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Function space requirements for the single-electron
functions within the multiparticle Schrédinger equation
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Department of Mathematics, Ohio University, Athens, Ohio 45701, USA

(Received 11 September 2012; accepted 4 June 2013; published online 24 June 2013)

Our previously described method to approximate the many-electron wavefunction in
the multiparticle Schrédinger equation reduces this problem to operations on many
single-electron functions. In this work, we analyze these operations to determine
which function spaces are appropriate for various intermediate functions in order to
bound the output. This knowledge then allows us to choose the function spaces in
which to control the error of a numerical method for single-electron functions. We
find that an efficient choice is to maintain the single-electron functions in L? N L*, the
product of these functions in L' N L2, the Poisson kernel applied to the product in L*, a
function times the Poisson kernel applied to the product in 2, and the nuclear potential
times a function in L*3. Due to the integral operator formulation, we do not require
differentiability. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4811396]

. INTRODUCTION

We consider the time-independent, non-relativistic, N-electron multiparticle Schrodinger equa-
tion with the Born-Oppenheimer approximation that the nuclei are point charges. This equation is
an eigenproblem Hyr = Ayr. The eigenvalues A correspond to energies and the smallest energies
are of greatest interest. The wavefunction 1 is a function of N variables, each of which has a three-
dimensional spatial part r = (x, y, z) and a spin variable o € { — 1/2, 1/2}, which we combine as y
= (r, o). The wavefunction  is also required to be antisymmetric under the exchange of any two
yiand y;fori # j, a constraint that can be written as Ay = y where A is the orthogonal projector
onto the space of antisymmetric functions. The Hamiltonian H = 7 + V + W consists of kinetic,
nuclear potential, and inter-electron potential operators defined, respectively, by

1 - LA
T=-3)Vi. V=) V@), ad W= ——
25 i1 2 lr; —r;ll

i=1 j#i

The differential operator V2 is a three-dimensional Laplacian, and the potential V(r) is a sum of
terms of the form — Z,/||[r — r,| from a nucleus of charge 0 < Z, at position r,.

Following the paradigm of separated representations,’s? in Ref. 3 we developed methods to
compute approximate wavefunctions of the form

R N
YV, va o) =AY [ el )

=1 i=1

where the number of terms R controls the quality of the approximation. The novelty introduced in
Ref. 3 is that the single-electron functions ¢>f in (2) are unconstrained: they need not come from
some basis set, follow some excitation pattern, or satisfy orthogonality conditions. Even without
constraints, the representation (2) shares certain well-known flaws with the configuration interaction
method. To alleviate these flaws, we extended the methods of Ref. 3 to scale properly for large
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systems* and to capture the inter-electron cusp.’ See the introduction to Ref. 5 for an extended
discussion of the motivation for this approach and comparison with other approaches. Briefly, the
advantage of this approach is that it may allow very efficient expansions and an unbiased exploration
of the structure of the wavefunction. The first disadvantage of this approach is that conceptual
novelties in it require new mathematics and algorithms to be developed. In Refs. 4 and 5 we filled in
some of the required pieces, and in the current work we fill in another piece. The second disadvantage
is that it might fail. Specifically, the gains from having very efficient representations may not be
worth the trouble of finding them. Resolving this issue requires the completion of the mathematical
and algorithm development and then numerical comparisons with existing methods.

In Sec. I A, we sketch the algorithm from Ref. 3. The algorithm reduces to a sequence of
operations on functions of a single electron coordinate y. In Sec. I B, we introduce the main subject
of this paper, which is the analysis of these operations on the single-electron functions with the goal
of determining which function spaces are appropriate for various intermediate functions in order to
bound the output. The analysis is surprisingly, and at times unpleasantly, rich.

A. Sketch of the algorithm

We give only a skeletal sketch of the algorithm, and in particular refer the reader to Ref. 3 for
a proper discussion of the origins and attribution of the component ideas. The algorithm starts with
an initial estimate @ ~ A and initial {¢f }i.1 and then proceeds as follows:

Loop 1: until u converges.
Copy (¢!} to (B!}
Loop 2: until {qbf},',l converges.
Copy: {$!};; to {¢!};; and normalize.
Loop 3: until {¢!};; converges.
Loopd:k=1,...,N.
Update: {@;}; using 11, {¢}};;, and {@!}; .
Update: x using {¢'};; and {¢!}; .
The update of  in Loop 1 uses ¢ formed from {¢f}[,l via (2) and ¥ formed from {&f},-.; via

(2), which correspond to the previous and newest approximate wavefunctions produced in Loop 2.
In Sec. II B, we (re)derive and justify the update rule

((f —9), (V+W)yr)

woe - { . 3)
|12
To a product 1_[,N:1 ¢;(y;) we associate a column vector of N functions of a single variable,
¢:[¢17¢27"'7¢N]*5 (4)

where (-)* denotes (conjugate) transpose; we also use @ as shorthand for the product itself. The
antisymmetric inner product of two such products is computed by (Léwdin’s rule)

- - 1
(A®, A®) = (AD, ?) = ~i ®)
using the matrix L with entries

L@, }) = (i, ¢;)- (6)

To compute antisymmetric inner products involving V or W, first compute L. from (6), then construct
® = L~'®, and then use the formulas

(AP, VO) = 'J%—" / V®*@dy and (7)

(AD, W®) = %'}I\E—" ' OWp [@*0] + @ Wp [09*|Ody, (8)
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where

1 ! / 1 / ! /
W10 = | oy = ¥ F, o ©)

lr —r'|l lr —r'|l
o'e{—1/2,1/2}

We can thus compute the update of i (3) by linear combinations of computations using (5), (7),
and (8).
Loop 2 is a Green function iteration. For u < 0, define the Green function

Gu=(T — D). (10)

The differential eigenvalue problem Hyr = (7 + V + W)y = Ay corresponds to the integral equa-
tion —G,(V + W)Y = . Given an estimate p ~ A for the lowest eigenvalue, one can perform a
power iteration

U <« =G [(V+W)y] and (11)

Y=/ (12)
to produce an approximate eigenfunction. Note that (11) preserves the antisymmetry constraint
Y= Ay.

Loops 3 and 4 are an iterative least-squares fitting. To maintain the representation (2) with R

fixed we replace (11) with the definition that v is the function of the form (2) that minimizes the
error

1% = (=Gul(V + W) DIl (13)

Loop 3 controls the overall convergence of ¥ and Loop 4 varies which functions {QEII{}I we optimize
over.

The innermost update of {qg,’(}, is a linear least-squares problem, which can be solved by solving
alinear system Ax = b (the normal equations). For k = 1, the matrix A consists of integral operators
defined by

N N
Ay, y) = <A8(y —m[]ee. 8¢/ =) H&f’(m)> (14)
i=2 i=2
and the vector b consists of functions defined by
R N N
b)) =) <A8(y -] [8). =GV + W] ¢;"<yi>> : (15)
m=1 =2 i=1

The entries of A in (14) are computed by modifying (5) to account for the delta functions. Defining
w(y) = [0 - Sy ]y =[5 ... $y(»)] . and

(@580 - (@500

(@5 - (@ B
we have

D
AL )y, y) = % (B =y =y D 'w(y)). a7

To compute b, we first approximate the Green function as a sum of Gaussian convolution operators.
Since Gaussians are separable, we obtain a separated representation

F, (18)

J N
=1

D

j=1i
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where the subscript r; indicates in which variable the operator is applied, the superscript j indicates
which operator to apply, and the dependence on p is implicit. We then have

R J N N
by~ =Y > <Afz;a<y — v [[FL e, [V + W) 1'[¢,-’"<y,->> : (19)
=2

m=1 j=1 i=1

For fixed indexes [, m, and j, all the terms in (19) are of the form

N N
<Afrla(y - [[Fdo. vV +WI[ ] ¢,-<y,~>> : (20)

i=2 i=1
To evaluate them, we modify the formulas (7) and (8) to account for the presence of F and §(y —
y1). First, construct the matrix of inner products I (6) but using F¢; in place of ¢;. Then construct
a vector d that is orthogonal to all but the first row of L. and has norm one. Let E be the matrix L

with the first row replaced by d* and let ® = E~! #®. Then (20) is computed by

E 1
|N—'|]-" [q>*dfv<1>*®dy’— <1>*/ Ve*dedy’ + §¢*d/¢*®Wp [®*©]dy’

- %(I)*d/CD*Wp [09*]|0dy’ — q»*/(awp [@*©]®"ddy’ — <1>*/®<1>*Wp [0®*d]dy’

+ Vo*d + &*dWp [#°0] — @ Wp [®<I>*d]](y). 21)

In this formula, the integrands are all functions or vectors of functions of the suppressed variable y’,
so after integration they yield scalars or column vectors. Applying ®* or ®*d on the left yields a
function. In the last row, where there are no integrals, we directly obtain a function. Applying F to
the sum of all these functions yields a single function of y.

The algorithm is thus performed using only linear combinations of computations of the forms
(5), (7), (8), (17), and (21) which only use operations on the single-electron functions {q)f }is and
{JS,’ }ii. Thus the algorithm reduces the N-electron problem to operations on the single-electron
functions. The operations required are:

product of functions;

inner product of functions;

multiplication of a function by the nuclear potential V;

application of Wp [-], which is convolution with the Poisson kernel 1/||r||; and
application of operators F, which are convolutions with Gaussians.

The operations used in (5), (7), (8), and (17) are a subset of those needed for (21) so we restrict
our discussion to (21). The operations in (21) are performed according to the diagram

(22)

Fo,Fo ¢0, o) —————— W, [¢6] —— W, [¢0] Vo

Fov.o0)  Fo (60,0, [00]) FoW,[o0]  FVo
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where ¢, 6, q~5 0, (f& are single-electron functions. Note that (22) does not include any projections
onto a basis set, but instead asks for accurate representations of functions.

B. Operations on single-electron functions

The numerical method used for the operations in (22) is independent of Ref. 3, and hence in
Refs. 3,4, and 5 we did not address it, or provide overall numerical results. In principle a suitable
numerical method was demonstrated in Refs. 6 and 7, but when we tried to use it as implemented
in Ref. 8 there were unacceptable losses of accuracy. With hindsight the cause is clear: Controlling
the error of ¢>f in L? does not bound the error of the results of the operations in (22). If we assume
only that qbf e L? and track the function spaces to which the objects in (22) belong, we obtain

L (etc.) L /
iy

unbounded unb()undod

2 (23)

? ? ? ?

where L’ indicates that the function is not in any L” space and L'> ! indicates that it is in L” for 2
< p < oo. Since the outputs of (22) will be used in an iteration, they should have the same properties
as the inputs, but in (23) they do not. The functions ¢f are actually in much nicer function spaces
than L2, both from general theoretical considerations’ and because the operator F that produced
them in the previous iteration is very nice. The problem is that the difference between ¢ and its
numerical approximation is only known to be in L2, and this error propagates according to (23). For
example, if ¢ is some nice function and we approximate it with f such that ||¢ — f]|» < €, then the
error || V(¢ — f)ll, can be infinite.
The goals of the current paper are:

1. Determine function spaces so that the operations in (22) produce bounded errors.

2. From among those function space options that produce bounded errors, select those that will
be most efficient to implement.

