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We calculate the two-photon exchange (retarded van der Waals) potential between neutral
spinless systems, including the effects of higher partial waves in the atom-photon scattering
amplitude. This is equivalent to including higher multipoles in the interaction of the charges
in the atoms. We show that this potential can be expressed as an infinite series of terms,
with coefficients that can, in principle, be measured in atom-photon scattering. The be-
havior of the various terms, at small separation and large separation of the system, is dis-
cussed. We show that the leading term in the contribution of each multipole has the property
that it has one more power of R™! in its large-R behavior than in its small-R behavior.

I. INTRODUCTION

A recent analysis® has shown that the two-photon
exchange (retarded van der Waals) potential be-
tween spinless atoms can be expressed in terms of
the scattering amplitudes for photon-atom scatter-
ing by the individual atoms. An exact expression
for this potential has been given, involving an inte-
gral over these amplitudes, evaluated at positive
photon energy, and at positive, and therefore un-
physical, momentum transfers. In the previous
analysis, it was shown that when the dependence of

the scattering amplitude on momentum transfer was
neglected, the potential could be expressed in
terms of the atomic polarizability evaluated at
real frequencies, a quantity directly measurable
in photon-atom scattering. The approximation so
made is equivalent to neglecting all partial waves
other than s wave in the photon-atom scattering
amplitude. The result obtained is an extension of
the retarded van der Waals interaction of Casimir
and Polder,? generalized to include magnetic ef-
fects and relativistic effects.

In the present work, we shall retain the depen-
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dence of the scattering amplitude on momentum
transfer ¢ and show that because of the analyticity
of this dependence for small ¢, it is possible to ex-
press the van der Waals potential as an inverse
series in R, with coefficients which are again quan-
tities that are measurable in photon-atom scatter-
ing. The corrections to our previous result can
be identified for small R as higher-multipole
(e.g., dipole-quadrupole, gquadrupole-quadrupole,
etc. ) contributions not included in the Casimir-
Polder theory. At large R, these terms then give
the retarded form of the higher-multipole correc-
tions. We therefore arrive at a compact form,
valid at all separations, and containing all the con-
tributions to the van der Waals potential. This
form can be expressed in several ways, as is the
case when we neglect the dependence on momen-
tum transfer. One form, analogous to Eq. (1.3)
of FS is given by

-1 ki qEorm

Vo "R mEo ARZ*™ <R-5.[0 W

xf dKy Kp2 (K, )Kgpl . (Kp)

0
" dee ® Py (R)
Xfo (g%—Kg)(;%Kz)) » (1)

where the notation is as in FS with the addition that
pf , is defined by

ImFA(K, , t)=2apf (K )" .
Another form, analogous toc (1.5) of FS is

=1 5
Vo "8R4 aR

qeerm 5 -
2(n+ m) {r- Pﬁﬁfo dK f(2KR)

X[ReF# ImF2 +ImF} Rer] 1}. (1.2)

It follows from either of these formulas that as R
-, the (n, m) term behaves as

1 #em
xv.nmNE dRZ+m (R®)+---

"'R-(’“ 2n+2m) + O(R-(9+ on+ 2m))

while for K,R small, where K, is a typical atomic
wave number, they behave as

2(n+
1 4 e m) (R'5)+~- ~R'(6+2ﬂ+2m) .

xy,nm~E ARZOTmY
This shows that for every multipole the effect of
retardation is to introduce an extra power of R, in
the long-range behavior compared to the short-
range behavior, of the leading term.

In Sec. II, we derive the formulas above by the
method of FS. In Sec. III, we consider the small-
R and large-R limits of the formulas, and the in-
terpretation of the coefficients appearing in them.

C-K E. AU AND G.
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In Sec. IV, we discuss the possibility of obtaining
the F, , from various measurements. Finally, in
a series of Appendices, we consider in Appendix A
the analytic properties of the atom-photon scatter-
ing amplitude, in Appendix B the relation between
the F, , and the multipole polarizabilities, and in
Appendix C we present an explicit calculation of
some of the V, for two hydrogen atoms.

xXy,nm

II. DERIVATION OF THE GENERAL FORMULAS

To fix our notation, consider the scattering of
a photon by an atom. If we neglect recoil of the
atom, we can write the scattering amplitude as

M= K2¢}[Fyb,y + Fu(6;, - KiK;)] (= 1/87) .

Here € and ¢’ are the incoming and outgoing po-
larizations, K and K;the incoming and outgoing
momenta (K= |K| =1K'| =K’). Fjz and F) are the
electric and magnetic form factors, which are
functions of two scalar variables, which may be
taken as K and #=2K%(cos6 — 1), with cosf=K- K'.
Note that #, the momentum transfer, is negative
in the physical scattering region, i.e., when K is
real and |cosfl<1.

The form factors Fy and F, are complex func-
tions, in general, and we can define p (X, t)
=ImF,(K, t), where x is E or M.

In terms of these variables, we can write the
van der Waals potential arising from two-photon
exchange between the atoms A and B, according
to BEq. (2.61) of FS as follows:

St W )N ey [~ (dKy dKy
Vz,.(R)--(M),;RgiJ; dtexp(- Rt )0 el

X DA, D03 Uy, ) 0,0, K )

2.1)

In this equation, the subscripts x, y each take on
the values E and M. We note that the integral over
t is over positive, and therefore unphysical, values
of this variable, so that the integral cannot be di-
rectly calculated in terms of measurable quantities.
The quantity ®,, is a phase-space factor, given

in FS as

q’xy - 277i(2TATB) &.\ILT_B.)_—_&N(_I_‘Al

AoE , 2.2)

with 7=2K/¢'? and
gep=TP-TQ2+2T%+ THtan ' T =g, ;
gen=T* =TT +T*tan ' T =g, .

In these expressions, following the discussion in
FS, we have neglected terms of order m,/M,.

In order to proceed, we provisionally assume
that the form factors F, of each atom are analytic
functions of ¢ in some region including #=0, an
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assumption to be justified in Appendix A. We then
have

F(K 1) =io F, ()" for t<t,, 2.3)
n=
and therefore
o (K, t)=i0p,,,,,(x)t" for t<ty, (2.4)
n=
where, for real ¢,
n=ImFxm=n—1!-Im—-—“-————an;tKn’ t=0) (2.5)

We note that the quantities p, , and F, , involve the
scattering amplitude only for #=0 and therefore

are related to quantities that occur in physical
atom-photon scattering. The measurability of F, ,
is discussed in detail in Sec. IV. The F, , are
also related to the coefficients f; (K) of the expan-
sion of F, in Legendre polynomials, through the
equation ¢= ZKz(cose -1). This relation is given by

(+n)l

E T=-n1

Xyn (ZK)Zn(n|)2
where
F,(K, cos6)=2J (21+1)P,(cosb)f, ,(K) .
1]

E @1+1)f, (K) 7—5—

We now write the ¢ integral in Eq. (2.1) as a
sum of terms, denoting all of the integrand other
than the exponential by I(#):

fo e B2 1) = f ‘R‘l/al(t)dt+ft:e'“”zl(t)dt,

(2.6)
where we choose £, to be the smallest of the radii
of convergence of the expansions (2. 4), for the two
atoms A, B, and for two form factors Fy and F,,. In
the first term, we canthen substitutethe series ex-
pansion (2. 4) for each form factor, whichgenerates a
corresponding expansion for I(¢). Thiscanthenbe
integrated term by term. The result of this is

[0 e ®2 1) ar=8,(1/R) + -4 * 5,(1/R)
(i
2.7)
where Sy, S, are power series. The first term
arises from the lower limit of integration (¢=0)
and the second term from the upper limit (¢=+¢,).
We shall see in Appendix A that ¢}/ 2 is typically
on the order of 1/ay, with g, the Bohr radius. The
second term is therefore similar in structure to
the short-range forces coming from electron ex-
change, or wave-function overlap, in that it de-
creases exponentially and is negligible outside a
few atomic radii. We therefore do not include it
in the van der Waals potential.
The second term in (2. 6) can be bounded above
as follows:

_{: e B2 [(t) at < e R g: | 1¢)| at (2.8)

provided that the integral on the right-hand side
exists. This will be demonstrated in Appendix A.
It follows that this term also decreases exponen-
tially with R, has the character of a short-range
potential, and so can be omitted from the van der
Waals potential. Therefore, the potential of in-
terest is given by the term S,(1/R) alone. For-
mally, this term is obtained if we use the power
series for I(¢) at all values of ¢, and carry out the
t integral from zero to « term by term. We shall
follow this procedure, and write

V= " e P ) at+ 0(enmH?) (2.9)
where L (¢) is obtained by substituting the expan-
sions (2.4) into I(¢) for all values of £. The re-
mainder of our work consists in a discussion of
the integral in Eq. (2.9).

We note from (2.1), (2.4), and (2.5) that

-1 K, dK,
Is(t)—mgf i 3,,(K, , Kp, t)

X2 t™mp, (Ky)py m(Kp) . (2.10)

n,m
The integral over ¢ can now be carried out term by
term, integrating by parts several times as de-
scribed in FS. The result can be written

Vz.’: Z; ny 3

X,y

Vey= 20V,

£y, nm

w  dEM (1 [® gk
I 1 Z} dRZ(mm R5 —4
n,m=0

<[ a5

o ° dce‘sz”(ZR)>
€*+K3) *+K3)

(2.11)

KB Py, (KB)

with P, (¢R) a set of polynomials, given by
Ppp(x)=Pyy(x)=x" + 24> +5x% +6x+3 ,
Ppy(x)=Pyg(x)=—(x* + 2% + %) .

