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an obtained total energy of 76.04 870 hartree for the neutral
water molecule.
24K. Siegbahn et al., ESCA Applied to Free Molecules

(North-Holland, Amsterdam, 1970).
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Upper and lower bounds were obtained previously on matrix elements of the form Wy, = (Yn,W¥m),
where W is a Hermitian operator and , and V¥, are the wave functions of the nth and mth
states of the system. The bounds are variational but nonstationary; they are expressed in terms of trial

wave functions {,, and V{,, containing variational parameters, but the error in the bound is of first
order in the errors in the {,, and V,,. The results have been either subject to rather restrictive
conditions (for example, only for certain specific choices for W and only for real wave functions) or
have been very. conservative. We remove most of these restrictions (W need not be positive or negative
definite, the wave functions may be complex, the system may not even be invariant under time
reversal) but maintain rigorous bounds of good quality. The method of using Gram-determinant
inequalities, which has been employed previously, especially by Weinhold, and which we adopt, leads to
variational but nonstationary bounds on W, in terms of “simple” upper bounds (which may be poor)
on W2, . Here again, only for a very few particular choices of W have such simple bounds on W?

been given previously (for example, n restricted to be the ground state, and W the operator z;, the
coordinate of the ith electron). The main result of this paper is to show that such simple upper
bounds can be obtained for a very wide class of operators W in terms of the energy eigenvalues of the
Hamiltonian. (They can be improved if given additional experimental information on oscillator strengths,
for example). These simple bounds on W?,  do not involve any trial wave functions. The method of
variational but nonstationary bounds is illustrated for diagonal matrix elements of r , and r2l —we,

therefore, require simple bounds on r? and rj{—for the states 1s?!S and 152s 3S of the helium atom,

with rather good results.

I. INTRODUCTION

We will be concerned with the determination of
bounds on matrix elements,

Won= W W)

with a Hermitian inner product, of an arbitrary
Hermitian operator W with respect to an ortho-
normal set of eigenfunctions defined by

(H-E)p,=0 .

These bounds can be of different classes. We will
refer to the most rudimentary bounds as “simple
bounds”; the bound is just a number—it does not
contain any parameters to be varied. Our primary
concern will ultimately be with “variational but
nonstationary bounds”; the bound is a functional

of trial functions ¥,, and ,,, which contain param-
eters, and the parameters can be varied to obtain
the best possible bound, but the bound is nonsta-
tionary in that the error (the difference between
the bound and the true value) is of first order in
the errors &, in i,, and 83,, in 8, [The error
is of the form O(5y,) + O(6¢,,). ] In a schematic plot

of the estimate versus one parameter ¢, the form
of the trial function being such that for ¢ =¢c, the
trial function becomes the exact function, the
curve is not flat at ¢ =¢, and does not even have a
continuous derivative at that point; the curve does
have its extremum value at ¢ =c¢,.

We note that for our variational but nonstation-
ary bound the sign of the error is known but the
error is of first order in &3, and in 5y,. On the
contrary, for “variational principles,” one does
not know the sign of the error but the error itself
is of second order. “Variational bounds” or,
more accurately, variational stationary bounds
combine the desired features, the error being of
known sign and of second order. Such variational
bounds on arbitrary matrix elements have not been
published, but they do exist for the ground-state
energy (the Rayleigh-Ritz principle) and for many
of the matrix elements associated with scattering
processes.! We will present variational bounds
for arbitrary matrix elements in the following
paper; for the present we merely note that they
involve the evaluation of more difficult matrix
elements, including matrix elements of Ha, than
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need occur in variational but nonstationary bounds,
so that the nonstationary results are not neces-
sarily entirely superseded by variational bounds.

It is important to note that the variational but
nonstationary bounds on W, often require bounds
on (W?),, these latter bounds need not be very
accurate since they appear multiplied by a quantity
of second order. The simple bounds on (W?),,
therefore play a useful and necessary role, even
if the error is of order 100%.

Rigorous upper-bound formulas for W,, have
been obtained, ~* but no completely satisfactory
general prescription has been given. The results
are either very conservative® or applicable only
to a restricted class of operators W, including the
restriction that W be of a definite sign. We will
obtain a number of new results, and will eliminate
the definite sign restriction.

II. NOTATION AND TERMINOLOGY

E, and i, are the exact energy and the exact nth-
bound-state normalized wave function, respective-
ly, associated with the Hamiltonian H=T+V,
where T and V are the total kinetic- and potential-
energy operators.

¥ is @ normalized approximation to p,.

All inner products are Hermitian inner products.

S,=(n hny) is an overlap integral.

E; is the energy eigenvalue closest to E,, that
is, for which |E,-E;| is a minimum.

P,= X, is the projection operator onto the
nth state.

@,=1- P, is the orthogonal projection operator.

G%=q,(E,- H)™Q, is a Green’s-function-like
operator.

A is an arbitrary operator.

A=y Abn); Apymt= Wy AYme); Aneym= (Dnts Adm);
Ant.mt = (lpnn Awmt)'

[H,A] is the commutator HA - AH.

alA) =2(p, A[H, AY)y), Where 3, is the ground
state.

D(A) = [Py (H = E)GAGn(H - E,)0,,).

C' and C'” are upper and lower bounds, re-
spectively, on some number C.

W is the Hermitian operator appearing in the
matrix element to be bounded.

u, is a function for which }, lu,|“=1, where
the sum is over some specified set of values. The
particular choice u,;, =9;Y;,, with g ranging from
—-1tol for any I, and 9, =[4n/(21+1)]'/2, will be
used. I need not be related to the angular momen-
tum of any particular state. |

T, is the position of the ith particle,

|2

- - -> - -
”4=lr4|; Tyy=Ty—T;5 7= ‘ru‘;

z; is a component of T;.
P, is the momentum of the ith particle,

AND SPRUCH

oo

pi=Bil; Buy=B:i-DB;; pu=I0yl -

N is the number of electrons and Z is the atomic
number.