3. Provide bounds and benchmark problems that can be used to test numerical methods to see if
they are good enough to use for (22).

As a preliminary step, in Sec. II C, we analyze the Green function and its approximation (19) so
that we can reduce our analysis to a single Gaussian convolution F rather than a collection of them.
We also note that the presence of the spin coordinate ¢ introduces at worst a small constant in the
bounds, so we replace the combined variable y with the physical variable r for our further analysis.

The natural function space in which to consider d)f is the Sobolev space H' (R?), since that is
the smallest space in which the energy computation is meaningful when N = 1. When we assume
d)f € H', then the function space diagram becomes

/ 24)

H! etc 1 ] 3oo *>L(6/5 6] (6/5,2]

N

bounded bounded

H*' (etc.) H' (etc.) H*' (etc.) H* (etc.)

and the diagram completes successfully, with bounded errors.
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On the other hand, we use an integral operator formulation of the problem, so none of our
operations involve differentiation. Although one cannot directly compute the energy without (at
least weak) differentiation, one can infer the energy from the integral equation. In Sec. II B, we
derive such an energy estimate. The Sobolev embedding theorem says H'(R*) C LS(R?), so we
have H' C L'>%. We therefore consider LI*° as our candidate for a space that does not use
derivatives but is only slightly weaker than H'. If we replace H' with L[>, then the function space
diagram becomes

L2 (25)
\\
L2 (cte.) 7,3 7,(3:00] 1,(6/5.6) 1,66/5.2)
| >~
bounded bounded
L2 (etc.) L2 (ete.) L6/5¢ (ete.) LO/5¢ (ete.) .

Since LO! ¢ [[2°] ¢ L1281 these operations successfully return us to our original space. The
only substantial change from (24) is that we no longer have V¢ € L>.

Having boldly discarded differentiability, we can then consider weakening our function spaces
further. All else being equal, weaker function spaces place weaker requirements on the numerical
method, and thus should allow easier/faster codes. We can weaken L>% by considering LI>*! for
some u < 6. (We require L? for basic inner products, so we do not consider weakening at the L end.)
We find that 3 < u allows successful completion of the diagram, but at u = 3 the scalar [(V, ¢0)|
becomes unbounded. Under the assumption 3 < u, the function space diagram becomes

s "
L[Z,oo] (etc.) L[l,u/Q] L(B,oo] L(6/5,u] ,(6/5,3u/(34u))
bounded bounded
L2 (etc.) L2 (etc.) L6/5%] (ete.) L6754 (ete.) .

In Sec. III, we present our main analysis of these function space diagrams. First, we demonstrate the
divergence of (23). Then we prove (26), which contains (25) as a corollary, and then enhance (25)
to obtain (24).

The above analysis indicates what we can do, but is not sufficient to determine what we should
do. From among the allowed options, we need to specify in which norms the numerical algorithm
should control the errors in which objects. We restrict ourselves to combinations of L”-spaces based
on (26). We do not argue specifically against H', mainly because we have found no good way to
compare against it. We also wish to allow methods that use discontinuous basis functions®® and so
cannot control H' error. For similar reasons, we do not consider Besov spaces or other spaces. To
make these decisions we consider three primary factors:

1. A weaker function space is preferred since it is easier for the numerical method to accomplish.

2. Spaces should be chosen to allow the singularities in the operators to be truncated at as large
aradius as possible.

3. Spaces should be chosen to give the best bounds on the final outputs.

The analysis is complicated by the fact that multiple norms are in use and several of the
operations are nonlinear. Without further information, we cannot make our decisions. We therefore
consider a test case, the “core orbital,” which is the exact solution for one electron on one atom.
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We use the core orbital to select parameters in the operators and to test the bounds. In Sec. IV, we
introduce the core orbital and use it to analyze the influence of the choice of spaces on the bounds
and truncation radii. Based on our analysis we recommend that the spaces be chosen as

L*nL*
/ \\\ (27)
L*nL* L'nL? Lt L? LA3
(scalar) (scalar)
L’nrLt ’nrt L’nrL! L*nL*.

The choice of Wp [¢6] € L* is the result of balancing larger truncation radius for I” with smaller
p against bounds exploding due to the constraint 3 < p. The choice of V¢ € L% balances the
truncation radii for V¢ and F.

In Sec. V, we gather information useful for implementing and testing numerical methods trying
to perform the operations in (22) while controlling the error in the spaces in (27). First, we collect
bounds from throughout the paper and insert the parameters in (27) to provide a complete list of the
bounds used for (27). Next we collect the truncation radii allowed for the cusps and singularities
using the parameters in (27). Then we account for linear combinations present in (21) but neglected
in (22). Then we present formulas for accurately computing antisymmetric inner products when the
matrices involved are ill-conditioned. Finally, we provide a list of benchmark problems to use for
validation and performance testing the method.

In this paper we prove that to perform the iteration in Ref. 3 it is sufficient for the numerical
method for the single-electron functions to do the operations in (22) while controlling the error
in the spaces in (27), we argue that (27) is an efficient choice, and we provide information to aid
the implementation and testing of such a method. Development of enhancements to the numerical
methods in Refs. 6-8 to satisfy our requirements is in progress and will be reported elsewhere.

Il. PRELIMINARY ANALYSIS

In this section, we first collect some background information, then discuss estimating the energy
in the integral formulation, and then analyze the convolutions in the Green function to reduce our
analysis to the operations in (22).

A. Function space basics

(See, e.g., Ref. 10.) For a function on some domain €2, its L norm for 1 < p < oo is defined by
1/p
171, = ( / If(t)l”dt) , (28)
Q

I flloo = eSS-SSIZJP-If(t)I, (29)

and its L norm is defined by

which for continuous functions is equivalent to
I flle = max|f(2)]. (30)
teQ

Those functions with finite ||f]|, are said to lie in L7(£2). The L? inner product is defined by

(f. 8) =/;2f(t)g(t)dt €29
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(for real functions). Holder’s inequality states
1 1 )
IKfo e = I1fllpliglly  for » + P 1 with 1=<p,g=<o0. (32)
For functions on a domain such that r € Q and ¢ € Q implies t — 7 € Q, convolution is defined by

(f xg)t) = fﬂ ft—1"Hg(hdr'. (33)

The Sobolev space H IRY) = WL2(R?) consists of functions with finite value for the norm

J 1/2
Il = ( / |f(€)|2+ZIEif($)|2dé) : (34)
i=1
where f is the Fourier transform of fand & = (£, ..., &;). We can write the norm as
1F e = (113 + 1V F12) 72, (35)

with the implicit understanding that the gradient may only exist weakly. For our analysis we will
separate the H' norm into L? norm and the L* norm of the (weak) gradient, denoted L% .

B. Energy estimate and update

Our goal is to solve the eigenproblem H1 = Ay for the minimal A with the constraint Ay = .
The iteration (11) and (12) only provides an approximate ¥, so we still need a method to estimate
. The step (11) uses u = A, so the quality of ¥ is limited by the quality of u &~ A. Thus we also
need a method to update and improve p.

For y satisfying Hy = Ay and Ay = ¢, the eigenvalue A is the energy. The energy for any
Y = Ay is defined by the Rayleigh quotient

(¥, ”Hyr)
(N2

The expression (36) is variational, which provides two useful properties. First, the difference between
this energy and X is quadratic in the difference between i and the eigenfunction. Second, the energy
produced by (36) is bounded below by A, and so (36) provides and upper bound on A. The numerator
in (36) is computed using (7), (8), and

(36)

1L

4 _ 2@ *
(A®, T®) = SN (-V*®*) Ody. 37)
In order to compute (37), we need
/ o(r) (—V2¢)" (dy = (6, —V¢) = (V0, V¢) (38)

to make sense and be finite. The minimal condition to assure this is ¢, 0 € H 1 We can then bound
by

VO, V)| < [IVO2lIVPll2. (39)

To avoid requiring H', we wish to have an energy estimate that only uses integral quantities.
Let us assume that the iteration (11) and (12) has converged, so that we have found an eigenfunction
¥, and eigenvalue «,, of the Lippmann-Schwinger integral equation

-G, V+W, =a,v,. (40)
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Inserting v, into (36) and using (40), we obtain
W, HY) s (W + (T — puD) + (V + )] ,)

AL AR
- W, (T — uI)(—=1/0, )GV + W) + (Y, V + W),)
A
— 1- au) (1///4’ v+ W)WM) 41
o ( o, A 0

If (40) is solved exactly, then (41) retains the variational properties of (36).

Now we observe from (40) and (41) that v, is an eigenfunction of H with eigenvalue p if
and only if «;, = 1. Defining f(u) = o, — 1, we can apply a step of Newton’s method to obtain
the update rule u < u — fw)/f'(w). (The following argument to compute f'(u) = der,,/dp is due
to Gregory Beylkin.) Applying G, 172 {0 both sides of (40) and rearranging, we obtain the related
normalized eigenvalue equation

—1/2 ~1/2
_g;/z(v + W)g/l/2 glil/zwu = oy gli]/z =, (42)
1Gu "Wl 1G " Yull
which has the form £,g, = «, g, with £, self-adjoint and (g, g,) = 1. Taking the inner product
of both sides of (42) with g,, and solving for «,,, we obtain &, = (£,,g,., g,.). Differentiating with
respect to u and using (42) we obtain

da dr dg dg
rm =<d—;fgw gﬂ> * <‘W gﬂ> * W“ ﬂ

dcr dg dg
(s )+ (G om) (0o )

du
dcl d dcr
NN A - A
Using the explicit form g}/2 = (T — uI)~"/* we can compute dg,l/z/d,u = 93/2/2 and so
dL 1 1
i = =39V + WG = 26,V + WG (44)

Inserting into (43) and manipulating, we obtain

—1/2 —-1/2
‘% = < [—%gg/z(v + WG ~ %g,}/z(v +W)GY 2} ”2’:1/2 w:n : ||gZ“2 wz ” >
6.V + W) = (VWG] W, Y
2 (6. G )
_H=GuV W ) + (Y =GV + W)
2 (G Vs )
1 20 (Vs V) s Vs V)

2(G M (=)' Gu(V + W)W ) aﬂ((V—FW)I/fﬂ,Wﬂ) (45)

Thus Newton’s method yields the update rule

S (=) (Y VW)
11 “ lval®

W< (46)

We do not expect (40) to be solved exactly since we may not wait for (11) and (12) to converge,
and in any case we make an error in our approximation (13). Thus we need to modify (41) and (46)
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touse ¥ and ¥ = -G, (V+ W)y asin (11). We propose to use

. (=) V+ Wi, @7

(V. ¥)

AW =), V+Wiy)
1712

which reduce to (41) and (46) when v/, is inserted. The update rule (48) was given in Ref. 7 with
the following derivation. Assume V¥ is the true wavefunction, but i # A. Then we have

Y =-GV+W =-G.V+WY — (A —wG.(V+W +O((h— ). (49)

W< [ (43)

Neglecting the second-order term, taking the inner product with (V 4+ W)y, and rearranging, we
obtain

V. V+ W)y GV AW, (V + W) + (= — G (V + W), (V + Wy)
= (Y, V+ W)y VW) — O — (=GP, V+W)Y)
=0 -, ¥) = -, V+W)y). (50)
Solving for A yields (48).

