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The theory of the long-range interaction of metastable excited atomic states with ground-state atoms is analyzed.
We show that the long-range interaction is essentially modified when quasidegenerate states are available for
virtual transitions. A discrepancy in the literature regarding the van der Waals coefficient C¢(2S; 15) describing
the interaction of metastable atomic hydrogen (2 state) with a ground-state hydrogen atom is resolved. In the the
van der Waals range ay < R < ay/a, where ay = /i /amc is the Bohr radius and « is the fine-structure constant,
one finds the symmetry-dependent result E,g. s(R) = (—176.75 & 27.98)E)(ay/R)° (E; denotes the Hartree
energy). In the Casimir-Polder range ap/a < R K fic/L, where L = E(2S,,,) — E(2Py),) is the Lamb shift
energy, one finds Ejg.5(R) ~ (—121.50 + 46.61)E;(ap/R)°. In the the Lamb shift range R > fic/L, we find
an oscillatory tail with a negligible interaction energy below 1073 Hz. Dirac-8 perturbations to the interaction
are also evaluated and results are given for all asymptotic distance ranges; these effects describe the hyperfine
modification of the interaction or, expressed differently, the shift of the hydrogen 2§ hyperfine frequency due to
interactions with neighboring 1§ atoms. The 2§ hyperfine frequency has recently been measured very accurately

in atomic beam experiments.
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I. INTRODUCTION

The purpose of this paper is twofold. First, we aim to
revisit the calculation of the long-range (van der Waals
and Casimir-Polder) interactions for ground-state hydrogen
interacting with an excited-state atom in a 2.5 state. Second, we
aim to study the perturbation of the van der Waals interactions
by a Dirac-§ potential perturbing the metastable excited state
that participates in the interaction. Such a Dirac-§ potential can
be due to the electron-nucleus (hyperfine) interaction in one of
the atoms [1] or due to a self-energy radiative correction [2].
Special emphasis is laid on the role of quasidegenerate levels
and on the exchange term, which is due to the possibility of
15-2§ atoms becoming a 25-1S pair after the exchange of two
virtual photons [3].

It is interesting to notice that two results given in the
literature for the so-called van der Waals coefficient of the
1/R® nonretarded interaction between 1S and 2S states are
in significant mutual disagreement (numerically, the authors
of Ref. [4] obtain a value of roughly 177 a.u., while a
result of about 57 a.u. has been derived in Refs. [3,5]). We
attempt a thorough analysis of the discrepancy. Two different
methods of calculation were employed in Ref. [4] (direct
sum over virtual atomic states, including the continuum) and
Refs. [3,5] (integration over analytic expressions representing
the polarizability).

The role of the virtual, quasidegenerate 2 P states deserves
special attention. For 2 reference states, the 2Py, and 2P;,
levels are displaced only by the Lamb shift and fine struc-
ture, respectively. Significant modifications of the long-range
interactions result from the presence of the quasidegenerate
states.

Recently, precision measurements of the 2§ hyperfine
splitting have been carried out using an atomic beam consisting
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of amixture of ground-state 1.5 hydrogen atoms and metastable
28 atoms [6,7]. To leading order, the van der Waals interaction
shifts all hyperfine-structure components equally. However,
there is a correction to the van der Waals interaction due
to the hyperfine structure (hfs), which depends on the total
(electron plus nucleus) angular momentum quantum number
F . This correction shifts hfs components closer to each other.
This latter effect is analyzed in the current paper; it is of
phenomenological significance because of van der Waals
interactions inside the atomic beam. Again, special attention is
required in the treatment of the quasidegenerate atomic levels.

Let us recall here that the general subject of long-range
interactions of simple atoms is very well known to the
physics community and a few investigations on simple atomic
systems can be found in Refs. [4,5,8—17]. Various aspects of
the problem have been studied in depth: For example, the
importance of multipole mixing effects and of perturbations
by hyperfine effects has been stressed in Refs. [10-13].
Higher-order effects such as dipole-octupole mixing terms
were discussed in detail for hydrogen in Ref. [5] and for helium
in Ref. [16]. The dipole-dipole interaction potential of helium,
including retardation, has been discussed in great detail in
Refs. [18,19], including a number of numerical examples.
More complex alkali-metal dimers have been considered in
Refs. [20,21].

Throughout this article, we work in SI mksA units and keep
all factors of /i and ¢ in the formulas. With this choice, we
attempt to enhance the accessibility of the presentation to two
different communities, namely, the quantum electrodynamics
(QED) community, which in general uses the natural unit
system, and the atomic physics community, where the atomic
unit system is canonically employed. In the former, one sets
h =c = ¢y =1 and the electron mass is denoted as m. The
relation ¢ = 4w then allows us to identify the expansion
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in the number of quantum electrodynamic corrections with
powers of the fine-structure constant @ &~ 1/137.036. This unit
system is used, e.g., in the investigation reported in Ref. [22] on
relativistic corrections to the Casimir-Polder interaction (with
a strong overlap with QED). In the atomic unit system, we
have |e] =h =m =1 and 4mwey = 1. The speed of light, in
the atomic unit system, is ¢ = 1/« &~ 137.036. This system of
units is especially useful for the analysis of purely atomic
properties without radiative effects. As the subject of the
current study lies in between the two mentioned fields of
interest, we choose the SI unit system as the most appropriate
reference frame for our calculations. The formulas do not
become unnecessarily complex and can be evaluated with ease
for any experimental application.

We organize this paper as follows. The problem is somewhat
involved; as such, we attempt to orient ourselves in Sec. II. The
direct term in the 25-1S interaction is analyzed in Sec. III.
In Sec. III B we study that interaction in the van der Waals
range. The very-large-distance limit is discussed in Sec. III C
(atomic distance larger than the wavelength of the Lamb
shift transition) and the intermediate Casimir-Polder range in
Sec. Il D. The mixing term in the 25-1.S interaction is analyzed
in Sec. IV. We then analyze a Dirac-§-induced (hfs-induced)
modification both for the 25-1S interaction and for the 15-1§
interaction in Sec. V. In Sec. VI we numerically evaluate the
shift of the 2S hyperfine frequency due to the long-range
interaction with a ground-state hydrogen atom. A summary
is given and conclusions are drawn in Sec. VII.

II. ORIENTATION

In order to evaluate the van der Waals correction to the
2S-1S hyperfine frequency, one needs to diagonalize the total
Hamiltonian

Hiowt = Hs + Hps + Hys + Hygs + Hyaw. (D

Here Hy is the Schrodinger Hamiltonian and Hps is the fine-
structure Hamiltonian, which can be approximated as (see
Chap. 34 of Ref. [23])

=4 2 7 .3
Di 1 (h°gs \Li-Si
Hys = S i
N ,-;B[ 8m362+2“<2m2c> 7l

ﬁ?’
+ ——4nas¥F) |, )
8m?2c

where m is the electron mass, the p; denote the momenta of
the two atomic electrons relative to their nuclei (i runs over the
atoms A and B), and the ¥; = X; — R; denote the coordinates
relative to the nuclei (the electron and nucleus coordinates are
X; and R;, respectively). We restrict the discussion to neutral
hydrogen atoms and thus assume a nuclear charge number of
Z = 1. We will use the following approximation to the Lamb
shift Hamiltonian, which constitutes an effective Hamiltonian
useful in the evaluation of the leading radiative correction to
dynamic processes [24,25]:

3
tis = 30 Satm () w06, @

i=A,B
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We will use this Hamiltonian later in the analysis of the
radiative correction to the long-range interatomic interaction.
The Hamiltonian for the hyperfine interaction [1,26] reads

Ho 8T = - 3y -
Hn = 3B 1N 858 > |:?Si L8V

4 .
i=A,B
3 ;- 7) = (S; - 1) | Li - jis
= = . 4
P T

Here the unit vectors are 7; = 7,-/|?,<|; The spin operator for
the electron i is S; = 0;/2, while I; is the spin operator
for proton i (both spin operators are dimensionless). The
electronic and protonic g factors are gg ~ 2.002319 and g, ~
5.585 695, while pup >~ 9.274010 x 1072* Am? is the Bohr
magneton and py =~ 5.050784 x 10727 Am? is the nuclear
magneton [27]. It is well known that, for S states, the second
term in the fine-structure Hamiltonian (2) and the second and
third terms in the hyperfine-structure Hamiltonian (4) have
vanishing contributions. For S states, the relevant term in the
hyperfine Hamiltonian therefore is of the Dirac-§ type. Hence,
we put special emphasis on the modifications occasioned by
such Dirac-§ potentials.

The van der Waals energy is normally derived as follows.
One first writes the attractive and repulsive terms that describe
the electron-electron, electron-proton, and proton-proton in-
teractions in the two atoms (excluding the intra-atomic terms).
This leads to the total Coulomb interaction

e? 1 1
Ve = ———+ ——
dweo \|Ry — Rg|  |xa — X3l

1 1
—— =— — — =— ). &)
|x4 — Rpl |xp — Ryl

One then uses the fact that the separation |13 A — R g| between
the two nuclei (protons) is much larger than that between
a given proton and its respeqctive electron, that is, much
larger than both |}ZA| =|xXs — Raland |Fe| = |X35 :§B|. One
thgnwriiesz — Rp = ?A + (R4 — RB)and)?B — Ry = ;:B +
(Rz — R4). Expanding in 7, and 7z, one obtains

e* Fa-Tp—3(Fa-R)Fp - R)

4 e R3
2

- 47'[60R3

Hyqw =

(ke — 3R R)r axr e (6)

where R = EA — 133, R = |13|, and R = I_é/R. The indices
k and ¢ corresponding to the Cartesian coordinates are
summed over (Einstein summation convention). The van der
Waals interaction term, for a 25-1S system, has vanishing
elements in first-order perturbation theory. Both atoms A
and B have to undergo a virtual dipole transition to a P
state for a nonvanishing effect and the leading-order van der
Waals interaction is obtained in second-order perturbation
theory, leading to a 1/R® interaction energy. The propagator
denominator in the standard Rayleigh-Schrodinger expression
for the second-order energy shift due to H,gw is equal to
the sum of the virtual excitation energies of both atoms [4].
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The close-range asymptotics of the interatomic interaction
energy thus goes as 1/R® [4]. For an interatomic distance
of R ~ 30ay, ...,100ay (100 a.u.), the energy shift is on the
order of 1078, ..., 107! a.u. (Hartree). The hierarchy

(Hyaw) < (Hypfs) < (His) < (Hps) @)

is thus fulfilled for R 2 30ay. For sufficiently large interatomic
distance, the Dirac § potential of the hfs acts as a perturbation
and can be treated as such; we will focus on this regime in the
current paper.