The indices i and j are particle labels, while the
indices m and n are state labels. ¢ will denote
the set of states for which specified matrix ele-
ments are experimentally known and v will denote
the complementary set.

ixh = (x, x)*/2 is the norm of x for any function
Xe

The inequalities to be used include, for any func-
tions fy, fs fs, ..., the Schwarz inequality

| Guf)| SHAIXILN,

the “triangle” inequality, based on the Schwarz
inequality,

fr=fotfa+e o= AN+ fll 420

which is also true in “tensor form, ”

(Z i m))”zs@ (s )

1/2

+<Z“> (f3us f3u))1/2+ e

and the Gram-determinant inequality, the non-
negative character of the M XM matrix B with ele-
ments B“ = (f‘, f,).

The ijth element of the square of A will be writ-
ten as either (A?);, or A3,; the square of the ijth
element of A will be written as either (4;,f or
(A%,

III. BASIC INEQUALITIES

The first bounds on W, for a somewhat general
Hermitian operator W were obtained by Weinhold?
using the Gram-determinant inequality. The
bound is a formal one, involving the unknown ele-
ment W2, but multiplied by a factor which is very
small for reasonable trial functions. Further, in
one case, namely, W=},z,;, where an upper bound
on W& was previously available, Weinhold was
able to obtain bounds on W,,. One of our primary
purposes will be to show that moderately accurate
bounds on W2, accurate to perhaps a factor of 2,
can be obtained relatively easily for a rather wide
class of operators W. We will at the same time
take the opportunity to rederive the basic inequal-
ities without having to make the seemingly artificial
assumption of Weinhold®®7 that the matrix ele-
ments are all real.

To limit the scope of the investigation, we re-
strict ourselves to an approach which is based on
the Gram-determinant inequality; which, further,
involves only three functions; which, finally, is
in a form which causes the bound to become the
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exact value for the trial functions exact. The
inequality becomes an equality for the three func-
tions linearly dependent, which includes the case

_ for which two of the functions are the same, the
determinant then vanishing, and we therefore con-
sider our three functions to be f, f;, and g, with
f: an estimate of f. To obtain W,, as one of the
matrix elements, we must have 3, and Wy,, or

Wy, and ¥, as two of the functions. The two cases
are equivalent, and we restrict our attention to

the choice 3, and Wy,,. The third function can then
be P, or Wi,,,. Preliminary investigation indicates
that the second choice is generally inferior, and
we therefore make the choice ,, P, and Wi,.
The matrix elements that arise are then W,,,
Wn.mn

SﬁE (‘pm ‘pnt) ’

their complex conjugates, and W,2,. Thus, in addi-
tion to the desired element W,,, there appear the
additional elements S,, W, n; and W2,. S,is
rather easy to bound (see Appendix A), a “simple
bound” on W2, will be obtained, and Wa,ms Will be
bounded by a second application of the Gram-
determinant inequality.

To be more precise, consider a system with a
Hamiltonian which satisfies H=H'; for the mo-
ment, we make no other assumptions, allowing
systems which are not invariant under time re-
versal, such as a system in an external magnetic
field. For three functions ¥, ¥,;, and ¢, where
Pl =lip, =1, and S=(@,P,), the Gram-determinant
inequality becomes

02| @, ¢)|%-2Re[Sy, $)(,9)]

+| @ 9)|2- =[Sl . (3.1a)
Clearly we can rewrite this as
02| @, ¢)|2-2|S| x| @y, ¢)| x| @, 9]

+| @y @) |2- =[S . (3.1b)

The allowable values of | (i}, ¢)| must lie between
the roots of the equation obtained by replacing the
inequality in (3.1) by an equality. We find

| @, )| S 18] x| G 9]
{1 = [S[A) [l - | @, $)]2]}/2 .

(3.2)
Choosing § =, P;=in;, and ¢ =W, (3.2) becomes

1Sal X | Wa,m |

VIA

| Wom |

+ [(1 = lsnla)(vam - l Wnt.m'a)]llz .
(3.3)

If, on the other hand, we choose Y=, P;=Vms»
and ¢ = Wi, (3.2) becomes

<
I Wm.nt' = l Wnt.ml > |sm| X IWnt.mtl
* [(1 - lsm 'a)(anhnt - | thm!lz)]ua
= | Waem| (3.4)

Since upper and lower bounds on |S,| can be ob-
tained (see Appendix A), and since W,,,,, can be
calculated once trial functions have been chosen,
the upper and lower bounds | W, | on | W, |
are calculable. Equations (3.3) and (3.4) can be
combined to give

<y
| anl E |Sn| I thmlu)
£{(1 = |y AWRD = (| W, | P2

(3.5)
We therefore have upper and lower bounds on

| Wom!| in terms of bounds on S, andS,, and anupper
:bound on W2,.

If we assume that all of the matrix elements
that enter are real, we can repeat the above der-
ivation, dropping Re and absolute magnitudes
everywhere, and arrive at

Wi 35, Wi 211 - SHIWED — WEDPIP2

(3.8)
where
W's:,)m =Smthmt*{(1 - s'z) [Wuzhnt - (th’ut)z]}l/z .
3.7

Equations (3.6) and (3.7) represent Weinhold’s
result, 2

The result contained in (3. 6) is at least as good
as that contained in (3.5), but the requirement
that all matrix elements that enter are real can be
very restrictive. There are a number of physical-
ly interesting cases in which one can improve
upon (3.5), and these are discussed in Appendix
B. It is shown, for example, that (3.6), together
with (3.7) (with m replaced by » throughout), is
applicable for bounds on W,, for systems that are
invariant under time reversal and under rotation.