This is the equation given as (1.1).
To derive the other form given as (1. 2) in the
Introduction, we use the assumption that the quan-
tities F, ,(K) satisfy unsubtracteddispersionrela-

tion, of the form
bl I ’
<K)=§f dK'K'p, (K')

Tk (2.12)

F,

X0
It then follows, upon exchanging orders of integra-
tion, that V,, can be written

=1 5
ny —IG‘HSR . dRa(m-m)

dZ(n +m)
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(R [ de & %P, CRIFAGOFS it)] . (2.13)

This form is a generalization of a well-known ex-
pression for the dipole contribution to the van der
Waals potential, expressed as an integral over the
polarizability at imaginary frequencies.

C-K E. AU AND

G. FEINBERG

|lo»

relations
2 (7 K'dK'
va,ﬂm:;f K’a'-'KaImDrv,nm(K/) ’

(2.14)
ImD,, ,n=ReF, , ImF, ,+ReF, ,ImF, , ;

Finally, following FS, we define D,, ,,= and D, ,,(it)=F,, ,(it)F, ,(it) is real. It then fol-
F, ,(K)F, ,(K), which also satisfies dispersion lows that
|
-1 & g 7 *K'dK' , , , ,
Ve =830 ) ’7"4:0 ST (R i dt e”®*p, (CR) W[ReFfm(K )ImF? (K’)+ReF] . (K')ImF (K )])
, 0
(2.15)
oL 5 L (R [ aKfRKR)[ReF 5 5 A (K) (2.16)
R, aR {R°Pg [ dKf(2KR)[ReF},,(K)ImF} , (K) + ReF ), (K)ImFY, 1} .

which is Eq. (1.2). Here f(x) is the function
—f(x)=cosx six — sinx Cix

and P} are given by

a da? d? d
B =ts R Gt~ R gy +HR g = 3R g 8
=Py s
4 3 2
e d d d
PR =R pr iR oy —iR® o = Pl .

This completes the derivation of the formulas
given in Sec. I. The detailed discussion of their
implication is given in Sec. III.

111. POTENTIAL AT SHORT RANGE AND LONG RANGE

The formulas of Sec. II, e.g., (2.11) or (2.186),
express the van der Waals potential over the whole
range of interest, extending from a few atomic
radii to infinity. The indicated sums over n, m are
expected to converge rapidly in this region. This
is because the quantities F, , involve successive
derivatives with respect to the momentum-transfer
variable ¢, and such derivatives generally behave
as F, ,(K, t=0)~a’"F, ((K, t=0), where a is the
atomic radius.

Therefore, the sum over »n, m generates an ex-
pansion in powers of (a/R)%, which is small
throughout the region of interest. We shall see
that this is equivalent to saying that the higher-
multipole corrections are usually small compared
to the dipole terms everywhere.

It is possible to calculate, at each value of R,
any term in (2. 16) numerically, assuming that the
corresponding F, ,F, , are known. In general,
this is what would have to be done if R is some-
where in the middle of its range of interest. An
example is given in Appendix C. It has however

!

been customary, in previous treatments® of the
n=m=0 term of our expansion, to consider the
potential in two regions, corresponding to K,R

«1 and K4R>1, where Kj is a typical atomic

wave number. The potential is expressed as an
ascending power series in R in the “small-R” re-
gion, and as a descending series in the large-R
region. This is accomplished for example by using
the small-argument or large-argument expansions
of the function f(2KR) that appears in (2. 16).

A similar procedure can be carried through for
each term with a given value of m and # in (2. 11)
or (2.16). To do this, it is convenient to calculate
the quantity

R°P2 f(2KR)

which occurs in each of the terms, in the small-
argument and large-argument limits.

A. Small-R Region

First take the case KR <1, then

R°P%; f(2KR)~37R"° -} KR *+31K°R"° - L K°R"?

+irK*R"'+% K5In(2KR) + O(const) (3.1)
and the same for R*°P%, f(2KR);
R P%, f2KR)~ - L KR™* +37K*R™® - $K°R™?
+37K*R™ +2K° In(2KR) + O(const)  (3.2)

and the same for R"°P%, f(2KR). These expres-
sions can be substituted into (2.16) and the neces-
sary derivatives carried out term by term. The
result is a sum of explicit functions of R, with co-
efficients that are integrals over K of products of
the form factors F, ,(K). We delay for the mo-
ment the discussion of the convergence of these in-
tegrals, and exhibit the first few terms®:
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3
37 dZ(n+m) _
+_é— EO dRZ(an) (R S)I).‘;’Ag:'?m
nyms=
-1 Erm
T EO dRZ(n+m) (R 4)1%2‘1:7"
n,ms=
T Fem
ty Za JREE™ (B3 152:2,
n,m=
-1
VAB= b, - -
EE” gr*R n gz (R-2) [AB:3
—6 e 0 dRZ(m—m) EE,nm
T & d2(n+m) B
+§ EO dRz(iH'm) (R 1)1‘%‘%::1)1
n,m=
29 L dZ(n*m)
+E 7o dRZ(rH-m) (lnR)I‘}?g‘:zm
SRERRE (3- 3)’
where
Igg;;mafo” K ImDAE | (K)dK (3.4)

[” K'[ReF3,,(K)ImF3,,(K)

+ReF3 ,(K)ImFg (K)|dK . (3.5)

A similar expression can be written for V452,
with I{'"  substituting for I43:" , where

Iifym= [ " K" ImD}f . (K)dK (3.6)

- fo”K’[ReF;,,,(K)ImFg,m(K)

+ReF} ,(K)ImFy (K)]dK . (3.7)

Finally, we obtain for V43:

5 o dZ(m-m) 0o 4B
=% 2 aRTww R 5 nm
nym=
T © dz(n-l- m) B
+3 ZOZZ—W R OI50E,
nym=
3 © dZ(n+m) .
_5 E d (h +m) (R 2)I§ﬁ:2m
VAB: -1 < nym=0
EM™ gr'R o
T ) d n+m) .
+3 Eogﬁmm R YI Bigrom
nyms=
2 « d2<n+ m)
*3 ZOW (InR) I 4o
nym= .
Foeee \ (3. 8)
with
Iifim=J K" ImDE}, om(K)dK (3.9)

=f:°Kr‘ [RGF?,‘,"(K) ImF S,m(K)
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+ImF%, ,(K)ReF% (K)|dK (3.10)

and for V42 a similar expression obtained by the
exchange E —- M everywhere.
From the dispersion relation (2. 14) for D,,, ., ,
it follows that
12t = [ KImDAZ,,(K)dK

Xy,nm

=-37lim (K 2Dy, um(K)] .

(3.11)

However, according to the dispersion relations
(2.12), and also by direct calculation for hydrogen
atoms, we find that

lim D, ,.(K)=O(K™*) ,
K=o

and hence

AB,1 _
Lyym=0 .

(3.12)

Therefore the terms with R™* in parentheses van-
ish in each of the V,,.

We note further that the form factors F, are ex-
pected to be significantly large over some region
of K of the order of typical atomic wave numbers.
It follows that successive values of 7 in I2n
should ke related approximately by

AB,r +1 /7AB,r
Ixy,r'im /Ixy.r'ml— KO ’

where K, is a typical atomic wave number for an
atomic transition. It follows that the terms in
Vﬁf,,m arising from successive I", will be of rela-
tive order KyR, and therefore for a fixed value of
n, m, the expansions (3. 3) and (3. 8) are expansions
in K R, which is assumed small in the region we
are now considering.

It is of interest to note the occurrence of terms
proportional to InR, which show that the “small R
expansion” is nonanalytic. This lack of analyticity
for small R originates in the fact that the form fac-
tors F,(K) do not vanish exponentially at large K,
but instead fall off as a finite power K2 As a re-
sult, if one tries for example to expand the inte-
gral in (2.13) in powers of R, one finds that the
terms beyond R? have as coefficients integrals that
diverge for large K. This occurrence signals a
nonanalytic behavior of the integral at small R.
From this argument, one might have expected
terms of order R"21nR to occur in (3. 3) or (3.8).
These terms however cancel identically because of
the form of the polynomials P,, and the first log-
arithm appears in order InR. Because the succes-
sive terms in (3. 3) or (3. 8) are of relative order
KyR, the logarithmic singularities appear to be far
too small to detect in practical experiments.

If we look at a term, say in Vpg, proportional to
a given power R?, we see that this term gets con-
tributions from many different terms in the expan-
sion (3.3). For example, the term going as R™®
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has as its coefficient

1
e [ “IQE 00+ 3T 12(I§E 10 +I§g,n1)
+3m 2455 5 + 152, 11 +155,20)] + (3.13)
It is easy to see that this coefficient, and that of
AB,7r

all other inverse powers, involve those Igg’y,, in
which 7 - 2(n +m) takes on some fixed value, as 7,
n, m vary. From the previous discussion, we
have seen that increasing » by two units will ap-
proximately multiply I by Kg, while increasing »n
or m by 1 unit will approximately multiply I by a?.
Hence the leading term in a given coefficient will
be that with 7, n, m taking on the minimum values
consistent with » — 2(n +m) taking on the required
values. The other terms will in general be small-
er than this leading term by some even power of
(Kya), which is a number of order 10°%(= ).