)
)~ (7

C. Analysis of the Gaussian convolutions in the Green function

In this section, we determine the effect of the Green function and its component convolutions.

1. Convolution and Gaussians

For convolutions (33), Young’s inequality states
1 1 1 )
If*glls < 1flpliglly for » + 7 s +1 with 1<p,q,5=<o00. (51
Under the assumption that fis continuously differentiable and all the integrals converge
V() =V ([ e =) = [ (o) e =@ pre o)

The Fourier transform of a Gaussian in dimension d (see, e.g., Ref. 11) is

f exp(—m|[]*) exp(—27i (£, r))dr = T~ exp(—7 |§]1* /), (53)
where £ is also a d-dimensional variable. The special case & = 0 provides
/exp(—nt||r||2)dr =742 54)
and consequently
1/p
lexp(—mz ||, = </ exp(—npt ||l'||2)dr) = (pt)~ /. (55)

The integral representation for the Gamma function in Refs. 12 and 17 (Eq. (5.9.1)) provides the
integral

L)
v

oo
/ exp(—zs)s”’lds for 0 <z and 0 <. (56)
0
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Setting z = 1 serves as a definition for the Gamma function. Using this integral identity we can also
compute explicitly in d = 3 that
,

o0 N 1/p 0 1/p
= <4ﬂ(20)pf e"””_rpﬂdr) = (21‘[(205)”/ eap’t(p+1)/2dt>
0 0

= a PO (27T (p + 3)/2)p—<p+3>/2)1/1’ .

” ve—alrlP

12 ,
(e ey~
P p

(57)

2. Integral representation of the Green function

The Green function G, = (7 — wZ)~!in (10) is a convolution operator and thus is defined by
its kernel. The Fourier transform of the kernel is given explicitly by

1

G =— 58
w® = el — o9
where z € R3V . Setting v = 1 in (56) and using the change of variables s = ¢’ we obtain
1 o0
- = / exp (—ze' +1)dt. (59)
< —00
Substituting z = (272||z||> — w)/(— 1) and then dividing by — u gives
. © exp (—e +1 2m2e!
G = [~ PP o (-2 . (60)

Applying the 3N-dimensional inverse Fourier transform yields

o N
6.~ [ @Fwar 61)
% =]

where F, (¢), which depends implicitly on pu, is the operator that convolves with the Gaussian

. UN o ap 3
F(t>=(exp( ¢ +’)) ( “) exp(——“||r||2> 62)
— 2mwe! 2e!

in the variable r;. By discretizing (61) we will obtain an approximation for G,, as a sum of separable
convolutions with Gaussians. For our analysis of norms in Sec. II C 3 we will keep the integral form
and then in Sec. I C4 consider how to discretize it.

3. Operator norms

We now consider the operator F(¢) defined by convolution with the Gaussian (62). Using
Young’s inequality (51), the operator norm of F(¢) : LY — L* for any 1 < g < s is bounded by the
L? norm of the kernel of F(¢) with p = (1 4+ 1/s — 1/g)~'. We can compute directly via (55) the
L? norm of the kernel (62) as

1/N
) M\ (Y .

Since this is finite for all 1 < p, we conclude that F(¢) : LY — L* is bounded for any 1 < g < s.
Equivalently, f € L7 implies F(¢) f € L4-*°]. We now consider how to bound F(¢) : LY — L%, for 1
< g < s. Using (52) and Young’s inequality (51), our bound is the L7 norm of the kernel of V.F(¢)
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withp = (1 + 1/s — 1/g)~'. We can compute using (57) that

N 3/2 ~(p+1/2p) 1p
exp (¢ +1 —u " (= p+3\, -
IVFE@®I, = ( ) = 2T 2 p~ I
K 2me! 2e! 2

(64)

Since this is finite for all 1 < p, we conclude that F(¢) : LY — L3, is bounded for any 1 < ¢ < s and
thus f € L9 implies F(1) f € LY.

The bounds (63) and (64) indicate the function spaces in which the results live, but do not
provide an understanding of the sizes of the results. We now analyze the expected sizes. Our
analysis is based on expected scalings, and so provides understanding and estimates, but not rigorous
bounds. As described in Sec. I A, F(t) is used when we replace ® with F(t)® and then again
applied at the end of (21), where it appears along with a scalar as |E(#)|F(¢). The matrix E(¢) is
constructed from the matrix L(z) = L(F(¢r)®, ®), which has entries of the form (F(¢)@, ¢) and thus
satisfy |(F(1)@, @) < IF@)@l2ll¢ll2 < IF@11pll2lI#ll2. The scaling is thus [L(2)| ~ || F()[I}
and since [E(¢) is formed by replacing one row of IL(¢) with an orthonormal vector, its scaling is
|[E()| ~ ||F(t)||iv_l. Using |F()|; = (exp(—¢e' 4+ H/(— w))""N from (63), we can incorporate this
scaling and obtain the estimates

HE@F®I, ~IFOIY " IIF @), = [(63) with N = 1] and (65)

IVIEOIFOl, ~IFOIY T IVF@I, = [(64) with N = 1]. (66)

These estimates have removed the dependence on N, but leave a dependence on ¢. To remove
this dependence, we integrate over ¢ and apply (56) to obtain

o0 1 _N32 -3/@p) 3 _
f NEOIF@))pdt ~( — ) (== —#p r(2Z=2) for1<p<3and
oo —u 2 2 2p

(67)

) 2 1/2p) 3 1/p 1
/ IVIE@®|F @) ,dt ~ | — 2 (p (P2 2 p~PHI/2 r({—1). 9%
—0o0 —H 2 2[7

It does not quite make sense to integrate these operator norms in this way, since the functions that
|E(#)|F(¢) are applied to also depend on 7. Nonetheless, to understand the sizes of objects that we
encounter, we will lump all these operators together into a single F and use (67) and (68) as its
bounds. Due to the restriction p < 3 in (67), the operator norm of F : LY — L* is only finite when p
=1+ l/s — 1/g)~ ' <3=qg>3s/(3 + 25).1f 3/2 < g, then this imposes no additional restriction
on s and we have f € L9 implies F f € L!9*l; however, ¢ < 3/2 = s < 3q/(3 — 2q) so we only
have F f € L14:34/3=29))

4. Ensuring accuracy in the Green function

We now consider how to discretize (61) to obtain a sufficiently accurate approximation for G,
as a sum of separable convolutions with Gaussians. We require L* relative error for (A}M in (58)
bounded by €. By the isometry of the Fourier transform this gives relative error bounded by € for
G, : L?>(R*) — L*(R3M), which is sufficient to run the Green function iteration in Sec. I A and all
that we required in Ref. 3.

The analysis in Sec. II C 3 showed that accuracy requirements for 7 : LY — L* correspond to
accuracy requirements for G,: LY — L* for N = 1. Our requirement above for L* relative error for
G .. thus provides relative error control for F : L> — L?. Anticipating our later needs, we will also
require L relative error for G u for N =1 bounded by €. By the isometry of the Fourier transform
and Young’s inequality (51), this provides error control F : LY — L° for 1/q = 1/s + 1/2. Since
we normalize by the L? norm of the kernel rather that the operator norm of G, (which we cannot
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compute) and Young’s inequality may not be sharp, this does not quite provide relative error in
operator norm but should only be off by a small constant.

Following Ref. 13, we will truncate the domain of integration in (59) to [ — A, B] with —A <0
< B and there approximate the integral with the trapezoid rule with step size 4. To achieve pointwise
relative error in (59) bounded by €, the proof of Theorem 3 in Ref. 13 shows it is sufficient to set

2160
h <
In(1 + 2/(€ cos 6))

for any 0 < 8 < m/2. In order to get a simple expression, they then select § = 1 and bound the
denominator from above. There does not appear to be a closed formula for the 6 that maximizes (69)
for a given ¢, but it is simple to numerically maximize this function, so that is what we will do. We
observe that @ — (7/2)~ as € — 0. Since (60) is obtained from (59) by substitution, we therefore
also obtain pointwise relative error bounded by € in (60) and thus L and L? relative error for G u
bounded by €.

Truncating the infinite integral (59) to an integral on the interval [ — A, B] has three effects on
the accuracy of the approximation. First, neglecting (B, co) means the approximation will go to a
finite limit as z — 07 and thus for small z the pointwise error will also go to z ~!. Second, neglecting
(— 00, —A) means the approximation will go to zero much faster than z ~! for large z, and thus for
large z the pointwise error will go to z ~ . Third, neglecting these intervals will cause some pointwise
relative error for intermediate z.

