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QED radiative corrections to electric dipole amplitudes in heavy atoms
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We use the radiative potential method to perform a detailed study of quantum electrodynamics (QED) radiative
corrections to electric dipole (E1) transition amplitudes in heavy alkali-metal atoms Rb, Cs, Fr, and alkali-metal-
like ions Sr*, Ba™, and Ra™. The validity of the method is checked by comparing with the results of rigorous
QED in simple atomic potentials. We study the effects of core relaxation, polarization of the core by the E1
field, and valence-core correlations on QED, which are shown to be important in some cases. We identify several
transitions for which the QED contribution exceeds the deviation between atomic theory and experiment.
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I. INTRODUCTION

In recent years, increasing attention has been given to
the role of quantum electrodynamics (QED) radiative cor-
rections in high-precision studies of heavy and superheavy
many-electron atoms and ions. They have been considered for
binding and excitation energies [1-5] (see, also, calculations
in multiply charged ions [6]), electric dipole (E1) amplitudes
[2,7-9], and the hyperfine structure [1,10-13]. Taking account
of QED radiative corrections was critical in the interpretation
of the atomic parity violation measurement in cesium [14-16]
(see, also, Refs. [2,9,17-20]) and was important for resolving
discrepancies between theory and experiment for the ioniza-
tion potential and electron affinity for gold [21]. See Ref. [22]
for a review of QED corrections to superheavy elements.

The interplay between QED and many-body effects in
heavy many-electron systems has been explored for the bind-
ing and excitation energies [1-5]. No such detailed study of
combined QED and many-body effects has been published
for the E1 amplitudes to date, while it is known [2,7,8] that
such corrections are significant at the level of accuracy of
state-of-the-art calculations (several 0.1%). While an approx-
imate “radiative potential” has been used to evaluate QED
corrections to E1 amplitudes (see, e.g., Refs. [2,8,20,23]), the
validity of such an approach must be carefully checked against
rigorous quantum electrodynamics. The ability to theoreti-
cally describe E1 amplitudes with high precision is important
in a number of different areas, both fundamental and applied,
including in studies of violations of fundamental symmetries
and in the search for new physics [24-26], and atomic polar-
izabilities and application to atomic clocks [27-29] (see, also,
Ref. [30]).

The goals of the current paper are as follows: first, to check
the validity of the radiative potential approach for evaluating
QED radiative corrections to E1 amplitudes in heavy atoms
by comparing with the results of rigorous QED using simple
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atomic potentials. Second, to study in detail the combined
QED and many-body effects to better understand the mech-
anisms and identify which effects are most important and
should be taken into account in accurate studies. Third, to
identify those amplitudes where the relative QED corrections
are particularly large. And, finally, to assess the importance of
the account of QED corrections at the level of atomic theory
precision. We find that in several cases, the QED contribution
exceeds the deviation between atomic theory and experiment.
That is, atomic theory has reached the level of precision where
the QED radiative corrections to E1 amplitudes may be ob-
served in experiments with heavy atoms.

The paper is organized as follows. In Sec. II, we de-
scribe the radiative potential method and use it to find QED
corrections to E1 amplitudes for alkali-metal atoms, and we
compare the results with those of rigorous QED. In Sec. III,
we describe the many-body methods we use in our calcula-
tions. Our results of combined QED and many-body theory
are given in Sec. IV for the atoms and ions Rb, Sr™, Cs, Ba*,
Fr, Rat, and in Sec. V, we present our results of total El
amplitudes and compare these with measured values.

II. THE RADIATIVE POTENTIAL METHOD
AND COMPARISON WITH RIGOROUS QED

The radiative potential approach [2,4,5] is used widely in
calculations of QED radiative corrections to energies in many-
electron atoms, ions, and molecules; see, e.g., Refs. [5,8,30—
35]. In essence, this approach is based on the use of a ra-
diative potential which may be added in a simple manner to
atomic many-body methods and computer codes. The radia-
tive potential is comprised of a self-energy (SE) and vacuum
polarization (VP) contribution [2],

Viad(r) = Vsg(r) + Vvp(r). (1)
The vacuum polarization correction is well approximated by

the Uehling potential, and the self-energy correction is ap-
proximated by a local potential,

Vse(r) = Vmag(r) + Vhigh(r) + Viow(r), ()
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consisting of three parts: magnetic, Vig, and high-frequency
and low-frequency electric, Vhign and Vioy. The self-energy
part of the radiative potential is defined such that its expec-
tation value for hydrogenlike ions is equal to the one-loop
self-energy radiative corrections to the energies for these ions.
The electric parts of the potential contain fitting factors to
ensure that the results of rigorous QED are reproduced. We
refer the reader to Refs. [2,4,5] for details and the explicit
expressions. We use the finite-nuclear-size formulas presented
in Refs. [4,5]. Note that in this work, we do not consider
the Wichmann-Kroll contribution to the vacuum polarization,
which gives higher-order binding corrections. Its correction
to the energies is significantly smaller than that from Uehling,
increasing to only a few percent the size of Uehling for the
heavier systems for s states [2,36] and we anticipate a similar
relative contribution for the E1 amplitudes. The size of this
contribution is well within the accuracy of our approach (see
more detail below).