For clarity, we should point out that the Hamiltonian (6)
remains valid in the nonretardation approximation. One can
understand retardation as follows: When the phase of the
atomic oscillation during a virtual transition changes appre-
ciably on the time scale it takes light to travel the interatomic
separation distance R, then the retarded form of the van der
Waals interaction has to be used. The criterion for the validity
of the nonretardation approximation thus is

R h ap

—_— — T — 8
c < E; oc ®)
or, more precisely,
h h ao
@=——<KRKL 5—=—, ©)
amc a’me o«

if we take into account that substantial overlap of the electronic
wave functions is to be avoided.

The retarded interatomic interaction cannot be obtained
on the basis of Eq. (6) alone; one has to use the atom-field
interaction term [see Eq. (85.4) of Ref. [23]]

V(1) = —E(Ry,t) - da(t) — E(Rp.1) - dp(1), (10)

where d; = eF; is the dipole operator for atom i (for atoms
with more than one electron, one has to sum over all the
electrons in the atoms i = A,B). The R4 and Rp are the
positions of the atomic nuclei and E denotes the operator of
the quantized electric field. An elegant way of deriving the
retarded Casimir-Polder interaction, described in Eq. (85.4)
of Ref. [23], then consists in the matching of the scattering
amplitude obtained from quantum electrodynamics, against
the effective interatomic interaction Hamiltonian. Alternative
derivations use time-ordered perturbation theory [28].

The functional form of the interaction depends on the
distance range. In the van der Waals range (9) of interatomic
distances, the interaction of ground-state atoms is of the usual
R~% functional form. This remains valid if one atom is in a
metastable excited state. In the so-called Casimir-Polder range

R >

) 11
aZmce (n

the interatomic distance is much larger than the wavelength
of an optical transition and the interaction of ground-state
atoms has an R~ function form. For the long-range interaction
involving excited metastable atoms, however, we have to
distinguish a third range of very large interatomic distances,
the Casimir-Polder II range (or Lamb shift)

hc

R> —, 12
> (12)

which we would like to refer to as the Lamb shift range.
Here £ is the Lamb shift energy. For metastable atoms, the
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Casimir-Polder range is bounded from above by the Lamb
shift range and the condition (11) should be modified to read

s k>
L alme

(13)

(the Casimir-Polder I range). For the 1S5-1S interaction, the
interaction energy reaches the Casimir-Polder asymptotic
form, proportional to 1/R’, in both regimes described by
Egs. (12) and (13). For the 25-1S interaction, it is only in the
very-long-range regime (12) that we have an R~ interaction,
with competing oscillatory terms [29-31] proportional to
(L*/R?*) cos(LR Jlic).

A further complication arises. The state with atom A in an
excited state and atom B in the ground state, |25)4|1S) 3, is
degenerate with the state |15)4|2S) 5 with the quantum num-
bers reversed among the atoms. There is no direct first-order
coupling between |2S)4|1S5)p and |15)4|2S) 5 due to the van
der Waals interaction (6), but in second order, an off-diagonal
term is obtained that is of the same order-of-magnitude as the
diagonal term, i.e., the term with the same in and out states.
The Hamiltonian matrix in the basis of the degenerate states
[28)4|1S) g and |15) 4]2S) g has off-diagonal (exchange) terms
of second order in the van der Waals interaction [3]. The energy
eigenvalues and eigenstates are easily found in the degenerate
basis and are studied in Sec. I'V.

III. THE 2S-1S DIRECT INTERACTION

A. Formalism

According to Eq. (85.17) in Chap. 85 of Ref. [23], the
interaction energy between two atoms A and B in states |A)
and | B) is given by

4
Zin/cw_

dwas(w)ag(w)e e

E(dir)(R) R ih /oo
) =Re—————
AB mct(dmen)? Jo

|: c c \? e\’
. 1+zl-__s<_) —6i(—>
wR wR wR
e\
+3<ﬁ> ] (14)

Here the superscript (dir) stands for direct, as we anticipate
that this interaction energy is to be supplemented by the
so-called exchange interaction, to be discussed in Sec. IV. The
integral (14) constitutes the generalization of the second-order
van der Waals shift given by the application of Eq. (6) to
the long-range limit, where retardation sets in. Equation (14)
contains the atom-field interaction at the lowest relevant order
in the elastic scattering case, where the initial and final states
are identical (e.g., all photons emitted are reabsorbed and vice
versa). We here restrict the discussion to the leading effect
in the multipole expansion, given by the dipole polarizability
o; (i = A,B). The designation of the real part of the energy
shift is necessary because the integrand constitutes a complex
rather than real quantity and the poles of the integrand are
displaced from the real axis according to the Feynman pre-
scription. For the dipole polarizability a4 (w) (of atom A), we
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have
ap(w) = Pa(w) + Pa(—w),
&2 1
Py(w) = ?(WA' H—E,+ho _ic Flya) (15)
[(Yral? [9)]?

Z_ZZE — E 4 +how —ie’

where H in the propagator denominator denotes the
Schrodinger Hamiltonian of the relevant atom. The € param-
eter in Eq. (15) ensures that the integration (14) is carried
along the Feynman contour; the limit € — 07 is taken after
the integration is carried out. Under appropriate conditions,
which are discussed in detail below, we may perform a Wick
rotation dw — idw in the integral (14). The resulting Wick
(W) rotated expression is the familiar one that is usually taken
as the starting point of the investigations (see, e.g., Ref. [22]),

h o ) .
—7'[6‘4(47'[60)2/0 dwas(iw)ag(iow)

ot 2
x *ZwR/CR [1+2<wR)+5<wR>
C 3 C 4
+6(wR> +3(wR> ] (16)

We do not explicitly indicate the real part on the right-hand
side of this equation, because the polarizability a4(iw) is
manifestly real if we set € =0 in Eq. (15), and there are
no poles near the integration contour in Eq. (16) to be
considered. If both atoms are in their | 1.S) ground state, then the
expressions (14) and (16) are equal [Egdsl;rfS(R) E%‘??}V(R)]
and the Wick rotation is permissible.

Let us now study the case |A) = |2S) and |B) = |1S) for
atomic hydrogen as a paradigmatic example of a long-range
interaction involving a metastable excited state. In this case,
the Wick rotated integral (16) is not equal to (14) and extra
care is needed (see also Appendix A). The dipole polarizability
ans can naturally be split into two contributions, the first of
which is due to the quasidegenerate |2P;/») and |2 P3/,) states
that are displaced from |2S) only by the Lamb shift and by the
fine structure, respectively. The second contribution is due to
n P states with principal quantum number n > 3. After doing
the angular algebra for the |2P; ;) and |2P;/,) states whose
oscﬂlator strengths [32] with respect to 25 are distributed in a

E(dlr)W( )

ratio 5 3 3, we obtain
ars(w) = drs(w) + drs(w), (17a)
@s(w) = Prs(w) + Prs(—w), (17b)
ars(w) = 1525(0)) + Prs(—w), (17¢)
[(2S|F |2P(m = M))l
P
s(w) = ) Z L 4ho =
n 2_62 Z [(2S|7 |2P(m fﬂ))lz
9 F +how —ie
= 3¢%a2 ! + 2 (17d)
- N—L +hw—ie F+ho—ic)’
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Prs(w) =

[(2S[F [nP(m = ) |?
ZZ |7 |n (mh )| . (17e)
iy E, — Ers+hw —ie

The nondegenerate contribution to the 2§ polarizability is
denoted by &g (the quasidegenerate 2 P levels are excluded).
The quasidegenerate 2 P levels are contained in &,s. All sums
are over the nonrelativistic P states with magnetic projection
quantum numbers . = —1,0,1. The Lamb shift energy £ and
the fine-structure energy F are defined as

EQSip)— EQPip) =L

EQPyp) — EQSi1p) = F. (18)
The leading-order expressions for £ and F read L =

Zo*mc? In[a~?] and F = a*mc?/32, respectively [26] [see
also Eq. (3)].