We have throughout assumed the possibility of
obtaining simple bounds on W2, and in particular,
the upper bound, WX*. In Sec. IV we turn our
attention to different possibilities of doing so.

IV. SIMPLE BOUNDS

We assume that H is of the form

N
H=E T‘+V(?1,-l.'z, .e .) )
i=l

(4.1)

where
T‘=—(ﬁ2/2m)v.—2‘ )
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and we assume further that the particles are
identical. (The latter restriction is a matter of
convenience; the various inequalities can be ob-
tained for nonidentical particles with little extra
effort, but the formulas are much more cumber-
some and the techniques are no different.) In
Sec. IV A we establish formulas for simple bounds
on W for the ground state, which are then spe-
cialized in Sec. IV B for W=7{. In Sec. IV C gen-
eral results applicable also to excited states are
established. Finally, in Sec. IVD, we present

a miscellany of bounds on 73%, 7, p;, and py;.

In all these sections we concentrate on simple
upper bounds because it is these that are needed
in the results of Sec. III. We note, parenthetical-
ly, that simple lower bounds can also be obtained
and may be useful as a guide to judge the quality
of the upper bounds. As an example, restricting
our attention to 7%, we have

Doo=27 Wo, Thm) * Wy Tyh0)
m . 2
22] |(-f¢)0m|z=N-aE (E rl) | ’
o o i Oom

the matrix elements for m, a member of the set
0, being known experimentally. Another trivial
result, namely, (W?),,> (W,,)? may also be useful
in getting simple bounds on W2 when one has in-
formation on W,,.

A. Ground State: W Arbitrary

Our first approach is a technique which repre-
sents an extension and adaptation of methods used
by Rebane and Braun® to determine an upper bound
on the total electric-dipole moment. We define
a function %, such that 3, lu,12=1. A convenient
choice is

U =Yy, (4.2)

where [ is arbitrary and where

m,=(zu? !Y,ulz)-llz=(2?1'1)m , (4.3)

p ranging from -/ to . With 3, the ground state
and 3,, the complete set of states of H, we can now
write

E (lpo, Wut [Hy Wuu ]11)0)

=27 (o Weukipm) by [HWu,, — Wu, H]po)

Hym

=23 (Ep=Eq) (o, Wikin) Wy Wet,ho)

2(Ey =~ Eo) 22 27 (o, Wtkihm) @pmy Wt tho)

=(Ey = Eq) 23 [(o, WuWu,bo) = | (o W, o) | 2]

= (El -— Eo) (Woao ‘—E ! (d)o, Wuull)o) ’ 2) . (4. 4)

|oo

The prime on the sum over m denotes the exclu-
sion of the m =0 term. We have assumed that W
commutes with %,; this assumption could be re-
laxed if necessary, but throughout this paper we
consider only W’s that satisfy this condition.

Though it is not necessary to do so (and we con-
sider in Appendix C the more general case), we
will assume that

(ll’o, Wuulpo) =0 . (4.5)

For Wu,=7rY,,, for example, this is just the re-
sult that (o, Tpy) = 0 for nondegenerate ground
states. We then have

Wit a(WHE, -E)™? (4.8)
where

a(W)=2 E (lpo, Wuﬁ[H: Wuu]d)u)

=27 Gpo, [Wuk, [H, Wat,]]00) ; @.7)

. [
the last step follows trivially on writing out the

commutators in detail and replacing H by E,
whenever it is adjacent to ;. The dependence of
oW) on u, has been suppressed. The bound (4. 6)
is useful because o (W) can be evaluated for a
number of interesting cases, including W different
powers of 7;, as we will see shortly. The partic-
ular choice u, =u,, is reminiscent of a procedure
used by Aranoff and Percus® in a different context.
The formal result (4.6) is applicable in both atomic
and nuclear physics. In what follows, we will
mainly use the language of atomic physics. The
nuclear problem differs in two ways. Not all
particles are identical, and the difference between
neutrons and protons is particularly important for
large nuclei. On the other hand, the center-of-
mass corrections [an N-nucleon nucleus has only
(N - 1) independent coordinates, unlike an N-elec-
tron atom] are particularly significant for small
nuclei.

Following a very simple technique used in bound-
ing the dynamic polarizability of a system, ® we
can often improve the upper bound [(4.6)] by using
experimental data. Assume, for example, that
W=7, the radial coordinate of the ¢th particle,
that we choose u, =u,;,, and that the dipole-oscil-
lator matrix elements,

[CRRY

are known. The identity (4.8) follows on usinhg

>

I3

(d)o, ZE riuimd’m) :

, (4.8)

2 “uu(;'i)uuu(‘;:) =;c i,
13

‘where

Uiy =Ny Y1,(0, 00) . 4.9)
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The energy differences E,, — E; are also assumed
known for the set o of values of m. Let the ortho-
gonal set be denoted by v, let m, be the smallest
value of m contained in v for which (xp,,.o, r,uuuzp,,,o)
is nonvanishing, and assume that Epy—Ey also is
known. Then in the expression for a(r,;), which is

%a(r.) =

1
5 %} Wo» [7 s [H, 7 041, 1]00)

:2 (E'm - Eo)l (d’o; -flzpm)lz 4

where we have introduced a complete set of states
and used (4.8), we can write

$alr) 2D (En~Eo)| (o Fatm)|?
+(Eny =) 2 | G, Fp) |?
=Z (B =Ep)| (o, Tt |?
+ (B = E)) @0 7i00)

where we added and subtracted

(B~ Eo) Z |, o) |

and used closure over m. [Note that (4.5) is satis-
fied by parity considerations.] We therefore have
the simple bound,

(o, 750) < (Em =~ Eo)™

(3060 -2 E- Bl Goral?) - 100

With a(r,) = 372 /m from (D12) (with I=¢=1) and the
usual definition of the atomic oscillator strength, °
2

Jom= 3—hz (Em Eo)l(/lpo: 2z rtlpm)

= e (B = EQN*| (s Fb)|*
we have

(o ”24’0) 37 (E

- _J._
[1 iy E(E ~E, )fom]
The use of experimental data to improve the
bound, while illustrated for two particular ex-

amples later in Table II, can clearly be given for
W arbitrary.

