PHYSICAL REVIEW A 97, 052509 (2018)

Editors’ Suggestion
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The two-loop self-energy correction to the Lamb shift of hydrogenlike ions is calculated for the 1s, 2s, and
2p), states and nuclear charge numbers Z = 30—100. The calculation is performed to all orders in the nuclear
binding strength parameter Z«. As compared to previous calculations of this correction, numerical accuracy is
improved by an order of magnitude and the region of the nuclear charges is extended. An analysis of the Z
dependence of the obtained results demonstrates their consistency with the known Za-expansion coefficients.
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I. INTRODUCTION

Theoretical and experimental investigations of the Lamb
shift in atomic systems provide stringent tests of the bound-
state quantum electrodynamics (QED) through the first two
orders in the fine-structure constant « and to all orders in
the nuclear binding strength parameter Z« (where Z is the
nuclear charge number) [1,2]. The main factors presently
limiting our theoretical understanding of the Lamb shift in
hydrogenlike atoms are [3] the binding two-loop QED effects
and, in particular, the two-loop self-energy. Accurate treatment
of the two-loop effects is crucial for an adequate comparison of
theory and experiment along the whole range of nuclear charge
numbers, from hydrogen [4] to uranium [5,6].

The two-loop QED effects were extensively investigated
during the last decades, both within the method based on
the Za expansion [7-10] and also within the all-order (in
Za) approach [11-15]. Despite significant progress achieved
in these studies, at least two important issues remain to be
solved. The first is that the extrapolation of the all-order
results [15,16] for the 1s two-loop self-energy towards Z — 0
is only barely consistent with the Zo expansion results [8].
The associated uncertainty is presently the largest theoretical
error for the hydrogen Lamb shift [17]. In the foreseeable
future (once the proton charge radius puzzle [18] is solved),
this error will define the uncertainty of the Rydberg constant,
which is determined [17] from the hydrogen spectroscopy. The
second issue is that the calculation of Ref. [13] of the two-loop
self-energy for the n = 2 states was performed only for several
ions with Z > 60. An extension of these calculations towards
lower values of Z is needed.

In the present work, we report a calculation of the two-
loop self-energy correction for the 1s, 2s, and 2p;, states of
hydrogenlike ions. As compared to previous calculations, we
enhance the numerical accuracy by an order of magnitude and
extend calculations for the n = 2 states to lower values of Z,
down to Z = 30. We also present a detailed description of the
method of calculation, as developed during two decades of
our work on this problem. In our 2003 paper [19], we already
reported a detailed analysis of the two-loop self-energy and
described the basic scheme of the calculation to all orders in
Zo. The problem in hand is rather complex and its complete
description would be unnecessarily long; for this reason, in the
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present work, we will concentrate mainly on recent features of
the calculational method and only sketch the parts that can be
found in Ref. [19].

In the present work, we will use the Feynman gauge for
the photon propagator since this will make formulas more
compact. The actual calculation will be performed for the
point distribution of the nuclear charge, although the general
analysis will be valid for other nuclear-charge distributions as
well. Notations and definitions used throughout the paper are
collected in Appendix A. Appendices B and C contain basic
notations and formulas for the operator of the electron-electron
interaction and the one-loop self-energy, which are essential
for this work. We use the relativistic units (4 = ¢ = 1) and the
Heaviside charge units (@ = e?/4m, e < 0).

II. BASIC APPROACH

The two-loop self-energy correction is represented by Feyn-
man diagrams in Fig. 1. The corresponding formal expression
can be easily derived, e.g., by the two-time Green-function
method [2],

AEsgsg = AELAL + AEN + AEp + AE . (D

The first term in the right-hand side of Eq. (1) is the loop-after-
loop (LAL) correction induced by the irreducible (n # a) part
of the diagram in Fig. 1(a),

I55) 0o
AEaL = Z (aly E(&z)gln!nsly Y(eq)|a)

, 2)
n#a

where a denotes the reference state, the summation over n is
performed over the spectrum of the Dirac-Coulomb Hamil-
tonian, &, and ¢, are the Dirac-Coulomb energy eigenvalues
of the states a and n, respectively, and X(¢) = X(g) — dm is
the one-loop self-energy operator described in Appendix C.
The LAL correction can be evaluated by using generalizations
of approaches developed for the one-loop self-energy. Such
calculations were performed by several groups [20-22]. Since
this part of the calculation is relatively straightforward and well
established, it will not be described here.

The last three terms in the right-hand side of Eq. (1)
comprise the nontrivial part of the two-loop self-energy, which
is the main subject of the present work. The contribution of the
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FIG. 1. Two-loop self-energy diagrams. The double line denotes
the electron propagating in the binding Coulomb field of the nucleus.
The wavy lines denote virtual photons. Individual graphs are referred
to as (a) the loop-after-loop (LAL) diagram, (b) the overlapping
diagram, and (c) the nested diagram.