The pointwise relative error in (59) from neglecting 0 < B < s < oo is bounded by

(69)

o0 o0
z/ exp (—zet + t) dt = z/ e % ds = exp(—ze?), (70)
B exp(B)
so to make it at most € we need B > In( — In (¢)/z). Since we will substitute z = (272||z]|> — )/
(— @) > 1, it suffices to take B > In ( — In (¢)).
The pointwise relative error in (59) from neglecting — oo < s < —A < 0 is given by

—A exp(—A)
z/ exp (—ze' +1)dt = z/ e ¥ ds =1—exp(—ze ™), (71)
_ 0

o0

so to make it at most € weneed A > —In(—1In(1 — €)/7) ® —In(e/z). If we fix some Z > 0 and
choose A= —In(—In(1 — €)/Z), then our approximation has pointwise relative error at most € for
0 < z < Z and this propagates to pointwise and normwise relative error for G - Since the integrand
in (59) is positive, the pointwise (not relative) error for Z < z is bounded by 1/z. The pointwise error
in GM(Z) via (60) for Z < z = 2n?||z||> — w)/(— ) is then bounded by ( — uZ) ~!. Relative to
G wlloo = (= w)~ ! this gives pointwise error at most Z~ . Thus we can achieve relative error in L>®
for Gu aslongas Z > e !, whichmeans A > —In(—1In(1 — €)e) & — 2In(¢). To bound the L?
norm of the error for Z < z we explicitly compute the L? norm of G u for Z < zwhen N = 1. Since
G“ is radial, setting S = [(— uw)(Z — D/27*)]? we have

- o | 5 1/2
4 ———— ) s 2
o (=) o] ™

(11 ~ 1 (_ (Z — 1)
ENET NN e z

For large arguments, Z — 1 ~ Z and arctan(x) ~ /2 — x~! so we have

| | | 1/2 \/5 1/2
- — —z712 27712 =|—| . (74
[2\/(—#)(2712) e o ))} Lﬂv(—“)z} "

Dividing by |G,ll» = 122734~ )~ gives relative error 27 ~'2Z~ . Thus to achieve
relative error € we must choose Z > 27 ~2¢ =%, which means A > —In(—1In(1 — €)2~%x2%€%)
~ —5In(e) + 2In(4/7).

172
+ arctan ((Z — 1)1/2)>i| . (73)




062105-14 Martin J. Mohlenkamp J. Math. Phys. 54, 062105 (2013)

lll. OPERATION DIAGRAM ANALYSIS
A. Function space inequalities and calculations
Minkowski’s inequality states
If+sgl, =lfll,+lgll, for 1=<p=oo. (75)

(When p = 2 this is the Schwarz inequality; it is sometimes called the triangle inequality.) As an
application of (32), for 1 <s < oo and 1/p 4+ 1/g =1 we have

s s\\1/s s s s s
178l = (A1 181" < 111 1/ I8l 1 = 1f sl gllgs (76)
and in particular choosing p = oo = g = 1 we have
Ifglls < 1 f locllglls- (77

As a second application of (32),for 1 <s<o00,0<t< 1,1 <stp,1 <s(1 — t)g,and l/p + 1/g
= 1 we have

s —s\\ /s s s —1)s s -
1l = (I LA < NI A0 = WA 1 (T8)

Fora <s < bwecanseta = stp and b = s(1 — 1)q and solve to obtain

1/(s(b—a))
b—s b(s—
171 = (111 )

which in particular shows the embedding

; (79)

L‘NLb c LS. (80)

In d = 3 we can explicitly compute the L” norms of the function 1/||r|| restricted to the inside
or outside of a sphere of radius ¢ via

1 r1 1/p 4 t3—p 1/p
— =4n | —r%dr —(Z forl1 < p <3and (81)
el ; 3
Irli=z ||, or p
1 — (47.[ /oo irzdr>1/p _ (4mt* =7 /(p — 3))]/p for 3<p<oo 82)
el r<liell | , ;P 11 for p=oo

For p not in the specified ranges, the norms are infinite; note that no p works for both the inside and
outside portions.

We shall several times wish to minimize a function of the form f(f) = A#” + Bt~ 9 with A, B, p,
g, t > 0. Computing the derivative and setting equal to zero yields

o= (24 - d 83

=(5) " )
A\ 77 [ B\

fto)=(p+4q) (—> <—> . (34)
q p

B. Analysis using L2

In this section, we assume only that the input functions are in I?, and demonstrate the function
space diagram (23). Although this diagram fails to provide error bounds, the analysis is enlightening.

1. Product
Using (76) with s = 1 and p = g = 2 we have
90111 < l#l211612 (85)
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and thus ¢ € L'. If we only know that ¢ and 6 are in L?, then no bound holds for ||¢6 I, for 1 < p.
For example, if ¢ and 6 both have value +/C on a ball of volume 1/C around a nucleus and are zero
elsewhere, then ||p[l, = 1012 = 1, but [|¢p8], = CP~ VP — 00 as C — oo.

2. Nuclear potential

We first show that ¢6 € L' provides no bound on (V, ¢8), even for the case of a single nucleus
at the origin. Let ¢ have value C on a ball of volume 1/C around a nucleus and zero elsewhere, so
¢l = 1. We can explicitly compute using (81) that

1

— CB g 1/332/3)-1/3 (86)
llxll ’

(V,¢0) =CZ

el <@/@mC)'A |||

which diverges as C — oo.

Next we show that ¢ € L? provides no bound for ||V ¢|| p forany 1 < p, even for the case of a
single nucleus at the origin. Let ¢ have value ~/C on a ball of volume 1/C around a nucleus and zero
elsewhere, so ||¢|l» = 1. We can then compute using (81) that

Vel =C'*z
[l

— C(Sr—6)/(6r)z4l/37[1/33(3—")/(3")(3 _ r)—l/r. (87)

IFll=<GB/@xC)A |,

If 6/5 < r, then this diverges as C — oo and if r < 6/5 it diverges as C — 0. For r = 6/5
the construction is a little more difficult. Let ¢ have value #(47)~"? on the ball of radius (3
+ 20)VB+29 for some — 3/2 < t. Then

(G+201/6H0 oy 172 3t
1ol = (4 / " ar) =
0 47'[ 3 + 2f 0

(3420)1/6+) r(6/5)’ - 5/6
% =7Z|4n r2=853qr
1Vles /0 T

(3420)1/6G+20

1/2
) =1 and (88)

1/3 PO/ H6/5 (e >/6
@0 ( 975+ (6/5) |, )
1/3 (3 +21)33 >/ 1/3 5/6 -1/3

which diverges as t — (—3/2)".

3. Poisson convolution

We first show ¢@ € L! provides no bound on | Wp [¢0]]] p forany 1 < p. Let ¢0 have value C on
a ball of volume 1/C around a nucleus and zero elsewhere, so ||¢8|; = 1. For ||r|| < (3/(4m C))3/2
we have

c 47 (3/(4m C))*3272
2

[l

Wp [¢0](r) > C = C'Pg!33¥327753(90)

el <@/@mC)2/2|

and thus
IWp (660111, > CB71/332/39-7/3 (SC)fl/p — CP=3/Bp)1/332/37O=Tp)/Cp) 91)

If p < 3, then this diverges as C — 0 and if 3 < p, then this diverges as C — oco. Now let C = 3/(4m)
so the ball has radius 1. We then have Wp [¢0](r) > 1/(1 + |r||), so Wp [¢0] cannot be in L” for
any p < 3. Thus we conclude Wp [¢8] cannot be in L? for any p.
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Next we show ¢6, 6 € L' provides no bound on (¢8, Wp [¢6]). Let both ¢6 and 6 have
value C on a ball of volume 1/C around a nucleus and zero elsewhere, so |0, = ||#8]; = 1. Then
by (90),

(60, Wp [90]) > / CC\B7 /3323913 4
IFll<3/@m C)'73/2
3 (3/@m )32
— 74/332/39=1/34/3 T _ /33234313 ©2)
0

which diverges as C — oo.

C. Analysis using L'>“ for3 < u

In this section, we demonstrate the diagram (26) for 3 < u < oo. For ||V ¢||; the form of the
bound changes at u = 6 but we only give the details for 3 < u < 6.

1. Product
In Sec. III B 1, we showed that ¢@ € L' since ¢ and 6 are in L. Using (76) we have

1901wz < @101l 93)

and thus ¢ and @ in L" implies ¢6 € L*3. Applying (78) with stp = 1 and s(1 — f)g = u/2 and thus
t=(u — 25)/(s(u — 2))yields for 1 <s < u/2 that

—25)/(s(u—2 s—Du/(s(u—2
g01ls < 1ol g, ) (94)

and so ¢6 € L1,

2. Nuclear potential

Select some C,, > 0 and split V = Vjeur + Vi With

Ve V() if V(r)> C, ¢ V) 0 it V() > C, ©5)
near = . an ar = . .
0 if V(r) < C, £ V() ifv@) <C,
For a single nucleus of charge Z we have via (81) and (82),
An 73 Vr
Viearll p = Z | — =|— forl<p<3 and (96)
el yej<ze, |,  \G=pC™"
(4nz3c1"3 J(p — 3))”" for 3 < p < oo
1Viaell, = Z = v /AP p . 97)
ez o<, LC, for p=o0

For p outside the given ranges the norms are infinite. In particular, the motivation to split V is that
no p gives finite value for both (96) and (97). Now suppose V comes from a collection of nuclei with
total charge > ; Z; = Ziya- If they are at infinite distance we obtain norms ~ (3 ; Zl.3 )/P whereas if
they coalesce to a single nucleus we obtain ~(3_; Z,)*”?, so a single nucleus gives the largest value,
and we have the bounds

1/p

4 7}

”Vnear”p < (J%) for 1 < p < 3 and (98)
— p)Cy

(éfrrZ3 Cf%/(p —3)/Pfor 3 <p<oo } ' (99)

Vi < total
l far”p_ { for p =00
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Splitting into near and far parts and applying (32) separately with (17, L’? = D) and (L9,
144 - 1)) to the pieces, we obtain

|(V ¢0)| = |( nears ¢0)| + |<Vfar7 ¢9>| =< ”Vnear” ”(be”p/(p 1) + ”Vfar” ||¢0”q/(q 1)- (100)

We now try to choose p and g to make all terms finite. Choosing the extremal values g/(q¢ — 1) =1
=g=ocandp/(p — 1)=u/2 = p=ul(u — 2) and using (98) and (99), we then obtain

KV, @0)| < [ Vaear lu/a—-2) 1900 |2 + 1 Viarlloo 196111

(u—2)/u
o (U= 2ATZ
= ((—_6)' 166112+ Coll¢01l1- (101)

Since || Vaearll » is only bounded for 1 < p < 3, we must have u/(u — 2) < 3 = 3 < u, which we
assumed. Using (83), the quantity (101) is minimized by choosing

_ u—24x\"? (@u— 6\ [ [1¢8]l,2 "/
Cv - Ztotal < (2u — 6) > ( " ) <—”¢0”1 ) (102)

and then yields the bound

1/3 (2u—6)/(3u—6)
2(“—2)4 u Uu— u— u/QBu—
|<v,¢9>|szmam”33(u3(u_3)) (2(u_3)> o113~ g 5.
(103)

Applying Minkowski’s inequality (75) and then (76) to the two pieces, we obtain
||V¢||s = ”Vnear¢”s + ||Vfar¢||s = ”Vnear”sp ||¢||sp/(p71) + ”Vfa.r”sq ||¢||sq/(q71)

1/(sp) 1/(sq)