The atoms and ions considered in this work have one
valence electron above closed shells. We consider a number
of different approximation schemes for taking account of the
electron-electron interactions. All calculations begin by solv-
ing the Dirac equation, hpp = ¢, where

/’ZD =C0l'p+(/3_ 1)02+Vnuc+ve] (3)

is the single-particle Hamiltonian, ¢ is the speed of light, 8
is a 4 x 4 Dirac matrix, « is a vector of Dirac matrices, p
is the momentum operator, ¢ is the electron binding energy,
and V. and V, are the nuclear and electronic potentials,
respectively. Atomic units i = m, = |e| = ca = 1 are used
throughout, unless otherwise specified. The nuclear potential
Vaue 1s found by modeling the nuclear charge with a Fermi
distribution with the usual parameters, 2.3 fm for the 90% to
10% fall-off thickness and the root-mean-square charge radii
from the compilation [37].

A relativistic single-electron orbital with principal quan-
tum number n and relativistic angular momentum quantum
number « = (I — j)(2j + 1), where j is the total angular
momentum and m its projection, and [ is the orbital angular
momentum, may be written as

1 f(r) Qem
(pm(m(r) = ; <l(xg(r) Q—Km)’ (4)

where f(r) and g(r) are upper and lower radial components of
the wave function, and €2, is a spherical spinor. The electric
dipole operator in the length gauge is given by

d=—r, (®)]

where r is the position operator. The E1 matrix element (z
component) for a transition between states a and b may be
expressed, via the Wigner-Eckart theorem, as

(&a41d;1&p) = (_l)jaml,< Ja (1)

—my

Jb
mh) (nakalldlInpky),
(6)

where & contains the quantum numbers n, x, and m, and
(npkplld||ngk,) is a reduced matrix element, which does
not depend on projections. Throughout this work, we will

K]

FIG. 1. Feynman diagrams for QED corrections to E1 am-
plitudes. Top row: self-energy corrections; bottom row: vacuum
polarization corrections. Wavy lines with triangles represent the E1
field, wavy lines the photon propagator, and double line the bound
electron wave function and propagator. Diagrams on the right corre-
spond to vertex corrections.

simplify the E1 reduced matrix element notation to
Zab = (naKa”d”anb)' (7N

The reduced E1 matrix element is composed of an angular
part C,p, and a radial part 7,

o0
Zab = —CapTab = — ab/o dr (fufo + @’gago)r.  (8)
This expression corresponds to the lowest-order E1 amplitude.

By adding the radiative potential to the atomic Hamilto-
nian, Eq. (3), QED radiative corrections to the energies and
to the wave functions are obtained. These wave functions,
perturbed by the QED interactions, may then be used in
the matrix elements to yield the QED corrections to the El
amplitudes in the radiative potential approach. Throughout
this work, the radiative corrections are found by performing
the calculations with and without the radiative potential, and
taking the difference in the results,

8QED = (Makalld|Iipky) — (nakalld |Inpks), )

where the wave functions perturbed by the radiative potential
are indicated by the tilde. This is how the QED corrections are
found at any considered level of many-body theory.

In Fig. 1, the one-loop self-energy and vacuum polar-
ization corrections to the E1 amplitude are illustrated. The
left and middle diagrams give the SE and VP contributions
that correspond to corrections to the electron wave functions.
The diagrams on the right are the vertex corrections and
cannot be included through corrections to wave functions.
From the “low-energy theorem,” the vertex corrections are
expected to be small compared to the “perturbed orbital”
corrections (see, e.g., Ref. [2] for discussion). Indeed, in
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TABLE 1. Self-energy corrections to E1 matrix elements be-
tween lowest s and p;,, states of alkali-metal atoms in the
Kohn-Sham potential, expressed as relative corrections R,,; see
Eq. (12). Lowest-order radial integral r,;, is given in the first column
of results. Radiative potential results are separated into s-wave and
p-wave perturbed-orbital contributions, PO(s) and PO(p). Results of
rigorous QED calculations [7] are presented for comparison in the
final three columns.

