particle wave
functions are studied, are Sect. 9.2, Sect. 9.6, and Sect. 9.7. The considerations there
are based on the examination of the three-dimensional case, to which most of this
chapter is devoted. In the first section the decomposition into the eigenfunctions of
the three-dimensional angular momentum operator, the spherical harmonics is stud-
ied. The third section treats the three-dimensional radial Schrédinger equation in
general, and the following two the Coulomb problem and the harmonic oscillator.

H. Yserentant, Regularity and Approximability of Electronic Wave Functions, 141
Lecture Notes in Mathematics 2000, DOI 10.1007/978-3-642-12248-4_9,
© Springer-Verlag Berlin Heidelberg 2010
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9.1 Three-Dimensional Spherical Harmonics
Quantum mechanical operators result from their classical counterpart via the corre-

spondence principle. The classical angular momentum L = x X p, p the momentum,
is a vector-valued quantity, or in three space dimensions can at least be interpreted as

such a quantity. Since the quantum mechanical momentum operator is p = —ihV,
the quantum mechanical angular momentum operator is therefore the vector valued
operator L = —i%ix x V. Its square reads in atomic units, in which i =1,
I %) 2\
L=--3 (x,-——x‘— 9.2)
J )
2 ij=1 ax]' 8x,-
i#]j

where x1, x2, and x3 denote in this section the components of x € R3. The aim of this
section is to decompose functions from R? to R into eigenfunctions of this operator
and to study the convergence of the corresponding expansions in Sobolev spaces of
arbitrary order. These eigenfunctions split into products of rotationally symmetric
functions and spherical harmonics, functions that cover their angular dependence.

Lemma 9.1. The operator L2 is formally self-adjoint, in the sense that for all in-
finitely differentiable functions u,v : R® — R with compact support

(L%u,v) = (u,L%v). 9.3)
Proof. Integration by parts yields for all indices i # j
/(xiDju ijD,-u)vdx = —/u(xl-Djv—ijiv)dx

so that already the single terms of which the sum in the definition (9.2) of the oper-
ator is composed have the asserted property. O

The operator L? does not act on the radial part of a function and leaves it untouched:
Lemma 9.2. If f : Rog — R and ¢ : R? — R are infinitely differentiable and

u(x) = f(r)ox), r=|x|, 9.4)

the function L*u is given by
L’u = fL%p. ©.5)

Proof. Since the two terms involving the derivative of f cancel,

(33 =03 ) 000} = 10) (50 =17 ) ol

from which the proposition follows. O
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Lemma 9.3. If f: R.g — R is an infinitely differentiable function and Hy a
harmonic polynomial that is homogeneous of degree {, the function given by

ux) = f(r)He(x), r=|x|, 9.6)
is an eigenfunction of the operator L2 for the eigenvalue { (£ + 1) in the sense that
L2u=((+1)u 9.7)

holds on the domain of definition of u.
Proof. The proof is based on the representation
3 3
L2= —r2A + 2 xix;DiDj + 2 inDi
ij=1 i=1
that can be verified with help of the elementary differentiation rules. Moreover,
2 3

d
uz Hy(Ax) = 'leixj (DiDjHy)(Ax).
ij=

d 3

—Hi(Ax) = Y xi(DiH)(Ax),
da i=1

Since H; is homogeneous of degree /, that is, Hy(Ax) = A°H;(x), on the other hand

2

d ~ d _
o He(Ax) = (2 Hy(x), gz M) = (0—1)EA2Hy (x).

Setting A = 1 we obtain the relations

3 3
N xiDiHy = (Hy, Y, xix;DiDjH; = ({—1)(H,
i=1 ij=1
that express the homogeneity of the polynomial H,. As by assumption AH, =0,
L2H, = (({+1)H,
follows. With that the proposition results from Lemma 9.2. a

The function given by (9.6) can be written in the form
u(x) = r'f(rKi(x), r=|xl, 9.8)

i.e., splitting into the rotationally symmetric radial part x — ' f (r) and the function

Ko(x) = H/,(;) 9.9)
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that covers its angular dependence. The functions of the form (9.9) are the spherical
harmonics of degree ¢. They are homogeneous of degree 0 and satisfy the equation

L2K, = L(0+ 1)K, (9.10)

that is, are in this sense themselves eigenfunctions of the operator (9.2). The sym-
metry of this operator implies the following first orthogonality property:

Lemma 9.4. If f,g : R3 — R are rotationally symmetric, infinitely differentiable
functions with compact support and Hy and Hy harmonic polynomials of degrees {
and ' # {, the functions

u(x) = f(x)He(x), v(x) = g(x)Hp(x) ©.11)
are orthogonal to each other with respect to the Ly-inner product.

Proof. By the just proven Lemma 9.3
Llu=0(0+Du, Lv=0+1)v
and therefore, by Lemma 9.1,
CO+1) (u,v) = (L2u,v) = (u,L2) = (0 +1) (u,v).
As0'(0'+1) # £(£+1) for £ + ¢, the proposition (u,v) = 0 follows. O

To proceed, we need to integrate corresponding functions x — f(xy,xy,x3) over the
unit sphere S consisting of the vectors x € R? of length |x| = 1. Such integrals are of
course invariant to rotations. Their parameter representation in polar coordinates is

2 rmw/2
/fdx = / / f(cos@cos V¥, sinpcostd,sint) cos ¥ ddde. 9.12)
s 0 J-n)2
The polar coordinate representation of integrals over the R? reads in this notation

/Rz“(x)dx =/0°°{r2/su(m)dn}dr, (9.13)

where the inner integral is the integral of the function 1 — u(rn) depending on the
parameter r over the unit sphere S and can be further resolved into a double integral.

Lemma 9.5. Let K; and Ky be spherical harmonics of degrees £ and ¢’ # (. Then

| Ketmke(myan = o. ©.14)
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Proof. Let f: R? — R be an infinitely differentiable, rotationally symmetric func-
tion with compact support and let Hy and Hy be the harmonic polynomials that are
assigned to the spherical harmonics. Let n be arbitrarily given fixed unit vector. Then

J()Hy (x) f (x)Hp (x) dx = °QFZHJ'H/JC(W)Zdr Hy(n)Hp(n)dn |,
0 S

as follows from (9.13) and the properties of the functions f, Hy, and Hy. Since the
integral on the left hand side vanishes by Lemma 9.4 and the first integral on the
right hand side takes a value greater than zero as long as f is different from zero,
the second integral on the right hand side must vanish. ]

Lemma 9.6. The space of the homogeneous harmonic polynomials of degree ¢, and
with that also the assigned space of spherical harmonics, has the dimension 20 + 1.

Proof. For £ =0 and ¢ = 1, every homogeneous polynomial is harmonic and the
corresponding spaces have the asserted dimensions 2¢ 4 1 = 1 and 2/ + 1 = 3. For
£ > 2, we utilize that every such polynomial can be written in the form

4

Hy(x) = Y x{Pr_j(x1,x2),
=0

with the P,_; polynomials in x; and x; that are homogeneous of degree £ — j. Thus

=2

AHp = Y x] (MaPr_j+ (j+ 1) (i +2)P—ja),
=0

where A, denotes the two-dimensional Laplace operator acting upon the compo-
nents x| and x;. The requirement AH, = 0 is therefore equivalent to the condition

1
P[,j,z = ( AP/,j

J+D(+2)
for j=0,...,/—2. Thatis, P, and Py can be arbitrarily given and determine then
the other polynomials P;_; and with that also H,. The proposition thus follows from
the observation that the space of the polynomials in the variables x; and x; that are
homogeneous of degree n has the dimension n + 1. 0O

In the sequel we will use an L;(S)-orthonormal basis
K'(x), m=—¢(, ....0, (9.15)

of the space of the spherical harmonics of degree ¢ which we do not specify further.
Not surprisingly such bases can best be represented in terms of polar coordinates;
see the appendix of this chapter. The K" are by definition homogeneous of degree O
and represent the angular parts of the homogeneous harmonic polynomials

H'(x) = r'K]'(x), r=|x], (9.16)
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of degree ¢. The spherical harmonics K}, ¢ = 0,1,2,..., m = —/,... £, form an
L, (S)-orthonormal basis of the space of all spherical harmonics, as follows from
Lemma 9.5, and the assigned polynomials (9.16) correspondingly a basis of the
space of all harmonic polynomials in three variables.