We write here for convenience these leading co-
efficients for the dominant powers of R:

- 1 3 -67AB,0 1 -47AB,2 -37AB
Ves™ gt (BRI 4500+ 3TR 1558 — F R 5230+

+ 37 20R™ (153 30 + I58:0y)

+37 120R™1O(F %:g gO+IEE 1t EE,Oz)]+
(3.14)

It may be seen from our estimates of the rela-
tive size of the 7577 , that the term R™°I1.%3° will
always be the largest within the region of interest.
However, the relative size of the terms with pow-
ers of R greater or less than — 6 will depend on
where R lies in this region. It can be seen, for
example, that the term in R-® is greater than the
term in R* when R < a(Kg)Y 2~ 10a, and is less
when R> 10a.

Consider next the convergence of the integrals
over K that define the quantities I‘,‘,‘f e The criti-
cal place for the convergence of those integrals is
obviously K-, The convergence will depend on
the behavior at K-« of ReF,(K) and ImF,(K).
From the dispersion relations, and from explicit
calculation for hydrogen we find that’

lim ReF ,(K)=0(K %) .

K=
For ImF,(K), no simple theory is available. In
the case of ImF ((K), related by the optical theo-
rem to the total cross section, we can get some
information if we assume the nonrelativistic photo-
electric effect to dominate the total cross section.
This would then give ImFo(K)~ K™**/2 as K- =, and
then implies that the integrals I” 5 o, Will converge
for <5 and diverge for > 5. However, relativ-
istic corrections might well change this estimate,
as might the inclusion of other terms in the total
cross section, such as the high-energy limit of the
elastic scattering itself or the creation of pairs.

o

The explicit calculation for hydrogen (see Ap-
pendix C) gives an ImF,(K) which decreases about
as KO+ 12 This suggests that for higher-multi-
pole terms, it is likely that the convergence will be
still better than for I’“soo However, it would ap-
pear that in any case, only a finite number of the
IA5:r will converge and that the expansion (3. 8) is
to be regarded as asymptotic rather than as exact.

We show in Appendix B that the F, ,(K) are re-
lated to the frequency dependent 2"*! multipole po-
larizabilities a,,,;(K). The relationship is of the form

+0(K*a*) %%;3(5—) teee

where the powers of a are inserted for dimensional
convenience. These formulas may be inserted into
any of the formulas [(2. 13) and (2. 16)] to reexpress
the potentials in terms of the perhaps more familar
multipole polarizabilities. Upon doing this, we
note that the values of K giving the major contribu-
tions to integrals are such that Ka~ a, whereas the
quantities a, ,+1/a® are all expected to be com-
parable in size. It follows that a good approxima-
tion to integrals over the form factors can be ob-
tained by taking oniy the first term of Eq. (3. 15);

Fx,n(K)=

(3.15)

FynlK)~ a0 1(K) . (3.16)

8w
(2n +2)!
If we substitute into Eq. (2.13), we get the retarded
generalization of the van der Waals potential, ex-
pressed in terms of polarizabilities at imaginary
frequencies;

— 42 g2+m " e 2R
Vy,nm =———§—-—-1 67R dT——yR vy \R dée ny(gR)
0

@y g+ 2(i8)ay gme1(i8)
. (2n+2)! (2m +2)! ) . (38.17

The term involving a,n+ 1a3m+ 1 may be regarded as
the retarded generalization of the 2"* ! pole-2™1!
pole force familiar from the Coulomb contribution
to the small-R version of the van der Waals force.®
However, the presence of terms beyond the first
in Eq. (8.15) indicates that this formula is only
approximate, and that the form factors F, should
replace the a;n .1 in the exact formulas (2.13).
B. Large-R Region

Consider next the region of R in which KR > 1,
for those K that contribute significantly to the in-
tegrals (2.16). This is the region in which “re-
tardation” effects are important. In this region,
we find

R°PY; f(2KR) = 7“% Bi{zg?ﬁg +—5—m32}<1; +O(K""R™12)

(3.18)
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and the same for R™°P%, f(2KR);

R™°P%. f(2KR) = 4K?R° +—3—58;1 ngso +O(K"R™®)
(3.19)
and the same for R™5P %, f(2KR).

Upon substituting these into (2.16), we obtain a
‘series of descending powers of R, with coefficients
that are integrals over K of products of form fac-

tors”:
23 ;« geenm

4 me0 dRz(n-*m)( -6)J‘gg::m

129 g m
Z; ——siwmy R I LR
yooo=1 ] 8 . dR '
EE 87T4R
5112 <~ g*rm
g, 2, armee BT8R
L+ (3.20)
where
Jgg;;,,,-[ K" ImD42 . (K)dK (3.21)
= [" K7[ReF%, ,(K)ImF} . (K)
+ImFg (K)ReFg ,(K)]dK. (3.22)

A similar expression may be written for V,, in
terms of Jy'%, , with J45'%  defined similarly in
terms of magnetic form factors. Similarly, we
obtain for Vgy:

(
dZ(yn m)

0 dRZ(m- m) (R. G)J“l‘?ﬁ::m

-1 81 & gmm
VeeTirR | *8 2y B

%
-5 2

(R ) T4 om

S B ey RVt

where | 8.23)

ThEre= [ KT ImDAR . (K)dK (3.24)
fo " [ReF4 ,(K)ImF5 . (K)

+ImF% (K)ReFj .(K)]dK, (3.25)

and a similar expression for V,, with E and M
interchanged everywhere.

One may regard a given term in these expansions
with particular values of », n, m, as the large dis-
tance limit of the term with the corresponding val-
ues of », n, m, in the expansions (3.3), (3.8), etc.
Hence we see that the leading term of all inverse
powers of R, and not only the R-® dipole-dipole in-
teraction, falls off with one extra power of R at

large R than at small R. Thus, for example, the
dipole-quadrupole interaction behaves asymptot-
ically as

:l _2_3 42(JAB 1. J4B, 1 )R-s

817 EE, w0t EE 01 (3' 26)

while the quadrupole-quadrupole term goes as

8"1 23 9064742 LR .

Again in this limit, a given inverse power of R gets
contributions from several terms in the series.
However, here the coefficient of a given inverse
power always gets its main contribution from the
terms J;‘y’f vo- The higher-multipole terms now
make contributions to a given term that are smaller
by factors (Kya)?"*?" than the dipole-dipole contri-
butions.

If we assume, for the moment, that the integrals
defining the J,, are convergent, we can identify
them with form factors and their derivatives,
evaluated at K=0. To see this, we note from

3.27)

(2. 14), for sufficiently small K,
K'dK' [ K®
xy,mn f o sz (K ) Imey nm(K’) .
(3.28)
Hence
s 2(2p)!
G| B et mp, (),

(8.29)
and therefore, setting 2p +1=, which is always
odd in Eq. (3.24), we find

AB, 1 i:_l_ DAB ‘
ny.nm_'z— r-1)! dK’-1 Txsnm K=0"*

(3.30)

Finally, from the definition of D27, , we have

JAB 7 ,.E 1 d'-
wnm =9 (p—1)! dK™ T

[FxAan,m] K=0 (331)
We have seen that the quantities F, ,(K=0) are
proportional to the static 2"*! multipole polarizabil-

ities. It follows that the J,ﬁy’ .m» and hence the
leading term in the large-R expansion of the van
der Waals potential can always be expressed in
terms of these polarizabilities. The correction
terms, containing J, ,.(>1), involve derivatives
with respect to K of F, ,, evaluated at K=0. Ac-
cording to Appendix B, these can also be expressed
in terms of derivatives of the static multipole po-
larizabilities. However, in this case several
terms will occur in each derivative of F,. It is

not difficult to see that if the polarizabilities are
regular at K=0, then an Ith derivative of F, can, in
general, be expressed as a sum of polarizabilities
and their derivatives from o, to a,,;. Of these
terms, the important one is always
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d Fy .87 dlagnet

dK' | g.o (@u+2)!  dK! Koo

(3.32)

Consider next the convergence of the integrals
defining the J2°;7. Since D,, ,, decreases as K
- the integrals converge at ©. Furthermore,
it is not hard to see that the contribution from
finite K, other than K=~0, is finite, even in the
“zero-width approximation,” where the resonances
are treated as real poles. The only question of
convergence of the J comes from K=~0. Here we
must distinguish two treatments of the form factors.

(a) Inthe “zero-width approximation,” we ap-
proximate the imaginary part of the form factors
by a series of Dirac § functions contributed by the
various state resonances, and a continuum contri-
bution, for K> K, theionization energy of the atom.
In this case, itisobviousthat ImDAP, =0, when K
< K;, where K, is the lowest excited state energy of
the atom. Therefore, the integrands in J vanish
for K< K,, and these integrals therefore converge
at small K.

(b) If we want to improve upon the “zero-width
approximation,” then we must include the effects
of the “tail” of the resonances, on ImF, for small
K. This can be done in a relatively model-inde-
pendent way as follows: We know from the optical
theorem, that InF, , can be related to the total
cross section for photon-atom scattering. This
relation is given by

Im(F g o+ Fy o) =07 (K)/K .