-Ey)

(4. 10b)

B. Ground State: Positive Powers of r

If W=W(ry, 7, ...), it follows that [H, W]
=[T, W], where T is the kinetic-energy operator.

a(W) is then independent of the potential V and
can often be readily evaluated or bounded. Thus,
for W(r)=7%, using simple commutator analysis
(see Appendix D) we have the identity, valid for
=1, 2, ...,

a(rd) = (2/m)[g? + 101+ 1)]@pg, 72 2%pe) . (4.11a)

[If we are to use the identity in the form (4.6), we
must guarantee the validity of (4.5). This is true
for all odd I, by parity, and it is true for I>2L,
where L is the total orbital angular momentum of
the ground state, by conservation of angular
momentum. (L is a good quantum number since
we took V to be spin independent; it is a trivial
matter to drop this restriction.)] To use (4.11a)
it may be necessary to iterate, until the bound
involves (o, #%y) =1. Thus, for the choice I=1,
we have

a(r) = (B/m)(g® + 2) g, A%o) .
It follows from (4. 6) that
(Wos 73%0) S (72/2m)[(¢? + 2)/ (Ey = Eo) o, 7392pg) -

(4.11Dp)

(4.12a)
Iterating, this reduces to
W P3%0) < [(#2/2m)/ (B, - Eo)]q(qa'F 2)
X[(g-1)2+2]x-+*x(12+2) . (4.12b)

In Table I we compare this simple bound with the
exact values for H and He and for ¢ =1-4., For He,
for g =1, we also calculate the improved simple
bound based on the use of experimental data!!
(Table II). In determining the bounds on 7% for

He, the energy of the lowest excited state, a 1s 2s
state, plays no role for I>1; for /=1, for example,
the energy E, is taken to be that of the 1s 2p state,
the lowest state connected to .

C. Ground and Excited States

Consider the nth excited state, with wave func-
tion ¥, and energy E,, and define g(W) as

BW) =22 (b, (W, HIH, Wu, 1y,) - (4.13)

Introducing a unit operator between the commuta-

tors in the form of the complete set of states y,,
of the Hamiltonian H, we have

BW) =23 23 (B, = Ep) (W, Witktom) @Dy Wet,i,)
2(E, -E;)Z(E @ W[ 20 | %)

-2 |(1P,.,Wu,,zp,,)|2) , (4.14)

where 7 is the state closest to n for which
(¥ Wu,d7) is nonvanishing. Once again, as in
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TABLE I. Simple upper bounds on (752)2‘ with ¢=1,2, 3,4, for the ground states of H and He, obtained using Eq. (4.12),
with (W) obtained from Eq. (4.11b). «°is defined by x®=#/Im (E; - Ey)]. The true value of (+?), for He was taken from
Ref. 12. The numerical values are in units of the appropriate power of the Bohr radius a; (= w/med).

Upper
bound
on H He

w a(Wym/ i (W) Upper bound True Upper bound True
v} 3 $(3¢Y 3 1.92 1.1935
7 63 (ot 32 22,5 7.40 oo
] 1104)g $09¢%) 469 315 52.2 voe
7 18090 3(8914%) 11300 7087.5 603 o
Sec. IVA, we focus attention on the «,’s for, which < (27%2/m) | E,|
s Wu,,) =0, though this restriction can be re- W 7500) € N(E; - En)é . (4.18)

laxed (see Appendix C). Equation (4. 14) then be-
comes

B(W) 2 (E, - Ez)2(p, W3, (4.15)

providing an upper bound on W,,a,,, n arbitrary, for
a wide class of operators W for which (W) can
be evaluated. Consider, for example,

W-_-?"‘, u““=9'l.1 YI“(G” ¢‘) . (4. 16)
We then have, from Eqs. (4.13), (4.9), and (D1),
Blry) = W [Fy, H] - [H, Fi]9,) = (8 /m®) @y 53 00)

=(27%/m)|E,|/N , (4.17)

with the second equality due to the virial theorem
for an ion containing N electrons. The essential
feature is the interaction through Coulomb forces.
[Equation (4.17) is the first relationship restricted
to the atomic case.] Thus we get a simple upper
bound on (b, 73,

TABLE II. Improvement of the simple bound on (+%),,/
a;‘; for He given in Table I by using additional experimen-
tal data; also a simple bound on the lowest triplet state
of He [see Eq. (4.10b)]. Data on the oscillator strengths
fon and energy levels were taken from Ref. 11, and the
true values from Ref. 12. Notice in particular the con-
siderable improvement in the 3§ value when the nearby
1s 2p-state contribution is accounted for. ag is the Bohr
radius.

Number

of fon Upper bound on (»3)o/a3®

used (1s)?1s 1s2s’
0 1.924 35.66
1 1.779 15.89
2 1.734 13.93
3 1.715 13.25
8 1.689 12.51

True values: 1.1935, 11.46.

This bound can be improved upon, as in Eq.