Lemma 9.7. Every polynomial Py that is homogeneous of degree { can be written as

P(x) = Y, |x|¥Hp;(x), (9.17)
0<j<t/2

where the Hy_»; are harmonic polynomials of degree { —2j.

Proof. As follows from Lemma 9.5, a polynomial of the form (9.17) vanishes if and
only if the single terms of which the sum is composed vanish individually. Therefore
the space of the polynomials (9.17) has, by Lemma 9.6, the dimension

Y, (2(-2j)+1) = w

0<j<t/2

which coincides with the dimension of the space of all polynomials in three variables
that are homogeneous of degree ¢, a fact from which the proposition follows. O

We can finally state that the linearly independent polynomials
x| H'(x) = |x "R (x), nl=0,1,2,...,m=—L,....0,  (9.18)
span the space of all polynomials in three variables and that every polynomial coin-
cides on the unit sphere with a harmonic polynomial of at most the same degree.
Let 7/ be the infinite-dimensional space that consists of the functions

x — f(r)H(x), r=]x|, (9.19)

with f: R — R an arbitrary infinitely differentiable function with compact support.
The spaces #;" are L,-orthogonal to each other. The L-inner product of functions

u(x) = f(r)Hi" (x), v(x) = g(r)H}"(x) (9.20)

in ¥ can be reduced to the one-dimensional integral

/3u(x)v(x)dx = /wrzuﬁf(r)g(r)dr. 9.21)
R’ 0

An immediate consequence of this observation is:

Lemma 9.8. The closure of V)" in L consists of the functions

1
x — ;f(r)KZ”(x), (9.22)

with functions f : R-o — R that are square integrable over the positive real axis.
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To decompose functions into radial and angular parts, we assign to every infinitely
differentiable function u : R> — R with compact support the functions given by

@) = { futm)Kp(myan } k7o) 02

where again the abbreviation r = |x| has been used.

Lemma 9.9. The functions Qj'u belong themselves to the spaces V" and are the
Lr-orthogonal projections of the given functions u onto these.

Proof. We fix the function u and the indices ¢ and m and study first the radial part

1) = [[u(rm Kz (n)dn
of Q7'u. We claim that, for £ > 1, it can be written in the form

flry = r'g(r)
with the infinitely differentiable function

1

1
g(r) = —(6—1)1/0 (1—0) ' fO(0r)dv.

This follows from the fact that
d\J
(3) wom],

and therefore f/)(0) =0 for j =0,...,£ — 1 due to the L,(S)-orthogonality of K"
to every polynomial of degree less than ¢. The integral form of Taylor’s theorem
yields the above representation of f, that is, the desired representation

™ Z o
al=j

(Q'u)(x) = &(r) Hf"(x)

of the function Qy'u. The difference u — Qj'u is L-orthogonal to the functions in
¥/", as can be seen representing the L,-inner product in term of polar coordinates.
That is, Q7'u is indeed the Lp-orthogonal projection of u onto ¥;". 0O

As a consequence the operators Q' can be extended to L,-orthogonal projections
from L, to the closure of #;" in L,. The key result, into the proof of which our
knowledge on the eigenfunctions of the harmonic oscillator enters, is:

Theorem 9.1. The functions u € Ly (R?) possess the Ly-orthogonal decomposition

oo 4

u=y > Qlu (9.24)

(=0 m=—/{
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Proof. In view of Lemma 9.9 it suffices to prove that every square integrable
function can be approximated arbitrarily well in the L-sense by a finite linear
combination of functions in the spaces #;". We already know from the discussion
in Sect. 3.4 that the finite linear combinations of the eigenfunctions of the three-
dimensional harmonic oscillator form a dense subset of L,. These eigenfunctions
span the linear space of the products (3.85) of polynomials with a fixed Gaussian
and can therefore be represented as finite linear combinations of the functions

x = |xPre B2 gm ().

Thus it suffices to show that these can be approximated arbitrarily well by functions
in the spaces ¥,". But this is readily seen, simply by multiplying them with a series
of infinitely d1fferent1able rotationally symmetric cut-off functions. O

The series (9.24) is, for sufficiently smooth functions u, not only an orthogonal
decomposition in L, but in every Sobolev space of corresponding order. This is
based on the fact that the projections Q7' and the Laplace operator commute:

Theorem 9.2. If u is an infinitely differentiable function with compact support, so
are its projections Q7'u onto the spaces ¥;". For all such functions u,

AQ'u = QF Au. (9.25)

Proof. Let ¢ be an infinitely differentiable test function with compact support that
vanishes on a neighborhood of the origin to avoid problems with the potential sin-
gularities there. The projection Q7' of ¢ onto ¥, can then be written in the form

(Q7'9)(x) = f(r)Hf' (%),

with f : R — R an infinitely differentiable function with compact support that van-
ishes on a neighborhood of the point » = 0. Since x- VH}" = (H}" and AH]" =

2042
r

(AQQ)(x) = (f”(r)+ f’(r))HZ”(X)~

That is, AQ7' ¢ is contained in ¥, too. We conclude that
(QFAu, @) = (u,A07'¢) = (Q/'u, AQ}'¢) = (AQ}'u, O ).
By the same calculation as above the function AQj'u coincides outside every given

neighborhood of the origin with a function in 7). Let AQj'u = v, v € 7", every-
where where the given function ¢ or its prO]eCthIl O} take a value # 0. Then

(AQ7w,Q7'p) = (v.0f'¢) = (v,@) = (AQ['u, ).
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Hence, for all test functions ¢ vanishing on a neighborhood of the origin,
(' Au, 0) = (Q}'u,Ap).

The next step is to show that this relation still holds even if ¢ does not vanish on
a neighborhood of the origin. For that purpose let ¥ be an infinitely differentiable
function that takes the values y(x) = 0 for |x| < 1 and y(x) =1 for |x| > 2. Set
Xe(x) = x(x/¢) for € > 0. For all infinitely differentiable functions ¢ then

(07 Au, xe®) = (QFu, A(xe @) = (O, xe AP +2V e - VO + @A xe).

As |Vye(x)| < ¢/rand |Aye(x)| < ¢/r? with a constant ¢ independent of &, as the
derivatives of e vanish outside the ball of radius 2¢ around the origin, and as Q7'Au
and Qj'u are bounded functions with bounded support, one obtains the desired result
from the dominated convergence theorem letting € tend to zero.

The relation above can obviously be iterated. For all rapidly decreasing ¢

(07 Au, @) = (Qju,A°p), s=1,2,3,....

To prove that Q7'u is infinitely differentiable we switch to the Fourier representation
of this relation. Plancherel’s theorem yields, because of FA*¢ = (—1)*|w|*F ¢,

/ FOUAuFg do = / (—1)’|0|*FOI'u Fo do

for all rapidly decreasing ¢. As every infinitely differentiable function with com-
pact support is Fourier transform of a rapidly decreasing function this means, by
Lemma 2.4, that the function FQ}'A°u € L, and the locally integrable function

o — (=1)|of*(FQju)(w)

coincide. The latter is therefore square integrable and Q7'u thus contained in the
Sobolev spaces H?* for all s € N. From Theorem 2.12 we can therefore conclude
that Q7'u is infinitely differentiable. Integration by parts yields

(QFAu, @) = (AQ¢'u, @)
for all test functions ¢ and therefore finally (9.25). a

Theorem 9.2 is the main tool to prove the convergence of the derivatives of arbitrary
order of the projections to the corresponding derivatives of the function itself:

Theorem 9.3. The L,-orthogonal decomposition (9.24) of an infinitely differen-
tiable function u with compact support is also orthogonal with respect to each of
the positive semidefinite inner products

(u,v)s = (=1)*(A%u,v), s=0,1,2,..., (9.26)
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that induce the seminorms | - |s. That is, for all such functions u and all such s
uf} = Z 2 |7 ul?- (9.27)
=0 m=—/{
Proof. Expanding the second argument one obtains for the given functions u
00 4
(A'u,u) = Z Z (A%u,Q%'u).
(=0 m=—(
From (9.25), that is, the fact that A® and Q' commute, the relation
(A%u,Qf'u) = (Q)'A%u, Qf'u) = (A*Qf'u, Of'u)
follows. Inserting this relation into the double sum above the proof is finished. O

The norms on the Sobolev spaces H*, s =0,1,2,..., can be composed of the semi-
norms above. As the infinitely differentiable functions with compact support are
dense in these spaces H*, the theorem shows that (9.24) is not only an orthogonal
decomposition of L, but of all these Sobolev spaces.