47‘[23 < Z3 5‘1 3 >

< (—(3 e Sp> 16 llpsp-1) + { L o100 =) 1650601
- v , for g =

(104)

with the restrictions that | <p < 00,1 <g<o00,1 <s<o00,1 <sp < 3,and 3 < sq < oco. The
restrictions 1 < p < oo and 1 < sp < 3 immediately restrict our consideration to 1 < s < 3. The
restriction 1 < sp < 3 has least effect on s when we choose p as small as possible, which means
sp/(p — 1) as large as possible, so we choose sp/(p — 1) = u = sp = us/(u — s) and we have
the restriction us/(u — s) <3 = s < 3u/(3 4+ u). The restriction 3 < sq < 0o has least effect on
s when we choose ¢ as large as possible, which means sq/(g — 1) as small as possible, which is
max {s, 2}. If s < 2, then we choose sq/(g — 1) =2 = sq = 2s/(2 — s) and so have the restriction
3 <2s/(2 — 5) = 6/5 < 5. If 2 <, then we can choose ¢ = 0o and use ||¢|s; note thatu < 6 = s
< 3u/(3 + u) < 2 and then this case cannot occur. Thus we obtain V¢ e L©/334/3+1) and for
u < 6 the bound
2

—QBu—3s—us)/(us 4nZ; (u—s) B o s 4n 73 2-y3) e
Vol = ;s (A DY T g,y cporen (TEeaCo) Ty,
(105)

Using (83), the quantity (105) is minimized by choosing

2u—s)

2 2
C, =227z, u—s S 0\ e 23u — 3s —us)\ ¢ [l \ >
3u —3s —us S5s —6 u(5s — 6) ol

(106)

and then yields the bound

u(Ss— 6)

WVl Ziota 35 (U— 2)<n(2 s))l/3( (u—s5)(55—6) )(%2w2)<2(3u 35— us))m
olls = (Bu—3s—us) \2(55—6) 2—5)Bu—3s—us) u(5s — 6)

2(3u—3s— 3s(u—2 _ _
X [0 T BUmD) g u(S5=6)/Gstu=2) (107)
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3. Poisson convolution

We split Wp [] at some radius C,, into

W [ flpear = — x f and Wp[fly = — * f (108)
el ey <c,, el e, < gy
and read the I norms of the kernels from (81) and (82) as
_p\ /P
1 4nCy?
— B il for1 < p < 3and (109)
(x|l Iel<Cu ||, 3—-p
3-p\ 1/p
1 4 CIP
b _ (—p73 ) for 3<p<oo . (110)
Ielllc, <gr » c,! for p=o00

The fact that no single p gives a finite result for both parts of the kernel is the motivation for splitting
the kernel.
Using Minkowski’s inequality (75) and then Young’s inequality (51) on each piece, we obtain

We (611, < |[Wp [901ear |, + [Wr (6611

I

||¢9||sp/(sp+p7s) + ||I'||

p

”¢9”sq/(sq+q—s) (111)
q

Ir|<Cyw Cu<|irll

with the restrictions that | <p <3 <g<o00,1 <s<o0o,1 <spl(sp + p — s),and 1 < s5q/(sq
4+ g —s).Sincel <splsp +p —s)=p=<sand 1 <sql/(sq + q — 5) = g < s, we must have
3 < s < oo and so Wp [¢0] € L3>, We choose to use the extremal values sp/(sp + p — s) = u/2
=S>p=us/(u + us — 2s)and g/(sq + g — s) =1 = g = s. For 3 < 5 < 0o we obtain

utus—2s

4 (u + us — 2s)>

W 9 < C(3u+2u5—63)/(’43)
Wr (¢ ]“s— w 3u + 2us — 6s

_ 4 \ s
012 + CO/* <m> 60111,
(112)

which is minimized using (83) by choosing

utus—2s M/(3M76)
c dr N\ (Am@u+us —25)\ "o (s —3u llpo], \“/C“—®
Y \\s =3 3u + 2us — 6s (Bu + 2us — 6s) ¢011./2

(113)

and then yields the bound

(utus—2s)(s—3) u(s—=3)

(Wo 0811, < ( 3s(u—2) )(47[ )‘/3 ((s—3)(u+us—2s)>3s2(uz> (3u+2us—6s>w

3u+2us —6s s—3 3u+2us—6s u(s—3)
« ”¢)0”11,:582—3)/(33(14—2))”¢9”(]3u+2us—6s)/(3s(u—2))' (114)

For s = oo we obtain

u—3)/u 27t(1,t - 2) (=) _
IWr 981l < Cu"™ (ﬁ) 16012 + C,, 19011 (115)
u—73 1/3 u u/Bu—6) ”¢9”1 u/Bu—6)
Cp=|—= — , and (116)
27 (u —2) 2(u —3) 196 1l.e/2
3u—2)\ (2n@-2)\"( w N G 3 Gu—
Wp [¢9]||oo§( - )( = ) w3 o5 llpa 70,

(117)
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Using (76) we have
18Wp (9011l < 1B llst/is—n | Wp [6]1l5 (1138)

with the restrictions 1 < t, 1 <s,2 < st/(s — ) <u,and 3 < s. For t < 2 we can solve 2 < st/
(s — 1) = s(2 — 1) < 2t and then substitute in and solve 3 < s = 3(2 — 1) < 2t = 6/5 < t. For
2 <t the inequality 3(2 — f) < 2¢is not a restriction, but st/(s — ) <u=ut <s(u — t)=>t<u.
Thus we obtain 6/5 < t < u and dWp [¢0] € LO/>,

Using Holder’s inequality (32) we have

|(#6, Wp [901)] < 160 11s/5—1) IWp (9011, - (119)

Since (111) requires 3 < s < oo we have 1 < s/(s — 1) < 3/2. Since ¢f e LI/21 ¢ L1372 we
need no additional restrictions on s to assure (119) is finite.

4. Gaussian convolution

In Secs. IIIC2 and I C 3, we showed that (V, ¢6) and ($0, Wp [¢0]) are bounded, V¢ €
L©/54/G+1) and $Wp [¢pA] € L®/>*1. To complete the operations diagram (22) we need only apply
the Gaussian convolution . In Sec. II C 3, we showed that to obtain results in L N L" it is sufficient
for the argument to be in L? for any 3u/(3 + 2u) < p < 2. Since 2 < u = 3u/(3 + 2u) < u/
(3 + u), we have the required condition.

D. Analysis using H'

In this section, we assume that the input functions are in H ! and demonstrate the function space
diagram (24). Most of the results follow from the LI>*! results in Sec. III C setting u = 6.
1. Background results

These results assume f € CJ°(R?), but a limiting argument can be used to extend both of them

to H'.

Theorem 3.1 (Ref. 14, p. 20 with d = 3). Assume that f € CgO(R3), an infinitely differentiable
Sfunction with compact support. Then for 1 < p <3 and g =3p/(3 — p),

p— 1 3 p 1/q 3 1/3
=3 (575) (sramra=sm) e 0o

where T is defined by (56).

Choosing p = 2 makes g = 6 and yields

1\ /6 3 1/3 NS /a3
||f||6§<§> (m) IIVfI|2=<§> <?> IV flla- (121)

The following Hardy-type inequality is found in Ref. 15.

Lemma 3.2. If f € C§°(R3), then

=2V £l (122)
2

[
fIll

2. Product

In Sec. I C 1, we showed that ¢, @ € L> N L" implies ¢p6 € LI-*“?!, Applying Theorem 3.1 via
(121) we have ||fll¢ < 3~ 0437 =23||Vf||, and thus H' C L? N L°. We then have ¢6 e L3 and
the bound

90113 < lI@llsllOlle < 37243743V |1 VO],. (123)
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3. Nuclear potential

Since H' € L> N LY, the results in Sec. III C 2 hold using u = 6. Applying (122) and Minkowski’s
inequality (75), we obtain

Vol < 2Zwall VL2, (124)

and thus we have the stronger result V¢ € L®/>2!, (The bound (107) on ||V ¢||; with u = 6 goes to
infinity as s — 2~ and so is definitely not sharp for ¢ € H'; a better bound can be obtained using
(124) and interpolation (78).)

4. Poisson convolution

Since H' ¢ L2 N LY, the results in Sec. II1 C 3 hold with u = 6. We are not aware that H' gives
any stronger result.

5. Gaussian convolution

To complete the operations diagram (22) we need only apply the Gaussian convolution F. In
Sec. IIC 3, we showed that to obtain final results in H' as claimed in (24) it suffices to have the
argument for F in L” for some 1 < p < 2, which have shown to be true.

IV. CHOOSING THE FUNCTION SPACES USING THE CORE ORBITAL

In Sec. IV A, we introduce the core orbital and compute exact quantities involving it. In Sec.
IV B, we analyze how the choice of function space affects the allowed truncation radius for the various
operators. From this analysis we determine that we should choose 4 < u < 6 and V¢ € L*/“+2 In
Sec. IV C, we test our various bounds on the core orbital using # = 4 and u = 6. From this analysis
we determine that we should choose Wp [¢p0] € L* and $Wp [¢0] € L%. We determine that there
are no negatives to choosing # = 4, so we recommend it.

A. The core orbital

The core orbital is

73
p(r) =/ —exp (=Z]irl)), (125)

which is the exact solution to the Schrédinger equation with a single nucleus when N = 1. Explicitly,
we have

(1v2 Z)() 1<22+zz)(> 2o =—2Z%@. (126
—=V = — o) =—— o) — —o(r) = —=Z¢(r).
2 [l 2\ el [l 2
Reading the eigenvalue from (126), we can evaluate

—pn~ == (1/2)Z% (127)

The primary features of ¢ to note are that it has a cusp at » = 0 and becomes more concentrated
around r = 0 as Z increases. Since it is a function on R?, we cannot plot it directly. In Figure 1, we
plot its radial part and illustrate where its L7 norm concentrates.

We can compute explicitly that

3\ P/2 1/p
lell, = (4n I (—) exp(—er)rzdr) = (2/p)’/Pr\/P=12 7323/ (128)
T

lell2 =1, (129)

9?1, = lel3, = (1/p)/Pr!/r=tZ3=3/7, (130)
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-- z=3|1

1.0 1.5 2.0

1.0 1.5 2.0

FIG. 1. For Z =1 and Z = 3, the radial part of ¢(r) (upper left), 477|(,0(r)|2r2 (upper right), 47'r|(p(r)|4r2 (lower left), and
4 |(p(r)|6r2 (lower right) for 0 < r < 2. The latter three illustrate the concentration of the 1%, L*, and L norms, respectively.

el = llel3 =1, (131)
2 &) z Z3 2 2
(V,9*) =4n [J7 —— —exp(—=2Zr)r*dr = —Z*, and (132)
r m
2 00 123 —27Zr 2
IWe [¢*]]., =47 [, ——erldr = Z. (133)

Using the integral identity (56) we can compute

© 73p/2 1/p
IVel,=2 (471[ exp(—er)rzpdr> =77273/p 41 /P C=P)/CP) p1=3/P (3 — pyl/P,
0

7-[17/2
(134)
The last quantity involving Wp [-] requires a bit more effort. We have
2 2 Z3 1 Z3 / /
(@ Wep [¢°]) = ?GXP(—zzHrH)M; exp (—2Z||r'||) dr'dr (135)

so using the change of variables s = (Z/m)r we have

1
7T3Z/exp(—2n||s||)/exp (=27 |Is'll) ———ds'ds

s — sl

1
:n3Z<exp(—2n||s||),/exp (=27 Is'll) mds’>. (136)
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We have the Fourier transform formulas in three dimensions!!