(4.10), when a set ¢ of the matrix elements

(pn Tsbm) is known, as perhaps from experimentally
determined dipole-oscillator strengths. We

write

(2”‘/’1’:)"? ‘ =2 By Enl®| G Fabo) |
+Z By = En)?| G, T |?
25 (B~ En®| Gy Fi0)|?
+ By~ B (Qm 7i00)
-2 | Tt

or
2f2 n
@ny 7500 S (Efg =~ En) a( :inallvE -- anﬁ;\_lz
XE [E,a,, -Ef;n— ZE,,(E,,, - Eﬁo)]fnm )
4 Em —En ’

(4.19)

with f,, defined as in Eq. (4.10) and 7z, the value
in v closest to  for which (7, T,) is nonvanish-
ing. The choice of u,;, = Y,;, may result sometimes
in small energy denominators for certain excited
states. In such a case, a substantial improvement
can be made by choosing »;, to be a higher
spherical harmonic so that m, lies far from ».
Note that Eq. (4.19), though applicable to the
ground state, is in general inferior to Eq. (4. 10b)
of Sec. IVB. For example, in He, using these
formulas in the simplest manner by setting my=1
and dropping the term in 3, we have (q, 7%o)
<4.784% from (4.19) to be compared with the upper
bound 1. 9243 obtained from (4.10b). It may,
therefore, be expected that for low-lying excited
states a result superior to (4.15) will result from
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a formula analogous to (4.6) in Sec. IVB, involv-
ing a single energy denominator instead of a
square, with this denominator being bounded by
E, - Ej;, after all the terms involving states from
0 to = have been accounted for by experimental
data (which may be feasible for small values of
n).

To obtain an upper bound on (*r?),,,,, we choose
W=75 and u,, =N,Y,,(8,, ¢,) in (4.15). We have,
following closely the derivation of (4.17),

B('rf) = (le [’V%'f", H] * [H: ’}’% ;i] d’n) .
But
[H’ﬁ;l]=("ih—/m)(pr‘-fi‘*'ri-ﬁi) ’

(4. 20a)

(4. 20b)

where the Hermitian operator,

rf o 1
p"_i(5ﬁ+”¢) ’
is the momentum conjugate to ;. Use of the tri-
]
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angle inequality gives
BY 20 < /m) [, Fity, b, F i)'
+ W Dy v B)V2] .
Using (D6) and (D7) we have
T, p,E=p2* + 2ihp,r, Br-vD=pr*+2KD T .

Use of the triangle inequality and pf <p? now gives

(4.21)

W Tiby, by Fib) S G 7i9,)' 2 Wpe £ °
+ 200 7590 W D7) 2
(4. 22a)
and
W De7s* 7 D ithn) < W 70" 2@y R0 2
+ 20, Y0 2@ )2
(4. 22p)
Substituting in (4. 21) and using (4.15) we have

(7 7’3%)”4 < IEn - E'r'n' -1{(ﬁ/m)(¢m P%ll’n)l“ + [(ha/mz)(‘pm pwn)”a

+@/m) @12 B5 ~ Bo| Gy 700" G 3041

From the virial theorem in the form applicable
to the atomic case, (y,,p%,) =2m|E,|/N, and we
have a bound on (,, 73p,) in (4.18). A bound on
(s D, is obtained in Sec. IVD so that (4. 23)
gives a bound on (,, 7$p,).

D. Miscellaneous Bounds for W=r;e, FijyPys Pyj

We here restrict our attention to atomic sys-
tems, for which the virial theorem assumes a
particularly simple form. Using the commutator
relationship

i@-7-7-p)=21/r

and the virial theorem, the following simple upper
bound on 1/#, is obtained®:

W (/7 )0) = (1/20) @y iy - 74 =74 - D)D)
< @ D) 2/ = 2m | E,| /N2
(4. 24)

we used the Schwarz inequality and the relationship
#,*#;=1. [Dropping the positive electron-electron
interaction energy, direct use of the virial theorem
for an atom or ion gives the other bound, namely,
W (1/7)0,) = 21E, | /(NZe?).] Similarly,

i@ @/r) - @/r) D) =1/r*
leads to

(4.23)

@ /73000) Z /1)@ 23 20y (1/7 )2
or, squaring,

@ (1/7500,) < (4/72) @, D3) = 8| E,| /(PN) .

(4.25)
To get bounds on 7;;, we start with
Yy Sre+y .
We therefore have
W 7ss0m) <20 700) S 200 i) 2, (4.26)

so that the simple bound on (3, #%),) obtained pre-
viously can be used to obtain a simple bound on
(11),,, 7”")11) .

Bounds on higher positive powers of 7;; may be
obtained in similar fashion. For example, since

2< 2 2
Vi Sri+r e 2ryry

we have, by applying the Schwarz inequality to the
term (lpm Ti’rjd)n)’

(le ﬁllpn) f- 4(1’)71’ ﬁwn) ’

and so forth.

It is clear from the derivation of Eqs. (4.24)
and (4. 25) that these bounds must also hold for
1/7;; and 1/73,, respectively; i.e.,

(4.27)
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G /73 )9) S [2m | E,| /(N2
(4. 28)
W (1/75))y,) S8m|E,| /(NFP) .

For the operator pf, one already has an equality
rather than a bound, since—for identical par-
ticles—the virial theorem tells us that

Py Dobs) =2m | E,| /N .
To obtain a bound on p}, we first note that

2mT=2, P .
i

We therefore have

EmT)?=2 pi+2 (pip)? ,
i i#]

so that

42,y T2,) 2Ny DY) - (4.29)
Next, we note that

T=H-V ,
so that the triangle inequality gives

W T2 2 Gy B2 4+ Gy VEPR)M2

The first term on the right-hand side is just |E,|.
To bound the second term suppose, for example,
that V is of the form

In V2=V2+ V24 2V_V,, we have V.V,<0. On apply-
ing the Schwarz inequality, we have

VISZ%NK1/vY), Visie!NW-1K1/A) .
Using (4. 25) and (4. 28), it follows that
@ V2, < e*[Z2N% INB(N = 112)(8m | E,| /NRP) .
(4. 30)
Substituting (4. 30) in (4. 29), we have

W D0 S (4mP/NH | E,| +*[Z°N® + £ NP(W = 1)2]/2
X 8m|E,|/NE®)Y?? | (4.31)

Finally, since

P sPi+d;

bounds on powers of p;; can be obtained in terms
of powers of p; just derived in the same way that
bounds on powers of 7;; were obtained in terms
of powers of ;.