But for small K, we expect op(K)=~ a®K*, from the
usual analysis of Rayleigh scattering. This sug-
gests, since usually Fy o> Fy o,

lim (ImFg o)~ a®K® .

K~0
On the other hand, ReFy (K=0) is given through
the dispersion relations, by contributions from
K> 0 resonances, and behaves as

lim (ReFj o) = a®

K=0
These behaviors suggest the following conclusions:
(i) The contributions of small K to J45' 1, and
J%5: % are finite, and are smaller than the reso-
nance and continuum contribution by a factor
~(KyaP~10". (ii) The integrals defining J45:7%,

do(E, E")
749}

4

“oa? L

o

for >3 diverge at small K. Strictly speaking,
this implies that in this case the expansion defined
by Eq. (3.20) does not exist. Actually, the rea-
son for this is apparent. If it is necessary to in-
clude contributions from very small K to the un-
expanded integrals such as (2. 16), then it is not
possible to use the expansions Eq. (3.18) for
R™°P” f(2KR), since these are valid only when KR
> 1. It would then be necessary to use the unex-
panded form (2. 16) even for R—, to pick out the
correct contribution of small K. In the case of
Vzg, this can be done explicitly, with the following
result. In addition to the series of terms given in
Eq. (3.20), the small values of K contribute a
term proportional to ¢°R™'°, This term, of an
analytic form intermediate to those in the series
in Eq. (3.20), is small everywhere in the region of
interest. It is therefore probably sufficient gen-
erally to follow the procedure described in (a)
above, i.e., the zero-width approximation, and
the expansion Eq. (3.20), which involves J’s that
are now all convergent.

IV. MEASURABILITY OF THE FORM FACTORS

In order to apply the formulas of Secs. II and
III to specific atoms, it is necessary either to cal-
culate, or to obtain from experiment, the form
factors Fx,,,(K). In Appendix C, we present a cal-
culation of these form factors for hydrogen atoms,
and apply it to some calculations of the higher-
multipole potentials. Such calculations are likely
to be difficult for atoms other than hydrogen, since
they involve substantial information about the wave
function in the ground state and excited states.

We consider here instead how to obtain the
F, ,(K) from measurements of the elastic scatter-
ing of light by atoms. This problem is rendered
more difficult by the fact that, in general, the
amplitudes are complex. This implies that in gen-
eral, it is necessary to supplement measurements
of the cross section by other information to deter-
mine the F, (K). We write the scattering ampli-
tude as

M=¢;¢|[K2Fgb;, + K?Fy(6,, - K} K,)](~1/87) .

The corresponding cross section without any sum
over polarizations is given by

1 A A A A
ey eteet’ [K4‘FEl26116kt +K4|FM|2(6H - K(K;) (6, - K LK)

+ K P50, (6, ~ KyK,) + KAFEF 0,6, - KiK))]  (4.1)

(€- €)e* )| Fg|®+(e- € =K' - €K~ €)(e*- *-—K'- e¥K- &'*)| F,|?

te- €'(e* ¥ —K . eK- *)FpFfi+(e- € —~K'- ¢k &)e*- ¢*FEF,]. (4.2)
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The use of complex polarization vectors is essen-
tial here if we are to allow (as we must) for the
possibility of circular polarization of the incident
or outgoing photons. By measuring the initial and
final polarizations, we can determine from experi-
ment the quantities | Fz 1% |F,1% and FoF}, which
leaves undetermined the relative phase of F; and
F) , which must be the case for any quantity bi-
linear in the matrix element.

An obvious candidate for the extra information we
must supply is the unitarity relation, as this in-
volves both linear and quadratic terms in Fz and
Fy. In FS, it was mentioned that in the approxi-
mation where all terms other than Fy , are
neglected, it is possible to determine ImFy , in
terms of the total cross section by using the opti-
cal theorem

ImFy, oK)= (1/ Ko (K) ,

and then to determine ReF g ((K) by measuring the
elastic cross section. This procedure can still be
used to fix ImFy o+ImF, o), even when we do not
neglect higher partial waves. However, the opti-
cal theorem alone does not give any information on
the relative phase of Fg , and F , for n>0.

Such information is given by the general unitarity
relations for nonforward scattering. To clarify
this question, we divide our discussion into two
regions of K, i.e., those K below the threshold
K; for inelastic processes, and those above this
threshold. When K< K; there are simple rela-
tions between ReF, , and ImF, , for each n. These
relations follow from the fact that the F, , are
linearly related to amplitudes M}, with definite
angular momentum and helicity, and the latter
amplitudes, in the region of purely elastic scatter-
ing, satisfy individual unitarity relations between
real and imaginary parts, of the general form?®

MM, =20 My a M3 4.3)
l“

This is analogous to the scattering of spinless par-

ticles, where the partial-wave amplitudes f; satisfy

Imf, = |£,]% .

Hence, in the elastic region, measurements of the
cross sections for polarized photons, together with
the unitarity relations, are sufficient to determine
ReF, , and ImF, ,, apart from ambiguities in sign,
which can be settled by the dispersion relations.

In the inelastic region however, the unitarity equa-
tions relate elastic to inelastic amplitudes, and, in
general, a determination of the real and imaginary
parts of all amplitudes must be done simultaneous-
ly through a measurement of elastic and inelastic
cross sections in all coupled channels. In the
present problem, this would mean the measure-
ment of diiferential cross sections for the photo-
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electric effect and for the scattering of electrons
by ions, as well as for the elastic scattering of
photons by atoms. If all these quantities can be
measured, there would be as many equations as

- unknown quantities, and the real and imaginary

parts of all amplitudes can be determined.

Let us see how this would work in the case of
two coupled channels consisting of atom-photon
(channel 1), and of electron-ion (channel 2). We
assume the ion to have spin 5 for simplicity. The
complications of polarization are most easily
treated by using helicity amplitudes. The scatter-
ing amplitude may be written as a sum of ampli-
tudes for a given total angular momentum, evalu-
ated between definite helicity states®:

A

Mll,kk’NZ"M{MM’C{X'(er’)7 (4.4)
J

where i, & are channel labels and A, X’ helicity

labels. The Cj,. can be expressed in terms of the

rotation matrices Dj,.. The helicity scattering

amplitudes satisfy unitarity relations of the form

v IR J X
M, e = M, we %"“Mu,n."ka',w' (4.5)
1

and are linear combinations of the form factors we
have used previously.

In the present case, there are 12 such amplitudes
for each value of J. The unitarity equations give
12 relations among these amplitudes. Another 12
relations can be obtained by measuring the differ-
ential cross sections

doi, ey

—a < IMn,kx' Iz

) (4.86)

Again there are 12 differential cross sections that
could be measured, and these equations together

with the 12 unitarity equations determine (up to

certain sign ambiguities) the 24 quantities
ReM;, pv » ImM;, 4. If the number of coupled

" channels is greater, there will be more of each

type of equation, but it is still possible, by mea-
suring enough cross sections, to determine ReM;,
and ImM ;. However, if any of the channels in-
volve states of three or more particles, these
measurements are unlikely to be feasible.

In view of this, it may be of interest to see a
different approach to the determination of the elas-
tic amplitudes, which involves the measurement
only of elastic scattering and of total cross sections
for atom-photon scattering. The method makes
use of dispersion relations to supplement the ex-
perimental data, and is analogous to one that has
been used in high-energy physics.!® We illustrate
this method fer the most common case, where F
<« F, and is neglected. The more general case
can be found in the thesis of Au.!

We consider the amplitude with the factor of K 2
reinserted into the amplitude:
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FK, t)= (K%/4n)F4(K, 1) . 4.7)

We write down a series expansion in ¢ for f instead
of the common partial-wave expansion:

F=20 A, (K" . (4.8)

These A,’s are related to the partial-wave ampli-
tude f; defined by

=22 (21+1)f,(K)P, (cos6) (4.9)
13
in the following way:
_ 1 (I+n)!
A K)= GRE P 14:)" @+ VA K G
(4.10)
and
1
fB) =5 2 (-2VK*A,(K)2"*'D,, (4.11)
n>l
where
D,,,=§_7 (=1 {+m)! 1 4.12)

meo M1 (I-m)! n+m+1

But, experimentally, we measure | (K, £)|% and
we write

7K, 1)|2=220 g, (K)tn . (4.13)
From (4.8), we "have

|7 (&, 1)|3= "Zm A, (K) AX(K) t™™ . (4.14)
Comparing coefficients we have

A(K) AF(K) =2, , (4.15)

Ay(K) AT (K) + AF(K) Ay(K) =2 g4(K) , (4.16)

Ay(K) Af (K) + A(K) AF(K) + AT (K) A1(K) =2 g,(K) ,
and so on. But @.17)

Imf (K, t=0)=Im Ay(K) ; (4.18)

hence, by the optical theorem, ImA, is measur-
able., By measuring the differential cross section
in the forward direction, we can measure Re4, at
least up to a sign, which can be fixed by a disper-
sion relation. Hence A, is determined. We write
Ay and A, as

Ag=a+ib, (4.19)

A;=R+iL . (4.20)