overlapping (O) diagram in Fig. 1(b) reads

AEy = Qia)? /

da)1 d(,()z / dx1 .. .dX4 D(a)l,x13)
Cr

x D(w2,%24) ¥i(x1) @) Geq — w1,%1,%2) @,
x G(eq — w1 — w2,%2,x3) " G(eq — w2,X3,%4)
X o' Y (x4), 3)

where x;; = |x; — x|, ¥,(x) is the reference-state wave func-
tion, D(w,x) is the scalar part of the photon propagator,
G(g,x;,x;) is the Dirac-Coulomb Green function (see Ap-
pendix A for notations and definitions), and C is the standard
Feynman integration contour. The contribution of the nested
(N) diagram in Fig. 1(c) is

AEy = Qia)* | dw;dw /dxl...dx4 D(w,x14)
Cr

x D(@2,%23) ¥i(x1) @, G(eg — w1,%1,%2) a1y
X G(gq — w1 — w2,X2,x3)” G(gq — w1,X3,X4)
x at P, (xg). (€]

The fourth term in Eq. (1) is the contribution of the reducible
(n = a) part of the diagram in Fig. 1(a),

0
AEq = AEsg <a|y°52<e) la), (5)

£=¢&q

where AEsg = (aly®S(eq)la) is the one-loop self-energy
correction described in Appendix C.

Equations (3)—(5) are only formal expressions and need to
be renormalized and reformulated in order to be made suitable
for a numerical evaluation. In particular, all ultraviolet (UV)
divergences should be regularized in a covariant way and
explicitly canceled. The main problem of the renormalization
originates from the fact that the UV divergences are usually
identified and canceled in momentum space, whereas the
Dirac-Coulomb Green function is known in the coordinate
space and, moreover, in the form of the partial-wave expansion
only. There are studies that perform the renormalization of the
bound-state QED corrections in coordinate space [23-26], but
they are restricted to the one-loop level so far.

In order to covariantly regularize and identify UV diver-
gences present in Egs. (3)-(5), we use the approach based on
the expansion of the Dirac-Coulomb Green function G in terms
of interactions with the binding Coulomb field V,

G =G +G"+G*"
=G"+69vG"+6%vcVvag, (6)

where G© is the free Dirac Green function.

In the case of the one-loop self-energy, the renormalization
approach is quite straightforward [27]. The UV divergences
are induced only by the first two terms of expansion (6). These
terms contain only the free Dirac Green function G© and are
evaluated in momentum space. The remainder does not contain
any UV divergences and is evaluated in coordinate space.

For the two-loop self-energy, the renormalization procedure
becomes more complicated, mainly because of the appearance
of mixed terms containing both the UV-divergent subgraphs
and the Dirac-Coulomb Green function. The two-loop renor-
malization procedure based on expansion (6) was first sketched
by Mallampalli and Sapirstein [28] and fully realized in our
investigations [19,29]. Following these studies, we split each of
the nested, overlapping, and reducible contributions in Eq. (1)
into three parts, which are termed as the M, P, and F terms,
correspondingly,

AEo = AEom+AEpp+ AEo F, @)
AENy = AEyy+AENp + AEN F, ®)
AEq = AErcd,M + AEred,P + AEred,F- (9)

The M terms are free from any UV divergences; they are
evaluated in coordinate space by using the partial-wave ex-
pansions of the Dirac-Coulomb Green functions. The F terms
contain only the free Dirac Green functions; they are evaluated
in momentum space, without any partial-wave expansions. The
P terms contain both the Dirac-Coulomb Green functions
and one-loop UV-divergent subgraphs. They are evaluated
in the mixed representation: the UV-divergent subgraphs are
treated in momentum space, whereas the Dirac-Coulomb
Green functions are represented as a Fourier transform over
one of the radial variables.

It is convenient to group the M, P, and F terms together,
thus representing the two-loop self-energy correction as

AEsgsg = AELAL + AEy + AEp + AEP, (10)

Re(w)

FIG. 2. The integration contour C; g in the complex w plane. The
branch cuts of the photon propagator are shown with the dashed green
line. The poles and the branch cuts of the electron propagator are
shown by dots and the blue dash-dotted line. The poles and branch cuts
are shown for the case of the one-loop self-energy of an excited state.
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where
AEy =AEou+ AEn y+ AEred u, (11)
AEp =AEpp+ AENp+ AEred.p, (12)
AEr = AEo r+ AENF + AEq F. (13)

The exact definitions of the M, P, and F terms are given in
the next three sections.

In our previous investigation [19], we presented a detailed
analysis of the divergences arising in individual contributions
in Egs. (11)—(13) and demonstrated their cancellation. In the
present work, we will rely on that analysis and assume all
UV divergences in individual contributions to be renormalized,
i.e., divergent terms ~1/€ and ~1/€? in D = 4 — 2¢ dimen-
sions will be dropped out. The reference-state infrared (IR)
divergences will be removed from each individual contribution
by IR subtractions. The net effect of all IR subtractions is

J

zero, which follows from the analysis of Ref. [19]. So, in our
present formulation, each of the individual contributions in the
right-hand side of Eqs. (11)—(13) is finite. This fact will greatly
simplify the following description.

1. M TERM

The nested, overlapping, and reducible M terms are ob-
tained from Egs. (3)-(5) by applying subtractions that remove
all UV and reference-state IR divergences. Each of these
terms in turn will be discussed in the next three sections. In
order to keep formulas compact, we will have to repeatedly
switch between the Green-function form and the spectral
representation of the electron propagators.