From the foregoing, it is seen that bounds on
any operator which can be expressed as a poly-
nomial in the 7, 7;;, p;, and p;;’s may be ob-
tained.

joo

As stated above, these bounds—although they
may themsleves represent a considerable over-
estimate—can nevertheless produce bounds of good
quality when used in (3. 6).

Of course it is not necessary to use a simple
bound for W,,z,,; any rigorous upper bound may be
used for this term where it appears in the basic
inequalities of Sec. III. An alternative method for
obtaining such bounds on W2, based on a method
due to Aranoff and Percus, ° is given in Appendix
E. This method i3 more cumbersome to employ
than the methods of this section. Since the final
answer will usually be quite insensitive to the
value used for W2, the method of simple bounds
outlined above will usually turn out to be the pre-
ferred method.

V. NUMERICAL EXAMPLE: HELIUM ATOM

As an example, bounds on (P, 711,) and (g, 72,)
were calculated for the ground state of helium.
The results are shown in Table III, together with
the true values. '?

Column A shows the results using the simple
bounds on 72 and #{ given in Table I for the term
W2 (=W2) in Eq. (3.6), and using as trial func-
tion the normalized one-parameter function

Py =(c¥/mecrrr) | (5.1)

(The unit of length is one Bohr radius.) The single
parameter ¢ was varied to give the best bound; the
optimum ¢ in each case is shown in the table.
Upper and lower bounds on S '%!* were taken from
(A1) and (A2).

To obtain the results of column B, the three-
parameter Hylleraas wave function was used for
P, with the numerical coefficients kept fixed at the
same values that lead to a minimum energy:

¥y =1.3299[1+0. 2947, +0. 132(r, - 7,)?]
Xe-l.al’l(r!-wz) . (5_ 2)

(No variational parameters were used in this part
of the calculation.)

The required upper bounds on the terms Wozo
were obtained in the following manner: First, an
upper bound on 7} by means of (3.6) was obtained
using the simple bound on 7 given in Table I. This
bound on 7; was used for W in Eq. (3.6) to obtain
the bound on rf shown and this, in turn, was used
to obtain the bound on 7,.

A’lower bound on S = (9, $,), with P, given by
(5.2), was computed by means of the inequality!®®

@, e 2 @, ) Wre ) =11 = | @, 920 |?]

X[ = | G 9 |2132/2
(5.3)
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where 3,; can be a more complicated but more ac-
curate trial function which need not appear in any
other part of the analysis. We have used for
the ten-parameter function of Chandrasekhar
et al.'® In the use of (5.3) we needed to compute
only (¥,¢,9;), since bounds on (¥, ¥,,) are known'>¢
The considerable improvement obtained in
column B over column A represents only a modest
increase in calculational effort and illustrates the
improvement that may be achieved by going to a
somewhat better wave function. We emphasize
that the three-parameter function was used with
fixed parameters and no variation done to deter-
mine the optimum value for these parameters,
whereas the results of Ref. 6, given in column C,
were obtained by determining the best values of
three (different) parameters.

APPENDIX A: BOUNDS ON OVERLAP INTEGRAL

Bounds on the overlap S, = @, ¥,,) exist in many
places in the literature.®'* Two of the simplest
are the Eckert lower bound!® for the ground state,

2y E;=H
IsI®2 == (A1)

and the upper bound for the ground state, '*

Hys 00 = (Hog, o)’

sl2< ?Jhuﬂ‘ﬁ- . (A2)
5] ot,0t — 2EoHog, 0 + Eg

Bounds of higher accuracy and bounds for excited
states can be found in Refs. 13 and 14.
Another simple lower bound on S, for arbitrary
n that does not seem to have been recorded can be
obtained from the following inequality satisfied
by the Green’s function (G9)%, From its definition
it follows that we can write
GQn =Z;' | fkmxim |
En - Em

m

H

where the prime indicates that we are to sum over
all values of m other than n. We therefore have

(GO =3 (iE?'ﬁ_i‘EE% B -E) D |9mdWm]

m

or, finally, as our Green’s-function inequality,
(GO < (E;-E,)?Q,s (E;~E)2 , (A3)

where Ej is the eigenvalue closest to E,.
Now to get a bound on |S,!%, we notice from the
definition of GO” that [see Eq. (E1) below]

[Sa]2=1 = 11G(H - Eypnll? . (A4)

Therefore, from (A3), we have
I (H = Ep)ippell®
s [221 - DH=-Egpl” A5
Is:l*21 - T5 ) (a5)
APPENDIX B: REMARKS ON BASIC INEQUALITIES

In Sec. I it was shown that the Gram-deter-
minant inequality leads to bounds on | W,,| for
Hermitian W and complex functions ¥, and 3,, with
no further assumptions about the system of in-
terest. The result (3.5) is, therefore, complately
general and, in particular, independent of the
choice of the phase of the functions, a choice that
is left arbitrary by the defining equations for these
functions, namely, (H-E\)$,=0, (0, ¥, =1. It
is, however, to be expected that one can improve
on (3. 5) by imposing certain conditions, as can
be done for a number of physically interesting
systems. Assume, for example, that the system
is invariant under time reversal and rotation.
Then it is well known!’ that, by an appropriate
choice of phases of the known orthonormal spin-
orbital angular-momentum functions x>, the
radial functions f2¥(r) in the expansion