. 1 1 71\ 1
exp (=2x|rlD() = FW and <m)(§) = Wguz (137)

Taking Fourier transforms in s and using the fact that convolution goes to multiplication, we have

n3z<i 1 1 1 >
w2 (L+ 1§12 72 L+ 122 m 1§12

Z / 1 1 de 4z /‘°° 1 J (138)
== | ——g -5d§ = — ——dx.
2 ) L+ &% 1602 7 Jo (1+x2)*
Using the integral
1 X 2n —3 1
adx = d 139
/ A T e+ 20-n) @ (139
from a standard table, we finally obtain
4Z 8-3 6-3 4-3 *© 1 57 *© 5Zmw 5
— dx = — arct =——===Z. 140
T 24— D26-D22=D Jy @197 g =255 =3 (140

B. Truncation near the singularities

In this section, we consider flattening the core orbital ¢ and nuclear potential V in the vicinity
of the nucleus, and the Poisson kernel and Green function around their singularities. The radius at
which we can flatten while maintaining acceptable relative error € indicates the scale at which an
adaptive numerical method would need to refine. A larger radius means a coarser scale, and thus
less computational cost. We conjecture that the core orbital is the extreme case, so this scale would
suffice for general orbitals.

In the range 2 < p < 6 that we consider, the L” norm on ¢ allows truncation at radii in the range
from €% to €. For | Wp [¢0]]|, the truncation radius is €*/G% + 24s=69 for 3 < § < 0o, which is
better for large « and small s. For u = 6 all values of s give radius at least €', while for u = 4 values
3 < s < 6yield at least €'. Thus these two objects do not present difficulties.

For ||V¢||, the truncation radius is €*/G* =3~ for 6/5 < s < 3u/(3 + u), which is better
for small s and large u. The truncation radius for F, which depends on the s chosen for ||V ¢|s, is
eus/Cus+3s=3u) which is better for large s and small . Thus V¢ and F compete with each other.
The product of these truncation radii is at most €* independent of u, which is achieved by selecting
s =2u/(u + 2) and results in both individual radii € independent of u. Therefore, we recommend
choosing s = 2u/(u + 2).

For |[(V, ¢6)| the truncation radius is €¥®*~9  which is better for large u. Choosing u = 6
yields €' and u = 4 yields €. Thus this is the only term that is significantly worse for u = 4 than
for u = 6. However, we are already using radius € for V¢ so using it for |(V, $8)| does not impose
much additional burden. In particular, we can compute [(V, ¢0)| as |(V ¢, 6)| and use the V¢ that
we already computed. Choosing u < 4 would require radius smaller than €, so we recommend
choosing4 <u < 6.

1. Flattening the core orbital

Consider the flattened core orbital

7327 =12 exp(—Z8) for |r|| <6

) . (141)
Z32g =12 exp(—Z|r|) = @(r) for & < |r]|

@(r) =
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The error function is given on the ball of radius § by
oIl — (el = 232712 (1 = Z|Ix] + O(Z*|x|») — (1 — Z8 + O(Z%8%)))
=226 — |Irlh) (1 + O(Z8)) . (142)

We can then compute

VALL 1/p
le —oll, <47T/ 2 G —r)’ (1 4+ 0Zs))? rzdr>
0

5/2

7 5 1/p
= — (1+ 0(Z%)) <47r / (6 — r)pr2dr>
T /2 0

=27 0+ oy ( it )1/,, (143)
w2 (p+D(p+2)(p+3)
Compared to the exact value from (128), we have relative error
5 — P’ v (P+3)/p
le —@lp/llely —(1+(9(Zr3))((pJr 1)(p+2)(p+3)> (Z$) (144)
so to obtain relative error € we need
(Z8) PP ~ ¢ & 78 ~ PP, (145)

For p = 2 we have Z8 ~ €%>. For larger p the exponent p/(p + 3) gets larger and so the radius
PP + 3 gets smaller and the condition (145) becomes more and more restrictive. For p = 6 we have
78 ~ €3 and as p — oo we have Z8 ~ e.

2. Truncating the nuclear potential

The potential V(r) = —Z/||r|| is infinite at ||r|| = 0, so any numerical method will have to cut
it off at some radius. We consider the modified potential
8 = for ||r|| <§
V(r) = -7 ’
= V(r) for § < |r|

and will determine the dependence of the resulting errors on §.
The L norm of the error in the kernel is

7 7 s 1/p 1 I/p
<___) :<4an/ (rl—él)przdr) :(47‘[/ ' - 1)pt2dt) Z8CPir,
rl 8 0 0

P
(147)
so the error relative to || Viear|l, from (96) is

B 1 1/p C.8 B-p/p
[V =71,/ Veall, = ((3 - p)/o (G 1>"r2dr> ( ~ ) : (148)

and the scaling is

(146)

[rll<é

C,8 GB=p)/p C,8
— ~e&L — ~ 617/(3*[9)_ 149
(%) . (149)
We note that if C,, is chosen as in (102) and the values for the core orbital from (130) inserted, then
C,8/Z = Z8mP(u — 2)1/32@u+H/Gu=6)(;y _ 3)2/Gu=6),~(u+6)/Gu=06), (150)

which is proportional to Z§.
The bound on || Viea|l, is used in the bounds on [(V, ¢6)| and ||V ¢||;. These bounds can be
considered independently and do not need to use the same truncation radius. For [(V, ¢8)/|, in (101)
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we use || Viear llu/u—2), which results in scaling €@ =6 Thus y = 6 yields el,u=5 yields e
and u = 4 yields €2. For ||V |, in (105) we use | Vaear lus ju—s) Tor 6/5 <'s < 3u/(3 + u), which
results in scaling €"/C*~35=49)_The exponent is reduced by making s smaller and  larger. For u =
6 choosing s = 3/2 yields €2, s = 5/4 yields €'%°, and s — 6/5% yields €. For u = 4 choosing s =
4/3 yields €2, s = 5/4 yields €>”13, and s — 6/5% yields €*>.

3. Truncating the poisson kernel

The kernel 1/||r|| is infinite at ||r|| = 0, so any numerical method will have to cut it off. We will
modify the kernel by replacing 1/||r| with 1/§ when ||r|| < §.
The L? norm of the error in the kernel can be directly computed (as in (147)) as

1 1 ) 1/p 1 I/p
(_ — _> = (471] ' = 31)Pr2dr> = (471/ (e 1)pt2dt> 8B=pIp,
Irl o 0 0

p
(151)
so the error relative to |Wp [-]near » from (109) is

1 1 1 1/p s GB-p)/p
— — - /IWp [ oearll, = (3 = ) / ' = DPe*dr — (152)
||l'|| s P near i p P o C s

w
and the scaling is

rl<é

<6
LE

5 GB=p)/p 8
(c_) ~eo eP/B=n), (153)
w w

We note that if C,, is chosen as in (113) and the values for the core orbital from (130) inserted, then

§ —u/(Bu—6)
8 Z8 ((Am \"* [(Aw(utus—2s)\ T (s — 3y . 2\
C, 73 \\s=3 3u+2us—6s Bu + 2us — 65) u ’
(154)

which is proportional to Z§.

For [[Wp[¢6]l, in (112) we used [Wp [lncarllus/wtus—25)» Which results in scaling
et/But2us=69) For y = 6, choosing s = oo yields €', s = 6 yields €?3, s = 4 yields €*7, and
s — 37 yields €. For u = 4, choosing s = oo yields €2, s = 6 yields €!, s = 4 yields €*°, and s
— 37 yields €23.

4. Truncating the Green function

As we saw in Sec. I C 4, the accuracy requirements on F are equivalent to accuracy requirements
on the Green function G,, for the N = 1 case. For N = 1, one can compute directly that the kernel of

G, is

1 exp(—+/—2puIr|))

(155)
27 [Ix]|

and using (56) that

1 exp(—y/=2u|r]l)

o el o r

1/
_ <4n /‘X’ (i exp(—«/—2ur)>przdr> ’
0

P

1 1/
= (4;:1“(3 - p)(p,/—zu)"—3) " (156)
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Since the kernel (155) is infinite at ||r|| = 0, we modify it by replacing it by exp(—+/—2ué8)/(27 )
when |r|| < §. For 1 < p < 3, the L” norm of the error is

(4 /5< 1 exp(—v/—2mr) 1 exp(—«/—Z/JL(S))p , )”"
1 ———  — ——— | ridr
0 2 r 2 1)

2mwd

| p /p
SL <4n/ <exp(—\/—2M8S)> 83s2ds>
0 S

1 AN Ve
<— 471/ - 8s%ds =271 HU Py pg=143/p(3 _ py=l/p, (157)
278 0 S

Dividing by the exact value (156) and inserting i = — Z?/2 from (127) for the core orbital, we have
relative error

(52)(3*17)/17(3 _ p)*l/P(FG _ p))*l/pp(%p)/P_ (158)
Thus to have relative error less than € we need
§7 < 6P/(3—P)(3 _ p)l/(3—P)p—lF(3 _ p))l/(3—P) so 8Z ~ 6p/(3—p)’ (159)

which is better for smaller p.

The operator F is used in several places and will use several different p. The largest p
occurs in the sequence of operations ¢ — V¢ — FV¢ with spaces LI>* — L[ — L[1>4 In
Sec. IV B 2, we saw that ||V ||, allows truncation of the singularity scaling as §Z ~ /G4 =35 —us),
For the map F : L* — L" we have p = us/(us + s — u) so (159) becomes

87 ~ 6us/(2us+3s—3u). (160)

We thus see that the choices of u and s affect the scaling of two different objects. Consider the
product of these two truncation scalings, which yields exponent

u’s?
. (161)
Bu — 35 — us)Rus + 3s — 3u)
Explicitly minimizing this function, we find it has a minimum along the line
2u
us+2s —2u=0 <& s= ) (162)
u+2

and there has value 4, independent of u. Inserting the optimal relationship (162) into the two
truncation scalings, we find both reduce to €2, independent of u.