This work Sapirstein and Cheng [7]
Atom [7ap] PO(s) PO(p) PO(s) PO(p)  Vertex®
Na 4588  0.032 0.000  0.031 0.001 —0.015
K 5.681  0.069 0.000  0.067  0.000 —0.003
Rb 6.009  0.190 0.000 0.182  0.000 0.028
Cs 6.585 0334 —0.001 0326 0.000 —0.065
Fr 6.511 0777 —0.014 0.787 0202  —0.060

*Vertex and other corrections. A full breakdown of these contribu-
tions is given in Table II of Ref. [7].

this case, the electric dipole operator, which acts at large
distances, is essentially “locked” inside the photon loop lo-
cated at small distances from the nucleus. Therefore, it is the
perturbed-orbital corrections—those that may be found using
a radiative potential—that are anticipated to give the largest
contributions.

To gauge the accuracy of the radiative potential approach
for evaluation of QED radiative corrections to E1 amplitudes,
we calculate the corrections in the same atomic potential used
in rigorous QED calculations and compare the results. The
only such rigorous QED calculations for many-electron atoms
were performed by Sapirstein and Cheng [7]; the calculations
were performed for alkali-metal atoms in the Kohn-Sham
atomic potential. In the Kohn-Sham approximation, the elec-
tronic potential Vg in Eq. (3) is approximated by

o= [Car o) 2 8
0

1/3
rpz(r)] , (10)

- 3r| 3272
where
N
pi(r) =Y _[f20) + a?gi(r)] (11)

i=1
is the charge density formed from all N electrons in the atom,
and r- = max (r, 7). In this approximation, all electrons are
included in the self-consistent solution for the atomic poten-
tial. At large distances, the valence electron should “see” the
potential of a single positive charge. Since Eq. (11) includes
the valence electron, the Latter correction [38] is included
explicitly to force the potential to decay as 1/r.

In Table I, we present our results for the self-energy correc-
tions to E1 amplitudes obtained using the radiative potential
alongside the rigorous QED results of Sapirstein and Cheng
[7]. Results from sodium to francium are shown. Following
Ref. [7], the values are expressed as a relative correction Ry,

o
ra+ 8 = rus 1+ =R ). (12)

It is seen from both works that for the considered systems,
the perturbed-orbital contribution is given in its entirety by

the QED-perturbed s orbitals, except for the case of francium.
For the s-perturbed contributions, the results of our work are
in excellent agreement with those of Ref. [7], differing by
only ~1%. For Fr, the p-perturbed contribution is different
in magnitude and sign and, according to Ref. [7], contributes
as much as 20% to the total SE correction, while in our
evaluation, it is much smaller; the reason for this difference
is not clear. It is seen from the results of Ref. [7] that tak-
ing account of the vertex contribution is important for Na,
though less so for the heavier elements, where it contributes
from just a few percent of the total SE correction for some
elements and up to 25% for Cs. From this comparison, we
then estimate that the uncertainty associated with the use
of the radiative potential for evaluation of QED corrections
to E1 amplitudes for atoms from potassium and heavier is
about 25%. Since the QED corrections are overwhelmingly
determined by perturbed-orbital contributions to the s states,
including for p — d transitions where it is the QED contribu-
tions to core s states that determine the effect (as we see below
in Sec. IV), we use the uncertainty estimate of 25% for all
considered transitions. In the following sections, we consider
the influence of many-body effects on the QED correction.

III. MANY-BODY METHODS

For heavy atoms, the QED contribution to E1 matrix el-
ements comes mostly from perturbed-orbital corrections to s
states, which the radiative potential method accurately mod-
els; see Table I. As we show in this section, the combination of
many-body effects with QED is often more important than the
missed effects. The most important is the so-called relaxation
effect, which is dominated by perturbed-orbital corrections to
s states in the core. Such effects would be cumbersome to
evaluate in rigorous QED, though straightforward using the
radiative potential approach.

In this section, we outline the many-body effects that are
taken into account alongside the QED corrections in this
work. In Secs. IIT A, III B, and III C we describe the effects
which are included with (and without) the radiative potential
to yield a QED radiative correction in the considered ap-
proximation [see Eq. (9)]—core relaxation, core polarization,
and (fitted) second-order correlations. In Secs. III C and 111 D,
we describe higher-order and other many-body corrections—
all-orders correlation corrections, structural radiation and
normalization of states, and Breit—that are included for a
high-precision evaluation of the full E1 matrix element, the
results of which we present in Sec. V.