A. Nested M term
The nested M term is given by

{(anz|I(w1)|n1a)(nina |l (wy)|nons)

. 2
AEN’M = <l—> / da)1 da)z Z
) Je, (e — 1 — ) (60 — 01 — @2 — £1,) (e

ninans

(a'ny|I(w2)|n2a”)

w) — 8}’!3)

1
— 2 lad"ll@)la'a)

L arar ny

where [ (w) is the operator of the electron-electron interaction
defined in Appendix B, the summation over n; is performed
over the complete Dirac spectrum, and intermediate states a’
and a” differ from the reference state a only by the momentum
projection. The first term in the brackets in the above formula
is the unsubtracted nested contribution given by Eq. (4). The
second term in brackets is the IR subtraction that cancels the
reference-state IR divergence present in the first term. The third
term in the brackets is the UV subtraction that is schematically
represented by the following substitution (to be applied both
to the first and second terms in the brackets):

Gatoy = 3 22

np

- G$ (), (15)

n2

where G")(¢) is the Dirac Green function containing two
and more interactions with the binding Coulomb field (see
Appendix A for the exact definition).

The IR divergence in the unsubtracted nested contribution
was discussed in detail in Ref. [19]. It was shown that it appears
in the limit w; — 0 when both the n; and n3 intermediate
states are degenerate in energy with the reference state a,

J

Eq — Wy — &y,

— UV subtraction:|, (14)

(

&n, = &n, = &,. We now add that the divergences arise only
when the n| and 3 intermediate states have the same parity as
the reference state a. In particular, for the a = 2s reference
state, the contribution of the ny = n3 = 2p;,, intermediate
states is IR finite since the radial integrals in the numerator
vanish in the limit @; — 0 due to orthogonality of the wave
functions. Therefore, the IR divergences originate from the
intermediate states n; = a’ and n, = a” that may differ from
the reference state a only by the momentum projection (11, and
Iar, respectively). Hence, the sum over a’ and a” in Eq. (14)
is actually the sum over all possible values of u, and .

In order to bring Eq. (14) to a form suitable for a numerical
evaluation, we need to sum over the magnetic substates,
perform integrations over the angular variables, and deform
the contour of the w; and w, integrations. In the present work,
we use the same integration contour C g as for the one-loop
self-energy, described in Appendix C and shown in Fig. 2. This
contour is similar to the one introduced by Mohr in Ref. [30]
but differs in details. The fact that we can deform the original
contour Cr to Cppg in the two-loop self-energy follows from
the analysis presented in Appendix B of Ref. [19]. The resulting
expression for the nested M term is

(=) Xy Ry (w1,anznia) Ry, (wr,ninanons)

N
i
AEyy=|— doyd E
o <27T> /CLH “ree

nynyny (8(1 — W — Sn])(ga — W —wy — 8;12)(5a — W — ‘9113)

J1da

Z (="' Rj,(w),aaaa) Z (=274t Ry (wr,ananza)
Ji

0} 2ja+ 1?2

l’lz.]z

— UV subtraction |, (16)
Eq — W2 — &y,
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where R;(w,abcd) is the relativistic generalization of the Slater radial integral (see Appendix B), Xy is the angular coefficient
given by
— J27Ja
Xy = ( D %“ , a7
2ja+D2ji+ 1

Jj denotes the total angular momentum, and « is the relativistic angular quantum number of the corresponding electron state.

The expression (16) is finite and can be evaluated numerically as it stands. For the convenience of the numerical computation,
however, we divide it in three parts and evaluate each of them separately. First, we single out the contribution with n; = n; =
n3 = a from the first term in brackets of Eq. (16), together with the corresponding part (n, = a) of the IR subtraction term. The
sum of them is finite but nearly divergent. It can be transformed to a more regular form by performing the integrations over w;
and w», as illustrated in Sec. 1.3 of Ref. [19]. The result is

NMa = - m E ,aaaa m E - ,aaaa) |.
M (2ja 1)2 m? 0 L kika (ki + k2) 7, A R

J2

Second, we separate the contribution with n; = n3 = a (but n, # a) from the first term in brackets of Eq. (16), together with
the remaining part (n, # a) of the IR subtraction term, and the corresponding part of the UV subtractions. Combining them
together, we obtain

EN) 7
i (—1)""R; (w;,aaaa) o
AEyy;=|— doydwy | Y ' > (=PI R

v <2n> fc orden| L e &Y lonanaaa)
1

]

1 1
X < — ) — UV subtraction |. (19)
Eq — W] — W2 — &p, Eq — W2 — &y,

This part yields the dominant numerical contribution in the low-Z region, but is relatively simple to evaluate and contains
only one partial-wave summation. Finally, the remainder of Eq. (16) is denoted as AEy s and is evaluated separately. This
part contains two partial-wave summations and its computation is rather complicated and time consuming. The advantage of
separately evaluating A Ey u , is that it does not suffer (too much) from numerical cancellations occurring in the low-Z region.