C. Comparison of bounds

In this section, we test our bounds from Sec. III using the core orbital. Our goal is to determine
the efficiency of the bounds to help us decide on which spaces to use for the intermediate steps.

In Sec. IV B, we concluded that one should use L?> N L* with 4 < u < 6 for the inputs. For
$6 and @6, using the extremal spaces L' N L*? does not appear to have any disadvantages, so we
recommend it. For $Wp [¢6], in Sec. IV C 3 in Figure 5 we show that using L? gives nearly optimal
output for F¢Wp [¢6], so we recommend it. For Wy [¢#], in Sec. IV C 3 in Figure 6 we show that
L is nearly optimal, but all spaces from L* to L are comparable. In Sec. IV B 3, we showed that
the best scaling is €'/? as s — 3%, but that even s = co gives acceptable scaling €. On balance we
recommend L*, which gives scaling €*7. For V¢, in Sec. IV B 4 we showed that the best compromise
scaling of € is obtained by taking s = 2u/(u + 2) = 3/2.

None of these considerations determine which u € [4, 6] we should choose. In fact, all our tests
below show that u = 4 and u = 6 give comparable results. Thus, on the general principle that weaker
function spaces are easier for a numerical method to accomplish, we recommend choosing u = 4.
These recommendations are summarized in the diagram (27).
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TABLE I. Sharpness factors for various bounds.

Exact Using Sharpness Factor
Quantity Value Bound Value Assuming L% 4] Assuming L% 0]
|(V, ¢?)] (132) (103) (130) 32=15 2.3~ 240
IVl (134) (107) (128) 2343 - 1AP(5/3) =3 ~ 1.38
Vel (134) (107) (128) 32)3T(3/2) =23 ~ 1.42
[Wr [¢*]] (133) (117 (130) 32=15 223756 ~ 1.61
(@2, Wp [¢*)) (140) (119), (117) (130) 12/5=24 25373651~ 257

1. Sharpness

An inequality is said to be sharp if equality is attained for some inputs. For an inequality of the
form A(f) < B(f), the ratio B(f)/A(f) is the sharpness factor for that f, and C = min ;B(f)/A(f) >
1 is the sharpness factor for the inequality. If C is known, then the sharp inequality A(f) < B(f)/C
could be used. If C is not known but for trial f the ratio B(f)/A(f) is large, then one is stuck using
a potentially inefficient bound. In particular, one may need to make ||f]| unreasonably small in order
to be assured that A(f) is acceptably small.

We now check some of the bounds in Sec. III by using the exact values available for the core
orbital from Sec. IV A. Due to lack of exact values, we are unable to check |[Wp[¢?]|s for s < o0,
leWpl@?1|l;, or any quantities involving F. We organize the results in Table I. We find that the
sharpness factors are all less than 3.

2. Intermediate objects

In this section, we discuss our bounds for | Wp[¢?]|l; with s < oo and || @WWp[¢?]]l, for which
we have no exact formulas, and for |(¢?, Wp[¢?])| when using | Wp[@?]]l;.

Our bound on || Wp[¢6]||s is given by (114). Inserting the exact values (128) for the core orbital
and normalizing by the exact value || Wp[¢?]|lsc = Z, we obtain a bound for [|WWp [(pz] lls/Z as a
function of s and u. We plot the result in Figure 2 for u = 4 and u = 6. We observe that there is little
difference between u = 4 and u = 6 and that although the bound becomes untenable as s — 37, at
s = 3.2 the inflation is less than 4.

The value of |[Wp [¢0]], is used in the bound (119) for |(#F, Wp [¢6])|. Since we know the
exact value from (140), we can compute the sharpness factor as a function of u and the intermediate

FIG. 2. The bound on |[Wp [(pz] |ls/Z (vertical axis) as a function of s (horizontal axis, [3.1, 13]) using the bound (114) and
assuming only ¢ € L!>*!, The bound becomes infinite at s = 3.
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3.0

— u=4
== u=6

5 10 15 20

FIG. 3. The sharpness bound on |<<p2, Wp [(pz]) /(S/SZ)} (vertical axis) as a function of the s (horizontal axis, [3.1, 23])
used for ||Wp [(pz] ,» Which assumes only ¢ € L% 61 The bounds become infinite at s = 3 and go to values less than 3 as
§— 00.

s used. We plot the result in Figure 3. We observe that the values for 3.1 < s < 0o are better than the
value in Table I, which used s = oo.

Our bound on [|dWp [¢60]|;, is given by (118) for 6/5 < t < u and depends on an intermediate
parameter s, which determines which norm is used for Wp [¢0], as well as the initial u. We plot the
result for the core orbital in Figure 4. We observe that u = 4 and u = 6 give similar results and that
different values of s are needed for different values of ¢.

3. Minimal output size

As discussed in Sec. IV B, we recommend taking V¢ € L*/“+2_ The bound on || FV¢|, is
obtained by multiplying (107) with s = 2u/(u + 2) by (67) with p =2uq/(uq + 2u — 2q). Inserting
the exact values (128) and (127) for the core orbital and normalizing by ||¢||,, we obtain a bound
for |FVoll4/llelly as a function of u. The resulting bound is independent of Z. Since we are only
interested in ¢ = 2 and ¢ = u, and are only testing © = 4 and u = 6, there are only four values to

st ! — u=4s=3.1
3 - - u=6s=3.1
. -+ u=4s=5
6f S e u=6 s=5
u=4 s=1e+30
u=6 s=1e+30

1 2 3 4 5 6

FIG. 4. The bound on ||<pr [(pz] || , (vertical axis) as a function of 7 (horizontal axis) using Z = 5 and three values for s
in (118).
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u=4 s=3.1
u=6 s=3.1
u=4 s=5
u=6 s=5
u=4 s=100

* u=6s=100

20F — u=4s=31

- - u=6s=3.1
u=4 s=5
u=6 s=5
u=4 s=100

* u=6s=100

[l 0 1.2 14 1.6 1.8 2.0 1 2 3 4 5 6

FIG. 5. The bound on Z||FeWp [(pz] llg/llelly (vertical axis) for ¢ = 2 (left plot) and g = u (right plot) as a function of the
t (horizontal axis) used for [[@Wp [¢? ]|, for a selection of s used for [ Wp [¢?] ;.

compute. For u = 4 and g = 2 we have 2.69, for u =4 and ¢ = 4 we have 4.85, foru =6and g =2
we have 2.76, and for u = 6 and g = 6 we have 4.36.

Our bound on || FdWp [¢0]ll, is obtained by multiplying (67) using p = (1 + 1/g — /!
by (118) for some 6/5 < ¢t < u, which depends on a s, which determines which norm is used for
W [¢0] in (112). Assembling these together and inserting values for the core orbital, we obtain
an incomprehensible formula depending on u, s, f, and gq. We do, however, note Z-dependence of
Z~!'. To study the behavior with respect to ¢ and s, we therefore normalize by Z~! and consider
Z|FeWple*1ll4/ll¢ll4. In Figure 5, we plot the bounds for ¢ = 2 and ¢ = u using u = 4 and u =
6. For ¢ = 2 we observe that t = 1.5 appears optimal, but # = 2 is only slightly worse. For g = u
the optimum is near t = 2 and smaller ¢ are significantly worse. Thus ¢ = 2 appears to be the best
choice. We observe in both cases that the best s are around s = 5. To test this, we next fix r = 2 and
plot the bounds as a function of s in Figure 6. The optimum appears to be just less than 5.

Our other two outputs consist of ¢ or F¢ times a scalar. Using the L?> norm of ¢, we can
apply (67) with p = 2¢/(2 + g) to obtain the bound

IF¢llq

(6-3q)/(4q)_
llellg

(163)

6
<z ( + q) 2~ (a+6)/a) £ C=0)/4a) (3 | 43+

4q

— u=4g=2
u=q=4

. == u=69=2

3.5 R
---- u=q=6

3.0F

25F

2.0F

1'50 1‘0 2‘0 3‘0 '-1‘0 50

FIG. 6. The bound on Z||FeWp [¢*]ll4/ll¢ll4 (vertical axis) for ¢ = 2 and g = u as a function of the s (horizontal axis;
[3.1, 500) used for [ Wp [¢2]lls-.



062105-29 Martin J. Mohlenkamp J. Math. Phys. 54, 062105 (2013)

2.0 T % T T -
A} .
N A
kN A Y
N
\\ N
19 \ N
A Y
A} >
\ A
>
.
1.8 N q
A}
A}
A Y
~
~
171 S
~
~
~
~
~

16 AN

— p=2 ~ o .

-~ p=3 ..
151 @@ p=4 Seo

o -@ p=5 S .

® o p=6
14 n - . . L L L

.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

FIG. 7. The bound on Z2|| F ©llq/llelly (vertical axis) as a function of ¢ (horizontal axis) for a selection of p used for ||¢||,.

Alternatively, we can use the L? norm of ¢ and apply (67) with p = 1 to obtain simply 2Z~2,
independent of g. In Figure 7, we illustrate the bounds on ZZ||F olly/llelly for a selection of L”
assumptions on ¢. We observe that although p = 3 gives a better bound for ¢ > 3, the bound using
p = 2 is quite similar.

V. IMPLEMENTATION AND TESTING
A. Bound collection

In this section, we collect the bounds used for our final choice of function spaces (27). These
bounds are obtained by inserting particular values into bounds obtained elsewhere in the paper.
From (85) and (93) we have

I¢61: <lpll210], and (164)
160112 < l1pll61la- (165)
From (103) and (107) we have

1V, 0) | < Ziow373 (196111 166112)"° < 4.40 Zioi ((164) x (1652)'° and ~ (166)
IVelas < Ziow37' (191216114)" < 4.40 Ziowa (161211612) " (167)

From (114), (118), and (119) we have
W (961114 < 2573857 23/247173 (g0 |3 1p0112)° < 3.43 ((164)° x (165))°,  (168)
1EWr (661112 < [ BllaWp (961114 < lIBlla x (168), (169)

(B8, Wp [¢61)] < 1681143 IWp 661115 < (166111186112) " x (168) < ((164)x (165))"/% x (168).
(170)

From (67) we obtain the operator bounds F : LY — L* of
LY — L7 || Flly ~ (=)', (171)
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L? — L*and L*® — L% : | Fllaz ~ T(5/8)2 2183987 =3/8(—1)=>/8 < 0.521 (—)~/3, (172)

LY — LY || Flly ~ T(1 /42732 =34 (—p) 4 < 0.544(—pu) =14, (173)
Assembling these together, we have

1F$ll2 < IF 11112 = (171) x (1B (174)

1F$lls < 1F a3l Bll2 = (172) x (Il (175)

IFG (V. 0) 12 < IFPll2 [(V. )] < (174) x (166), (176)

IFG (V. 0) s < IFPlls (V. $6)] < (175) x (166), a77)

1F$ (@6, Wp (601} 12 < IF$Il2 |(@0. Wp [96])] < (174) x (170), (178)

1F$ (@6, Wp (601} s < IF Il |(@0. Wp [96])] < (175) x (170), (179)

IF$Wp (901112 < IF 11 11§Wp [90]ll2 < (171) x (169), (180)

IFGWp [¢0]11a <1 Fllas31§Wp (901112 < (172) x (169), (181)

IFVla <I1FllassllVllas < (172) x (167),  and (182)

IFVla < 1 Fl2IVlas < (173) x (167). (183)

B. Truncation radius collection

In this section, we gather the truncation radii from Sec. IV B given our choices of spaces in
(27). These radii are obtained by inserting particular values into the formulas.