A. RHF and core relaxation

For alkali-metal atoms and alkali-metal-like ions, the start-
ing approximation for the many-body consideration is the
relativistic Hartree-Fock (RHF) approximation in the potential
formed from the N — 1 core electrons, with

Ve = V! (13)

in Eq. (3); see, e.g., Ref. [39] for explicit expressions. In
the previous section, QED radiative corrections were consid-
ered to arise due to interactions involving just the valence
states. However, radiative corrections are also produced due to
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interactions taking place in the electron core. This is readily
taken into account by adding the radiative potential to the
Hartree-Fock Hamiltonian for the core,

(hp + Va9 = .9, (14)

and finding new core states (¢,), energies (e.), and a new
RHF potential VP]I\;_I from the self-consistent solutions. New
valence electron states ¢’ and energies ¢’ may then be found
in this new potential. These corrections are referred to as core
relaxation radiative corrections (see Refs. [4,5,40] for more
detail).

B. Core polarization

When subjected to an external field of frequency w, e.g.,
an electric dipole field, the core electrons in an atom become
perturbed,

O+8p=¢+Xe 4 Y, (15)

and a correction to the Hartree-Fock potential is produced, in
a similar manner to the core relaxation mechanism described
in the previous section. The perturbation is included in calcu-
lations via the time-dependent Hartree-Fock (TDHF) method,
which is equivalent to the random phase approximation with
exchange (RPA) [41-43]. The TDHF equations,

(hp — &c — w)X. = —(d; + 8VE1)@., (16)

(hp — &0+ )Y = —(d; + 8V e, (17)

are solved self-consistently for all core states; 6Vg; is the
correction to the RHF potential arising from E1 corrections
to core orbitals. The perturbation of the electron core by the
external field is called core polarization and is an important
many-body effect. Taking account of core polarization leads
effectively to an addition to the electric dipole operator,

(ald|b) — (ald. + 8Ve1|D). (18)

To account for the QED radiative corrections, V,,q is added to
hp in the RHF and TDHF equations.

C. Valence-core electron correlations

We take into account valence-core electron correlations
using the correlation potential method [44]. In this method,
a nonlocal, energy-dependent correlation potential X(r, r’, €)
is added to the RHF equations, yielding Brueckner orbitals
©® and energies &®" for the valence electron,

(hp + ) = BB, (19)

The calculation of E1 matrix elements with valence-core cor-
relations and core polarization included corresponds to the
evaluation of

(B, + 8Vi1 |p™"). (20)

A simple and effective way to account for missed higher-
order many-body corrections in the correlation potential may
be implemented through the introduction of a fitting factor
f, ¥ — fX, which is found from Eq. (19) by varying f
until the experimental binding energies are reproduced. For
evaluation of QED radiative corrections with core polarization

and valence-core correlations included, we consider the cor-
relation potential in the (lowest) second order in the Coulomb
interaction, which we denote by @ with fitting included.

For the full E1 matrix element evaluation, which we per-
form in Sec. V, the all-orders correlation potential %> is
used and fitting is also included. The QED corrections do
not change in any significant way, whether the core-valence
correlation potential is taken to be ¥® or X, However,
inclusion of the all-orders correlation potential for the full
El matrix elements significantly improves the theory re-
sult; with fitting included in both approaches, however, the
difference between the results is very much reduced. For
evaluation of the all-orders correlation potential, we use the
Feynman diagram approach. Three classes of diagrams are
included to all-orders in the Coulomb interaction: screening
of the Coulomb interaction by the core electrons [45], the
hole-particle interaction inside hole-particle loops [46], and
chaining of the correlation potential [44,47]. For more detail
about the all-orders correlation potential method, we refer the
reader to the references above or to the review [24].

D. Other many-body corrections to E1 amplitudes

In our high-precision calculations of the full E1 ampli-
tudes, we include several other many-body corrections that
enter at the level of a fraction of a percent. One of these is the
Breit correction, which accounts for magnetic and retardation
corrections to the electron-electron Coulomb interaction. The
Breit interaction between electrons i and j is given by

1 (o - rij)(atj - 1ij)
h = _2—(ui.aj+% , @D
rij

rij

where r;; = r; —r;. The Breit interaction is included in the
RHF and TDHF equations, and the self-consistent solutions
are used to form the second-order correlation potential; see,
e.g., Ref. [48].

A further many-body correction arises from diagrams cor-
responding to an external field (El field) acting on internal
lines of the second-order correlation potential, termed struc-
tural radiation. At the same (third-order) level of perturbation
theory, there is another correction that arises due to the change
in the normalization of states. We include both structural
radiation and normalization of states corrections in our cal-
culations of all-orders E1 amplitudes; we refer the reader to
Refs. [49,50] for more details.