Y =20 fa )"

(-3
can be chosen to be real. This serves to fix the
arbitrary phase mentioned above. PJ¥ is here as-
sumed to have well-defined values J and M of the
total angular momentum and of its z component,
the spin dependence of , has been suppressed, T
represents the totality of coordinate vectors, and
7 the totality of radial coordinates. Suppressing
the superscripts J and M, we write

lP"(F):E fna(r)Xa ) (Bla)

TABLE III. Variational but nonstationary upper and lower bounds on (ry)¢ and (+}) o, for the ground state of He. All
quantities are in a.u.. True values were taken from Ref. 12, The one- and three-parameter trial functions are given
by Eqs. (5.1) and (5.2), respectively. The former gives a poor lower bound which is not presented. The lower bound
in column C was obtained by Weinhold, using a formula which employs two trial functions and three parameters which

are varied to give the best bound.

(a) (B) ()
One-parameter wave function Three-parameter wave function Lower bound
from True
Operator Optimum ¢ Upper bound Upper bound Lower bound Ref. 6 value
7y 1.75 1.338 0.9579 0.8937 0.864 0.9295
7} 1.77 2,079 1.268 1.090 1.024 1.1935
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and we take y,, to be of the same form:

l,b,.g(-f)=2 fnat('r)xa N (Blb)

with the f,,, also real. It follows that S, can be
written as

Sp= (‘pm lpnt) =Z; (fnw fnat) s

where the inner product is over the radial coordi-
nates. It follows that S, is real. If, further, we
consider the diagonal element W,,, it follows from
the Hermiticity of W, without even appealing to
time-reversal invariance, that W,, and (Wa),,,, are
real. Even with time-reversal invariance, Wy, ,
need not be real. Choosing y=9,, ¥;=¥,:, and

¢ =Wy, (3.1a) therefore becomes

(Wn)? = 28, Won ReWpy, n+ | Wy, nl 2= (1 =SHWE SO .

(B2)

The inequality (B2) is preserved if we replace
| Wot,n!2 by |ReW,,,12. We then obtain

Wnn g Sn Rethn*{(l - Sﬁ) [ann - (ReWnt,n)z]} 1z .
(B3)

Returning to(3.1a), choosing y =, $;=p,, and
¢ =Wy, and again replacing W,,, in the inequality
by ReW,,,,, we obtain

<
ReWnt.n E Wrst*,)n ’ (B4)

where W), is obtained from (3. 4) by setting m =n
and dropping all absolute magnitude signs. Equa-
tions (B3) and (B4) combine to given (3. 6) again.

Considering the diagonal case once again, but
dropping the restriction of time-reversal invari-
ance, we can, formally, adjust the arbitrary
over-all phase y, of i, to make S, real. W,, will
of course still be real and will be independent of
the choice of y,. Once again we can obtain (3. 6).
In other words, for the diagonal case, the result
(3.6), originally obtained under the assumption
that S and W,,,, are real, follows without those
assumptions.

For the off-diagonal element W,, and for sys-
tems that are noninvariant under time reversal,
we choose y,, and y,,; such that W,, ., is real.
Formally, we then choose i, such that S, is real
and positive and 3,, such that W,,,,, is real. (We
have four functions, ¥,, ¥ns Pm, and P, each with
an arbitrary phase, but we can only arrange to
have three matrix elements real since all matrix
elements are invariant under the same change
of phase.) It is useful to choose W, ,, real since
it occurs in each of the two Gram-determinant
inequalities used in bounding W,,.

Choosing first §,, ¥, and Wi,, and then 3,

| oo

¥ms, and Wi, the use of (3.1) leads to
<
ReW,m > Su| Wye,m|®
{1 =S W = (| Wy | P12, (B)

where | W, |'* is given by (3.4). The fact that
we do not know the phases v, and y,, required to
make S, and W, , real is irrelevant; |W,,!|, is
independent of v, and ¥,,, and (B5) is therefore
valid for any choice of y, and y,,. The lower-bound
result (B5) is slightly better than the result (3.5).

APPENDIX C: BOUNDS WHEN # IS CHOSEN SUCH THAT
(7% wu“‘l’o) #0

As mentioned above Eq. (4.5), it is not neces-
sary to choose Wu, such that (yy, Wu,,) vanishes
in order to obtain bounds on (o, Wiy). To illu-
strate the procedure to be adopted when this matrix
element does not vanish, suppose we wish to ob-
tain a bound on (g, 7o) = (#;)ge, and suppose we
make the simplest possible choice, »,=1. We
can then write

Wo, 74, [H, 7¢1190) = (#/m) (o, [74, ~ iPr‘]lPo) =1i/m
Using (4.7), (4.4) then becomes
(72/m) = 2@o, 74[H, 7(]10) 2 2(Ey = Eg)[(rF)go = ()50]
or

3)o0 S (7B%/2m)(E, = E))™ + (r )3y . (c1)

Next consider the Gram-determinant inequality
(3.1a), with the particular choice

V=Pos Pe=Popy =W ,

and, for convenience, assume that all quantities
are real. The resulting inequality is seen to be

("t)tzyo - zso(ri)o.m(”i)oo + ("’t)ﬁ.ot -Q1- Sﬁ) (7’%)005 0.
(c2)

The sense of the inequality (C2) is preserved if
we substitute for (#%),, the upper bound (C1). One
obtains

S8 )50 = 2807 0,06 oo + )¢
— (1= SR/ 2m)(Ey - E)t<0 . (C3)

The true value of (r;), must lie between the roots

of the equation obtained by replacing the inequality

in (C3) by an equality. We find, upon replacing

(¢)o,0¢ by the appropriate bounds,

<
oo S /SN DG
+[(1 - S3)(#?/2m)(E, - Ep)" ']/} .