B. van der Waals range ¢y <« R < ay/a

We investigate the 2S5-1S interaction in the van der Waals
regime (9). There is no exponential or oscillatory suppression
of any atomic transition in this regime, but we can approximate

E(dlr)(R)

C 3 C 4

— 6i — 3 —
’(wR)+ (wR”
R

The functional form therefore is of the van der Waals type

Dy(A; B)

e (20)

Efp(R) ~ -

with the van der Waals coefficient

3 h o
(47T60)2Re< /0 da)otA(a))aB(a))>. 21

For the 25-1S interaction, this implies that

Dg(25;18) 3 f —R /ood
;18) = = e
6 7 (4meg)? 0 @

x [azs(w) + &25(@)]a15(w)> (22a)

D¢(A; B) =

= Ds(2S; 1S) + Dg(25; 15). (22b)

For |A) =128) and |B) = |1S), D¢ therefore is the sum
of two contributions Dg and Dg, which correspond to the
degenerate &,s and nondegenerate @,y contributions to the 2.5
polarizability, respectively. The degenerate contribution to Dg
can be handled analytically. We use the integral identity

i /ood ab . 1
; —o0 x[(a _i€)2 _xz][(b—ié)z—xz] e—0t a+b’
(23)
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which is valid for @ and b real (regardless of their sign).
A change in integration limits to the interval (0,00) can be
absorbed in a prefactor 2. The result for Dg(2S;1S) reads

3
De(2S;18) = n(4n€ e 3 ZI (1SIF7 [K)1?

x % > 1287 2P = w)I?
"

T 1 2
XE(Ek—E15—£+Ek—Els+f)
3 [2e 5 |<1S|?|k)|2]
7'5(47T€0)2 — Ex— Eis

2
X (2%(27015)) X3%
3 helal

~ ‘;z{als(O)} x (6) x 3%

= TE},CZO, (24)

where we took the limit £ — 0, F — 0 at the end of the
calculation. We have used the known result

9ea0
2 E,’
2.2

where Ej, = a“mc~ is the Hartree energy. We can now
give a more thorough analysis of the discrepancy of the
results for the (25;1S) van der Waals coefficient reported
in Refs. [3-5]. Namely, the denominator a + b in Eq. (23)
just corresponds to the sum of the excitation energies of the
two atoms in the calculation of the van der Waals coefficient;
the contribution of a virtual P state in one of the atoms
is seen to be nonvanishing even if it is displaced from the
reference state only by an infinitesimal shifta = £, F — 0.
By contrast, if one takes the limit £, F — 0 too early, i.e.,
before evaluating the integral (23), then in Eq. (17b), one
obtains @,s(w) = 0, because the two terms Prg(Fw) just
cancel each other. Alternatively, expressed more concisely,
because of the exact energetic degeneracy of the 25 and 2P
states in the nonrelativistic theory, the virtual 2P states are
excluded from the sum over virtual states in the nonrelativistic
expression of the polarizability, which leads to the erroneous
result reported in Refs. [3,5]. Only if the formulation of the
nonrelativistic expression of the polarizability is enhanced by
the fine-structure and Lamb shift denominators, as in Eq. (17),
can we obtain the missing contribution Dg(2S;1S) given in
Eq. (24). The contribution of the quasidegenerate levels is more
obvious in the sum-over-states approach chosen in Ref. [4],
where according to Eq. (23), the sum of the excitation energies
of both atoms enters the propagator denominator [see also
Egs. (12a) and (12b) of Ref. [4]].

For the nondegenerate contribution, we can perform the
Wick rotation and obtain the following integral representation

a15(0) =

(25)

- 3 h *°
De(2S5;18) = ;WRS(_i/ da)&ZS(a))alS(w)>
0
3 h o0 . .
=i /0 dodsiomsio),  (26)
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which is convenient for a numerical evaluation. Namely,
according to Eq. (15), one can write the corresponding polariz-
abilities as the sum over two matrix elements P(w) and P(—w)
of a resolvent operator, where the P matrix elements can be
written in terms of hypergeometric functions. The calculation
of a convenient representation of the polarizability of low-lying
S states [33-35] becomes easier if one uses a coordinate-
space integration based on the Sturmian decomposition of
the radial hydrogen Green’s function in terms of Laguerre
polynomials [36]. After the radial integrals, one evaluates the
sum over the Sturmian integrals in terms of hypergeometric
functions with the help of formulas contained in Ref. [37]. The
result of this calculation for the ground state is

ea? 212
P =——0 3817 + 26¢°
@) ==, [3(1—t)5(1+r>4( -
+198° — 19¢* — 1213 +12¢% + 3t — 3)
N 2561° 1t 1—1\°
3=+ 12 '\ T P\ ’
Z%iw \ 2
= (14 ) @7a)
where
[(1S|F [nP(m = w))|?
P , 27b
15(w) = ZZ R —— (27b)

n=2 pn

and the sum includes the continuum. We here take the
opportunity to correct a typographical error in Eq. (3a) of
Ref. [38], which led to an inconsistent sign of the term
involving the hypergeometric function. For the 2§ state, one
obtains the nondegenerate matrix element

< e*a? 1672
P 0 118178 — 31477
hs(w) = |:3(r T 1)4( T T
—161° — 1667° + 147* + 1387% — 4872

163847%(472 — 1)
3(t — DO(z + 1)°

2
1—-1
X2F1<1,—2'L',1 —2t,<1 n ) >—
T

. Qi \ 12
T = — .
aZmc?

Indeed, the 2P state is excluded from the sum over states in
Eq. (27¢) by the subtraction of the term 727%/(1 — 72): One
can verify that the expression (27¢) is finite in the limit 7 — 1,
which is equivalent to vanishing photon energy w — 0.

A numerical integration of Eq. (26) then yields the
following value for De(2S;18):

Dg(2S:15) = 55.252266 285E ,a. (28)

We have verified this result using discrete numerical meth-
ods [39], where the radial Schrodinger equation is evaluated
on a lattice and a discrete pseudospectrum (due to the finite
size of the lattice) represents the continuum spectrum. The
result for Dg(2S5; 15) according to Table VI of Ref. [5] reads
56.7999Eha8, while according to Table 2 of Ref. [3], it is

(56.5 + O.S)Ehag. Both results are not in perfect agreement

—427 +21) —

7272 :|
1-»]

(27¢)
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with our result, though numerically close. This observation is
consistent with the derivations outlined in Refs. [3,5], which
suggest that the results reported in the cited investigation
may correspond to the nondegenerate contribution. The total
van der Waals coefficients Dg is obtained as the sum of the
contributions given in Egs. (24) and (28),

Ds(25:;18) = Dg(2S;1S) + Dg(25; 15)
=176.752266285E,a8, (29)

where we confirm all significant digits of the previously
reported result [4] of 176.752. For the 1S-1S interac-
tion, we confirm the known result [4,40] of Dg(1S;1S) =
6.499 026 705EhagJ and add a few digits of numerical sig-
nificance. In particular, this result shows that the result for
Dg(1S;1S) is numerically close to 1—23, but not exactly equal
to a rational number. We should add that the numerical
accuracy of the strictly nonrelativistic results given in Egs. (28)
and (29) extends to all digits indicated. However, reduced-
mass, relativistic, and radiative corrections contribute on the
level of 10~%,...,1073. For definiteness, we should also
clarify that the electron mass m is used as the mass of the
hydrogen atom, not the reduced mass of the electron-proton
system (see also the discussion in Sec. VI).

An alternative treatment is possible in the present van der
Waals range. There exists an integral identity similar to (23),
namely,

1 'y /‘°° dx sgn(a’)sgn(b’)
_a =
T oo (@7 + X2 + x?) la’'| + 17|
The two integrals (23) and (30) are thus equal for
a+Db=a" + Vb if and only if @’ and b’ are both positive.

Notice from (15) and (22a) that Dg(2S5; 1) is given by an
integral of the type (23), namely, by

4

De(25:15) =Re — i 1 _¢ Zfood
; =Re—i——— 1)
6 3 (4meg)? = Jy

(Ew = Eis)(1SIF Im) - (m|F [LS)
[(En — Ei5 —i€)* — (iw)?]
(En — Ea5)(28|F |n) - (n]F |25)
[(Ey — Ezs — i€)* — (iw)’]
Atthis point we may not perform the Wick rotation that takes us
from an integral of the type (23) to an integral of the type (30).
Indeed, forn = 2Py », wehave b = E, — Ers = —L < Oand
the conditions for the equality of (23) and (30) is not fulfilled.
However, as was noticed by Deal and Young in Ref. [4],
any integral of the type (30) is equivalent to an integral of
the type (23) provided we are able to replace the (possibly
negative) quantities a and b by two positive quantities a’ and
b’ sothata + b = a’ + b'. Hence, we can rewrite (31) as
4

De(25;15) = Re — i%@;w ;/0 do
5 [Ew — 3(E1s + E29)|(1S[F [m) - (m|F|15)
[Ew — 3(Eis + Ezs) — i€]2 — (iw)?
5 [E. — 3(E1s + E25)](2SIF In) - (n]F |2S)
[E, — Y(Eis + Eag) —i€]’ — o)
(32)

(30)

€1V

PHYSICAL REVIEW A 95, 022703 (2017)

In what follows we will make use of the space-saving notation
Etgys = 3(Eis + Eng). (33)

Notice that for all single-atom hydrogen eigenstates (except for
1S, which never enters as a virtual state in the expression of
28 polarizabilities), we have E,,, E, > Ejgzs. In other words,
identifying (32) with the model integral (23), we have a and b
positive. Hence the condition for the equality of (23) and (30)
is fulfilled. We then perform the Wick rotation and rewrite (32)
as

45 64 00
Do(2S:18) = 3= s ; /0 do

y [En — 3(Eis 4 Ex5)|(1S|F |m) - (m|F [1S)
[Ew — 2(Eis + E29)]” + (iw)?

5 [En — 3(Eis + Ex5)](2S[F [n) - (n]F |2S)
[E — L(Eis + Ex)]’ + (iw)?

(34)

We introduce the following polarizabilities, which have the
mean energy Eigsg in the propagator denominators:

e’ - 1 -
= — 1Sr——r|1§
a1ses) (@) 3 Ei ¢ |rH - j:ﬁa)r| )
= Pises)(w) + Prses)(—w), (35a)
2
e N N
= — 28|fr ————r|28
azs(15) (@) 3 Ei ( |rH - :I:hwr| )
= Prsas)(@) + Pass)(—w). (35b)
We finally obtain
Ds(2S;15) 3_F /wd (iw) (iw)
(18 == oo iw)o iw
3 et )y 1525) 25(18)
=176.752266285E)af. (36)

This matches the value (29) found by the previously followed
method. With such a choice of the reference energies in the
denominators, we have shown that the Wick rotation is made
automatically valid by the inequality E, > Egg for the
virtual P states with energies E,,. This procedure also results
in the automatic inclusion of the quasidegenerate states.