IV. QED RESULTS

We present our results for QED corrections to E1 am-
plitudes in three tables, highlighting the contributions of
different many-body effects: first, we show the effect of taking
account of core relaxation, which is demonstrated for s — p
and p — d transitions for francium (Table II); then we show
a detailed account of the many-body contributions to QED—
core relaxation, core polarization, second-order valence-core
correlations, and fitted second-order correlations—for cesium
(Table III); and, finally, we present our final QED results for
the other systems considered in this work, Rb, Sr*, Ba™, Fr,
and Ra* (Table IV).
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TABLE II. Vacuum polarization (8vp), self-energy (dsg), and to-
tal QED (8qep) corrections to E1 matrix elements in Fr. Results in
the frozen RHF potential (RHF,) and with core relaxation included
(RHF) are given. Corrections are to the absolute values of the lowest-
order El reduced matrix elements, |z,|, in the RHF approximation.
Units: |e|ag.

RHF, (10-%) RHF (10-%)
a b |Zan| dvp dse  Sgep O dse  Sqep
Tsip Tpip 5144 —207 904 7.00 —228 9.06 6.82
Tp3pn  7.090 —3.40 14.38 11.04 —3.82 1470 10.94
6ds;, Tpi, 9222 —0.19 0.67 048 040 —-3.54 -3.14
Tps;, 4283 0.00 022 022 035 —-206 —1.72

6ds;, Tpsp 12.804 —0.01 127 126 077 —5.09 —4.32

In Table II, we show the effect of core relaxation for s — p
and p — d transitions of Fr. The calculations are performed
at the RHF level of approximation. In the first instance, no
QED corrections are included in the core; this is denoted
by RHFj in the table. In the second case, the radiative po-
tential is added to the Hamiltonian from the beginning, that
is, including for the core states; we denote this by RHF in
the table. We present the results for vacuum polarization and
self-energy separately and together. As is to be expected from
consideration of the QED radiative corrections to the energies

TABLE III. Absolute QED radiative corrections qggp to E1 am-
plitudes for Cs in different approximations. Relativistic Hartree-Fock
in the frozen potential “RHF,”, with core relaxation included “RHF”,
with core polarization “+8Vg,”, with second-order correlation po-
tential “+X®”, and with fitted second-order correlation potential
“+AX @7 The absolute values of the E1 reduced matrix elements
|za| are included for reference, in both RHF and A X approxima-
tions. Units: |e|ay.

|Zas | Sqep (107%)
a b RHF AX® RHF, RHF +6Vy +3@ +iz®

6512 6p1p, 528 450 312 326 334 351 3.49
Tpi, 037 027 =212 -250 —-241 -229 -2.35
6psn 743 633 459 480 493 520 5.17
Tp3pp 0.69  0.56 —2.51 —2.94 —-2.82 —2.55 -2.65

Ts12 6p1p 441 427 =376 —459 —4.44 —445 —4.48
Tpip 11.01 1030 640 691 6.88 7.19 7.14

6p3n  6.67 652 —475 —-577 556 —542 549
Tp3;, 1534 1431  9.19 990 9.86 10.29 10.23
6p1p Sdzn 898 7.04 —0.04 —1.90 —1.83 —2.89 -2.81

6ds;, 262 425 038 316 3.06 3.11 3.27
6p3;n 5d3pn 406 317  0.04 —-0.83 —-0.78 —1.33 —1.29
6ds, 134 210 039 172 1.67 1.77 1.83
5ds;, 1219  9.69 040 -2.23 -2.10 -3.32 -3.20
6ds;, 4.02 6.15 054 463 448 454 470

Tpiy2 Sd3p,  4.04 207 —0.34 —3.32 -331 -333 349
6ds;, 19.62 18.01 0.03 —-1.85 —1.81 -3.11 -3.03
Tp3pp 5d3p 169 082 —0.30 —1.64 —1.64 —1.59 —1.68
6d;,, 8.86 8.08 0.10 —0.83 —0.80 —1.53 —1.48
S5ds;, 5.02 264 —031 —449 —449 —420 —445
6ds, 26.61 2438 0.60 —2.18 —2.11 =376 -3.67

[2,4,5], the self-energy corrections dominate and the vacuum
polarization corrections are significantly smaller and of oppo-
site sign. The effect of core relaxation on the s — p transitions
is relatively small. However, the core relaxation correction is
very important for the p — d transitions, changing the sign
of the QED correction and increasing its size by up to an
order of magnitude. It is worth noting that the core relaxation
effect is seen in most cases to be larger for the (§-function-
like) Uehling potential (vacuum polarization) than for the
longer-range self-energy. The importance of accounting for
core relaxation in the QED corrections to the energies is well
established; see, e.g., Refs. [2,4,5,40]. The core relaxation cor-
rections arise mostly due to QED perturbation of the s states
within the atomic core, influencing the non-s states through
the Coulomb interaction. The radiative potential accurately
accounts for these corrections arising from QED perturbation
of the s orbitals, as we saw in Sec. II, Table I.