(c4)

If the upper and lower bounds (C4) are calculated using
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the trial function (5. 2), with (»,){*), computed from
(3.7), with unity taken as an upper bound on S,

and with a lower bound on S, computed as described
below Eq. (5.3), the following bounds on 7; are
obtained:

0.890 < (g, 7s2hy) 0. 962 (a.u.) .

These results are not quite as good as the best
values published in Table III. On the other hand,
less computational effort was required to get
them. [We did not have to calculate the matrix
elements (r})gs,0; and (3)g;,0¢- ] 1t is therefore
reasonable to expect that this type of procedure
may sometimes represent a useful alternative to
those described earlier.

APPENDIX D: COMMUTATOR RELATIONSHIPS AND o(W)

The following are useful commutator relationships:

i, 71=- (50)5 1)
in ”lo 1
[H,r]=—(;>p,=- —"7(5;+ ;) , (D2)
i, 7-=(E) 6747 3
[x, Px] =in , (D4)
[r,p,]=ir , (D5)
int
rf’ brl= —7‘— ’ (D86)
[, B]= gi—? . (D7)

We next wish to evaluate (W), which involves
2 [wuy, [H, Wu,]] , (D8)
uw
where

W=r{, u,=9 Ylu.(eb ¢i) .

V commutes with Wx,. Therefore (D8) reduces to

% (i, (7, W)= 7 17,10 (B ) K

(D9)
where we have written

1 2
T= T”+(W")L s

= ) ot (25

and

*
K= imlla E [Yuu [L27 Ylu]]
n

=22 [Py, +2@EY,,) - D)
" -((L%7,,) +2@y,,) - DY}, ]
=2l 2 [¥;,(CY,,) T- @y, - Crr)
- (Cv,,) v - T]
-2l £+ (2 v, Drh)-2 raor)

=2rf1+1) , (D10)

since it can be shown by angular-momentum
algebra that

£.2 (v,Tr})=0 .
[

Furthermore, using the commutation relation-
ships given above, we find

b (7,10 (5-)

[ ata- 1
79\ /2
q=1-f_Z £ q=1
2t (57,) +(%) o]
(R et o« 0
—'<W)qut l:”b WJ

08 "
=<%-) Zqz,rfq 2

Using (D10) and (D11) in Eq. (D9) we have finally

|

(D11)

2 [(Wuy, [H, Wu,]]= g [P+1+1)p2e2 | (D12)

from which Eq. (4.11) for a(#5) follows.

APPENDIX E: ALTERNATIVE METHOD FOR OBTAINING
BOUNDS ON W72,

An alternative procedure to that described in
Sec. IV may be based on methods for evaluating
the term D,(W?) as given in Ref. 5.'® This per-
mits an alternative upper bound on W,,z,, to be cal-
culated. For convenience, we will assume real
inner products. Then, starting with the identities

Prbne=Subn=Unt = @bt =Vns + GOn(H - En)wnt ’

GO"(H—E)E - Q" , (El)

oneobtains the following identity for the matrix
element (,, W2p,):

ann = Sr-xz[ant, ntt z(d’nt’ W2GSn(H - En)d’nt)
+ (l,bng, QW zQHZP"‘)] .

The last term on the right-hand side is just D,(W?).
The middle term may be bounded using the Gram-
determinant inequality involving ¢, W2p,,, and
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Gn(H - E,){,;. The result is
W2 i(2-SHw?

ntynt
+ 23;1{(1 - Sﬁ)[W:hnt - (ant.nt)al}uz +s;zg)"(w?-) .
(E2)

:D,,(Wz) may now be bounded by methods similar to
those in Ref. 5. The bound in (E2) will in most
instances represent a considerable overestimate,
so that its primary usefulness is as an alternative
upper bound on W,?,, to the simple bounds of Sec.
IV for use in Eq. (3.6).

A few words are perhaps in order at this point
on the evaluation of D ,(W?) for those cases in
which W2 has the property of becoming large at
infinity. An alternative derivation of the bound on
D,(W?), which avoids some of the difficulties that
seem to lie in the treatment of Ref. 5, is as fol-
lows: Let W’ be a vector operator of odd parity
satisfying

W W =w? . (E3)
(More generally, we could employ the tensor op-
erator Wi, as we did previously. For the present
case, however, Wu, must be of odd parity; it is
not sufficient in the argument below for its diagonal
elements to vanish. )

An operator identity connecting the operator w’
with the commutator [H, W'] is readily seen to be
[using (E1)]

QW' =-GNW (H-E,) -GC%[H,W'] . (E4)

AND SPRUCH 8

Now assume that the parity of §, is known and that
Pns is chosen to have the same parity as y,. Since
Q.+ P,=1, we can write

‘-{,,and’nt = Qnﬁ'Qrﬂpnt + (le W’Q;}Pm)lpn . (E5)

Since W’ is of odd parity, W'Q, is too. The last
term on the right-hand side of (E5) vanishes,
and we remain with

W,inpnt = QnﬁI'inpnt . (ES)

Multiply (E4) on the right by @, operate with
the results on 3,,, and use (E6). We find

‘.{,’inpnt == GQ"W’(H = E ) ~ G[H, W']inpnt .
(E7)
Use of the triangle inequality, together with
(A3), now yields

Wnts QuW 2Quiby)!/? =}/ 2(W?)

< (s (H = EJWPH = E )2

+ O/ (W, 1] [#,W'])]
x|E;-E,|?. (E8)

DL/2([W", H]- [H, W']) may now be bounded by
methods similar to those in Ref. 5.

Equation (E8) differs from a similar equation in
Ref. 5 primarily in the use of the operator G9
(making the argument rigorous) and in the use of
the more convenient vector operator W',
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