C. Very large interatomic distance R > hic/L

For very large interatomic separations, the classic result is
that of Casimir and Polder [41] and it is given, when both
atoms are in the ground state, by

B R~ —2 s, (37)

18518 47 (dmeo) R 1S 15(V),

which can be obtained by the Wick-rotated version (16) of
the integral. When one of the atoms sits in an excited state,
however (here, the 2.5 state), there is an extra term coming from
the contribution of the pole that is picked up when carrying out
the Wick rotation. The pole corresponds to the 2 Py /; level. We
thus have two competing contributions in the very-long-range
limit, the first being the generalization of Eq. (37) to the 25-1S
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interaction

; 23 hc 1
(dir)I ~
ESS5(R) ~ i Grep Qs G8)

the other being an oscillatory term [29-31] of the functional

form
e? <£>4 <2£R>
are? R \ic ) O\ he
X Z [(2S]F 12P(m = w))[*a15(0). (39)

i

(din 11
Eygis (R) ~

Elinl

The term E; g ¢ is the Wick-rotated term (16) in the long-range

limit. The term E;C;“l) ;I is the pole contribution from the 2 P;
level, which lies lower than the 2§ level. In the van der
Waals range (9), both the Wick-rotated and pole contributions
decay as 1/R®. However, in the present large separation
regime (12), we see that the pole term exhibits a long-range
tail proportional to R~2. For the 2S-1S interaction, it is
the ratio LR:ic that determines which one of these powers
yields the dominant contribution. Hence, we have a regime
change around R =/ic/L, with long-range tails extending
beyond such separations. Parametrically, using £ ~ a’mc?
andfic/L ~ ag/a*, one obtains the estimates

Ey

(din1 N
E25;15(R) —a4(R/a0)7 s (40a)
- 16 cosQa*R /ag)E
EGDT Ry ~ a > cos( 0)Ep (40b)
s (R/ao)*

Both of these estimates are relevant for R 2 /7ic/L. The
transition region where E%S.l s(R) becomes commensurate

with E;IS 15(R) is thus reached for

R~ hzc ~ Z—‘i Elg s(R) ~ EX ((R) ~ & Ey.  (41)
The frequency shift in this region is of the order of 1073¢ Hz
and thus far too small to be of any relevance for experiments.
In view of the prefactor £* in Eq. (39), the same conclusion
is reached as recently found in Ref. [42] for atom-surface
interactions: Namely, for long-range interactions involving the
metastable 2§ state, a potentially interesting oscillating long
range is found, but its numerical coefficient is too small to be
of significance.

Our very-long-range regime is given by (12). Expressed in
units of the Hartree energy E},, the physical values of the Lamb
shift and fine-structure energies are

L£=161x10"E,,
F=167x10"°E, ~ 10L.

(42a)
(42b)

The long-range approximation is thus valid in the region

fic _ a0 Eh _ g 206 x 108y = 0.0434 m.  (43)
L a L

According to Eq. (41), the oscillatory tail and the 1/R’
Casimir-Polder term have comparable magnitude as we enter
the very-long-range regime (12), but the oscillatory tail given
in Eq. (40b) could be assumed to dominate for distances

R >
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exceeding the Lamb shift transition wavelength. This consid-
eration, though, should be viewed with skepticism. Namely,
in the long-range limit, one has to take into consideration
the fact that the width of the 2Py, state is of the same
order of magnitude (a’mc?) as the Lamb shift itself [32].
For R > hc/L, the oscillatory tails are thus exponentially
suppressed according to the factor exp[2i (L + i['/2)R) /hic] ~
exp(—2T' R /lic), where T" is the natural energy width of the
2Py, state. Still, it is of academic interest to note that the
oscillatory long-range tail exists.

D. Intermediate distance ay/oe < R KL hic/L

It is very interesting indeed to also investigate the inter-
mediate range of interatomic distances, given by (13). The
treatment becomes a little sophisticated. Namely, as far as
virtual transitions with a change in the principal quantum
number are concerned, we are in the Casimir-Polder regime
where the result is given by an R~ interaction (only the virtual
2Py, state gives rise to an oscillatory tail and this occurs,
without any change in the principal quantum number, only for
the 25-1S interaction). The 25-1S interaction would therefore
be proportional to R~ if the 25 polarizability were restricted
to the term &,s. However, the frequency range corresponding
to the intermediate-distance range (13) is so low that the
frequency-dependent quasidegenerate polarizability &, in the
integral (14) is not exponentially suppressed. We thus have

. i
Eésl;rl)s(R) %Eésl;rl)s(R)

=3 (471h€0)2 Re (l /0 dw 0513(0)0723(60)> . (44)
The static ground-state polarizability «;5(0) is given in
Eq. (25). Furthermore, on the scale of distances in the
intermediate range, we may approximate the Lamb shift and
the fine-structure energy by zero after computing the integrals.
This yields

lim Re( i / T 2L z
im Re| i 13 = —.
L0 0 (=L —ie)? — (iw)? n
Due to the different pole structure under the sign change from

the Lamb shift as compared to the fine-structure transition
(=L < 0, but F > 0), it is nontrivial to check that

lim Re( —i / S 27 T (@4sh)
im Re| —i w = —.

F—0 0 (F —ie)? — (iw)? h

The result for the asymptotics in the intermediate range thus
reads

(45a)

_ i Ds(2S;18 243 (ap\°

ESSNS(R) = — % = _TE”<EO> . (46)
The interaction is thus still of the R~° form, as it is in the
range, but the coefficient is reduced in magnitude as compared
to Eq. (29).

A few words on the precise formulation of the intermediate-
distance range are perhaps in order. Namely, in principle, one
might argue that the intermediate range should be bounded
from above by fic/F, instead of 7ic/ L, as the former quantity
is smaller than the latter. In the rather narrow window where
lic/F < R <Tic/L, transitions between 2S5 and 2P;/, states
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are suppressed while those between 2§ and 2P, states are
not. We do not dwell further on the details of this regime,
because an order-of-magnitude estimate of the frequency
shifts, analogous to the one carried out in Sec. III C, reveals that
they do not exceed 1072! Hz in the discussed distance range.
Mathematically speaking, the inequality R < /ic/L implies
R <« hic/F because F and L are apart by only a single order
of magnitude [see Eq. (42)]. The regime fic/F < R <hc/L
can only be accessed reliably by a numerical calculation (see
Sec. VI).

IV. THE 25-1S EXCHANGE INTERACTION
A. Formalism

We now consider the 25-1S exchange interaction. The
states [15)4]2S)p and |2S5)4|1S) p are energetically degener-
ate, which induces the need for special care in the treatment of
the van der Waals interaction. The general eigenvalue problem
reads

(Hs + Hyaw)|V) = E|W), 47)

where Hg is the Schrodinger Hamiltonian (sum over both
atoms). In what follows we will attempt to give a somewhat
streamlined derivation of the van der Waals mixing term
resulting from the energetic degeneracy, which confirms the
results obtained in Ref. [3]. The basis states are

W) = [185)4125) 8,
|W2) = [25)4l18) 5.

(48a)
(48b)

The first-order perturbations to these wave functions are

1 /
[6Wj—1,2) = (EO—H) Hyaw|Vj=12), (49)
— Hy

where Ey = E 5+ E»s is the unperturbed energy of the
metastable, noninteracting two-atom system. The prime on
the Green’s function indicates that the degenerate states have
been excluded from the sum over virtual states. One calculates
the Hamiltonian matrix with elements

Hij = (Wil + (0Wi)(Hs + Hyaw)(|V;) +16W¥;)),  (50)

with i, j = 1,2. The result has the structure

_(Eo+X Y
e T N

where

X — Z lS25|Hvdw|mn)|2
Els-i-Ezs—(E + E,)’

(52a)

. Z (2S1S| Hyqw |mn) (mn| Hyaw|1525)

(52b)
ElS + E2S - (Em + En)

mn

Again, the prime on the sum denotes the exclusion of the
reference state. This matrix thus assumes the form

Eo— Dg(25;18) _ M(25;15)
RS RS
H = ( Mg(25:15) E D5(25;IS)>’ (53)
~ T RS 0= 7R
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where we define the two coefficients

et Z [(LS|F [m)|*](2SF |n)|?
€0)?

2
De(25; 1S =
6 )= 3 (4 E,+ E, — (E\s + Exs)’

(54a)
Me(25:18) = 2 ¢ 3 !
3(4meg)* &~ Eyn + E, — (Ers + Es)
X (1|7 |n) - (n|F [28)(2S|F |m) - (m|F |1S).
(54b)

It can be shown that Dg(2S; 1S), as defined by (54a), agrees
with the earlier expression (21). The eigenenergies and
corresponding eigenvectors of matrix (53) are

Dg + Mg

Ee=Eo— — Q5 (35a)
1
[Ye) = E(N}l) = [¥2)), (55b)

so we obtain a symmetry-dependent van der Waals coefficient
Cs = D = Mg, (56)

which is obtained from a direct term and a mixing term,
depending on the sign in the coherent superposition (55b).
Using the integral representation (23), one can bring Mg into
the form (31)

Me(25;1S) = Re — l—

37 (47160)2 Z/ dw
(E, — Ev5)(1S|F |m) - (m|F |2S)
[(Ey — E1s —i€)?> — (lw)?]
(E, — Ez5)(2S|F |n) - (n|F|1S)
[(E, — Ezs — i€)? — (iw)?]

(57)

Expressed in terms of polarizabilities, one obtains

—3ih o
De(28;18) = Re— f dways(@)aas(@), (58a)
w(dmen)? Jo
3k [ .
M6(2S, lS) = Rem A dw Ol&zs(U))OlISE(U))’
(58b)
where we define the mixed polarizabilities via
=5 G 1 FIB) (59)
o w) = — r r a
AP 3 4 H—Ej—ic+ho
= Ppp(w) + Pyp(—w), (59b)
=5 G 1 FIB) (59)
= — r r c
B =3 L By —ie £ho
= PAE(Q)) + PAQ(_CU)- (59(1)
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For the (25; 15) system, one obtains

e*al 5124212
Ep 729(—1 4 v2)2(—4 + v?)3

Pisas(w) =

x [128 —272v% 4+ 120v* + 2531°
+972v7 + 41908 — 19447 , F, (60)

1—v2—v
x|1,—v;1—v; )
14+v2+v

2 -1/2
2nho
a’mc?