For ¢, we chose to use p = 2 and p = 4. Assuming O(Z3§) < 1, from (144) and (145) we have
the sufficient condition

L (E\PH) ((p 4 D(p 4 2)(p +3) )
8<Z (—) .
2 p3
Inserting p = 4 yields § < 0.797 €¥7/Z, which is more restrictive than the p = 2 radius.
For V we chose u = 4 so from (150) we obtain

C,=2772""7223 and C,8/Z = 7827 ' 7?3, (185)

For |(V, ¢0)| we have p = 2 in (148) and obtain (Z8)"?2~ 23~ 1713 < 0.346 (Z8)"? ; thus to obtain
error less than e, it is sufficient to have § < 8.39 €2/Z. For || Voll4s3 we also have p = 2 in (148) and
so obtain the same radius.

For Wp [-], we chose u = 4 and s = 4, so from (154) we obtain

(184)

C, =z 121/3371/2571/6  apnd ci = 78271/331/251/6, (186)

w

We have p = us/(u + us — 2s) =4/3 in (152) and obtain

1 3/4
(25)5/42_5/123_1/8523/24 </ (1 _ t)4/3t2/3dt) < (25)5/4211/123—17/8523/24 < 0.855 (28)5/4,
0
(187)
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thus to obtain error less than e, it is sufficient to have § < 1.16 €*°/Z. From the splitting (112) with
C,, from (186) we have that Wp [, : L' — L*is bounded by

L _ Zl/425/1231/851/247f1/4 <2.19 Z1/4 (188)
Il e, <per ],
and Wp [-]pear : L> — L* is bounded by
L — 275/4223/1231/85723/247'[3/4 <2.19 275/4. (189)
”r” e <Cy 4/3

For F, the most strenuous operation is L*? — L*, which gives p = 2 in (158) yielding 2'2(§2)"/;
thus to obtain error less than €, it is sufficient to have § < (1/2)e2/Z. To enable the construction in
Sec. I[1C4 we also compute the error from truncating F for D < r for the most restrictive case p =
1. The L' norm of the error is

* ] -2 D(/—2 1
A7 / _uerr = 2exp(— /—2MD)¢~
b 27 r NEmE
Dividing by the exact value (156) gives relative error exp(—~/—2uD)(D(+/—2u) + 1) and inserting

w = —Z*/2 from (127) for the core orbital yields exp (— ZD)(ZD + 1). We cannot get a closed
form for the D that gives relative error less than €, but asymptotically it behaves as D ~ —In (¢)/Z.

(190)

C. Vector and matrix amplification

Since (22) is part of an iteration, we expect the sizes of the outputs to be similar to the sizes of
the inputs. For the core orbital ¢, using the spaces in (27) we find the bounds

IFo(V. o™l <3 ll¢l2 IF(V. 9?)lls < 2.70 @, (191)
IFVelz <270 ], IFVels <4.860ls,  (192)
1F@ie® W [¢*Dll2 < 2.06ll¢ll2/Z . IF (0> Wp [9*Dlla < 1.86 l@lla/Z. (193)
IFeWp [¢*]ll2 <234 |l¢ll2/Z, and IFeWp [@]lls < 2.11 |l@lls/Z, (194)

where Z is the charge of the nucleus. The factors of Z are present because (22) does not account
for linear combinations present in the construction of the functions in b in (21). In this section, we
discuss how these linear combinations amplify the expected sizes of the results of the sequences.
We expect the result of (21) to have the same size as its inputs.

The elements in ® have |¢;|» = 1. The functions in F® do not have norm one, but their net
norm was already accounted for when we collapsed all |E/|F/ to a single F in Sec. I C 3, so we can
treat them as having norm one. The functions in ® were produced by a biorthogonalization process
from F®, but the factor |E| & || incorporated into F compensates for the net change in norm, so
we can assume ||0;]l» = 1 as well. The elements in @ are orthogonal, since they were produced in
a previous iteration and the matrix A contains an orthogonal projection due to the antisymmetric
inner product. By construction, the vector d has ||d|| = 1, so we thus also have ||®*d||, = 1 and so
®*d acts as a single ¢ and does not amplify the magnitude. To collapse the remaining vector/matrix
operations, we note the size of the vectors/matrices is N. Thus the linear combination in ®*®
produces a function of size at most N times the size of the component ¢6.

In Table II, we organize our first estimates of the amplified sizes. We give the amplified estimate
using N and then set N = Z to represent a neutral system. The terms coming from FV¢ and
FoWp [@2] yield final size 1 as expected, but the other terms are too large by a factor of N = Z. We
can identify the following possible causes for overestimation of the sizes:
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TABLE II. Maximum amplification of terms due to linear combinations using core orbital sizes and — u ~ Z2, neglecting
constants.

Single core Amplification
Terms in (21) Term Size Raw N=Z
[E|F®*d [ V&*Ody’ IFo(V, ™) lg /gl 1 N z
|IE\.7:(—1)<I>*f Vo*dedy’
[E|FVe*d I1FVelq/llely 1 1 1
IE|F}®*d [ ®*@Wp [@*©]dy’ IFeip*, Wr [0* g/ l0llg z! Nzt z

[E|F 5 @*d [ @*Wp [0@*]|0dy’

E|IF5 e* [ @Wp [@*©]d*ddy’

E|IF5 e* [ @@ Wp [@D*d]dy’

[E|F®*dWp [@*O] 1FoWp [@*]4/ 10l z=! Nz~! 1
[E|F(-1)®*Wp [00*d]

1. The core orbital is more concentrated around the nucleus than general orbitals, so the core
orbital values (V, ¢?) = —Z% and |Wp [¢?]|| = Z that we used are too large for general
orbitals.

2. We did not account for the biorthogonality property (¢;, ;) = 0 for i # j, which leads to
cancellations when integrating and thus makes functions such as Wp [¢,- 0 j] small.

e

In Table III, we list those objects whose amplification we believe should be modified due to the
reasons above in order to yield the expected sizes.

D. Antisymmetric inner products using the singular value decomposition (SVD)

The antisymmetric inner product formulas (7) and (8) require application of the matrix L. ~! and
then multiplication by |LL|. In Ref. 3, we observed that when L is singular the antisymmetric inner
products still make sense, and can be computed using the SVD. Our experience since then indicated
that formulas using the SVD are preferred even when L is non-singular, since they are accurate
even when L is ill-conditioned. The SVD construction is no more costly that the original in the
nonsingular case and allows small terms to be neglected in a controlled manner. In this section, we
give the SVD-based formulas, which should be viewed as the method to implement the inverse-based
formulas.

The singular value decomposition'® of a N x N matrix is

N
L =Y suv;=USV*, (195)

i=1

where the matrices U and V are unitary and the singular values {s;} are non-negative and in
descending order. The left singular vectors {u,;} form an orthonormal set, as do the right singular

TABLE III. Modified amplification of terms.

Term Maximum Modified Reason

[ ve*edy’ NZ? 72 1

o [ V&*dOdy’ NZ? 72 1

Wp [2*0] NZ z 1

[ ®*Wp [0®*]0dy’ NZ NZ 2 for off-diagonals in Wp [@®*]

o* [ ©@*Wp [@D*d]dy’ NZ NZ 2 for [© - dy’
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vectors {v;}. By inserting the SVD and reorganizing to cancel indeterminacies, we obtain

(7) = (Ad, V®) 'U“V* Z]‘[ /V(r)<1>*v]u ddy and (196)
j=li#j
8) = (A®, W) =
N—-1 N

*
U S [T [ @vuws (o] - o'vuions [ovasdlay. 199
' j=1 k=j+1i#jk

Similarly, the formula (17) requires application of D~! and multiplication by |D|. Using now
the SVD of D, we can compute it using

Ul|v*
(17) = AL )y, ') = 1@! | [ [sis(r - y)—Z]"[sly vuwy) | (198)
i J=li#j

Finally, the formula (21) requires application of E~! and multiplication by |E|. Using now the
SVD of E, we can compute it using

i

U||v*
(21):| ]|\|” |.7-'|:l—[siV(r)<I>*d(J/)+

N N
o) |dY [siwe [®viu;F@] = > v; [ [siWp [®*du;F @] | ()

j=1i#j j=l i)

+ ®(y)* dZHs,/V(r)d)*vju*}"d)dy Zvjl_[s,/V(r)<1> du’ 7 ddy’

J=li#j j=1 i#]
N-1

N
Z Z l_[ s,/<I>*VJu FOWp [®*viu; F @] — @*v,u FOWp [Q*Vkujfé]dy
j=1 k=j+1i#jk

—Zv, Z []s / o du; FOWp [ viu; Fd]| — @ duj FOWp [ v,u i FD]dy'
j=1 k=1,#ji#j.k
(199)

E. Validation tests
These tests should be run for various requested accuracies and various values of Z.

1. Construct ¢ in (125), compute |¢|» and |¢|4, and compare with the exact values 1 and
234 — VAZ34 from (128).

2. From ¢ compute ¢?, compute ||¢?||; and [|¢?|,, and compare with the exact values 1 and
2=327 = 12232 from (130).

3. From ¢?, compute (V, ¢?) and compare with the exact value — Z? from (132).

4. From ¢ compute Vg, compute [|[Vel,3, and compare with the exact value
25142 1354 1 1T (5/3)3%% from (134).

5. From ¢? compute Wp [¢?], compute (¢?, Wp [¢?]), and compare with the exact value (5/8)Z
from (140).



062105-34 Martin J. Mohlenkamp J. Math. Phys. 54, 062105 (2013)

6. TFrom Vg, construct the single-electron Green function G_52/, (see Sec. [IC4), compute
G_z2p Vo, compute || +G_2 Vel and |l¢ + G_72,2V¢ll4, and compare with the exact
value 0. Iterate to assure accuracy does not degrade.

Tests similar to 1 and 2 can be performed on Gaussians. Tests 3 and 5 can be attempted without
using the function spaces we specified, as can a test similar to 6.
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