To end this section, we again bring the operator (9.2) into play and begin with
the observation is that, for all indices i # J,

()Cl'Dj 7)Cle')A =A (xiDj 7)Cle'), (928)
from which the commutation relation
L2A = AL? (9.29)

follows. Together with Theorem 9.2 it yields our third decomposition theorem:

Theorem 9.4. For all infinitely differentiable functions u with compact support and
all nonnegative integers s

(Lzu,u)s

I
M
M

~
S
=

(9.30)

From the commutation relation (9.29), Lemma 9.1, and Lemma 9.3

(ASL2u, Q0u) = (L*A%u,Q'u) = (ASu,L*Q'u) = £(£+1) (A*u, Qu)
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follows. Since by (9.25), that is, the fact that A*® and Q' commute, again

(A%u, Qf'u) = () Au, Q'u) = (A*Q'u, Qf'u),
which proves the proposition. 0O
Finally we observe that, for infinitely differentiable # with bounded support,
1

2,

1

(L2u,u); = |(xiDj —x;D;)ul?, (9.31)

1

T

1

S
.

which follows from (9.28), the definition of the operator L2, and the skew-symmetry
of the operators x;D; — x;D; that already entered into the proof of Lemma 9.1.

9.2 The Decomposition of N-Particle Wave Functions

The goal of this section is to expand N-particle wave functions, that is, functions
w: (RHY = R (xg,...,0n) = u(xy,...,xn) (9.32)
depending on the positions x; € R? of the single electrons, into series of functions

x — f(r, ... 7r]\/)KZ'(x,-) KZVN(xl-), ri = |xil, (9.33)
and to study the convergence properties of these series. The expansion coefficients
f:RY — R can in this case be obtained in the same way as in the previous section
applying the operators (9.23) particle-wise. Let Q(¢,m) be, for multi-indices ¢ and
m in ZN with components ¢; > 0 and |m;| < ¢;, the corresponding projection opera-
tor that maps the infinitely differentiable functions (9.32) into the space ¥ (¢,m) of
the functions (9.33) with infinitely differentiable radial parts f : RV — R. The re-
sults from the previous section transfer then more or less immediately to the present
situation. The operators Q(¢,m) can be extended to L,-orthogonal projections onto
the Ly-closure of ¥ (¢,m). Since the spaces ¥ (¢,m) are orthogonal to each other
and every square integrable function can be approximated arbitrarily well in the L,-
sense by a finite linear combination of the functions in these spaces, one obtains:

Theorem 9.5. The functions u € Ly(R*V) possess the Ly-orthogonal decomposition

u = ;ZQ(E,m)u, (9.34)

where the outer sum runs over the multi-indices ¢ € ZN with components {; > 0 and
the inner sum over the multi-indices m € ZN with components |m;| < ¢;.
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The second important result generalizes Theorem 9.2 and will us allow to estimate
higher-order norms of the projections Q(¢,m)u of sufficiently smooth functions u:

Theorem 9.6. The operators Q(¢,m) map the space 9 of the infinitely differentiable
functions with compact support into itself. They commute on this space with every
differential operator Ala L., A;\),{N with arbitrary nonnegative integer exponents Q.

Proof. The key to the proof is the observation that

(Q,m)u,Aip) = (Q(¢,m)Aiu, @)

holds for all # € 2 and all rapidly decreasing functions ¢. This results from the cor-
responding relation in three space dimensions, on which the proof of Theorem 9.2
is based, with help of Fubini’s theorem. Adding these equations up one gets

(Q(g’m)“’A(p) = (Q(g,m)A“’ (P)

From here one can proceed as in the proof of Theorem 9.2 and show with help of
Theorem 2.12 that the projections Q(¢,m)u are infinitely differentiable. Hence

AiQ(l,m)u = Q(€,m)Aju

for all electron indices i, from which the rest follows by induction. 0O

The counterpart of Theorem 9.3, whose proof is analogously to the proof of this
theorem directly based on these properties of the projection operators, is:

Theorem 9.7. The Ly-orthogonal decomposition (9.34) of a function u € 9 is also
orthogonal with respect to every positive semidefinite inner product of the form

(,v) = (—1)0F=FON (A% ANy y), (9.35)

with integer exponents o > 0. The induced seminorm of u splits into the sum
u> = 33 106 m)ul. (9.36)
¢ m

This property is inherited by every seminorm or norm that is composed of such semi-
norms, and by the functions in the completions of & under such norms. Examples
are the H'-norm, and the norms (6.79) and (6.80) that we introduced in Sect. 6.5
to measure the regularity of the solutions of the electronic Schrodinger equation.
The regularity of these solutions thus transfers to their projections. Moreover, since
the exponential weight functions from Sect. 6.1 that we introduced to measure the
decay of the mixed derivatives split into a product of factors that are invariant under
rotations of the electron positions x;, the projections of the exponentially weighted
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solutions are weighted projections for the same weight function. The mixed deriva-
tives of their projections show therefore the same kind of decay behavior as the
corresponding derivatives of the solutions themselves.

The projections Q(¢, m)u are eigenfunctions of the operators Ll-2 that are the coun-
terparts of the operator (9.2) acting upon the components of the position vector
x; € R? of the electron i. We assign the differential operator

< =T](+L}) + [ (1+L7) (9.37)

icl_ il

to the given sets I_ of the indices of the electrons with spin —1/2 and I of the
indices of the electrons with spin +1/2. The operators A; commute, by (9.29), with
the operators L? and thus also with .#. The formal self-adjointness of the single
parts Li2 and with that also of . leads therefore, as in the proof of Theorem 9.4, to:

Theorem 9.8. For all infinitely differentiable functions u with compact support

(Lu,u) ZZ{H( +0+1) + [T (4 G+1) )}|Q(€,m)u|2, (9.38)

m il icl,

where the brackets on the left hand side denote any of the inner products (9.35) and
the seminorm or norm on the right hand side is induced by this inner product.

This result transfers again to every inner product that is composed of parts of the
given kind and in particular to the L,- and the H'-inner product to which we restrict
ourselves in the sequel. The first order differential operators of which the operators
Ll-2 and with that also the operator (9.37) are composed can, as in the proof of (9.31),
be distributed to both sides of the inner product. The inner product on the left hand
side can thus be estimated in the given case by the L,-norms of polynomial mul-
tiples of the mixed derivatives considered in Theorem 6.13. This, and the fact that
the infinitely differentiable functions of corresponding symmetry having a compact
support are dense in the spaces in which the solutions are contained, prove:

Theorem 9.9. Let u be a solution of the electronic Schrodinger equation in the
Hilbert space H' (o) assigned to the given spin distribution for an eigenvalue below
the ionization threshold. Then its norm given by the expression

][> = ZZ{H( 0+ )) + TT (O +4G+1) )}||Q(£,m)u% (9.39)

m iel_ iely

remains finite, where the size of this norm depends on the degree of excitation.

This is one of our central results and another important consequence from the reg-
ularity theory from Chap. 6. It states that only few of the projections contribute
significantly to a solution of the electronic Schrodinger equation and estimates the
speed of convergence of the expansion (9.34) in terms of the angular momentum
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quantum numbers ¢;. In analogy to Sect. 7.3 let us denote that part of the expansion
that is built up from the contributions assigned to the multi-indices ¢ for which

[TO+a@+0) + [TQ+a@+1) < 81—2 (9.40)

il icl,
Since the decomposition (9.34) is orthogonal with respect to the H'-norm then

lu— el < €llu—uel| < el ©.41)

9.3 The Radial Schrodinger Equation

Theorem 9.9 expresses a new kind of regularity that is not reflected in the results for
the eigenfunctions expansions from Chap. 7. It can serve to further reduce the set
of the eigenfunctions to be taken into account in such expansions and in most cases
to improve the convergence rate. Before we can study this, we have to return to the
eigenvalue problem for the three-dimensional Schrodinger-like operators

H=-A+YV (9.42)

considered there with locally square integrable, nonnegative potentials V tending to
infinity, but now under the restriction that these potentials are rotationally symmetric
and infinitely differentiable outside the origin. The solution space .7 of such an
eigenvalue problems is the completion of the space of the infinitely differentiable
functions with compact support under the norm induced by the inner product

a(u,v) :/{Vu~Vv+Vuv}dx, (9.43)

a norm that dominates the L,-norm and the H'-norm as follows from the posi-
tivity of the eigenvalues. The eigenvalue problem for such operators splits into
one-dimensional eigenvalue problems for the radial parts of the eigenfunctions, the
reason being the following observation, which is a simple consequence of the rota-
tional symmetry of the problem and the properties of the spherical harmonics:

Lemma 9.10. For all infinitely differentiable functions u and v with compact support
oo 4
a(uy) =YY, a(Qfu, Q). (9.44)

{=0 m=—/{

The projections Q' are moreover symmetric in the sense that for these u and v

a(Qyu,v) = a(u,Qy'v). (9.45)
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Proof. The relation (9.44) can be proved considering the two parts of which the
inner product is composed separately. The first part involving the derivatives has
been treated in Theorem 9.3. As V is rotationally symmetric, Q7'Vu = V Qj'u. The
rest follows by decomposing the square integrable functions Vu and v,

oo 14
(Vu,v) Z 2 (QPVu,Ofv) = > Y (VOu,Q)'v),

=0 m=—/{ (=0 m=—/{

which is permissible because of the local square-integrability of the potential. The
symmetry is proved by the same type of arguments. 0O

The first equation shows that the operators O} can be extended to projectors that are
defined on the whole solution space .# of the eigenvalue problem and are not only
orthogonal with respect of the L,-norm and the H'-norm but also with respect to
the norm that is induced by the inner product (9.43). The relations (9.44) and (9.45)
thus transfer to all functions u and v in 7, a fact that allows us to decompose the
eigenfunctions into radial and angular parts:

Theorem 9.10. Let u # 0 be an eigenfunction for the isolated eigenvalue A of finite
multiplicity, that is, a function in the Hilbert space ¢ satisfying the relation

a(u,v) = A(u,v), veH. (9.46)

Then only finitely many of its projections Qj'u are different from zero, and each of
them is an eigenfunction for the eigenvalue A too, that is, for all functions v € 7

a(Qy'u,v) = A(QFu,v). (9.47)

The proof is a simple consequence of the fact that (u, Q)'v) = (Q}'u,v) for all func-
tions u# and v in L, the lemma, and the finite dimension of the eigenspace. The
remaining projections Qy'u # 0 hence span the eigenspace for the given eigenvalue.
The original problem thus splits into the essentially one-dimensional eigenvalue
problems to find functions u in the ranges of the projectors Q}' satisfying the rela-
tion (9.46) for all test functions v in these subspaces. The resulting equation is the
weak form of the radial Schrédinger equation.

Lemma 9.11. The range of the projectors Q' on ¥ consists of the functions

u(x) = %f(r)Ké"(x), r=|x|, (9.48)

whose radial parts are located in the completion of the space of the infinitely differ-
entiable functions f : R>o — R with bounded support that vanish on a neighborhood
of the point r = 0 under the norm given by the expression

I = [ (r07+ 0 e virer e oa)
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Proof. We observe first that the infinitely differentiable functions u : R®> — R with
compact support that vanish on a neighborhood of the origin form a dense subset of
the solution space 7. That is again proved multiplying the infinitely differentiable
functions with compact support with a series of cut-off functions y, as in the proof
of Theorem 9.2, using that the function r — 1/r? is locally integrable in three space
dimensions. The image of these functions under Q7' are the functions (9.48) with f
an infinitely differentiable function with bounded support vanishing on a neighbor-
hood of the point » = 0. For such functions « and v

a(u,v) = /{—Au—i—Vu}vdx.

Let f and g be the radial parts of u and v. Since x- VH" = {H}" and AH}" = 0 holds
for the polynomials H}" associated to the spherical harmonics K},

@i = 7 (170 - 0 )k

r

Inserting this relation above and integrating by parts one obtains the representation

alwn) = [ (r0e'0)+ T e + v r00800) )

of the inner product of such functions u and v, which proves the proposition. O

We can conclude from the representation of the bilinear form (9.43) on the range
of the operators Q7' which we found in the proof above that the radial parts of the
eigenfunctions in this range are weak solutions of the ordinary differential equation

0(+1)

—f"(r) + s—f(r) +V(r)f(r) = Af(r), r>0. (9.50)

r

These differential equations do not depend on m, which means that the eigenvalues
have at least the multiplicity 2¢ 4 1 and are degenerate except for the case £ = 0.

Lemma 9.12. The functions f that can be approximated arbitrarily well in the H'-
sense by infinitely differentiable functions f, with compact support in the interval
r > 0 are continuous and vanish at r = 0.

Proof. The proposition follows from the estimate

R
) = Ful ) < R [ 14105 = o9 s,

that is proven with help of the fundamental theorem of calculus and the Cauchy-
Schwarz inequality. Convergence in the H'-norm implies thus uniform convergence
on every interval 0 < r < R and with that continuity of the limit function. O
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To characterize the ranges of the projection operators Q' and the solutions of the
radial Schrodinger equation further, we need the following Hardy-type inequality:

Lemma 9.13. Let f : R>o — R be a continuous, square integrable function that is
continuously differentiable on the interval r > 0, let its derivative be square inte-
grable, and let f(0) = 0. The function r — f(r)/r is then square integrable and

/:rizf(r)%r < 4/0mf’(r)2dr. 9.51)

Proof. We can assume that f vanishes outside some bounded interval; otherwise one
multiplies f again with a series of cut-off functions. Let 6 > 0 be arbitrary. Then

o 1 =] ,
| P = 55 @7 +2 [ Lrnr e

as is shown integrating by parts. Because of 2ab < a* /24 202,

<1 I /=1 °
2 [0 nar < 5 [P 2 [Crerar

o r

Inserting this above one obtains from that the estimate
=1 2 2 2 “ N2
/ — f(r) drggf(5) +4/§f(r) dr.

To estimate the first term on the right hand side, let 0 < € < 8. The fundamental
theorem of calculus and the Cauchy-Schwarz inequality yield

@)1= fre +[r0w] < e+ 5 </06f/(r)2d'”)1/2

or, because of f(0) = 0 and the continuity of f at » =0, in the limit as € — 0+
1 0
5102 < [ rora
o 0
Inserting this estimate above and letting 6 tend to zero the proposition follows. O

Lemma 9.13 shows that the norms given by the expression (9.49) are all equivalent
and that that for the index ¢ = 0 does not play a special role. Moreover:

Lemma 9.14. A function f : R>o — R that is continuous, infinitely differentiable on
the interval r > 0, that vanishes at r = 0, and for which the expression (9.49) remains
finite, can be approximated arbitrarily well by infinitely differentiable functions with
compact support in the interval r > 0 in the sense of the norm given by (9.49).
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Proof. The idea is to multiply f by sequences of cut-off functions. We begin with
the origin. Let y : R — [0, 1] be an infinitely differentiable function that takes the
values y(r) =0 forr < 1and y(r) =1 forr > 2. Set x¢(r) = x(r/€) for € > 0. As

1
(NP < PP, G OF S 17 0P + 5 £,
with some constant independent of € in the second inequality, and

lim (zef)() = 1), Jim (xef) () = £'(0)
for all r > 0, the functions y. f tend to f in the sense of the norm given by (9.49), as
one shows in the usual way with help of the dominated convergence theorem. The
square-integrability of the function f()/r on the right hand side of the estimate
above needed for that follows from the previous lemma. Let f now already vanish
in a neighborhood of the point » = 0. The functions

r= (x(3)0

vanish then for » > 2R and tend to f as R goes to infinity. 0O

After these preparations we can now prove the second central result of this section:

Theorem 9.11. The solutions of the radial Schrodinger equation (9.47) are func-
tions of the form (9.48) with radial parts f : R>o — R that are continuous, that are
infinitely differentiable on the interval r > 0 and solve there the differential equa-
tion (9.50) in the classical sense, that vanish at r = 0, and for which the expression
(9.49) remains finite. They are completely characterized by these properties.