B. Overlapping M term

The overlapping M term can be written as

i \? (ans|I(w))|nyns) (nns| I (w))|naa)
AEom = <—> f dw) dw, Z e — UV subtractions |,  (20)
21 Cr (Sa — wi _gm)(‘ga —wi _w2_8n2)(8a _a)Z_Eng)

ninanj

where the first term in the brackets is the unsubtracted overlapping contribution as given by Eq. (3) and the UV subtractions are
schematically represented by

G1G,G3 — G1G,G3—G1GYGY —GV6VG3 +GV6V6Y — V66 21)

Here, the index of G corresponds to the index of n in Eq. (20), i.e., G;(¢) = Zni |ni)(nil/(e — &x,).
Summing over the magnetic substates, performing integrations over the angular variables, and deforming the integration
contour of the w; and w, integrations, we obtain

ia\’ X" Ry, (w1,ananns) Ry, (w2,n1n3n2a) .
AEom = | dw; dw, Z — UV subtractions |, (22)
27 Cru nimany (Sa s 8n1)(€a — W) — Wy — 8n2)(8a —wy — 8}13)
172

[
where integrations over w; and w, (see Sec. 1.3 of Ref. [19]), with
)it (§, ] ; the result
e |
Ja + 1 Ja N J3
1
kiky (ki + k2)

X Z Xé‘ JzIm[RJl (k1,aaaa)]Im[ R, (ky,aaaa)].

Equation (22) is finite and can be evaluated numerically as
it stands. For the convenience of the numerical computation,
however, we separate it in several parts and evaluate them

052 [}
AEO,M,a = _;/ dk dk,
0

separately.
First, we single out the contribution with ny = ny, = n3 = Ji2
a and transform it to a more regular form by evaluating the 24)
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TABLE I. Numerical results for the M contribution A E),, in terms of the dimensionless function F(Z«) defined in Eq. (61).

Z AEcam AEN M,ita AEN m.r AEo Mita AEw.0. Total

s

30 —1.8191 47.4262 —1.3817 (7) —58.7732 (6) —0.922 (2) —15.470 (2)
40 —1.1463 23.4198 —0.8725 (2) —29.1977 (2) —0.458 (2) —8.255(2)
50 —0.7824 13.4215 (1) —0.623 (1) —16.7579 (1) —0.261 (1) —5.003 (2)
60 —0.5649 8.4658 —0.480 (1) —10.5993 (1) —0.161 (1) —3.339 (2)
70 —0.4242 5.7154 —0.394 (2) —7.2105 (1) —0.105 (1) 2418 (2)
83 —0.3023 3.7005 —0.322 (3) —4.7746 —0.0654 (8) —1.764 (3)
92 —0.2395 2.8545 —0.293 (2) —3.7871 —0.0499 (7) —1.515(2)
100 —0.1903 2.3260 —0.2775 (4) —3.2023 —0.0422 (3) —1.3864 (5)
2s

30 —1.9540 87.4704 (5) —7.305 (5) —135.761 (6) —6.27 (1) —63.82 (1)
40 —1.1141 44.4460 (2) —4.644 (2) —70.993 (4) —3.763 (5) —36.067 (6)
50 —0.6395 263102 (1) ~3.2972 (7) —42.716 (1) —2.478 (6) —22.820 (6)
60 —0.3443 17.2011 —2.5341 (6) —28.2078 (7) —1.732 (5) —15.617 (5)
70 —0.1451 12.0764 (1) —2.0778 (6) —19.9526 (4) —1.272 (1) —11.371 (1)
83 0.0391 8.2685 (1) —1.755 (2) —13.8108 (5) —0.896 (1) —8.154 (2)
92 0.1443 6.6512 —1.662 (1) —11.2475 (5) —0.727 (1) —6.842 (2)
100 0.2370 5.6372 —1.670 (1) —9.7065 (5) —0.620 (2) —6.122 (2)
2pip

30 0.0437 107.4798 (4) —3.696 (7) —144.371 (5) —7.137 (7) —47.68 (1)
40 0.0136 55.1287 (1) —2.439 (3) —76.167 (2) —4.275 (2) —27.739 (4)
50 —0.0034 32.9318 (1) —1.7497 (7) —46.1202 (3) —2.827 (2) —17.768 (2)
60 —0.0119 21.7304 —1.3278 (7) —30.5892 (2) —1.994 (2) —12.192 (2)
70 —0.0144 15.4027 (1) —1.0506 (7) —21.6861 (1) —1.466 (3) —8.814 (3)
83 —0.0111 10.6814 —0.8175 (7) —14.9849 (2) —1.015(3) —6.147 (3)
92 —0.0053 8.6696 —0.7146 (6) —12.1248 (2) —0.793 (2) —4.968 (2)
100 0.0027 7.4073 —0.6578 (9) —10.3424 (3) —0.634 (3) —4.224 (3)

Second, we separate out the part of A E j that is relatively
simple and contains only one partial-wave summation, but
yields the dominant numerical contribution in the low-Z
region, AEp y ;. We define it as a part of the right-hand
side of Eq. (22) with the following restrictions: k| = kg,
ky = Kk3, Ry, — ROC (where RJC is the Coulomb part of Rj),
and the symmetrical contribution with x| = k3, k3 = k,, and
Rj, — R§. The remaining part AEo ., contains two un-
bound partial-wave summations and is evaluated separately. Its
computations are the most complicated and time-consuming
part of the calculation of the M term.

C. Reducible M term
The reducible M term is given by

N {anl1@)ina)
AEwqm = AEsg ( 271) /c,,- d“)|:z (80 — 0 — &,)?