In Table III, we present QED corrections to s — p and
p — d E1 matrix elements for Cs, showing the effect of taking
account of many-body effects at different levels of approxi-
mation. At each level of approximation, the QED correction is
found as the difference between the result obtained with and
without the radiative potential. We present lowest-order re-
sults |z,p| for two approximations of particular interest: (1) at
the RHF level and (2) with core polarization and fitted second-
order correlation corrections, which we denote as AX @ in the
table. We present the magnitude of these values, and the signs
of the QED corrections are taken to be relative to these. Across
all transitions considered for cesium, we see that the effect of
core relaxation is to increase the size of the QED correction.
For the s — p transitions, this increase ranges from ~1% to
~10%. For the p — d transitions, as we saw for francium, the
account of core relaxation entirely determines the sign and
size of the correction, which is produced due to QED pertur-
bation of the core s states. The core relaxation corrections to
the p — d transitions are so significant that the values reach
the same order of magnitude as the QED corrections for s — p
matrix elements.

It is seen from Table III that taking account of core
polarization—the electric dipole field acting on the core
orbitals—has essentially no effect on the QED corrections.
Also of limited influence is the scaling of the correlation
potential, mimicking the account of higher-order correlation
corrections. What is important, however, is the account of
correlations in the first instance. It is seen that when the
correlation potential is taken into account, the QED correc-
tions change by as much as a factor of two for some of
the p — d matrix elements, while the s — p matrix elements
hardly change. The correlation corrections for d states are
very large: for the energies, the corrections may be ~25%
(see, e.g., Ref. [51]), and for the E1 matrix elements, it can
be seen from the table that in some cases they are as much as
50%. The effect of taking account of the correlation potential
is to pull the valence wave functions in closer to the nucleus.
The likely explanation for the increase in the size of the QED
corrections is the increased overlap of the d states with the
core s states.

Therefore, we have seen that the most important many-
body corrections to consider are core relaxation and taking
account of core-valence correlations, with the former the most
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TABLE IV. Reduced E1 matrix elements and QED radiative corrections for Rb, Sr*, Ba®t, Fr, and Ra™ in different approximations. The
absolute values of the E1 reduced matrix elements in both the RHF and the fitted second-order correlation potential (‘A X®’) approximations
are included. The absolute QED correction in the fitted second-order correlation potential approximation is included for each atom under
“8qep”. The ground-state principal quantum number n = 5 for Rb and St*, n = 6 for Ba™, and n = 7 for Fr and Ra*. Units: |e|ao.

Rb Srt Ba®t Fr Ra™

a b RHF AX® 8gsp RHF AZ® 6oy RHF AX® Sopp RHE AS® dgep RHF A% S
(107) (107 (1079 (1079) (107%)

nsi2 npi, 482 424 193 348 307 113 389 332 205 514 428 652 388 323 380
(n+1Dpip, 038 032 —-120 007 004 113 0.07 009 213 046 029 -395 0.13 0.07 3.62

nps 6.80 598 277 492 434 1.66 548 4.68 3.14 7.09 589 1055 534 448 6.57

(n+1)p3p 061 052 -147 0.6 001 —-139 026 004 -243 1.10 0.89 -324 063 036 —3.26

(n+Dsip npip 426 4.16 —242 238 235 —1.76 255 251 -320 453 427 -749 264 255 -525
(n+Dpip 1029 972 405 681 653 219 739 7.02 3.87 1078 10.08 13.09 737 697 7.08

np3 6.19 6.07 —-3.02 350 347 —-220 396 390 -394 774 751 —-9.06 481 4.69 —-6.47

(n+1)p3p 1446 13.64 564 958 918 3.10 1031 9.78 571 14.43 1333 20.63 9.88 932 11.93

npi (n—1ds;, 9.05 803 —-0.57 373 3.11 —-0.68 375 3.07 —1.26 922 723 -525 445 356 —2.99
nds 024 134 078 433 430 029 514 490 053 196 349 797 453 436 256
nps; (n—1)ds, 408 3.63 —-0.19 166 138 —-033 1.64 134 —-063 428 333 -2.82 188 151 —1.56
nds ) 0.16 0.66 049 200 198 026 245 234 047 138 217 427 249 241 1.43