V= ﬂeff<1 +

Here we will typically choose the effective quantum number
nes to be either 1 (which yields Pjgyg) or 2 (which yields
Pi5,5), as required for input into Eq. (58). Another possibility,
less physically transparent but quite handy for numerical
calculations, is to choose n.g such that the reference energy
E,, = —a*mc? /2}12ff in the propagator corresponds to the
average (33) of the energies of the n =1 and n = 2 levels
(see Secs. IIIB and IV B). The latter choice corresponds to
Neff = 2\/2/75 .

Taking retardation into account, the generalization of
Eq. (55) (minus the unperturbed energy Ej) to the Casimir-
Polder energy is

. 00 4
ei h / dw esz/cw_
7 c*(4meg)? S R?

x [ars(@)ons(w) £ aysas(@)afgys(@)]

142i5 —5(< e < 3+3 <y
X —_— —_— — JE— JE—
la)R wR ! wR wR

= ESS5(R) = ES3Y(R). 61)

Ei =R

This result generalizes Eq. (55a) to the Casimir-Polder regime.
It involves the mixed polarizabilities defined in Eq. (59). We
refer to the second summand E;r;xlds) as the exchange term.
Diagrammatically, it is obtained from a process in which an
initial [15)4]|2S)p atom makes a transition to a [25)4|1S)p
state via the exchange of two photons. As was the case for
the direct 25-1§ interaction term, we can single out three
different distance regimes for the exchange term, which we
now investigate.

B. van der Waals range ¢y < R < ay/a

In the van der Waals range (9), we proceed in a similar way
to Sec. III B and have

ESY(R) ~ Re>_ ML / " do a1 525(@)1525()
: 7 (4mweg)* RO J,
:Reﬁ i i/‘OQ616()051525((1))
7w (4meg)* RO Jy -
x [@1525(w) + A1525(w)]. (62a)
This can be rewritten as
EMO(R) = ——M6(2RS; ) (62b)
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where Mg(25;1S) = Mg(2S;1S) + Mg(2S; 1S) is the sum of
the nondegenerate Mg(2S;1S) and degenerate Mg(2S;15)
contributions to the mixed van der Waals coefficient, with
notation obvious from (62a). As was done before, we can, for
the nondegenerate contribution, perform the Wick rotation. For
the degenerate contribution, we follow the same procedure as
in Sec. III B, centered on the integral identity (23). This yields

917504 6
ESSS(R) = —(—18.630786 871 + m)];"h (%)

6
— —27.983245543E, (%0) , (63)

where we make use of (60), whence
Mg = 27.983 245 543 Ej,af, (64)

to be compared to Dg as given by Eq. (36). The two terms in
Eq. (63) correspond to the nondegenerate (—18.630786...)
and degenerate (%) contributions, respectively. Their sum
matches the results found in Refs. [3,4].

As was the case for the direct interaction (see Sec. IIIB),
an alternative treatment exists whereby we make use of the
integral identities (23) and (30). This yields the following

expression for the van der Waals coefficient Mg:

Mg(2S;18) = 3 f
R T 7 (4mep)?

/ dolatss(@))?, (65)
0

where the mixed polarizability ayg55 with average reference
energy (33) is defined by

2

e > >
droc(w) = — (AS|r ———r|28)
1528 3 g H — Eﬁ :I:ﬁa)
= Pig5(w) + Pigs(—w). (66)

A numerical calculation based on Eq. (65) confirms the result
given in Eq. (63).

C. Very large interatomic distance R > hic/L

For very large interatomic separations, the paradigm of
Sec. III C applies. In particular, the order-of-magnitude esti-
mates given in Eq. (40) apply to the mixing term as well. We do
not consider here the tiny frequency shifts of order 1073 Hz
or less in this range any further.

D. Intermediate distance ay/a « R K hc/L

In the intermediate range of interatomic distances, the treat-
ment follows that of Sec. III D. Namely, only quasidegenerate
intermediate states contribute non-negligibly to the interaction
and we find

d
ESSII(R) ~

RS 19683 R

Mg(2S:18 917504 6
_ M ) __ E,,(‘?) . (67)

The interaction is thus still of the R~ form, as it is in the
van der Waals range, but the coefficient (—46.614 032414) is
different from the one relevant to the van der Waals range,
given in Eq. (63).
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V. DIRAC-§-INDUCED MODIFICATION OF THE
LONG-RANGE INTERACTION

A. Formalism and notation

In order to analyze the perturbation of the Casimir-Polder
energy by an external potential proportional to a Dirac § acting
one of the two atoms (say, atom A), we now have to consider
the perturbation of the polarizability of atom A in Eq. (61).
For the perturbation of the Casimir-Polder interaction due
to a Dirac-§ potential, we use this potential in the standard

J

il 0 2ioR/c
SAEA;B(R) = Re—
0

wct (4 €g)?

PHYSICAL REVIEW A 95, 022703 (2017)

normalization [43], which results in a unit prefactor in the
energy shift,

io\° .
SV = amc2<—> n5(3)(rA),
mc

(X4I71C2

n3

(nS18VnS) = (68)

We will consider atom A (not B) to be perturbed. The
perturbation of the interaction energy (61) is

do——=([Sa0s(w)]ap(®) £ {[6aaap(@)]aap(@) + aap(@)[Ss0ap(@)]})

N PP O ’ 6i < 3+3 ¢’ (69)
— i— =5 — | —6il — — )|
R? wR wR wR wR

Here §4a4(w) is the Dirac-6 perturbation of the polarizability of atom A due to the potential 6V and §4a4p and 404 p are the
corrections to the mixed polarizabilities of the type (59). All of these corrections entail both an energy and a wave function
correction. We do not consider atom B to be perturbed in our treatment. We will focus in what follows on the § corrections to
the Casimir-Polder interaction of the system |A) = |25) and |B) = |1S). As evident from Eq. (69) and expected from Secs. III

and IV, we need to investigate the correction to the direct and exchange terms.

More concretely, in the case of the 25-1S system, we have

4
: )
do eZsz/L -

i
025 Ers1s(R) = Re————
25 Ezs15(R) nc4(4n60)2/0 72

2 3
c c c
14+2i— =5 — | —6i( — 3

with the corrections to the various polarizabilities given by

Sasa25(w) = 825 Prg(w) + 825 Prs(—w),

([S2s5a2s(w)]ais(w) £ {[dasa1s25(w)]atis25(w) + y525(w) G251 525(W)]})

c 4
o)

e? 1 2
825 Pas(w) = —(2S|F F28)(25[8V |28) + Ze* (2S|F 71528), 7la
25Pas(@) = 5 S s s PRSI 2SIOV[28) + 56 (2SI e o F1025), (T1)
Sasays25(w) = 825 Pisas(w) + 825 Prsas(—w),
825 Prsas() 62<1S|* ! 71525) (71b)
w) = — r r ,
2571828 3 (H — Eis — i€ +ho)?
Sasatisas(w) = Sa5 Prsas(w) + d25 Prsas(—w),
825 P1sas(@) ez(lS|* ! *|2S)(ZS|5V|ZS)+€2(IS|* F|82S) (71¢)
w) = — r r - r r . c
2501528 3 (H — Eyg — i€ +ho)? 3 H — Erg — i€ +hiw
[
The first term in Eq. (71a) and that in Eq. (71c) are identified as |2.S) state is given by the usual expression
energy-type corrections, because they describe modifications
to the respective polarizabilities due to the change in the 2§ |828) = ———— 8V |25). (72)
reference energy. We refer to the corresponding corrections to (Exs — HY
: : 143 (E) (E) . .
the respective polarizabilities as 5,5a;5" and Sr507) 5. The corresponding wave function is
Notice that (71b) does not feature such a term, as the
reference energy in the denominator of a;gs is that of the Sas(F) o 1 ( 1 >5/ 2 ( r )
: Cthat ry=—=—(— exp| ——
18 state. The second term in Eq. (71a) and that in Eq. (71c¢), 28 V2 Az \ao p 2a,
as well as the lone term in Eq. (71b), are called wave .
function-type corrections, because the corresponding terms y _a_g o [3 —4yp —4In (%)]
are modifications to the respective polarizabilities due to the 2r 4
change in the 2§ state (and hence wave function). We refer to 1344 Aln (- 5
the corresponding corrections to the respective polarizabilities _ r[— T 4ve +4n (%) ] - ] (73)
as 82501%), 52501%%& and 82505%%75. The correction |§2S) to the 8 8agp
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where yg ~0.577216 is the Euler-Mascheroni constant.
Finally, the first-order correction to the Hamiltonian due to
8V in the propagator vanishes because the only contributing
states are P states whose probability density vanishes at the
origin. Namely,

1 1
%
(H—-E+how)y (H-E+ho)y
regardless of the choice of E and that of the principal quantum

numbers n and m. With (70) and (71) we are equipped for the
investigation of the various distance regimes.

(nS|F FlmS) =0 (74)

B. Dirac-§ perturbation in the van der Waals range
a K R L ayfa

For small separations, the energy shift (69) is approximated
by an R~ interaction, as was done in Secs. III B and IV B.
We will use intermediate reference energies of the type (33)
in the propagators and thus start from the expressions (36)
and (65) for the direct (Dg) and mixed (M) coefficients, duly
perturbed by the Dirac-§ potential. This allows us to treat
both nondegenerate and quasidegenerate contributions to these
coefficients at once. Both energy and wave function corrections
contribute to 6Cg = 6 Dg & 6Mg. This adds complexity on
top of the degenerate-nondegenerate dichotomy and the use
of the intermediate reference energies in the propagator
denominators ensures that we can avoid dealing with the
degenerate and nondegenerate states separately.