(The dependence on K is understood.) Then (4. 16)
gives

aR+blL=g,, 4.21)

where now a, b, g; are experimentally available.
Fg,, is related to A, as Fg ,= 4n/K%A,. As we
have assumed the validity of a dispersion relation

o

for F, ,, a dispersion relation is assumed to be
valid for A,,/K g Equation (4.21) can be rewritten

AOR—ibA1=g1. (4.22)

Dividing (4. 22) by K ? and writing down a dispersion
relation for A,/K?in terms of its real part, we
have
R(K') dK’
K*K"™-K?®-i¢)
(4.23)

Ay(K)

R(K) _gi(K) 20(K)K [
K® ~ K°? A

or
RK) &K) 20K)K f " R(K')dK

o KEKF-K®-ie) °

(4.24)

Noting that the §-function kind of singularities in the
scattering amplitude at resonances are in fact sym-
metrical, highly peaked, but finite functions, we
define the following two functions:

¢(K)=R(K)/K?, (4. 25)
T(K)= g,(K)/ A (K)K? . (4.26)

We also note the following asymptotic behavior:

K? A, K: T A&

lim g,(K)~ K*, (4.27)
K0
lim A (K)~ K2, (4.28)
K.0
lim b(K) - K5 | (4.29)
K .0
lim g (K) - const , (4. 30)
Ko
lim Ay(K) - const , (4.31)
Ko
lim b(K) - K /2 (4.32)
K‘ao

(4.33)

lim R(K) - const ,
Koo

which follow from the usual nonrelativistic theory
of atom-photon scattering. This shows that ¢ and
7 are regular function in the interval (0, ©). Equa-
tion (4. 24) then becomes a singular integral equa-
tion of the Omnes type'?:

¢(E)=T(®) + (1/7) [T (K, KV p(K"VaK',  (4.34)
where K(K, K') is the singular kernel
= " 2K b(K)
KK, K )‘AO(K) (KE+K') (K -K - i¢) (4.35)
=[ b(x') +< 2Kb(K) b(K'))]
AyK") "\Ay(K) (K+K) " A, (K)
1
X‘m . (4.36)
Writing
b(K)/Ay(K) = h*(K) = e™* ") sins (K) , (4.37)
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which is possible since b=ImA,, we find that
5(K)=tan™ b(K)/a(K) . (4.38)

From the boundary conditions (4.27) to (4.33), we
see that the function 6(K) is regular in the interval
(0, ») and falls off at infinity faster than 1/K. De-
noting the second part of K(X, K') by

~ ' 2K b(K) b(K') ,
KK, K )—(-AO(K) K+ K) " Ay )/(K -K)
(4.39)
we see that k(K, K') is a regular kernel with bound-
ary conditions

KK K')~0

as K~ or K'-=, (4.40)

This matches the boundary conditions of the kernel
Omnes assumed. ¥ Thus according to Omnes our
singular integral equation in (4. 24) is reducible to
Fredholm’s type (with regular kernel) and hence is
soluble. Different techniques depending on the na-
ture of the kernel are used to solve integral equa-
tions of Fredholm’s type and are widely available in
the literature.®® Once R(X) is known, L(X) can be
obtained from (4.21), and hence, A, is known.
Equation (4. 17) can be written as

AgA¥ + A, AY =2 g5(K) - | Ay|2 . (4.41)
Call

2g,(K) - |A,|?=2g4(K), (4.42)
and let '

A=R'(K) +iL'(K) . (4.43)

Equation (4.41) can be reduced to a type of singular
integral equation like (4.24) with similar boundary
conditions. The same technique that we have gone
through for A, applies and we can find A,. Having
found A,, we find that A; and, in general, A, are
of the form-
n=1
AgAX + A, Af=2g, —Zl A A%, (4.44)
r=
Hence all A,’s can be calculated provided A, to A,.,
are known, and so all the A,’s are calculable in
sequence,

V. DISCUSSION

We have established a series of formulas ex-
pressing the two-photon exchange van der Waals
force in terms of quantities referring to individual
atoms, and in principle obtainable from experi-
ments on the individual atoms. Earlier versions
of these formulas have been used to do practical
calculations™ of forces between hydrogen and rare-
gas atoms. If our present formulas are to be used
similarly, detailed experimental data on elastic
atom-photon scattering will be needed, which we
leave as a challenge to the experimentalist.

It is of some interest to ask about what aspects
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of the van der Waals force are omitted from the
present theory., One such aspect, alluded to in
previous work, is that when electromagnetic radi-
ative corrections to the photon-atom scattering
amplitude are included, this amplitude is no longer
an analytic function of K and ¢, near K or t=0. As
a result, expansions of the form (2. 3) and (3. 28)
are impermissible, when such correctionsare in-
cluded. However, there is some indication® that
the first few terms in an expansion such as (2. 3)
are correct, even including radiative corrections,
and that the leading nonanalytic terms behave as
t"Int, with n>0. This would imply that the first
few terms of Eq. (2. 15), for example, are correct
but that the remaining terms would have to be
modified. Detailed conclusions however will re-
quire a calculation of the radiatively corrected am-
plitudes, as a function of K and #, which does not
seem to be available.

Another aspect omitted from our theory is the
exchange of more than two photons, corresponding
in other language to the use of higher orders of
perturbation theory. These effects can, in prin-
ciple, be treated in much the same way as Feinberg
and Sucher have done the two-photon exchange, by
first computing a general vertex for the process
atom + antiatom -~ » photons, and then analytically
continuing the form factors appearing in this ver-
tex. While we have not carried through this pro-
cedure because of the immense labor involved, a
simple estimate indicates that the leading term in
the three-photon exchange would behave as R,
for R- =, Again, we must leave this question to
be investigated elsewhere.

Finally, our explicit calculation for H atoms uses
the nonrelativistic atom-photon scattering ampli-
tude, and it would be desirable to improve this by
including relativistic effects. We emphasize that
our general formulas for V,, include relativistic
corrections, and it is only a matter of putting
these effects into the expression for the scattering
amplitude.
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APPENDIX A: SOME ANALYTIC PROPERTIES OF THE
FORM FACTORS

1. Anomalous Threshold in the Channel Atom + Antiatom
> 27
The spectral functions appearing in Eq. (2. 1) are
given by the imaginary part of the form factors in
the atom-photon amplitude in the s channel, i.e.,
puls, )==3ilF,(s+ig t) - F (s —ic, )], (Al)

where s=m%+2m4K. The poles and cut on the s
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plane correspond to the well-known resonances and
the photoelectric threshold. It can be shown!! that
corresponding to each pole, the spectral function
is expressable as a § function in the variable s.
F(s, t) is analytic in ¢ for |#l<#,, where f, is the
lowest anomalous threshold, or in the absence of
such anomalous threshold, the square of the light-
est masses that can be exchanged in the ¢ channel.
The problem of anomalous threshold has been ex-
tensively studied by Karplus, Sommerfield, and
Wichmann. ' These authors found that anomalous
thresholds are very common in weakly bound sys-
tems, for example, the deuteron. We have fol-
lowed the methods of KSW 1 and KSW 2 to study the
possibility of an anomalous threshold in the crossed
channel for atomic Compton scattering. We find
that such an anomalous threshold does exist, and
particularly for hydrogen, it occurs at #, ~4/a% in
the nonrelativistic case. This agrees with the re-
gion of validity for power series expansion in ¢ for
the hydrogenic Compton amplitude of Gavrila and
Costescu. ®
It was pointed out long ago in KSW 1 that for a
triangular vertex (Fig. 1) which denotes the con-
version of a particle of field ¢, (mass M,) to one of
" field ¢4 (mass M;) by a virtual quantum of the field
¢ with invariant momentum-transfer square 4, if
the masses of the intermediate fields ¢,, ¢,, and
¢, are m,, m, and m,, an anomalous threshold
exists if

(my M3+ my ME)/ (my + mg) > m +my m,, (A2)

In the case of the electromagnetic one-photon form
factor, of an atom, we have (Fig. 2)

My=M,=M=mass of the atom (antiatom) ,
my = my=my=m, (mass of the electron) ,

m,=mass of the singly ionized atom

=M, (mass of the proton in the case
of hydrogen) ;

condition (A2) simplifies to
M2 > m?+m? (A3)

and the branch point (the anomalous threshold) is

FIG. 1. General form of a triangular vertex graph.
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SINGLY IONIZED ATOM=— t

ATOM IN

FIG. 2. Triangle graph generating an anomalous threshold
in the electromagnetic one-photon form factor of an atom.

located at

t= to=;n% [ + m,)% = M) [M2 = (mg = m, 2] -

(A4)
Putting

M=m,+m,-Ejg, (A5)

where Ez~ a/a is the binding energy for the elec-
tron, or

Ep=a/2a for hydrogen, (a6)

we find that condition (A3) is satisfied for atoms
and that it gives an anomalous threshold at t,~1/d?,
which for hydrogen is at

ty=4/ad® . (A7)

For scattering of atoms by photons we really have
to consider the graph in Fig. 3. In the discussion
that follows, we shall abide by the notations of

KSW 2. Consider a vertex in this graph with a pho-
ton as an external leg. In the notation of Fig. 3,
and of Eq. (4) of KSW 2, we have

pai=mE+mi - 2m, My Va1 s (A8)

bl=0% = (mass of photon)?=0, m;=my=my=m,

ATOM OUT

SINGLY IONIZED|ATOM e

ATOM IN 1
S

FIG. 3. Graph generating an anomalous threshold in
the atom-photon scattering amplitude. Intermediate parti-
cles cut by the dotted line are put on the mass shell.
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= yu=1=yy . (A9)

Hence by the criterion given by the inequalities (22)
of KSW 2, the domain of analyticity is determined
by case (ii) of KSW 2. As shown in Appendix A of
KSW 2, it is the same as the case of a triangular
vertex. The above is equivalent to choosing one of
the @’s in the Feynman representation of the scat-
tering amplitude to be zero where the o’s are the
Feynman parameters. We particularly choose
here a4 to be zero. Then

Pha=t=-4¢", (A10)

and the denominator D, of Eq. (3) of KSW 2 reduces
to the denominator of Eq. (A4) of KSW 1. Since the
vanishing of this function determines the singulari-
ties of the Feynman amplitudes, the argument in
KSW 1 follows, and we are led to the same con-
clusion on the anomalous threshold as for the tri-
angular vertex.