Proof. Let f : R>o—R be the radial part of a weak solution of the radial Schrédinger
equation (9.47). By Lemma 9.11 and Lemma 9.12, f is continuous on its interval of
definition and vanishes at » = 0. We assign the function

¢(r) = Af(r) —

to f that is then, under the given conditions on V, continuous on the interval r > 0.
The function f itself solves the equation —f” = ¢ in the weak sense, that is,

[rox = [oeixtar

holds for all infinitely differentiable y with compact support in the interval r > 0.
Another weak solution of this equation is the solution g of the differential equation
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that is fixed, say, by the values g(1) =0 and g’(1) = 0. The difference h = f — g is
then a weak solution of the equation —4” = 0 on the interval r > 0 and therefore a
linear function. This can be shown with help of smoothed variants

(& xh)(r /Sk r—s) ds, r>1/k,
of h as they were considered in Sect. 2.3. Their second order derivatives

(S *xh)"(r) /Sk r—s)h'(s

vanish. They are therefore linear functions. Since they converge on every com-
pact subinterval of the interval » > 0 to & in the L;-sense as k goes to infinity,
the limit function #4 is itself linear and f = g + h therefore a twice continuously
differentiable solution of the differential equation (9.50). Since V is not only contin-
uous, as needed until now, but even infinitely differentiable, the solution is infinitely
differentiable.

Conversely, that a solution f with the given properties can be approximated arbi-
trarily well by infinitely differentiable functions with compact support in the interval
r > 0 in the sense of the norm given by (9.49) follows from Lemma 9.14. a

The argument simplifies a little bit if £ # 0, as the square integrability of the func-
tions f(r)/r follows then directly from the presence of the centrifugal barrier and
does not need to be shown by arguments as in the proof of Lemma 9.13.

9.4 An Excursus to the Coulomb Problem

Before we continue with the study of the multi-particle case and of the approxi-
mation of high-dimensional wave functions we use the opportunity to calculate the
hydrogen-like wave functions, the weak solutions of the Schrodinger equation

1 V4

——Au— —u=>Au (9.52)
2 ||

for a single electron in the field of a nucleus of charge Z. The knowledge about these
eigenfunctions is basic for the qualitative understanding of chemistry and explains
the structure of the periodic table to a large extent. These eigenfunctions have first
been calculated by Schrodinger (with some help of Hermann Weyl) in his seminal
article [73] that marks together with the work of Heisenberg the begin of modern
quantum theory. The framework that has been developed in the previous section can
be easily adapted to the given problem. We know from Chap. 4 that its solution
space is the Sobolev space H'. The eigenfunctions for a given eigenvalue A are the
linear combinations of functions of the form

1
u(x) = ;f(r)K}ﬁ(x), r=|x|, (9.53)
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with infinitely differentiable radial parts f : R-o — R for which the expressions

/wa(r)zdr, /: (f’(r)2 n E(E_erl)f(r)2> dr ©.54)

I%

representing the L,-norm and the H'-seminorm of u remain finite, which can be
continuously extended by the value f(0) = 0 to r = 0, and which solve the equation

%(—f”—kg(éjl)f)—zf:lf- (9.55)
r r

Theorem 6.10, the virial theorem, shows that there are no nonnegative eigenval-
ues. We first show that there exist, for every given value A < 0, exactly one solution
of the equation (9.55) that tends to zero as r goes to zero, of course up to a multi-
plicative constant, and that this solution is even an entire function. The idea behind
this ansatz is that the solutions of the equation (9.55) should for large r essentially
behave like the square integrable solutions of the simplified equation in which the
Coulomb term and the centrifugal term with 1/ and 1/r? in front are neglected.

Lemma 9.15. The only solutions of the differential equation (9.55) that can be con-
tinuously extended by the value f(0) = 0 to r = 0 are the multiples of the function

f(r) = ¢Q2yrjexp(=yr), v=v-24, (9.56)

where the leading factor is, up to the rescaling of the variable, the entire function
¢(z) =Y @ (9.57)
k=0

whose coefficients are normalized by the condition ay = 1 and satisfy the recursion

(k+L+1)—v z
g = —. .58
Ul = I ki) — it YTy ©-58)

Proof. The function (9.56) is a solution of the differential equation (9.55) if and
only if the function (9.57) solves the differential equation

L(+1 \%

0" — o — ¥¢ +—¢ =0,
Z Z

which is achieved by the choice of the coefficients. As the series defining this func-
tion converges for all complex numbers z, we have found a solution of the original
equation. It remains to show that, up to the multiplication with a constant, there is
no other solution that can be continuously extended by the value O to r = 0. The
given function (9.56) can be extended to a power series solution
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f2) =2y bk, bo # 0,

k=0

of the complex counterpart of the differential equation (9.55). That means that there
exists a 8 > 0 such that z — 1/f(z)? possesses, for 0 < |z| < §, a Laurent expansion

1 1 &,
= =55 QLG
e

with a coefficient co # 0. Let ro = § /2. The real-valued function

|

g = eI, o) = [ 2o

ds,

is then well-defined for 0 < r < & and solves the differential equation (9.55) on
this interval. As such it can be uniquely extended to a solution of this equation on
the whole interval » > 0. Term-wise integration, permissible because of the uniform
convergence of the series on compact subintervals of the interval 0 < r < 8, yields

Ck _—
c(r) = zk“—k—Q,Ef]rk 261 + ng+llnr + a,

where the sum extends over all nonnegative integers k except for k =2¢+1 and o
is an integration constant. The solution g thus behaves near the point » = 0 up to
a non-vanishing, otherwise uninteresting constant factor like ~ 1/r¢. For £ = 0 it
tends to a value # 0 and for £ > 1 it even becomes singular as r goes to zero. It is
therefore linearly independent of f and spans together with f the solution space of
the differential equation (9.55), which completes the proof. ]

The solutions (9.56) are the only candidates for the radial parts of the eigenfunc-
tions. They lead to solutions (9.53) of the Schrodinger equation (9.52) if and only if
the integrals (9.54) remain finite, or equivalently f and its first order derivative are
square integrable. This is only the case for particular values of A.

Lemma 9.16. If the series (9.57) does not terminate the regular solution (9.56) of
the differential equation (9.55) tends exponentially to infinity as r goes to infinity.

Proof. 1f the series does not terminate there exists for each € < 1 an n such that

ag41 > 1—¢
a,

holds for all indices for all X > n. From that one can derive a lower bound

02yr)| 2 r*lexp((1—€)2yr) + p(r),
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with p a polynomial, for the absolute value of the function ¢. The absolute value of
the solution (9.56) tends in this case exponentially to infinity. O

Conversely, if the series terminates, the function (9.57) reduces to a polynomial. The
exponential term on the right hand side of (9.56) then dominates and the function
(9.56) and its derivative tend exponentially to zero. With that we have completely
solved the Schrodinger equation (9.52). The eigenfunctions are linear combinations
of the eigenfunctions (9.53) with radial parts (9.56). The eigenvalues are

22
A= ———— =0,1,2,.... 9.59
z(nr+£+1)27 ny [t it ( )

They depend only on the principal quantum number n = n, + £+ 1. For given princi-
pal quantum number n = 1,2, ..., the possible angular momentum quantum numbers

are { =0,...,n— 1, and for given n and ¢, the possible magnetic quantum numbers
m= —/,... L. The dimension of the eigenspace for the eigenvalue
ZZ
A=—— 9.60
P (9.60)

is therefore 12, so that the higher eigenvalues are highly degenerate. The eigenval-
ues cluster at the ionization threshold, the minimum of the essential spectrum. The
eigenfunctions, in particular that for the minimum eigenvalue, exhibit singularities
at the position of the nucleus typical for electronic wave functions.

9.5 The Harmonic Oscillator

For us the most important example of a three-dimensional Schrodinger opera-
tor (9.42) to which the considerations of Sect. 9.3 directly apply is the three-
dimensional harmonic oscillator. Its eigenfunctions have already been determined
in Sect. 3.4. Their completeness was the key to Theorem 9.1 so that a study based
on the results of Sect. 9.3 cannot directly replace our former considerations but can
give a much more detailed information about the structure of the eigenfunctions. We
know from Sect. 9.3 that the solutions of the Schrodinger equation

1 1,
fEAu+§|x| u=>Au 9.61)

can be composed of solutions of the form

ulx) = F K ), 062
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with radial parts that solve the differential equation

1 , o L(E+1) 1 ,,
5<—f+ 3 f>+§rf—7lf~ (9.63)

This equation possesses again a power series solution that vanishes at the origin:

Lemma 9.17. The only solutions of the differential equation (9.63) that can be con-
tinuously extended by the value f(0) = 0 to r = 0 are the multiples of the function

£r) = o(r)e ", 9.64)

where the leading factor; in front of the exponential term, is the entire function
d(z) =Y a2 (9.65)
k=0

whose coefficients are normalized by the condition ay = 1 and satisfy the recursion

(4k+20+3) — 22
(2k+042)(2k+0+3) — £(£+1

Gpy1 = j (9.66)

Proof. The function (9.64) is a solution of the differential equation (9.63) if and
only if the function (9.65) solves the differential equation

0(0+1
0" —2z¢" — (; )¢+(27Lfl)¢:0.