(ad'|l(w)|d'a) (aa|l(w)|aa)
B ; (—0))2 _Xa:(ga_w_ga)2j|’

(25)

where AEgg is the one-loop self-energy correction to the
energy (see Appendix C) and the summation over « is per-
formed over the spectrum of the free Dirac Hamiltonian. The
first term in the brackets of the above formula corresponds to
the unsubtracted reducible term of Eq. (5), the second term
is the IR subtraction, and the third term is the free-electron

(Z = 0) UV subtraction, GO(e) = Y |a)(a|/(e — &) Ex-
pression (25) can be evaluated after deforming the integration
contour Cr — Cpy. Its computation is relatively straight-
forward and was performed by adapting the general scheme
developed for the one-loop self-energy matrix element [31].

D. Numerical evaluation of M terms

The general scheme of our numerical computation of the
M terms was described in detail in Ref. [19] and does not need
to be repeated here. We therefore will concentrate on recent
features of our computational method. One of the important
differences introduced in the present work was the choice of
the integration contour for the w; and w, integrations. We
now use the contour Cp g as described in Appendix C, which
has several advantages as compared to the standard Wick
rotation (w — iw) employed in Ref. [19]. First, by bending the
low-energy part of the contour into the complex plane, we avoid
the appearance of numerous pole terms, which significantly
simplifies the analysis in the case of excited states. Second, this
choice of the contour softens the infrared (small-w) behavior
of the integrand due to the appearance of sin(wrj;) from
the photon propagators, instead of exp(—wri;) for the Wick
rotation. Because of this, the integrand has a much more regular
behavior at small w; and (or) w,, which significantly simplifies
numerical integrations for low values of Z.

Calculations of the AEy p; and AEp y,; parts involve
only a single partial-wave expansion over the relativistic
angular momentum parameter «. It was extended up to
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|kmax] = 20—22 and the tail of the expansion was estimated
by fitting the expansion terms to the polynomials in 1/|«]|.

Calculations of AEy y, and AE¢ y ., involve a double
partial-wave expansion over k’s of two (out of the three)
electron propagators; we chose them to be «; and k3. An
important issue is the extrapolation of |k;| — oo and |k3| —
oo. Following Ref. [19], instead of calculating the matrix of
the partial-wave contributions X\, | |, and then extrapolating
it, we prefer to work with the matrix Y;,;,, where /| = ||«;| —
lk3|] = 0,1, .. .1isthe consecutive number of the subdiagonal in
the matrix X\ | ;) and o = (|kq| + k3] = 11)/2 =1,2,...1s
the consecutive number of the element in the /;th subdiagonal
of X|«,|,i;1- In our computations, we compute the elements of
the matrix Y;,;, up to (I1 max.l2,max) = (14,10) for Z = 30,40,
and 50, and (12,10) for higher values of Z. We note that for the
overlapping diagram, X\ ;] = X|us), ;> Which reduces the
number of matrix elements to be computed. The extrapolation
was performed in two steps. First, we extrapolate [, — oo by
fitting the expansion terms to the polynomials in 1//,. Second,
we extrapolate /; — oo in a similar way.

Numerical results for the M terms for the 1s, 2s, and 2p; »
states of hydrogenlike ions with Z = 30—100 are presented in
Table I. The results for the 1s state are in agreement with and
more accurate than our previous values reported in Ref. [16].
The results for the 2s and 2p;/, states extend our previous
calculations reported in Ref. [13] and improve their accuracy
by an order of magnitude.

IV. F TERM

The F term comprises a part of the UV subtraction terms
introduced in the M term, namely, those that contain zero
or one interaction with the binding Coulomb field in the
electron propagators. The corresponding Feynman diagrams
are shown in Fig. 3. There are no IR divergences in the F
term since the momenta of the initial and the final electron
state are off mass shell and the virtuality p = (m?> — p?)/m?* =
(m* — &2 + p?)/m? is strictly positive and never vanishes.

It is natural to separate the F term into the zero-potential
F part AEF ser0 (comprising two-loop diagrams with no
interactions with the Coulomb field in electron propagators),

AESEXQ

FIG. 3. Feynman diagrams contributing to the F' term. The single
line denotes the free electron, the double line denotes the bound
electron, the dashed line terminated by a cross denotes the interaction
with the Coulomb field of the nucleus.

the one-potential F' part AEF, o (comprising two-loop dia-
grams with one interaction with the Coulomb field in electron
propagators), and the reducible F part AEp r.q (containing
derivative of the one-loop diagram),

AEfp = AEl”,zero + AEF one + AEF,red« (26)

The zero-potential F term can be written as

d
AEr oo = f S )Y B 4) )

= (a|y022m rla), (27)

where p = (g, p) is the four-momentum of the bound electron
and E;ero r(p) is the UV-finite part of the free two-loop self-
energy operator E;ﬁﬂo( p). The separation of UV divergences
from the unrenormalized operator £2) (p) is performed by
working in D = 4 — 2¢ dimensions, expanding around € = 0
and identifying divergent 1/¢ and 1/€? terms. It was demon-

strated [19] that

O _sm® = (p—m) B(Z)

Zero

aC? o @
4”E ZR 4(p) + Ezero,R(p)’
(28)

where §m®@ is the two-loop mass counterterm, B®@ is the two-
loop renormalization constant

22 1 3
B =< — 12, 29
1672 2¢2 + 4e 29

C¢ is the two-loop prefactor
Y
Ce =T(1 +€) (47" (—2) , (30)
m

and 253;( p) is the UV-finite part of the free one-loop self-
energy operator in D = 4 dimensions. The derivation of the
UV-finite part of Zzem r(p) is discussed in detail in Ref. [19]
and will not be repeated here.