2. Analytic Properties of the Spectral Functions

It is not difficult to see that the graph being
studied in Fig. 3 gives the lowest possible ¢ sin-
gularity in the atomic Compton amplitude, and so
its imaginary part determines the spectral func-
tions. To evaluate the imaginary part of the am-
plitude corresponding to Fig. 3, we employ Cut-
kosky’s idea of generalized unitarity and put the
intermediate particles in the s channel on the mass
shell. Then the lower and upper parts of Fig. 3
are immediately recognized as photoelectric ef-
fects. Since the electron and the proton are both
on shell, the graph (Fig. 4) is energetically pos-
sible only if the photon energy is above threshold.
Hence the spectral function coming from the graph
of Fig. 3 actually corresponds to the imaginary
part of the Compton amplitude for photon energy
greater than threshold evaluated as if the continu-
um states (the Coulomb scattering states) were the
only intermediate states. However, the discrete
states only give rise to §-function-like terms and
once the photon energy is above threshold, the
argument of the § functions can never vanish.
Hence we conclude that the spectral function coming
from the process in Fig. 3 is just the imaginary
part of the Compton amplitude with all the atomic
states as intermediate states. Moreover, since
contribution to the van der Waals potential from the
spectral function is important only for s close to
the square of the mass of the atom, i.e., for photon
energies of order a/a, the nonrelativistic form of
the Compton amplitude can be used. The nonrela-
tivistic hydrogenic Compton amplitude has been
evaluated by Gavrila and Costescu.® The electric
and magnetic form factors F; and F are related
to the scattering amplitude f in the following way:

(A11)

-

flK 0)=AK, Q<. ¢ +B(K, 0)c.K'¢ . K,
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FIG. 4. Lower half of Fig. 3 for hydrogen, appearing as
a graph for photoionization.

where (K, K, €) and (K’, K, €') are the energies,
momenta, and polarization of the incident and out-
going photons, and ¢ is the scattering angle. Then

Fy=-41B(K,9), (A12)

Fp=47A(K, 6)/KK' +41B(K, 6) cosf . (A13)

Since the only graph that gives an imaginary part
is the direct graph, we have from (A12) and (A13)
together with the results in Ref. 5

4 . . t
OB :ITZ [ImP (K, t)+ImQ*(K, t) <1 +§{2-)], (A14)
pu = (—47/K?*) ImQ"(K, 1) , (A15)
where
pre 1282°x% Fy(2-7;2,2;3 —7; %1, %3)
NCENEY &k 27 ’
(A16)
. 2048)° X°K® F,(3-7,3,3;4-T; %, %3)
T[(xX+AEKC° 3-7 ’

(A17)
x=Z/a=1/a for hydrogen , (A18)
X%=2m(E, -K), Ey,=Za/2a, (A19)
T=\X, , (A20)

(X2 -2 -K2P+4 X3(K.K)
[(xx+ 2%+ K%

X1, X2=

AR -RP[XPERAR )+ (-3 - KPP/

[(X+ N2+ K
(A21)
P* and Q" have integral representations in the forms
. _ 53 ie'" ) 1
Pr=1282°X (2 singr/) [(X+0)Z+K%]*

Xf ' (L=sp+pp®)2dp, (A22)
C

. 20482°X° ( ie"”)
T[(X+)F+K%® \ 2singT

Xfpz" (1 -sp+pp®)2dp, (A23)
(o}
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where

S§=X1+ X2, p=x1%2,

and C is a contour that runs from 1 on the real axis
to the right of the origin, encircles it, and runs to
1 again. For ¢t<4/d® in the H-Compton amplitude,
Gavrila and Costescu showed that the followihg
series expansions in ¢ for P* and Q* are valid:

P*=2, PL(K)t"

2)\2 o ()p t 4
TXNEKE %’ T (475)

24p =1 , (429)
Q=2 QK"
I SR (_3)1( ty
TXEeKE S D! 4_):5)
XZFI(I:-Z"p"7$4+p"T;u) (A25)

3+p—-T1 ’
where_
u=[(X = 2F+K2/[(X+ 2 +K2]= (v 25)"2 .

Equations (A24) and (A25) were achieved by employ-
ing the identity

(1 =%,0) (1 =25p) =[1 = (g 25)* 2 p]2

[951'”52—2(951952)1/a
(- ) (a2

= (xy25)"%p
and the binomial expansion
[a - x1p) (1 -xzp)]-b =[1-(x xz)l/ap]-%

= (b) [y + %5 = 202%,) 21\’
xgg E—‘z( 1{1i(xlx;)”zap]a ) (Az7)

which is valid only for 1t1<4/d®. For t>4/a% we
write

(1 =%10) (1 =x5p) =[1+ (% %) 2p]?

[0 + 55 + 2%, %) 2] p
X<1 - 1[1f(x1x;)1/zzp]a ) (a28)

and use the binomial expansion
[(1 = x1p) (1 = x20)] " = [1+ (%, 22)" %]

= (D), [ [y + %p+ 202, %) 2] p ) ?
* _’< 1[lJrz(acwCz;”aapla ) (a29)

0 P!
which is valid for
2(K%-2K+2)
K-1
and we have put a=1. We shall also neglect K com-
pared to X\ in the region of interest. We define

k=K2a/a, and we divide the subregion in the kgt
plane (x> 1, ¢>0) into the following six regions

t>4 (A30)

C-K E. AU AND G. FEINBERG

6
(Fig. 5):
1={|¢| <4}, (A31)
( 2
K
H—{t-x_l }, (A32)
2
Il = 4<t<K_1 , (A33)
Kk® k2 (k-=2)
N"{K—l<t<x-—1+ k=1 (7 (A34)
2 2
B K (k - 2)
V—{t>K_1+ 1 }, (A35)
Vi={t=4, k=2}. (A36)
Regions IIUIIIU IV are covered by the inequality
(A30). We then find
B 647 nB e"ZnX
Pl D=5 T T-em
X, Fi(2-14n,2+in;%,0) if (k,0) €I, (A37)
2561 nP(1+%7%) X
— 2 2 4
mQk, 1)=& «* 5= T T-
X, Fy(3=in,3+in;5mv)  if &, )EI, (A38)
~ 647 nG e-anx
ImP(k, t)= 3 TP 1-oF

X Fy(2-14n,2+im;3,1-2)
it (k, )€ MUMIUIVUVI, (A39)

1 ,=(_“;2f+ &
k=1 K1
t 1"
2
1:.-..k__
v v v k-1
m
I
t=4
Vi I
t=0
k=1 k=2 K

FIG. 5. Subregions in the {Ret ® ReK, K >1, t >0} plane.
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2567 n(1+57%) X
= 2 4
ImQ(K: t) =K 15 (1 +,,72)5 1- e-21m

X2 F (8 =i, 3+in;3n, 1 - v)
if (K, ) EMUIIUIVUVI, (A40)
n=|7|=(k-1V2,

X=2tan™ (k- DV2,  v=[(k-1)/k*)t.