The coefficients a; are chosen accordingly. To exclude further solutions of the equa-
tion (9.63), up to constant multiples of the function (9.64), one can literally transfer
the arguments from the proof of Lemma 9.15. Since z — 1/f(z)? is an even func-
tion the logarithmic term there does not appear in the present case and the second
solution can be expanded into a Laurent series in a neighborhood of the origin. O

The power series in (9.65) collapses to an even polynomial p,, of order 2n if
3
7L:2n+€+§, n=20,1,2,.... 9.67)
The functions (9.62) become then the polynomial multiples

u(x) = r'pan () K (x)e "2 (9.68)
of the Gauss function r — e"°/2 and are admissible solutions of the Schrodinger
equation (9.61) for the eigenvalues (9.67). Since we know from Lemma 9.7 re-
spectively from (9.18) that these solutions span all polynomial multiples of that
Gaussian, and from Sect. 3.4 that all eigenfunctions are of this type, we can stop our
considerations here and have separated the radial from the angular dependence.
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9.6 Eigenfunction Expansions Revisited

In Chaps. 7 and 8 expansions of N-particle wave functions into tensor products
of one-particle eigenfunctions have been studied and estimates for their conver-
gence rates have been given. These estimates are based on the regularity theory from
Chap. 6, that is, on the existence and the decay properties of the mixed derivatives of
the solutions of the electronic Schrodinger equation. However, they do not fully ex-
ploit these regularity properties of the solutions and will be refined in the present
section. As in Chap. 7 we start from the eigenfunctions of a three-dimensional
Schrodinger operator (7.1), but assume now as in Sect. 9.3 that the underlying po-
tential V > 0 is not only locally square integrable and tends to infinity, but is also
rotationally symmetric and infinitely differentiable outside the origin. Let

1
Onem(x) = ;fng(r)K}ﬁ(x), nt=0,12,....,m=—4... 1, (9.69)

be solutions of the three-dimensional Schrédinger equation

7A¢ném + V(Pném = lné (Pném (9.70)

as studied in Sect. 9.3, which are pairwise orthogonal, have Ly-norm 1, and span a
dense subspace of L,. We consider in this section the orthogonal expansions

N
u(x) =Y w(n,l;m) [ ] dngoim; (x:) 9.71)
1

n,l,m i=

of square integrable functions u defined on the (R?)" into tensor products of these
eigenfunctions. The sum here runs over the complete set of these products, i.e., over
the multi-indices n, ¢, and m with integer components n;,¢; > 0 and |m;| < ¢;.

Up to here nothing has changed from Chap. 7, except for the labeling of the
eigenvalues and eigenfunctions of the three-dimensional operator. The point is that
the eigenfunctions (9.69) are also eigenfunctions of the angular momentum opera-
tor L? and that the projections Q(,m)u considered in Sect. 9.2 can in the present
case be easily expressed in terms of the given expansion. It is

N
(Q(Z,m)u) (x) = z u(n,t,m) H%ilimi(xi)' (9.72)

The angular parts are kept fixed and the sum extends only over the correspond-
ing radial parts. At this place the results from Sect. 9.2 come into play, in particular
Theorem 9.9. Together with Theorem 7.1 and the considerations in Sect. 7.3 they im-
ply that one can restrict oneself to contributions assigned to multi-indicesfor which
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1
[T a+ae+0)+ T+ +1)) < 5, (9.73)
il 16]+ €
Znili 4 — 9.74)
H H o 82

to reach an H'-approximation error of order (&) for the solutions of the electronic
Schrodinger equation, provided the potential V is adapted to the considered eigen-
function as described in Sect. 7.1. The products run as always over the sets of the
indices of the electrons with spin —1/2 and spin +1/2. The extension to the anti-
symmetric case considered in Sect. 7.2, in which the product of the eigenfunctions
is replaced by a Slater determinant, respectively by the product of two Slater de-
terminants, is obvious. The additional condition (9.73) can reduce the number of
contributions to be taken into account substantially. Many of the regularity proper-
ties of the solutions that have not been utilized in Theorem 7.1 enter at this place.
One can often even go a step further and make use of the fact that the functions
(9.69) are not only eigenfunctions of the operator (9.42) but also of the operators

H+ol>= —A+V+ ol? 9.75)

whose eigenvalues are shifted from A,y to 4,0+ ¢ (¢ + 1)®. We will demonstrate
this in the next section by means of the eigenfunctions of the harmonic oscillator.

9.7 Approximation by Gauss Functions

The expansion of the solutions of the electronic Schrédinger equation into tensor
products of eigenfunctions of the harmonic oscillator, that is, into the easily man-
ageable Gauss functions, has already been discussed in Chap. 8. We found that the
H'-error decreases in the one-particle case at least like ~ n~1/% in the number n of
the involved basis functions. Almost the same holds for the N-particle case if all par-
ticles have the same spin. We will improve this estimate for the convergence rate in

this section to ~ n~'/4, which comes much closer to the upper bound ~ n 13 Let
1
H = —3A+3 \x\2+L2 H+ 12 (9.76)

be the Hamilton operator of the three-dimensional harmonic oscillator to which the
square (9.2) of the angular momentum operator is added. Its eigenfunctions

1
Onem(x) = ;fng(r)K,f"(x), nt=0,12,....m=—4... 1, (9.77)

are those of the harmonic oscillator. The eigenvalues assigned to them are

3
nlf2n+€+ FO(l41) = A+ L(L+1). 9.78)
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Next we introduce a new norm on the space & of the infinitely differentiable func-
tions from R3" to R with compact support. It is given by the expression

llell® = <(gHi)(HH{ - HH,-’)u, u) (9.79)

il icl;

where the Hj, respectively H}, are as in Sect. 7.1 the counterparts of the three-
dimensional operators (9.76) that act on the coordinates of the electron i. Distribut-
ing the derivatives in equal parts to both sides of the inner product, one can estimate
this norm by the L,-norms of polynomially weighted derivatives of u as they have
been considered in Theorem 6.13. The solutions of the electronic Schrédinger equa-
tion for eigenvalues below the essential spectrum are therefore contained in the
completion of 2 under the norm given by (9.79). On the other hand,

N
flull* = 3, ( lnigi)<H7L;iéi + H?L;iéi> i@(n, 0,m)|?, (9.80)
1 iel_

nt.m \ i= iely
first for infinitely differentiable functions # with compact support. That means that
a square integrable function u belongs to the completion of & under the norm given
by (9.79) if and only if the expression (9.80) remains finite. In particular this holds
for the solutions of the electronic Schrodinger equation.

To approximate the solutions of the electronic Schrodinger equation up to an
H'-error of order 0(¢) it suffices therefore again to restrict to the contribution of
the tensor products of the eigenfunctions (9.77) for which the estimate

1
1A+ [T < = 9.81)

il icl,

holds for the assigned eigenvalues. We need therefore to know how fast the eigen-
values (9.78) increase to determine the convergence rate in terms of the number of
the remaining, correspondingly antisymmetrized tensor products.

Lemma 9.18. The number N (L) of the eigenvalues A, < A, counted with their
multiplicity, behaves asymptotically like ~ A? /4 and is bounded by the expression

A% (9.82)

the number .4"(1) of the eigenvalues A, < A is bounded by the sum
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§L) ( (L+2)* (“;1)2 +1>(2e+1).

This sum behaves asymptotically like ~ L* /4, i.e., like ~ 22 /4, and is bounded by
5
N () £ L+
Since (L+ 1)2 < A this proves the estimate (9.82). Conversely the lower estimate

Lo((L+1)2 (6+1)
e/VA{ - 26 )
0= 3 (- e

holds. This bound behaves asymptotically like ~ L*/4 i.e., like ~ A2 /4 as well. O

We label the eigenvalues A, , now as in the previous chapters by a single index k
and order them ascendingly, where they are counted several times according to their
multiplicity. We can then conclude from (9.82) that they increase at least like

A >0 2k (9.83)

That is considerably more rapid than the growth A, ~ k'/3 of the eigenvalues of the
harmonic oscillator itself that has been studied in Lemma 8.1.