The one-potential F term is written as

AEF,one

_ dPl
= 2n )6 2ylp) v V@) B8 w(P1.p2) Va(py)

= (a|V y°s? pla), 31)

one, R

where p; = (&,p;) and p> = (&4,p,), 4 = p; — P, and
Z(ﬁ)e r is the UV-finite part of the two-loop vertex operator

>@ Tt was demonstrated [19] that

one*

Cf T 4(p1.p2) + Z2 w(p1,p2)
R4 1,P2 one, R P1,p2),
(32)

=2 (pr.p2) = y'L® + —< ym

where I'% ,(p1,p2) is the free one-loop vertex operator in
D=4 diniensions, and the two-loop renormalization constant
L® is related to B® by the Ward identity, L® = —B®_ The
derivation of the UV-finite two-loop vertex operator Eone r(P)
is discussed in detail in Ref. [19] and will not be repeated here.
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TABLEII. Numerical results for the F term A E ¢, in terms of the
dimensionless function F(Z«) defined in Eq. (61).

V4 AEF,zero AEF,one AEF,red Total

1s

30 24.66907 (3) —16.07999 (8) 36.13890 (1)  44.72798 (9)

40 11.61552 (1) —9.24107 (3) 17.13164 (1) 19.50609 (3)
50 6.87772 (1) —6.27573 (2) 9.42434 (1) 10.02633 (2)
60 4.66299 (1) —4.64818 (2) 5.70902 (1) 5.72383 (2)
70 3.44582 (1) —3.65961 (1) 3.71093 (1) 3.49714 (1)
83 2.54744 (1) —=2.92278 (1) 2.31342 (1) 1.93808 (2)
92 2.18316 (2) —2.67665 (1) 1.76914 (4) 1.27566 (5)
100 1.99368 (8) —2.63549 (3) 1.46677 (3) 0.82496 (9)
2s

30 90.7129 (2) —50.90661 (8) 93.50484 (2) 133.3111 (2)
40 39.54636 (4) —23.2332(2) 47.42563 (1) 63.7388 (2)
50 21.25492 (1) —13.56096 (7) 28.03112 (1) 35.72508 (8)
60 13.17901 (3) —9.28982 (6) 18.32256 (2) 22.21176 (6)
70 9.08349 (1) —7.12317(5) 12.89932 (3) 14.85964 (6)
83 6.34101 (1) —5.76042 (3) 8.94329 (3) 9.52387 (4)
92 5.32624 (3) —5.41592 (1) 7.33740 (3) 7.24773 (5)
100 4.8297 (2) —5.49624 (5) 6.41643 (5) 5.7499 (2)
2p1p

30 95.6913 (2) —46.6496 (3) 97.34783 (4) 146.3895 (3)
40 40.76330 (3) —20.2246 (1) 48.18244 (1) 68.7211 (2)
50 2148169 (2) —11.5546 (1) 27.72745(1) 37.65458 (8)

60 13.16105 (3)
70 9.05117 (2)

—7.88637 (5) 17.60679 (1)
—6.02972 (4) 12.00600 (2)

22.88147 (6)
15.02745 (5)

83 6.38819 (1) —4.75684 (3) 7.93045(1)  9.56180 (3)
92 543716 (1) —4.29107 (2) 6.24689 (1)  7.39297 (3)
100 4.98000 (2) —4.11006 (1) 5.22996 (1)  6.09990 (2)

Finally, the reducible F' term can be expressed as [19]

d
AEF red = AEsg (a]y° @2&1(1))

|a)
Pl=e,

gy 2 Ero®)

la)
4 de C.

e=0

_i(a|yoviF%,D(Pl’P2)

4 9 C. la), (33)

e=0

where AFEgg is the one-loop self-energy correction to the
energy. The second and third terms on the right-hand side of
the above equation contain matrix elements of the linearin € =
D — 4 parts of the one-loop operators 2§§”D and 'z p(p1,p2)
(see Egs. (248) and (256) of Ref. [19]): which yield finite
contributions when multiplied by divergent terms ~1/¢ from
3/(0p°)T}y ().

Our numerical approach to the calculation of the F term is
described in Ref. [19]. In the present work, we use the same
method so it does not need to be discussed here. The com-
putation is relatively straightforward but time consuming, in
particular for the one-potential contribution A E g, ope, Whichin-
volves a sevenfold integration to be performed numerically. As
compared to our previous work [19], we adjusted all numerical
integrations, employing the extended Gauss-log quadratures
[32] alongside the standard Gauss-Legendre quadratures, and
enhanced the numerical accuracy of the obtained results.

PHYSICAL REVIEW A 97, 052509 (2018)
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FIG. 4. Feynman diagrams contributing to the P term.