For (k,t) in IVUV, we notice that | x, x5l =1, x,,
X, are both real. Thus either |x;1>1 and {x,l<1,
or vice versa., We take, without loss of generality,
|x;1>1and |x,l1<1., Then expanding the factor

(1- x,p) by the binomial series in the integral rep-
resentation of P and @ in (A22) and (A23), we find
that P and @ are both convergent for (k, #) in IVUV,
and they have the same series representations,
(The detail of this proof is given in Ref. 11,) Now
analytic continuation of ImP and Im@ into V as
given by the Gauss type of hypergeometric func-
tions (A39) and (A40) exists and since IV is a non-
empty region, we conclude by the uniqueness of
analytic continuation that ImP and Im@ have the
same form as (A39) and (A40) in region V. From
(A37) to (A42) we see that p, has a discontinuity

at t=1,=4/a®. This comes as no surprise and in
fact, conforms with the Mandlestam representa-
tion,

3. Convergence of the van der Waals Potential Integrals
in the Case of Hydrogen

To demonstrate the assertion we make in (2. 8)

of Sec. Il we have to examine the behavior of I,,(¢)
as t—«, We note that in

® [T aK,dx,
no- [ [ Eade i, 0 20,0

x®, (K, ,Kp,1) (A41)

the K integral is convergent from the explicit
forms we have for ImP* and Im@*, and that the
main contribution comes from K~ a/a. Hence to
examine the asymptotic behavior of I(¢) as #— it
is sufficient to examine the behavior of p (K, , #)
Xpy(Kp ,t) @Ky ,Kp , 1) as ¢t~ and for K, K
~a/a. This results in the examination of

2F1(2-i77,2+i77,§, 1—1)),
2F1(3'i77,3+i77,%"1_v) )

and &,,(K, ,Kp,1) as t—~ =, since the only # depen-
dence of ImP* and ImQ@"* occurs in v, Using the
explicit form of &, in Sec. II, we find

Byy=dps—~ )2, (A42)

&5y =®yp—const . (A43)
On the other hand we can use the formula

T()T(-a)

Fla,b,c,z) "Tle—a)Th)

x(=2)" Fla,a+1-c;a+1-b,2™")

T(c)T(a-b)

oo Tl C AT Fb+1-c,b3b+1-a,27)

and we obtain

ImP*(K,#)~¢2 for K~a/a, (A44)

ImQ*(k,#)—~¢* for K~a/a. (A45)
Thus we obtain

L —-t"2, (A46)

Ipy(t) =t (A47)

L)~ ¢1/2 (A48)

which establishes the boundedness of
J7 L0 at .
to

APPENDIX B: S-MATRIX APPROACH TO MULTIPOLE-
ELECTROMAGNETIC POLARIZABILITIES

It is shown in FS that the electromagnetic form
factors at zero-energy and at zero-momentum
transfer, denoted as Fy o(0) and F ((0) in this
paper, are related to the dipole electromagnetic
polarizabilities by

Fgo(0) =470y , (B1a)

Fyo(0)=47q, . (B1b)

In this Appendix, we demonstrate similar rela-
tions between the derivatives of the electromag-
netic form factors with respect to the momentum
transfer evaluated at zero momentum transfer and
the multipole-electromagnetic polarizabilities, !’
Such relations can be summarized as

Fy,n(0) =870 pnst /(20 + 2)! (B2)

where x=E or M, e.g., Qg ,2would be the static
electric quadrupole polarizability, and
1 9"F

(w, t), .

n! ot" t=0
w=0

Note that in this Appendix we use w instead of K,
to avoid later confusion in taking derivatives. We
also wish to point out that (B2) is true only in the
static limit. In general

Fy,(0) =

87 apn+1(w)
(2n+2)!

azmrz

Fyn(w)= +0(a?) —r

+ O(w'a?) %w-- . (B3)

To prove (B2), we follow the arguments of Ap-
pendix A of FS and obtain the second-order S-ma-
trix element corresponding to double scattering
(Fig. 6)

S® =1 (GN) [(Fy P, Py+% Fog.0)
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FIG. 6, Atom-photon scattering kinematics.

XFy (- K) Fa(-K')dp"', (B4)

where
Py=(pa+ba) (B5a)
p"=p-K=p'+K', (B5b)
Py=P,/m=~2mgq, (B6)
N=(4popo) ™ 2~ (2m)*, (B7)

as we go to the nonrelativistic limit, and F,,(K) is
the Fourier transform of F,,(x), the electromag-
netic field tensor. On expanding F,,(x) in a Taylor
series about the spatial origin, we get

o
Fuv(x) =e'et 2 A uvigacd, Xige oo Xy, ,=1,2,3
: n=0 " n

(B8)

where
auvil_u.,’,:;:—! 9, (x). .. 8, (x) Fo(0)| g0 forn=1
(B9a)
=F,,(0)|z0 forn=0, (B9b)

For a static field, we get

F (=~ K) = (2m)? 6(K,)

x( 5 0 Gyt 00,00, () a(ﬁ)) . (810)

n=0

On substituting this into (B4) and going to the non-
relativistic limit in (B6) and (B7), we have

(2) _ Z(zﬂ)4 1 ’
S “am (4F; go08a0+ 3F28 o8) 6(Ko) 8(Ko)

X Z (i)n*m aaufl'“‘" a‘l(K) co 3i"(K)

X gyt 03, (K)o 8y (&) 60K) 6K ",

(B11)
where

=0 __0
a,l(K)—aK‘1 , etc., and a’x(K')_ﬁ;l .
We can integrate this by parts using the relation in
(B5) and obtain

6
so - enf Z @™ = 1 Gty Bty
x f 0, (K) ... 0, ()2, (K")...0, (K)
X (AFy goo 8oo+3Fs gas) ' (K) 84 (K d¥'' .  (B12)

In the nonrelativistic limit, the form factors F,
and F, are functions of K, and ¢, [t=-(K-K')?.
Since the derivatives are taken only with respect
to the spatial components of K, F; and F, can be
regarded as functions of ¢ only. To evaluate (B12)
we note that

a,.l(K). .. 8i"(K)F(t)
= (_ 2)" (K"l _K:I)' .o (Ki" —K:n) F"(t)+[(_ 2)"'2 Fn-Z(t)
X84, Ky —Kj). .. (K, —K;)+permutations]

+terms involving lower derivatives of F(¢) .
(B13)

Because the external field satisfies the Laplace
equation, we see that only the first term in (B13)
will contribute. Also all the K, to K; must be
differentiated when we take the derivatives
BII(K'). .. a,m(K') because of the adjoining 6 function
in (B12). This requires m to be equal to n. On
differentiating, we obtain n! ways of contracting
the indices. Since the order of the indices are
unimportant, we have

f Qapiyeaniy, Buging, 5i1(K)- .o ai"(K)
x 8, (K')...8; (K')F(w,t)6K)8(K')d*p"

8"

=8y 2"l L

F(t)lng Oapigerein Buigeni, » (B14)
w=l

i o
s‘z)-m 27 2"n! (4 377 F18a0 8o

1 8" \
*3 57 Fe8us) Kiag s (B15)
where
o = JGanigct, Gy B 56

(B16)
=ﬁ2,[ 9, (x)...8;, (W) Fqu(0)8, (x)...0, (x)

X Fg,(0) e 9% g4y (B17)

after going back to coordinate space. Here 3:'1(")
ea/(axil), etc. Then using

Bao8s00; (%) ... 8, () Foud, (x)...8, (¥) Fau
==-8,(x)... ain(x)E, 8;,(). .. 8, (W E,,

Zas ail(x) e 8,.n(x)Fw a,.l(x) cen Bi"(x) Fg,

(B18)



o

=2[-8, (x)... 8, WE, 8,1(x) .o 8, () B,

+8, (x)...8, (W H, 8, (x)...0, W H,], (B19)
-1
m [at" F10)+57 Fz(O)] i gf,,(o) =n! Fg,,(0),

(B20)

# ot" F3(0)= at" FM(O) n! Fy,,(0) (B21)
and rewriting K, as

a8 ((ZW)) 8(po —p0) (P'| 3, (x) -8y (%) F o u(0)

8;,(x)... 8, (x) Fo,(0)|D) , (B22)

where If)) denotes the state with wave function

e we finally obtain

S®= -2 8(py - o) (B|H'| D),
where
H'=-4232"[Fg,,(0) 8;,(0)...

(B23)

9, (x) E,

X sil(x) o 3,-n(x) Ej +FM,n(O) eil(x) e 8irt(x)

XH; 8, (x)...9; (x VH,] . (B24)

The n=0 terms in (B24) reproduce the results in
FS. We must now identify this Hamiltonian with
the Hamiltonian describing the energy shift of an
atom in external fields, in order to make the iden-
tification in (B2). Consider for example the case
of an external electric field. The energy shift is
then given by

V)z ._gi_
%, ") @
where 8; ...9; Vis the derivative of the perturb-
ing potential evaluated at the origin, and the factor
2L/(2L)! is inserted to properly normalize the po-
tential. The quantities @,; are the multipole po-
larizabilities. " Since E;= -9, V, comparison with
(B24) shows that these two Hamiltonians are the
same provided that (B2) is satisfied, Similar argu-
ments can be given for an external magnetic field,
The extra factor of 47 in (B2) comes from the
change of the Heaviside unit to the Gaussian unit of
charge.

For a nonstatic field, say a sinusoidal one, we
have to replace the § function in (B12) by

"CU)G(K) »

AE=—-% LZ; (azL (ail... ) , (B25)

8% (K) - 6(K,
(B26)
6*(K ")~ 6(K ¢ - w) 6(K') .

Also, in this case, the field would satisfy the wave
equation, and the terms that we throw away in
(B13) will survive.

A contraction is now possible between any two
indices among ;... i, and any two among j;...j,.
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Such a contraction will decrease the order of the

spatial derivative by 2 and will give a multiplica-

tive factor of w? e.g.,

Auvigigigesei, 51112 -w? Auvig... . (B27)
Consequently, in the expression analogous to Eq.
(B4) for a sinusoidal field, we have terms like

H'= -4 E*[Fgo(w)+0(w?a®) Fg, (w)/a®
+0(w* @) Fi,o(w)/a* +++ ]~ 5 8,E; 8, E;[2F g 1(w)

+0(w?d®) Fg s(w)/a®++ ]+-++ . (B28)

If we define a, as the coefficient of $ E% in H' and
a, as the coefficient of 8; E, 8, E; and so on, we ob-
tain

41Taz(w)=FE'o(w) —4w2FE,1+O(w4 a4) FE,z/a4+' *t

27 ay(w) = Fg () + 0(w®a® Fyg,,/d®

4
13 (B29)

+O(w4 a‘)FE'a/a"+.. .