From here we can proceed as in Chap. 8. For the case that all electrons have the
same spin, the number of antisymmetrized tensor products or Slater determinants
built from the eigenfunctions (9.77) that are needed to reach an H'-error of order
O(€) increases essentially like @(¢~*) for & tending to zero, independent of the
number of the electrons. The convergence rate improves by that by two orders com-
pared to the estimate from Chap. 8. This reflects the fact that the Gauss functions
behave in angular direction like the eigenfunctions of any other operator (9.42),
including those with much more rapidly increasing potentials and therefore more
rapidly increasing eigenvalues. The reduction of the convergence order observed in
Chap. 8 is exclusively due to the radial behavior of the Gauss functions. In the gen-
eral case of electrons of distinct spin, the order of convergence of the hyperbolic
cross approximation halves, again due to the singularities of the wave functions at
the places where electrons with opposite spin meet.

9.8 The Effect of Scaling

Gauss functions have a lot of attractive features far beyond the convergence prop-
erties just discussed that are remarkable but do not fully explain their success. The
first reason for the popularity and the almost exclusive use of Gauss functions in
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quantum chemistry is the observation due to Boys [12] that the integrals arising in
every variational procedure to solve the Schrodinger equation attain a comparatively
simple form and can be evaluated more easily than with other basis sets. A second
reason is their scaling and invariance properties. Gauss functions

x — P(x)e K2 (9.84)

are products of a fixed exponential part with polynomials. Polynomials remain poly-
nomials of same degree under any kind of linear transformation, under a rescaling
of the variables in the same way as under rotations, shears, or shifts. Ansatz spaces
like the given hyperbolic cross spaces become scaling invariant approximation man-
ifolds if one allows for a scaling of the exponential part, either individually for each
single electron or jointly for all. Such measures can improve the approximation
properties dramatically and enhance the speed of convergence substantially.

As an example we consider the hydrogen orbitals that have been calculated in
Sect. 9.4. The first observation is that the angular parts of the Gauss functions coin-
cide with the angular parts of the hydrogen orbitals since the Hamiltonians of both
problems are rotationally invariant. The angular parts can therefore be kept fixed
and only the radial parts need to be approximated by a linear combination of the
radial parts of the corresponding Gauss functions. Our estimates guarantee that the
H'-error tends to zero in this case at least like ~ n~!/2, and the error of the eigenval-
ues at least like ~n~!, in the number 7 of the included Gaussians. Such convergence
orders might be acceptable for a basically three-dimensional problem but are surely
not overwhelming in view of the fact that the symmetry properties of the problem
are here taken into account explicitly.

The situation changes immediately if one allows for a rescaling of the exponential
parts of the Gaussians and combines several such rescaled Gauss functions. This can
be recognized as follows. The construction starts from the representation

e—ﬁ:/mF(I)e—“dt, F(r) = (9.85)
0

(- 3)
——exp|——),
2V 7e3 PlTy

of the function s — e~ V" on the interval s > 0 as Laplace transform, that one can
take from mathematical tables like [1] or easily calculate with help of computer
algebra programs. From (9.85) one obtains the integral representations

e = /olg<<§,r2>d<§, §(6.5) = F(1(E)exp(~st(E)I(E),  (9.86)

of the exponential function e ™", where the functions 7(£) map the interval 0 < & < 1
onto the positive real axis t > 0. We consider in the following the substitutions

52
W’

where the exponent m > 2 can be used to influence the properties of the integrand.

1(8) = (9.87)
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0.6 0.8 1

Fig. 9.1 The integrand in (9.86) for m = 3 and r = 0.0, r = 0.01, » = 0.05, r = 0.1,0.2,...,5.0

Lemma 9.19. The j-th derivative of the integrand g(& ,s) with respect to & remains
uniformly boundedin s > 0 if j <m— 1, and uniformly in s > sy > 0 for arbitrary j.
The integrand tends to zero at the boundary points & =0 and & = 1. If s > 0 the
same holds for all its derivatives at both boundary points.

Proof. We start from the function o : [0,1] — R that is for 0 < & < 1 defined by

2+ (2m—2)¢ (1—¢&)2m
&)= 2 e on ()

and for § = 0 by «(0) = 0. It is infinitely differentiable on the whole interval [0, 1].
All its derivatives take the value /) (0) = 0 at the left boundary point. One has

g(&.s) = (1-&)" (&) exp(—s1(8)).

The derivatives of g(&,s) with respect to & can therefore be written in the form

gV(&.s) = (1- 5)’”_l_jki)ajk(&)(st(é))kexp(—st(é))-

The coefficient functions o are infinitely differentiable on the interval 0 < § < 1.
Their derivatives vanish at & = 0 as those of o.. The proof uses the representation

24+ (2m—2)&
§(1-¢)

of the derivative of the function (9.87) and the fact that the functions ojx (&) absorb
every negative power £~V of £. Since the functions x — x¥e™ are bounded on
the interval x > 0 the representation above proves that the functions & — g(j>(§ )
remain uniformly bounded in s > 0 as long as j < m — 1. Since

1) = 1(&)
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(-8 = Ve (i), v =TT

2m

they remain uniformly bounded in s > so > 0 for all j > m. If s > 0 the functions
& — g(&,s) and all their derivatives tend to zero as & goes to 1. |

These properties enable us to approximate the integrals (9.86) by the trapezoidal
rule, that is, to approximate the exponential function » — e~ by the functions

n

(n+1 ) (9.88)

These functions converge uniformly to e, at least like ~ 1/n"~! on the whole
interval r > 0 and faster than any power of 1/n on all subintervals r > ry of the
interval » > 0. This follows from the exactness of the trapezoidal rule for trigono-
metric polynomials of period 1 and degree n and the Fourier series representation of
the Lp-norms of the derivatives of infinitely differentiable 1-periodic functions. The
functions (9.88) are linear combinations of the Gauss functions

k 2
—t{—— , k=1,....n, 9.89
r = e (-1(55)7) " 059
that depend only indirectly on the function to be approximated. If m = 3 is set the
Rayleigh quotient takes in the functions u,(x) = f,,(r) approximating the ground
state eigenfunction u(x) = e™" of the hydrogen atom for the given n the values

n=16: —0.49996499582807
n=32: —0.49999999906702
n=64: —0.49999999999999

that approach the exact ground state energy —1/2 very rapidly. These observations
indicate that an astonishingly small number of Gauss functions already suffices to
reach a high accuracy. In fact, Braess [13] and Kutzelnigg [55] have shown that one
can reach even a kind of exponential convergence with linear combinations of such
rescaled Gauss functions in the approximation of the hydrogen ground state. With
good cause quantum chemistry today is largely based on the use of Gauss functions.

Appendix: The Standard Basis of the Spherical Harmonics

The aim of this appendix is to construct a basis of the space of the complex-valued
spherical harmonics of degree ¢ and to continue the study of the radial-angular de-
composition from Sect. 9.1. The first observation is that the complex vector space of
the homogeneous harmonic polynomials of degree ¢, and with that the space of these
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spherical harmonics, have the same dimension 2/ + 1 as their real counterparts. The
proof is identical to that of Lemma 9.6. We start introducing the components

L1 = —i ()CQD3 —X3D2), L2 = —i ()C3D1 —x1D3),
L3 = —i ()C]sz)Cle)

of the angular momentum operator L = —ix xV. Its square (9.2) can be expressed as
L= L} +L13+13
in terms of these operators. Their commutators [Ly,L;] = LyL, —L,L, are
[Li,Ly] =iL3, [Lp,L3] =iLy, [Ls,Li]=1iL,.

The operators L, L,, and L3 are formally self-adjoint with respect to the L,-inner
product on the space of the infinitely differentiable functions with compact support.

Lemma. If H is a homogeneous harmonic polynomial, the functions L.iH, 1,H,
and L3sH are homogeneous harmonic polynomials of the same degree.

Proof. They are obviously homogeneous polynomials of the same degree. Since
A (xiDj—x;Di) = (xiDj—x;D;) A

they solve, like H, the Laplace equation and are harmonic. ]

Lemma. Let H be a homogeneous harmonic polynomial of degree { whose Ly-norm
over the unit sphere is 1 and let LsH = mH. The harmonic polynomial

H_=L_H, L_=L;—-il,,
satisfies then the equation Ly H_ = (m— 1)H_. Its Ly-norm over the unit sphere S is
/S|H_(n)\2dn — Ll 1) —m(m—1).
Proof. As follows from the commutation relations, L3L_ = L_ (L3 — 1). Thus
LsH_=13L_H=(m—-1)L_H = (m—1)H_.