(n—1)ds;, 1224 1089 —0.51 5.00 4.19 -0.84 5.00 4.13 —156 1280 10.24 —-639 586 4.83 —-3.73
nds;y 049 197 131 59 592 066 725 693 122 425 6.18 1031 725 699 3.76
(n+Dpipp n—ds, 673 522 —099 003 005 028 035 025 040 463 257 -879 0.11 001 1.70
nds 18.70 1820 —049 9.09 858 —0.85 9.19 8.67 —1.65 19.83 1836 —4.71 10.21 9.57 —4.07
(n+Dp3p (n—1Dds, 296 228 —-056 0.03 004 015 019 0.14 020 169 080 -3.73 0.17 0.13 0.60
nds ) 8.44 820 —-0.09 4.04 381 —045 4.02 378 —093 9.18 835 —3.24 433 4.04 -—-2.38
(n—1)ds,, 883 683 —152 008 0.11 042 054 042 057 487 261 -929 046 034 172
nds;y 2534 2462 —-0.25 12.16 1148 —1.15 12.22 11.52 —-2.29 27.56 2536 —7.12 1337 12.57 —5.62

significant. These corrections determine the sign and magni-
tude of the QED corrections for p — d matrix elements, while
they have far less influence on the QED corrections for s — p
matrix elements. Still, what we see for the considered transi-
tions in cesium is that taking account of many-body effects
can change the QED corrections to s — p matrix elements by
as much as 20%.

In Table IV, we present reduced E1 matrix elements and
QED corrections for s — p and p — d transitions for the re-
maining atoms and ions considered in this work. Here, we
present three results for each transition: the E1 matrix ele-
ments at the RHF and “AX®)” approximations, and the total
QED correction to the E1 matrix elements including all many-
body effects that were considered for cesium in Table III. (The
QED results in Table IV are evaluated at the same level of
approximation as those in the final column of Table III.) As we
saw for cesium, taking account of core relaxation changes the
size of the effect by ~10% for s — p transitions, ranging from
just a fraction of a percent, e.g., for the 85 — 8py, transition
in Ra™, through to corrections of typically about 20% for
ns — (n+ 1)pand (n + 1)s — np transitions for all considered
systems.

Indeed, for s — p transitions with a change in principal
quantum number, the overlap of the wave functions is reduced,
and the E1 matrix elements are significantly smaller than in
the case of transitions with the same n. However, there is
no reason for suppression of the absolute QED corrections
to these matrix elements. Therefore, it would be expected
that the relative size of the QED corrections in these cases
is enhanced. This is what we observe. We also see that the

QED corrections for s — p matrix elements with a change in
n are more sensitive to the account of many-body effects, in
particular to core relaxation. This is consistent with the results
for cesium.

For the p — d transitions, taking account of core relax-
ation changes the magnitude and often the sign of the QED
corrections, as we saw for cesium. Without taking account
of the many-body effects, the QED corrections to the p — d
matrix elements are typically an order of magnitude smaller
than those for s — p transitions (in absolute units). Expressed
as relative corrections, they are usually smaller still for p — d
transitions, due to the large lowest-order E1 matrix elements
that are typical. However, there are exceptions, particularly
when the transition is between states with a change of 2 in
principal quantum number n, with a correspondingly small
lowest-order amplitude. This is the case, for instance, for the
8p — 6d transitions in Ra™, where the relative corrections are
as large as, or several times larger than, the corrections for the
7s — 7Tp transition.

With taking account of many-body effects in the QED
contributions, we observe that the absolute QED corrections
for s — p and p — d transitions vary by only up to an order
of magnitude across each atom or ion. As we would expect,
we see that the absolute size of the corrections increases with
nuclear charge Z, and is smaller for the neighboring ions. The
magnitude of the lowest-order values, on the other hand, is
very similar for all considered neutral atoms, and tends to
be smaller for the ions. The largest relative QED corrections,
therefore, are seen generally for the heavier and more ionized
systems.
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TABLE V. Final QED corrections dggp and total theory values
“Theory” for E1 reduced matrix elements between states a and b
alongside experimental values “Expt.”” Deviations A from experi-
mental central values are given in the two final columns as absolute
and percentage differences. Instances where |8qgp| is larger than |A|
are shown in italics. Dagger (") indicates that the deviation is within
the experimental uncertainty. Units: |e|ay.