We obtain the correction to the Dg and Mg coefficients
either by taking the short-range limit of (69) and using the
mean excitation energy E;gg or by perturbing the explicit
expressions (36) and (65) by the Dirac §. In both approaches,
the result is

3 h o . .
8D6(25;18) = ;m/() dw[drsoriss)(iw)aass)(iw)

+ aises)iw)drsarsis)(iw)] (75)
and
SMe(2S;18) = EL /ooda) agsiw)drsaTgs(io).
7w c*(dmep)? J

(76)

The Dirac-§ corrections to the polarizabilities (35) and (66)
involve the mean excitation energy (33) in the propagator,

Sasaises)(w) = 25 Prsos)(w) + 825 Prss)(—w),

2 R 1
—(18]r
3 (H — Eqg5 +how)?

85 Pisesy(@) = FI1S)

1
x 5 (2518V25). (77a)

Sasaas(1s)(w) = 825 Pasci5y(@) + 825 Pasi15)(—w),

e n 1 .
Sos P w) = —(2S|r r
25 P2scis)(@) 7 (251 (H = Erpe 4510

125)

x = (28]8V|2S)

+ 22287 7182S), (77b)

WIN N =

H — Eﬁ—i—ﬁw
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Srs0grg(w) = o5 Prggg(@) + 825 Prgas(—w),
2

e > >
stpﬁ(a)) = §(1S|r r|2S)

(H — Eig +hw)?

2SIV |25)

N =

X

+ (187 71825).  (77¢)

w| %

H — E1g5 +Hho

We recall that the use of the mean energy Ejg;g amounts
to making the choice of the intermediate effective quantum
number nq = 2\/% [see discussion below Eq. (60)]. Again,
we distinguish the energy-type corrections, which correspond
to the first summand in Eq. (77b) and that in Eq. (77¢), as well

as the lone term in Eq. (77a). We write them as 82Sa§§:gl §)>

82504%, and 52s06§§()2 5)> respectively. The wave-function-type

corrections correspond to the second summand in Eq. (77b)

and that in Eq. (77c) and we write them as 82501;‘15'()1 5) and

8 Soz%, respectively.
By a generalization of numerical techniques described
previously [34,35], we find that the numerical value of (75)

is
8Ds(2S;18) = 367.914605 710a*aS E),. (78)

By a similar procedure we find the numerical value of (76),

8Ms(2S;1S) = —58.095 3510930 a Ey,. (79)

Details on the calculation of (78) and (79) are given in
Appendix B.

C. Dirac-§ perturbation for intermediate distance
ag/ae K R Lhc/L

As was the case for the unperturbed interaction, it is
very interesting to focus on the intermediate-distance range.
Here again, as far as virtual transitions with a change in
the principal quantum number are concerned, we are deeply
in the Casimir-Polder regime, where the result is given by
an R~7 interaction. However, for virtual transitions to the
quasidegenerate states, the frequency range is so low that
the contribution to the Casimir-Polder integral (69) is not
exponentially suppressed. We therefore obtain

lh o0 . 4
84Eap(R) ~ Re / do oR1e L
0

wct(dmep)? R?
X ([6a@a(w)]ap(0) £ {[aaap(0)]asp(w)
+asp(0)[adsp(@)]})

2
C C
1425 —5(-S
X[ TR (a)R)

S c 3 c \*
—6z<ﬁ) +3<ﬁ) i| (80)

The rationale here is that the quasiresonant terms (overlined
a’s) have to be kept in dynamic form (the dependence on w is
retained), while the complementary terms can be taken in the
static limit.
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We will treat the energy-type and wave-function-type corrections separately. In the present Casimir-Polder range (13), the
energy-type correction to the direct 25-1S interaction is

iwR/c 2 3 4
(dinE), py _ lﬁals(o) eferlc. g o . c c S c c
L)) EZSIS (R) =R )2 250525 (U))ﬁ 1+Zlﬁ—5 ﬁ — 61 ﬁ +3 E
ificr; 5(0) /00 viwpe @ T 0 —L 3 F
= —Re—/———=(25|8V|2S dew e¥ioRle 2~
enc4(4neo)2( 18¥]25) o f R2[L (L —ieP — (ﬁw)2+ OF (F —ie)? — (hw)?
c 2 c 3 C 4 82
1425 5 —6il— ) +3(— ) |=) @SFRPm = w)  2Pm = w)|F|25).
+2— (wR) ’(me) + (wR> 3 XM} 7 12P(n = w)) - 2P(m = w7 |25)

(81)

Because of the pole structure of the integrand, it is not possible to simply set the retardation function

21wR/c 4 ¢ ? . ¢ ’ ¢ !
R(w) = R 1 +2i— R 5(&) —6l<ﬁ> +3<ﬁ) (82)

equal to unity (as was done in Secs. III D and IV D); the residue at the poles of the integrand in Eq. (81) otherwise cannot be
calculated correctly. In the £ — 0,F — 0 limit, this gives
i 1T oys(0) é? - .
S5 ENe I (R) = —— —2 2 (2S|SV|28) = Y (2|7 [2P(m = p)) - 2P(m = p)|7 |28). 83
SESSIS (R) = — o s 2SIV I28) ? I [2P(m = ) - (2P(m = 7 [25) (83)
Note that the individual terms of the retardation function R(w), when used in Eq. (81), give rise to logarithmic terms proportional

to In(2FR)/R> and In(2LR)/R’; these cancel in the final result. From a similar procedure we obtain the correction to the
exchange 25-1S interaction as

2
(25|8V|2S)% > (SIF[2P(m = ) - (2P(m = )7 25). (84)

n

11 ai5s(0)
(mxd)(E) 1828
drsErsus (R) = 6 (4mep)?icR

The energy-type correction induces an R~ interaction (see Appendix A). The wave-function-type corrections, on the other hand,
are treated in exactly the same way as the degenerate D¢ and My coefficients of Secs. III D and IV D, respectively. We can make
use of (45a) and (45b) and obtain

) 2 .
8D¢'(28;18) = an )2a15(0)Z 28|F2P(m = w)) - 2P(m = p)|r |825) (85)
and
T n e 1oy — L - _ W) N N
SM(25518) = aneo)? Z(1S|r [2P(m = u))[Saﬁ2S(O)(2P(m = wIr|28) + a1525(0)(2P(m = w)lr |62$)]. (86)
n
From Eq. (83) we find that for intermediate distances the energy-type correction to the interaction is given by
A 89« :
(dir)(E)
825E25;1S (R) 32 T (E) Ehv (87)
while the wave-function correction is
81 ap\°
SasEssits (R) = —Za2<;°) Ej. (88)

It is thus seen that, in the present intermediate range (13), the dominant contribution comes from the energy-type correction (87).
From (84) we find that for intermediate distances the energy-type correction to the exchange interaction is given by

E(de)(E) . 630 784@(@0

5
8 = — | E 8
25592518 ( ) 50049 7 R) hs ( 9)

while the wave-function correction is

e 8192 3 ap\°
825 Esgng (R) = m[95+1121n<§>:|a2(%> Ej. (90)
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As was the case for the direct interaction above, the dominant
contribution comes from the energy-type correction (89).

D. Very-long-range Dirac-§ perturbation R >> fic/ L

For very large interatomic separation, the considerations
from Secs. III C and IV C carry over. Perturbing the Lamb shift
L in Eq. (40) by the Dirac-§ potential (68), one realizes that
the Dirac-§-induced modification of the long-range interaction
does not exceed ((2S|8V|2S)/L) x 1073 Hz. This shift is too
small to be of conceivable experimental relevance and thus is
not considered any further.

VI. NUMERICAL EXAMPLES: MODIFICATION
TO THE HYPERFINE STRUCTURE AND TRANSITION
FREQUENCIES

In order to estimate the relevance of the current study, let
us recall that, e.g., the hyperfine frequency of a hydrogen
atom in an § state is determined by a Dirac-§ potential
[see Eq. (4) and discussion below]. Hyperfine frequencies
belong to the most accurately measured frequencies today [44—
46]. Consequently, it becomes necessary to investigate small
perturbations to these frequencies caused, e.g., by interactions
with buffer gas atoms or by interactions with other atoms in
the atomic beam (the latter would be an atom of the same
kind as that whose hyperfine frequency is being studied).
The perturbations of hyperfine frequencies due to van der
Waals interactions have been considered in Refs. [10-13,15].
Hyperfine-perturbation coefficients in the van der Waals
range have been given in Table II of Ref. [15] for H-He
and H-Ne. (The hyperfine modification of the long-range
interaction for two hydrogen atoms, however, is not indicated
in Ref. [15]. Also, in Ref. [15], only ground-state interactions
were considered.)

In Egs. (78), (79), (87), and (89), we had indicated results
for the Dirac-6-induced perturbation to the van der Waals
interaction, in the close-range limit and in the intermediate
range. These results, which are reproduced for convenience
in Eqgs. (95) and (96) below, can be used directly in order to
calculate the modification of the hyperfine frequency under the
influence of the long-range interaction. As explained in Sec. II,
a possible interference term due to the non-Dirac-§ terms in the
hyperfine Hamiltonian [see Eq. (4)], which might be assumed
to influence the virtual P states that are responsible for the
van der Waals interaction, vanishes after doing the angular
Racah algebra [47]. In order to interpolate between the three
asymptotic regimes, a numerical integration of Eq. (69) is
required. The leading asymptotic terms indicated in Egs. (95)
and (96) contain the essence of the changes in the interaction
in a very concise form and can be used in order to estimate
the effect of the long-range 2S-1S interaction on, e.g., the 25
hyperfine frequency.

Let us now calculate the van der Waals shift of the hyperfine
frequency of an atom A in a 1S or metastable 2 state due to
its long-range interaction with a ground-state atom B. The first
summand in Hyg in Eq. (4) is used as the perturbative potential
instead of the standard potential (68). Only the term acting on
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TABLE I. Numerical values of the modification Svpgs) to
the frequency splitting between the 1S hyperfine components in
hydrogen, due to the long-range interaction with a 1§ atom, as a
function of the interatomic separation.