To calculate the Ly-norm of H_ over the unit sphere S let f # 0 be a rotationally
symmetric, infinitely differentiable function with compact support and set

y(x) = f)HE), y-(x) = f(x)H-(x).
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As shown in the proof of Lemma 9.2 then y_ = L_y and

L2y = fL2H = (({+1)fH =(({+ 1)y,
Lyy = flsH =mfH =my.

The formal self-adjointness of L; and L, and the commutation relations above yield
IL-wl5 = (v, (LP—L3+La)wy) = (L(L+1)—m(m—1))|lw][5.

The Ly-norm of H_ = L_H over the unit sphere can be calculated from that using
the homogeneity of H_ and H, in the same way as in the proof of Lemma9.5. O

Particularly, H_ # 0 as long m is different from £+ 1 and —¢. Based on these ob-
servations it is now easy to construct the desired basis recursively, starting from the
polynomial z* = (x1+ ixz)l in the complex variable z = x| + i x.

Theorem. Let H, f be the homogeneous harmonic polynomial
¢ ) /2 '
Hf(x) = Nuy(x1+ix)", Nj°= 27:/ (cos 9)2 1 dw,
N —m/2

and let Né;lz = (({+1) —m(m— 1). The polynomials H and
H[f,nil(x) = New(L-H}")(x), m=1(,...,—(+]1,

together form an orthonormal basis of the space of the homogeneous harmonic
polynomials of degree { in the sense of the Ly-inner product on the unit sphere. They
are eigenfunctions of both L and L3

L’H = (((+ 1) H]", L3H]' = mH)".

Proof. That Hf is a normed homogeneous harmonic polynomial of degree ¢ and
L3 H; = EH} is easily checked. That the H}" are normed and L3 H;" = mH}" fol-
lows from the previous lemma. That they are orthogonal to each other is shown as
in the proof of Lemma 9.4 and 9.5. As the space of the homogeneous harmonic
polynomials of degree £ has the dimension 2¢ + 1, the H}" thus span this space. O

Due to their inherent symmetries as joint eigenfunctions of the operators L? and
L3 the polynomials H;" can best be represented in polar coordinates:

H"(rcos @cos ¥, rsin@cos ¥, rsin®) = r' Y (@, ),
where the angles range in the intervals 0 < ¢ <27 and || < 7/2. The functions

Y (¢, 0) = HJ'(cos@cos ¥, sin@cos ¥, sin®})
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represent the restrictions of the H;" to the surface of the unit sphere. They form the
standard basis of the three-dimensional spherical harmonics.

It is not especially difficult to calculate the functions ¥;"(¢, ) explicitly. The
first and most important observation is that they factor into products of univariate
trigonometric polynomials in the variables ¢ and ©.

Theorem. The three-dimensional spherical harmonics can be written as
Y@, 0) = ™ PM), PM(®)=H]"(cos®,0,sin1).
Proof. Differentiation with respect to the variable ¢ leads to

d

70 Y"(@,0) = i(LsH}")(cos@cos ¥, sin@cos ¥, sin ),

that is, because of L3 H" = mH]", to the differential equation

)

a(p Y/ ((p’ ) - imYZm((paﬂ)

in the variable ¢ for ¥ kept fixed and therefore to the desired representation
Y'(9,0) = e"?Y"(0,9)

of Y" (¢, 1) as product of two univariate trigonometric polynomials. O

The recursion for the polynomials H)" can be translated into a recursion for the
¥-parts of the spherical harmonics ¥} (¢, ¢). Direct calculation shows

) )
(1 tan ¥ — 70 819 ) Y/ (@,9) = (L_H}]")(cos pcos ¥, sinpcos ¥, sin ).
Starting from P/ (%) = Ny¢(cos )" one obtains P, m = £ —1,...,—, therefore via

d
Pémil(‘l?) = Nlm (—mtanﬁP[”(ﬁ) + M (19)) .

This relation also shows that the functions P;" are real-valued.
The function given by the expression H (x ) HJ'(x1,—Xx2, x3) is like H}" itself a
normed homogeneous harmonic polynomial of degree ¢. Since

(L3H)(x) = — (LaH{")(x1,—x2,x3) = —mH(x),

it is at the same time an eigenfunction of the operator L3 for the eigenvalue —m
and therefore a complex multiple H = eH, = 1, of the polynomial H,™. This
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implies P/" = SP[’" , or, since the P;" are real-valued,
P(0) = £P(D).
The ¢-independent function Y (¢, ¥) = P?() and the trigonometric polynomials
V2 sin(m@)P"(9), V2 cos(m@)P"(®), m=1,....¢,
thus form a real-valued, orthonormal basis of the spherical harmonics of degree /.

Similarly as in the real case considered in Sect. 9.1, we assign to every infinitely
differentiable function u : R® — C the functions given by

@) = { futrm KFtnan b

where again r = |x| and the functions Kj" are the spherical harmonics assigned to
the harmonic polynomials H;", now in cartesian coordinates. They are given by

KP) = 1 (3), = lxl.

r

The functions Qj'u are as in the real case themselves infinitely differentiable. The
operators Q' can be extended from the space of the infinitely differentiable func-

tions with compact support to L, and represent then L,-orthogonal projections onto
subspaces of L, of the same structure as in the real case.

Lemma. Ifu:R> — C is an infinitely differentiable function,

u=0QM & Lu=/({(+1)u, Lu=mu.

Proof. For all such functions u and all admissible indices ¢ and m,
LZQ;’lu =L(l+1)Qu, L3QVu=mQ}u,

which can be shown as in the proof of Lemma 9.2 and uses that H}" is a joint
eigenfunction of the operators L? and L. If therefore u = O7'u, then

L2u=(((+1)u, Lsu=mu.

Conversely let u be an infinitely differentiable function that satisfies these equations.
For all infinitely differentiable functions v with compact support,

1), QU v) = (u, L2Q0 v) = (L2u, @ v) = £(0+1)(u, Q) v),

m' (u, Q) v) = (u,L30) v) = (Lau, Q) v) = m(u, Qi v).
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That is, (u, Q;f,‘/v) =0if £ # £ or m’' # m. By the complex version of Theorem 9.1

2 z uQélv = (u,0)'v)

=0m'=—1'
follows. This implies (u,v) = (Q}'u,v) and, as v was arbitrary, u = Q7'u. O

The Fourier transform commutes with the operators L? and Lj:

Lemma. For all infinitely differentiable functions u with compact support,

(Lyid)(0) = (\/Lz_n)s/(Lvu)(x)e-iw*dx, v=1,2,3,

or, in abbreviated form, LyFu = F Lyu. Moreover L2Fu=FL%u

Proof. The proof is based on integration by parts. For example,
. d d
~i (@ 5 )il®)
dws 8(»2
) / 71X3(1}2+1(D3XZ) —iox gy
J —iw-x
dx
( ) / ( o x28x3){e }

—i (\/LZ_”)S/GQ%—)g(%z){u(x)}e_im'xdx

and therefore Li Fu = F L ju. The other components are treated analogously. O

-

The Fourier transform commutes therefore, for the given basis of the spherical har-
monics, also with the radial-angular decomposition from Theorem 9.1:

Theorem. For all square integrable functions u : R> — C,
QVFu = FQj'u

Proof. Let u be first an infinitely differentiable function with compact support. Its
projections Oy} u are then of the same type and the following identities hold:

LFQN u=FL2Q) u="0 ({'+1)FQ} u,
LsF Q) u=FL3Q u=m FO} u.

By the Lemma above therefore F Qé, u= QZ}/F Oy u. This implies Q7'F Qé, u=0if
¢! # 0 or m' # m and thus, by the continuity of the operator Q7'F and Theorem 9.1,
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) Vi

QFu=3 Y OJFQ)u=FQlu

=0 m'=—1t

Since the infinitely differentiable functions with compact support are dense in L,
and the operators F and Q7' from L to L, are bounded, the proposition follows. O

This means particularly that the Fourier transform Fu of a square integrable function
coincides with its projection Qy'Fu if and only if u = Q}'u. The Fourier transform
and the Fourier back transform of a square integrable function

1
x =~ fOKPW), =l

are therefore of the same form as the function itself.
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