Our numerical results for the F term for the 1s,2s,and 2 py »
states of hydrogenlike ions with Z = 30—100 are presented in
Table II. The numerical accuracy of the listed values is high
enough so that it does not influence the total uncertainty of the
final results for the two-loop self-energy.

V. P TERM

The P term comprises the subtractions introduced in the
M term that contain two or more interactions with the binding
Coulomb field in the electron propagators. (We recall that the
subtractions with zero and one interactions with the Coulomb
field are already accounted for by the F term.) The Feynman
diagrams contributing to the P term are shown in Fig. 4.
The distinct feature of these diagrams is that they contain
both the bound-electron propagators and the UV-divergent
one-loop subgraphs (the free self-energy loop or the free
vertex subgraph). Since in our approach the isolation of UV
divergences is performed in momentum space, we have to
evaluate the one-loop subgraphs in momentum space. The
problem is that to treat the bound-electron propagator (i.e.,
the Dirac-Coulomb Green function) in momentum space as
well does not seem to be practically feasible.

Our solution [29] was to develop a method for computing
the Dirac-Coulomb Green function in the mixed coordinate-
momentum representation (i.e., one of the radial variables in
momentum space and the other radial variable in coordinate
space). By now, we developed two different numerical schemes
for doing this. In our early works [12,13,16,29], we used
the Fourier transformation of the discrete representation of
the spectrum of the Dirac-Coulomb Hamiltonian obtained by
the B-spline finite basis-set method [33,34]. This approach
is convenient for practical implementations but is plagued by
a slow convergence with respect to the size of the basis set,
which sets a limitation for the achievable numerical accuracy.
In our recent studies [15,35], we developed a more effective
solution of this problem, which involves a numerical Fourier
transformation of the analytical representation of the Dirac-
Coulomb Green function in terms of the Whittaker functions
[1]. This approach provides the Dirac-Coulomb Green function
in the mixed coordinate-momentum representation with a high
and controllable numerical precision so that the limiting factor
for the accuracy of the final results becomes the convergence
of the partial-wave expansion. In Refs. [15,35], this approach
was applied for the ground state only. In the present work,
we extend it to the excited states. This extension requires
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significant modifications of the calculational scheme, which
will be described next.

The contribution of Feynman diagrams shown in Fig. 4 is
conveniently represented as a sum of three parts,

AEp =AEyp1+ AEN P2+ AEg p, (34)
which are discussed in turn below.

J

A. The first nested P contribution

The first nested P contribution is represented by two nested
diagrams with the free self-energy loop subgraph, shown in
Figs. 4(a) and 4(b). The corresponding expression can be
written as [35]

_ i {anz|l(w)lma) (n1V]Seq — ) [Vna)  (aa"|l(w)laa) (a'V|S(eq) [Va")
AEN,P,I = 27‘[ e da){% (ga—a)—gnl)(sa—a)—snz) wz
(acz|I(w)|n1a) (n1|V]as) (a3 V] S(es — o) |az)
+2n§” O s—" } (35)

where the operator S is defined as

; (36)

pl=e

_ 1 o L
SE) = 2= T () =y

and 235” is renormalized free one-loop self-energy operator
in D = 4 dimensions [see Eq. (C4)]. The summations over
n; are performed over the spectrum of the Dirac-Coulomb
Hamiltonian, the summations over «; are performed over the
spectrum of the free Dirac Hamiltonian, and the states a’ and a”
denote the intermediate states that coincide with the reference
state a (i.e., kg = kg = k, and ny = ny = n,) except for
the momentum projections (¢, and p,, correspondingly).
Summations over the magnetic substates (in particular, over
Wq and ) are implicit. In Eq. (35), we introduced the special
notation |V n) for the product of the nuclear Coulomb potential
and the wave function. In coordinate space, it is just

V) = V) ¥u(x), (nVI=¢l@) V). (37

In momentum space, |Vn) is understood as a Fourier transform
of the product V (x) ,,(x). Matrix elements of S are assumed
to be evaluated in momentum space, whereas matrix operators
of the electron-electron interaction operator I (w) are assumed
to be evaluated in coordinate space.

The first term in the brackets in Eq. (35) corresponds to the
diagram in Fig. 4(a), the second term is the IR subtraction that
removes the reference-state IR divergence in the first term, and
the third term corresponds to the diagram in Fig. 4(b). We note

J

(

that the sum over o, in the third term Zaz lan) (ap| is the sum
over the complete set of functions; it is inserted artificially for
the convenience of representation.

In order to make Eq. (35) suitable for anumerical evaluation,
we deform the contour of the w integration from Cr to a new
contour in the complex @ plane. In our previous calculation
[35], we used the contour Cpgy described in Appendix C
with 8, = 0 (since only the ground state was considered in
there). In the present work, we perform calculations for excited
states. In this case, there are virtual intermediate states more
deeply bound than the reference state. They would cause
appearances of the first-order [~1/(§ — w)] and second-order
[~1/(8 — w)?] singularities on the low-energy part of the C; ;7
contour with §, = 0. In our evaluation of the M term, we
avoid such singularities by bending the low-energy part of the
contour in the complex plane (i.e., using §, > 0). For the P
term, however, we found the contour with §, > 0 to be too
difficult for a practical implementation. Instead, we prefer
to use the contour Cpp with 8, = 0, treat the double-pole
contributions separately, and handle the first-order singularities
by evaluating the principal value of the integral. Specifically,
we separate out the double-pole contributions n; =n; =n
with 0 < ¢, < &, and calculate them separately, using the
standard Wick rotation w — iw of the integration contour.