Distance (A) Sviis(1S) (Hz)
20 —3.387 x 10!
40 —5.291 x 107!
80 —8.806 x 1073
200 —3.019 x 1073
400 -3.919 x 1077
800 —4.296 x 107°
2000 —1.059 x 10712
20000 —1.059 x 107%°
atom A is required. One can check that
2 m L= o
8 Hys = gg.fgpMSV(FA)SA Ay, On

where M is the proton mass. The splitting between the
two hyperfine components of the 1S;,, level is given by
1420405 751.773(1) Hz [44—46]. This experimental value is
very accurate (up to 1072 Hz), which indicates that mod-
ifications to it due to long-range interatomic interactions
could be relevant for future experiments and, in particular,
measurable. We can work out how this splitting is affected
by the interaction of the 1S atom with another 1S hydrogen
atom. The corresponding values are given in Table I. Note
that the interaction reduces the energy splitting between the
two hyperfine components of the 15;,, level. Likewise, the
splitting between the two hyperfine components of the 25
level has been measured [7] as 177 556 834.3(6.7) Hz. From
Egs. (95) and (96) (as well as numerical computations for the
separations that do not clearly find themselves in either the
van der Waals or Casimir-Polder ranges) we can work out how
this splitting is affected by the interaction of the 2§ atom with
a 1S hydrogen atom. The corresponding values are given in
Table II. Again, the interaction reduces the energy splitting
between the two hyperfine components of the 25 » level.
From the results of Secs. III and IV we can also deduce
the modifications to the 2S-1S transition frequency due to

TABLE II. Numerical values of the modification §vhos) to
the frequency splitting between the 2S hyperfine components in
hydrogen, due to the long-range interaction with a 1S atom, as a
function of the interatomic separation. The F sign corresponds to the
=+ sign in the [15)]2S) £ |28)|1S) superposition.

Distance (A) Svn(2S5) (Hz)

20 —(3.592 F0.567) x 10?
40 —(5.612F 0.886) x 10°
80 —(8.769 F 1.441) x 1072
200 —(3.592 7 0.549) x 10~
400 —(5.635F0.781) x 107°
800 —(9.023 7 0.861) x 1078
2000 —(2.584 F 1.486) x 10710
20000 —(2.406 F 0.973) x 10713
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TABLE III. Numerical values of the modification §v s,5 to
the hydrogen 2S-1§ transition frequency, due to the long-range
interaction with a 1.5 atom, as a function of the interatomic separation.
The =+ sign corresponds to the =+ sign in the [15)[2S) & |25)[1S)
superposition.

Distance (A) dvis2s (Hz)

20 —(3.843 £0.631) x 108
40 —(6.005 £ 0.987) x 10°
80 —(9.365 £ 1.552) x 10*
200 —(3.806 £ 0.651) x 107
400 —(5.838 £ 1.069) x 10°
800 —(8.776 £1.821) x 1072
2000 —(3.521 £1.310) x 10~
20000 —(2.820 £ 1.078) x 10710

long-range interaction with a ground-state hydrogen atom. We
indicate numerical values for various interatomic separations
in the van der Waals and Casimir-Polder (intermediate) ranges
in Table III. The 2S-1S transition has been measured [48] to
be 2466061 413 187 035(10) Hz (for the hyperfine centroid).
The experimental accuracy is thus more than sufficient for the
modifications predicted here to be relevant (see Table III). For
the values R = 2000 and 20000 A of the distance that we
choose for the Casimir-Polder (intermediate) range (fic/L >
R > ap/a), the R~7 contribution due to the P levels that are
nondegenerate with 2§ is not quite negligible, in contrast to
larger R. We therefore include the nondegenerate contributions
in the calculation of the numerical value of the frequency
shifts. For definiteness, the value of the mass m used in the
numerical calculations is always chosen as the electron mass,
not the reduced mass of the electron-proton system. If we
were to choose the reduced mass instead, then we would
have to differentiate in the Dirac-6 term given in Eq. (68)
the factor 1/m?, which still goes with the electron mass, and
the reduced mass cubed, which enters the numerator as it is
proportional to the probability density at the origin |/ (0)|>. For
definiteness, and in order to facilitate a numerical comparison
of the results to other (conceivably, future) investigations, we
neglect further relativistic and reduced-mass corrections, as
well as quantum electrodynamic radiative corrections. When
applied to hydrogen, these approximations limit the accuracy
of the results given in Tables I-III to a relative accuracy of
about 1074, ...,1073.

Itis also interesting to look at how these results are modified
if we consider the positronium instead of the hydrogen atom
as the system of interest. It can be shown that the plain
(unperturbed) van der Waals interaction energies will be scaled
by a factor of approximately 26 = 64, as a result of the fact
that the reduced mass of positronium is roughly half the
reduced mass of hydrogen [hence the expectation values of
7 operators will scale with a factor of 2, as will the resolvent
operators 1/(H — E)]. The latter scaling factor is due to the
fact that the transition frequencies are only half of those of
the hydrogen atom (e.g., the 25-1S transition in positronium
has been measured at a value of ~1.233 x 105 Hz; see
Ref. [49].) The van der Waals modifications to the 2S5-1S
transition frequency in positronium as compared to hydrogen
will exhibit the same scaling. The relative modification of a
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positronium transition frequency will thus be 128 times larger
than for hydrogen. Similar scaling arguments show that the
modification to the hyperfine splittings will be scaled by a
factor of 27g, /g, ~ 45.845112.

Likewise, the leading effective QED radiative Lamb shift
Hamiltonian for atom A can be obtained as a specialization of
the expression given in Eq. (3) to atom A,

4o _n
8Hpg = I In(¢™ )8V, (92)

where again we express the relevant Hamiltonian in terms of
the standard potential §V defined in Eq. (68). The ratio of the
prefactors as compared to the hyperfine Hamiltonian (91) is
2 1 1
Zan@ ) —"2
T

= ~ 7.505 166.
8s8p M (Sa - 14)

The operator S e I 4 assumes the numerical value +1/4 for
an F =1 state and the numerical value —3/4 for an F =0
state. Hence, for the hyperfine splitting, it can be replaced
by unity. We thus note that the leading logarithmic QED
radiative corrections to the 15-1S and 2S5-1S van der Waals
interactions are larger than the van der Waals modification
of the hyperfine splitting, by a factor of roughly 7.5. The
results given in Tables I and II should be multiplied by this
factor to obtain the leading radiative term. The QED radiative
correction to the van der Waals interaction shifts both hyperfine
components by the same frequency and in the same direction
and thus does not additionally modify the hyperfine splitting.
We also note that the QED radiative correction to the van
der Waals interaction could be interpreted alternatively as a
van der Waals correction to the Lamb shift. However, it is
not the dominant modification of atomic transition frequencies
mediated by long-range atomic interactions. Namely, the main
effect on an atomic transition frequency with a change in the
principal quantum number is caused by the direct van der
Waals effect on the atomic levels, which is given (for the
2S-1S) in Table III.

VII. CONCLUSION

We have studied 25-1S van der Waals interactions among
hydrogen atoms in detail and carefully differentiate three
distance ranges given in Egs. (9), (11), and (12). In the
van der Waals range, the interatomic interaction is described
to good accuracy by a functional form —Cs(A; B)/R®,
where Cg(A; B) = Dg(A; B) £ Ms(A; B) is the van der Waals
coefficient, which depends on the atomic states |A) and
|B) of the two atoms. As mentioned above, a paradigmatic
example for an interaction involving metastable atoms is the
2S state of atomic hydrogen. Indeed, for the interaction of
a 2§ hydrogen atom with a ground-state atom, the result of
De(2S5;18) = 176.752Eha6’ has been obtained in Ref. [4].

As discussed, there is an interesting discrepancy with the
results Dg(25;1S) = 56.8Ehag [5]and Dg(2S;1S8) = (56.5 £+
O.S)Ehag [3]. We find that the result given in Ref. [4] is the
correct one and trace the likely explanation for the discrepancy
to the rather subtle treatment of the quasidegenerate 2 P levels
of the excited atom (see Sec. III B).

In an atomic beam, one typically has a few excited
metastable 25 atoms interacting with a “background” of 1S

022703-14



LONG-RANGE INTERACTIONS OF ... .1.2S8-1S ...

atoms. The 2§ atoms are typically of interest, which is why
we have chosen the sequence 25-1S in order to designate
their interaction in our mathematical formulas (the first atom
mentioned is the one of primary spectroscopic interest). A
typical application would consist in the measurement of the
28 hyperfine interval by optical spectroscopy [6,7].

For the plain interaction of a 25 atom with a ground-state
hydrogen atom, we find for the van der Waals regime (ay <
R <« %) [see Egs. (29) and (63)]

6
Ejsas(R) =~ —(176.752266 £ 27.983 245)E), (a_ls) . (93)

The term with the & sign depends on the symmetry of the
wave function of the two-atom state, as explained in Sec. IV.
In Eq. (93) we thus confirm the result presented in Ref. [4] but
add a few more significant decimal digits of nominal numerical
accuracy [see Eq. (29)]. In the Casimir-Polder range (‘;—“ <
R K hfc), we also have an interaction of the R~° type, with
a coefficient determined by the quasidegenerate states [see
Egs. (46) and (67)]

243 917504 ao\*®
Ersis(R) ~ — Tim Ej, 2/ (94)

In the Lamb shift range R > /ic/L, the plain interaction
changes to a superposition of a Casimir-Polder term of the
form 1/R7 and a long-range oscillating term of the type
cos(2LR /lic)/R?, while the magnitude of the interaction is
too small to be of conceivable relevance for experiments. For
details, see Secs. III and IV.