a b 8QED Theory Expt. A A (%)
Rb
S5s12 6p1, —0.0012 0.3232 0.3235(9)*  —0.0003 —0.17
6p3, —0.0015 0.5256 0.5230(8)* 0.0026 0.5
Cs
6512 6pip 0.0034 4.5052 4.5057(16)> —0.0005 —0.017
Tpi, —0.0023 02776 0.2781(4)° —0.0005 —0.2
6p3)2 0.0051 6.3402 6.3398(22)" 0.0004  0.017
Tp3p —0.0026 05741 0.5742(6)° —0.0001 —0.017
Ts12 6p1p —0.0044  4.2389 4.249(4)4 —0.010 -0.2
6p3» —0.0054 6.4740 6.489(5)¢ —-0.015 -0.2
Ba*
6512 6pip 0.0020 3.3214 3.3251(21)¢ —-0.0037 —0.1
6p32 0.0031 4.6886 4.7017(27)¢ —0.0131 —-0.3
Fr
Tsip Tpip 0.0064 4.2895 4.277(8)" 0.013 0.3
p3)2 0.0105 5.9065 5.898(15) 0.009 0.1
Ra*
Tsi2 Tpsp 0.0065 4.4827 4.484(13)2 —0.001 —0.027
6ds;, Tpspn —0.0038 47880 4.788(14)¢ 0.001 0.02f

aRef. [52]; PRef. [53] (average of data from Refs. [54-64]);
°Ref. [65]; IRef. [66]; °Ref. [67]; Ref. [68]; SRef. [69].

V. HIGH-PRECISION E1 AMPLITUDES

In this section, we present our results of full all-orders
evaluation of E1 matrix elements, taking into account all
many-body corrections described in Sec. III, and we highlight
the contribution of the QED corrections to the amplitudes. We
consider those transitions for which there are high-precision
experimental data available to compare with, and which have
relatively significant QED corrections (=0.1%).

Our results are shown in Table V. The values under the
heading “Theory” are our final results, which include the QED
corrections explicitly given under the heading “Sqrp”. These
theory results were found in the all-orders correlation poten-
tial method, with the final correlation potential corresponding
to the fitted all-orders A X(°®, and with Breit correction, struc-
tural radiation, and normalization of states included. The QED
values in this table are slightly different from those presented
in the earlier tables, Tables III and IV. This is because the
QED corrections have been found with taking account of the
higher-order correlation corrections; see Eq. (9). We refer the
reader to Sec. III for more information about the approach;
a more detailed description of the method, along with results
spanning many more transitions, can be found in Ref. [70].

In the remaining three columns of Table V, we present
the experimentally determined E1 matrix elements and the

deviations between our results and experiment (in absolute
units and as a percentage). For all considered cases, the de-
viations are within several 0.1%. And, in fact, for most cases,
the deviation is only 0.1% or less. This level of agreement
for high-precision many-body calculations for heavy atoms
and ions is unprecedented. The account of QED corrections,
while small, makes a meaningful contribution to the final
many-body results in several instances. Those cases for which
the size of the QED correction exceeds the deviation of the
final theory result from experiment are indicated in italics.
Notably, this includes four transitions in cesium, 6s — 6p and
6s — 7p; it is worth mentioning that these transitions are par-
ticularly important for the calculation of the cesium atomic
parity violating amplitude [17-19]. This demonstrates that
high-precision many-body atomic calculations have reached
the level of precision where QED contributions are important.

We note that while the deviations of the theory values from
experiment give an indication of the accuracy of atomic many-
body methods, it is also possible to assign reliable estimates
for the uncertainty of the theory calculations from first princi-
ples. This is studied at great length in our paper [70], where
a detailed survey of theoretical and experimental E1 matrix
elements is carried out, and a robust estimate for the theory
uncertainty for the all-orders correlation potential method is
proposed and tested.

VI. CONCLUSION

We have used the radiative potential method to carry out
a detailed study of the combination of QED and many-body
effects for electric dipole matrix elements. From comparison
with rigorous QED, we have found that the radiative poten-
tial method can be used to evaluate corrections to E1 matrix
elements for heavy atoms with an accuracy of about 25% or
better for most atoms. Our study of the influence of many-
body effects shows that taking account of core relaxation and
valence-core electron correlations is particularly important
and can change the QED correction by an order of magnitude.
For transitions with a change in principal quantum number,
the relative QED corrections may be large and they could be
exploited to test QED in heavy atoms. We have also performed
all-orders many-body calculations for full E1 matrix elements.
Comparison with experiment shows that the calculations of
El matrix elements have reached the level of about 0.1%
uncertainty. There are several transitions for which the QED
contribution is larger than the deviation of the calculated El
matrix element from experiment. That is, atomic theory has
reached the level of precision where the QED corrections to
E1 amplitudes may be resolved in heavy-atom experiments.
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