(;7;,2)' asz(w)=Fg,paw) + O(w2a®) Fp, 1 /d®++++ .
On inversion we obtain

Fgo=4m0p+5 1wl ay+0(w?) ag+e ey

etc.

APPENDIX C: APPLICATION TO POTENTIAL BETWEEN
HYDROGEN ATOMS

As is clear from our discussion in Sec. II, the
long-range forces corresponding to higher-multi-
pole interactions can be computed if we know the
form factors F, , in the physical region. Because
both the nonrelativistic Coulomb Green’s function
and the hydrogenic wave functions exist in exact
analytic form, these F, s for hydrogen in the non-
relativistic approximation, can be calculated in
closed form.® It is actually enough to know the
imaginary part of F, ,. The analytic expressions
ofthese F, ,for hydrogenare essentially containedin
Appendix Bwhere we discuss the analytic properties
of the spectral functions. However, because of
the availability of the one-dimensional formula
(2. 16), it is also advantageous to know ReF, ,.
Therefore in this Appendix, we present the analyt-
ic forms of ReF, , and ImF, , for hydrogen in the
ground state and also some numerical results of
our computation for the H-H system.

The two form factors A and B defined in Appen-
dix A2 have the general form

=P*K,t)+P (K, 1) -0, (c1)
B=Q'(K, 1)+ Q (K, 1), (c2)

where +, — refer to the direct and crossed graph
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and O refers to the seagull term, and
P (K, t)=P'(-K,t),
QK 1)=Q (K, t) .

Fg(K, t) and F(K, t) are given by

(C3a)
(C3p)

Fg =:;§‘27L[0 -P' =P -(Q"+Q") (1 +1/2K?)],
(C4a)
FM=”—E421(Q*+Q-) . (C4b)

Only the direct graph gives an imaginary part and
we recover the result in the early part of Appen-
dix A2,

O is a function of # only and is given by

3 @y (Y

=21 1 (&) )
where

a,=T(a+p)/T(a) . (ce)
Defining

X%=2m(E,¥K), (cn)

To=NX, (cs8)

PK, t)=21 PHK)t?, (C9a)

b

QK 1)=2 QK)t?, (C9b)

we have ’

+ _ 2)\2 (z)p 1\
Py = ke Bl <Z§F)

XZFI(I: _1‘1’_7*’3*'1)"7*’“)

2+p -1, ’ (C10)
00—y T ()
@ T E+k? P\ 42
X2F1(15 —Z—P—T¢,4+P—T*,u) (Cll)
3+p—T, :
On comparison we obtain
Pi(K)=Q31/2pK? . (c12)

The above expressions are valid as long as |#| is
less than anomalous threshold. Above the photo-
ionization threshold, ImP;(X) has the analytic form

647 7,1 (1+ 17,13 exp(-217,lx)
3i 1-exp(-27l7,l)

ImP}(K) =

A x3 2-71),2+71.),

X
[(xX2-2-K%*+4x3K?  (3),p!

x( - X3 ’
(Xf—xz—K7)2+4K2Xf) , (C13)
where

x=tan™ 2\ X, | and O<yx<m. (C14)

NN
AN+K%+ X5

We remark that X, is purely imaginary above the
photoelectric threshold. Then using (C13), we can
verify the assertion we made on the asymptotic
behavior of F,(K) in Sec, IIIL

F, ,(K) can be computed by computing P3(K) and
Qi(K). But Py(K) and Q;(K) are singular as K ap-
proaches (1 - 1/n%) @/2a, corresponding to reso-
nances. These singularities can be regulated by
making the photon energy complex, and we can ex-
press the imaginary part of P,(K) and @,(K) in
terms of 6 functions. Such techniques have been
used by one of us previously. 11 Wwe shall not go
through the details here but simply give the result.

Singularities in P}(K) and @,(K) occur in the
hypergeometric function

JFil, =1=p-7,,3+p—7,,u)/(2+p -T,)

This becomes singular if 7, is equal to an integer
n=2+p. Now we find

2F1(1’ 'I‘P-T+,3+P-T+,u)
2+p -1,

o (c1-7,2p);
2+p-7, 7 @B+p-1.) :

By making K complex K~ K + i€ and using the iden-
tification

. €
= -
1.]-.‘121 Bowfrd (K - w,) ,
where w,=(1 - 1/%%) a/2a, we obtain, on expansion
in series of €, and keeping only the leading terms,

TABLE 1. The first correction term (E-E part) in the
generalized formula of the van der Waals potential for
H-H.*

R CEE CHE R CE;E, /R?
0.100 (02) 0.1247 (03) 0.1247 (04) 0.1247 (01)
0.200 (02) 0.1247 (03) 0.2493 (04) 0.3116 (00)
0.300 (02) 0.1245 (03) 0.3736 (04) 0.1383 (—01)
0.400 (02) 0.1244 (03) 0.4975 (04) 0.7774 (—01)
0.500 (02) 0.1242 (03) 0.6210 (04) 0.4968 (—01)
0.750 (02) 0.1236 (03) 0.9269 (04) 0.2197 (-01)
0.100 (03) 0.1228 (03) 0.1228 (05) 0.1228 (—01)
0.250 (03) 0.1162 (03) 0.2904 (05) 0.1859 (—02)
0.500 (03) 0.1026 (03) 0.5132 (05) 0.4106 (—03)
0.750 (03) 0.8988 (02) 0.6741 (05) 0.1598 (—03)
0.100 (04) 0.7898 (02) 0.7898 (05) 0.7898 (—04)
0.125 (04) 0.6994 (02) 0.8742 (05) 0.4476 (—04)
0.150 (04) 0.6246 (02) 0.9368 (05) 0.2776 (—04)
0.200 (04) 0.5095 (02) 0.1019 (06) 0.1273 (—04)
0.400 (04) 0.2833 (02) 0.1133 (06) 0.1771 (- 05)
0.100 (05) 0.1182 (02) 0.1182 (06) 0.1182 (—06)
0.100 (06) 0.1188 (01) 0.1188 (06) 0.1188 (—09)
0.100 (07) 0.1188 (00) 0.1188 (06) 0.1188 (—12)

3(z) indicates a multiplicative factor of 10", R is in
z?i;sa?f the Bohr radius a; C%‘:m =-ViL R®, in units
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TABLE II. Asymptotic limit of VEE .
-V (R) - V()t(R) - VOZ(R) - Vo3 (R) - V“(R) - V‘Q(R)
, 6.504d° 62.35 aa’ 1077 o a® 28960 ¢ a'! 1140 ¢ @° 31930 o al!
R—0 RE — & R R - Riﬁaa Ruaa
R—w 90860a® 5.94x100d’ 1.246% 108 ¢ ot 3.246x10" 0 a!?  1.185x10%°¢al®  3.120x107 g gl?
R'I RB RH R13 R“ RW
1 (=1=7,-p) b 2
Im + Lot [ dt "R
- - X
2+p-1 % @+p-T), | oI e 0 (©€18)
m+p+1)! n-2p
U (1 —gy)32 where
(n-p-2)! (2p+3)! o R 4° _3&5‘ d° +19R’»‘ dt 1258 FE
EE"16 dR° 8 dR° ' 8 dR* dR®
27 1
X=6|k-{1-=) [, (Cl5)
" " a2r? Lo —90R L 490, (C17)
where + dR? R
- ;{2 _ This potential has been computed for various dis-
a/ad

This is the zero-width approximation because €
can be interpreted as the width of the nth excited
state, O, P, and @, are regular for all K; and
P* and Q" are regular off the resonances. At reso-
nances, ReP, and ReQ; are obtained from ImP}(K)
and Im@;(K) through dispersion relations. Then
calculation of the higher-multipole forces with the
one-dimensional integral can be proceeded with
the method presented in an earlier paper.

We have constructed pg o(K), pg,1(K), pg,2(K),
and pg ;(K) for hydrogen by following the above
procedure. The potential Vg o(R) has been cal-
culated in a previous paper.!! According to (2.11)
the potential V‘gg 10 can be written as

deA

dK
X/(: "f‘ KApg,l(KA)KBpg,O(KB)

VEE 10(R)

tances for A=B=H. The results are given in Ta-
ble I. Also we have calculated the long- and

‘short-distances limit for the potentials Vip oz,

VEE 03 VB2, Vih,iz2. The results are given in
Table II together with the corresponding values
for VEE.OO and VEE 10. We also conjecture a sim-
ple interpolation formula VE E, 10(R) 51m11ar to the
one given by O’Carroll and Sucher?® for VeE,00 -
This conjectured formula works very well for hy-
drogen and we are encouraged to generalize it to
all values of » and m. We define

Cnm = ]klnt;l - R6+2 (nrm) VEE,'nm(R) ’

Dnma}eim ~RMEmm o am(R)

We conjecture a possible interpolation formula
Veg,mm(R) for Vg, ..(R) as the following:

~ -1 2 - 7D,
Veg,am(R) = -g&maem o Camtan 1(@3-:;”5)
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