For the correction 6 E»s.15(R) caused by a Dirac-§ poten-
tial, due to the long-range interaction, the evolution of the
asymptotic behavior is interesting. For the van der Waals
range (ap < R < %), ourleading-orderresultis [see Eqs. (78)
and (79)]

6
825 E25.15(R) ~ —(367.914 605 F 58.095 35 1)’ E) (%0) .
95)

In the Casimir-Polder range (2 < R < '%), the result is [see
Egs. (87) and (89)]

891 630784\ a® _ [ap\’
SsErsis(R) ~ —| —— F ;Eh —. (96)

32 59049 R

where the coefficient is exclusively given by the quasidegen-
erate states. In the Lamb shift range R >> fic/ L, the perturbed
interaction also changes to a superposition of a Casimir-Polder
term and a long-range oscillating term, while the overall
perturbation of the interaction is negligibly small. All these
results are derived in Secs. III and IV.

Recently, long-range oscillatory tails of van der Waals inter-
actions have received renewed interest in the literature [29,30].
These oscillatory tails are caused by states with a lower energy
than the excited reference state, in an interaction of excited-
state and ground-state atoms, which can be reached from the
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excited state by an allowed dipole transition. As discussed in
this paper, for the 25-1S interaction, the 2§ — 2P;,, Lamb
shift transition provides for such a transition. However, the
energy shifts typically are proportional to the fourth power of
the transition energy (or wave number of the transition). For
the Lamb shift transition, this transition energy is very low and
in consequence the oscillatory tails are suppressed in the van
der Waals interaction of the 25-1S system [see Eq. (40)].
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APPENDIX A: MODEL INTEGRALS

In order to illustrate the analytic considerations in Secs. III-
V, we numerically study the model integrals

> a (=n)
I(a,n,R) = d
(@n.R) /0 x(a—ie)2+x2(—77—ie)2+x2
4
—2Rx X 2 5
1+ ==
e R2[ Rx T (Rap

6 3 Al
TR T (Rx)“}’ (A

which models the plain Casimir-Polder interaction as well as
wave function-type corrections thereto, and

a 9 (=m)
a—ie)?+x20n(—n—ie)?+x?

J(a,n,R)E/ dx
0 (
4
—2rx X o L
e Rz[ Rx T (Rx)
+L+i} (A2)
(Rx)*  (Rx)*]

which models energy-type corrections to the Casimir-Polder
interaction. Our choices for the numerical values of the
parameters are

n=1073, (A3a)
a=1, (A3b)
e =107°. (A3c)

These values are adapted to the investigation of the quasidegen-
erate contributions to the interatomic interaction, where a plays
the role of the energy of a transition between quantum levels
with different principal quantum numbers and n corresponds to
the energy of a transition between quasidegenerate neighbors.
These parameters and arguments are dimensionless. The
transition from the 1/R® short-range asymptotics to the 1/R’
long-range limit is clearly displayed in Fig. 1, while the
intermediate 1/R? regime for J is discernible in Fig. 2.
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FIG. 1. Numerical illustration of the model integral (A1) in its FIG. 2. Same as Fig. 1 for the model integral (A2).

asymptotic regions, for the parameters given in Eq. (A3).

APPENDIX B: DETAILS ON DIRAC-§ CORRECTIONS TO THE VAN DER WAALS INTERACTION

Here we present some details on how the numerical results (78) and (79) were obtained. We recall that for the 25-1S system,
8 Dg is given by

3 h *© . . . ,
8De(25;18) = — 5 / dwldrsaises)(iv)aasas)(io) + aises)(iw)drsoasas) (io)], B1)
7w (4mep)* Jo
where the corrected polarizabilities read
8 () ¢ pING ! FILS) S 2818V 128) = SasaE (@) (B2a)
o w) = — r FI18) = = S5 w), a
251528 3 & (H — Ergyg — i€ £ hw)? 2 25%1s28)

because we perturb only the 2§ energy, and

8 (w) e E (28|r ! F|28) ! 2818V |28) + 2¢" E (28|F ! 7|828)
28025(15) (@) = — r ; r = - r ; r
3 T (H—Eﬁ—lé :l:}:ia))2 2 3 T H—Ew—lé +hw
= 815050, 5/ (@) + S25055, 5)(@). (B2b)

Here the (E) superscript refers to the contribution from the energy correction and the () superscript refers to the contribution
from the wave-function correction. It can be checked that the two summands in

3

sDP(25:18) = 3R / b do[8:505 ) (i0)2s(15)( ) + @1505) [ 0)825055 5, ()] (B3)
T (47‘[60)2 0 25) (18)

contribute equally. This can be traced back to the integral identity (23). The easiest way to compute the energy correction to a
polarizability is to notice that

| . 19 | .
Sy =—- 2 (nS s), B4
H_E—icthior ™) = 13"V T e th0 ™) (B4)

which is just the w derivative of a typical P matrix element. To see that the summands in the integrand on the right-hand side
of (B3) contribute equally, however, one rather notices that

(nS|¥

<nSW(H —E —lie +ha))2;|ms> - 8iE<nS|?H —E —1 ie —i—ﬁwﬂms) (B3)
and the equality follows from (23). In the end, we obtain
§D(25;18) =49.733 193 5360 %aS E),. (B6)
It is considerably harder to compute the contribution to the van der Waals coefficient from the wave-function correction
3DV (2S;18) = _n / ” dwas0s)(i0)825055) 5, (i ). (B7)
7(dmeg)? Jo
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The first step is to obtain the correction (73) to the 25 wave function, from which we deduce

2a? [ 8 20(1) 40967°(=2 + 7 + 71%) ( 27 ) 51277(1 + 72)

), \_ ¢ °
b @) = s a oy £ o) 3z — DS(1 + 7) 1+7) (=050 +1y

1— 51277R 1-1\°
xoFi(1,—2t;1 —2t1;— L T R@) JFi 1, —21;1 — 21, !
1+t 91 —1)'(1+ 1) 1+

32768 T!0(—1 +412) i (—1 + z)k D2 Fi(—k,4;4; 1%,)} B8)
3 (=142 4+1)° —=\ l+7 Q2+k—21) ’
where
O(t) = —123 — 1237 + 80172 + 8017 — 21247* — 193277 + 40027° + 1123477 + 366178
—209797° + 228570 4+ 96457 4 26314¢' + 340273 (B9)
and
R(t) = =3 + 11372 — 1937* +3717% 4+ 967%(1 — t5)(1 — 47%)In (124:1). (B10)
Furthermore,
T= (1 + %) 1/2. (B11)
We can then easily deduce Sgsagls’()l 5)(@) from (B8) via
825051 5)(@) = 825 P35y (@) + 825 Py 5, (—), (B12)
where 8, PZ(S]//()1 s)(@) has the same expression as (B8), with t replaced by
160 \ /2
left = (1 + W) . (B13)
From all of this we obtain
§DY)(2S;15) =318.181412 174 aS Ey,. (B14)
We now recall that for the 25-1S system, § M is given by
SMe(2S;18) = %@:W /0 " do 8asigrs(iw)agas (i), (B15)
where the corrected mixed polarizability reads
Srsargs(@) = > (1SIF : : 27|2s>51<25|5v|2s> + < > (s|F : . 71525)
n (H — Efgg — i€ £ho) 32 3 n H — Eigs —ie Tho
= 502 () + Sr50% (). (B16)

1525 1525
Here again the (E) subscript refers to the contribution from the energy correction and the (1) subscript refers to the contribution
from the wave-function correction. We again compute

6 o
(E)(n q. _ (E) /. .
8M6 (2S, IS) = ;m /0 dQ)SZSam(la))alszs(la)) (B17)
by using (B4). For that we need
2a2 512+/2¢2
Progs(@) = &0 ‘/2_ et . [128 — 27262 + 12064 + 25365, + 972¢] + 41965,
2 2
En 729(—141%) (-4 + 1)
1 —ter 2 — ¢,
—1944t];, Fy <1,—leff; 1 — fer; T:ffz mn :ff)], (B18)
eff eff

with z.¢ given by (B13). In the end, we obtain
SMP(28;18) =12.556 663 547a’aS Ey,. (B19)
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Finally, we calculate the wave-function contribution to the mixing coefficient for the Dirac-§ correction

6 h o . .
8Méx/z>(2S; 15) = ;m/o dezga%(la))am(lw). (B20)
From (73) we deduce
W e’a} 128+/2725(7) 20482127 (1) 27
SP i (w) = — - In
22 mc? | 2187(1 — t2)*(1 —412)* 7291 — 1)3(1 + ©)3(1 — 412)2 1+1
2048+/272(1 4+ 2t2)U(7) 37 10244277 (1 4+ %) 1-27
— n + SFi(1,-21;1 —21;—
729(1 — t2)2(1 — 412)3 1+t (1 — 72)2(1 — 472)3 1427
1024/27"R l—t1-2
Ve (©) JFi( 1, — 27,1 — 215 — ‘ ‘
9(1 — t2)*(1 — 472)3 l+71+27
. 2
65536+/2 710 i 1=\ Rk A4 ) ’ B21)
3 (=14+)(d + 7)1 +27)* —~ 1+21 Q2+k-—21)
with t given by (B11), and R(7) is defined in Eq. (B10). The function S(7) is given as
S(r) = —157 + 24361% — 133267 4 58327¢° + 58 8681° + 225 5047’
— 28324578 + 99 1447° — 431 1847'% + 6959527 + 20004872, (B22)
while T'(t) reads
T(r) =2 —2t — 1572 + 1573 + 157% — 15¢° + 2687° + 16767 (B23)
and U(t) is
U(t) = =2 +277% — 1297* 4 5076, (B24)
We can then easily deduce 5250[%(&)) from (B21) via
825022 (@) = 85 P (w) + 825 P (—w), (B25)

1528 1528 1528

Pﬂ(w) has the same expression as (B21), with 7 replaced by z.¢ [see (B13)]. From all of this we obtain

where again 5 T

SMV(28;18) = — 70.652 014 640> aS Ey,. (B26)
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