We thus write Eq. (35) as a sum of two parts, AEy p,; =
AEf p + AEJ , |, where the second part is the contribution
of the n; = n, = n states with 0 < ¢, < ¢, and the first part
is the remainder. The first term reads

(ad"|l(w)la'a) (a'V|S(ea) [Va")

a i (ans]l(w)|na) (n1V|S(eq — w) Vo)
AEf p | = E/c da){z -

(60 — 0 — &) (60 — ® — &0,) ®

niny

2

O<e,<e,

4 Z (acs|I(w)|n1a) (n|V]es) (a3 V] S(eq — o) o) Z

—C()—€a3)

nio03 (Sa - 8"‘)(8a

(an"|I(w)|n'a) ("' V| S(eq — ) |Vn") }

n (8a —w— 8/1)2

(38)

In the above formula, the states |n’) and |n”) have the same energy ¢,, = &,» = ¢, and quantum numbers «,, = k,» = k, and
n’ = n” = n,butdifferent values of the momentum projections, i, and u,, respectively. Summations over the magnetic substates
(including w,  and w,~) are implicit. The subtraction of the last term in the brackets removes all second-order singularities on
the low-energy part of the contour. The remaining first-order singularities [~1/(§ — w)] were handled by evaluating the principal
value of the integral numerically (by using integration quadratures symmetrical with respect to the position of the pole).
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The second part AE ]{’,, p.1 is the contribution of the ny = ny = n states with 0 < &, < &,. It is transformed by applying the
Wick rotation of the contour @ — iw and identifying the corresponding pole contributions. The result is

0<e,<é&,q

AE}XI,P,] = Z

n

[(an"ll(Aan)ln’a> (VIS (e)Vn") — (an"|I'(Aan)In'a) (n'V|S(e)|Vn")

T

1 /OO (an"|I(iw)|n'a) (W' V|S(e, — iw)|Vn")
— —Re dw -
0 (Agp — lw)2

], (39)

where A,, = ¢, — ¢, and I’ and S’ denote the derivatives over the energy argument.
In order to evaluate Egs. (38) and (39) numerically, we rewrite all sums over the Dirac spectrum in terms of the Green functions.
In particular, for the first term in the brackets in Eq. (38), we use the representation

Z [n1){(n1 VI S(E) |Vna)(ny]
(E - Enl)(E - 8112)

niny

where Gy denotes the (Fourier transform of the) product GV,

d
:/(2:)3 Gy(E.x1.p)S(E.p) Gy(E.p.x2). o)

Gy(e,x1,p) = /dxz e'P*2 Ge,x1,%2) V(x2), 41

Gy(e,p.x2) = /dxw*"”'x‘ Vix1) G(e,x1,x2). (42)

For the third term in the brackets in Eq. (38), we use the following representation:

Z In1)(n1]Vlas) (a3 VI S(E) o) (e
(E - Snl)(E - ‘9a3)

nioLo3

where G(VH) is the part of Gy with one and more Coulomb
interactions, Gy = G(‘e) + G(VH).

The main difficulty of the numerical evaluation of the P
term is that the computation of the Fourier transform of the
Dirac-Coulomb Green function is rather time consuming (since
itis done by evaluating the momentum integration numerically;
see Appendix A of Ref. [35] for details). The key idea is
to perform the radial integrations over x| and x, before the
integration over p. For a given value of p, we compute and store
the Fourier transform of the Dirac-Coulomb Green function for
all points of the radial x grid that are needed for computation
of the radial integrals. The scheme is described in detail in
Ref. [35].

A difficulty arises in the numerical evaluation of Eq. (43)
due to the presence of the free Green function GO(E, P,X2)
in the mixed momentum-coordinate representation. For large
values of p, GO(E,p,x,) is a strongly oscillating function

J

dp 1
= [ G OB S B ERGEp, @

(

of x,. Rapid oscillations cause the radial integration over x;
to converge slowly and require very dense integration grids.
We address this difficulty by noting that G(E, p,x) can
be expressed analytically in terms of the spherical Bessel
functions (see Appendix B of Ref. [35]) and thus the integral
over x; is essentially the Bessel transform of a relatively simple
function, which can be computed by the same method as the
Fourier transform of the Dirac-Coulomb Green function. By
using this approach, we were able to achieve a very good
stability of the radial integrations in our computations.

B. The second nested P contribution

The second nested P contribution is represented by nested
diagrams containing the free vertex subgraph. They are shown
in Figs. 4(c) and 4(d). The corresponding expression can be
written as [35]

(ad"|I(w)la'a) (a'V|G(ea) [Va")

AEy po = ’_/ dow {Z (any|l(w)|nya) (n V] G(e, — w) |Vny)
Cr

2m niny (Sa —(,()—Snl)(&‘a —(,()—Snz) C()2
+22 (aas| I (w)|n1a) (V| G(s, — w) |az) } w
nia; €a — W — &y,

where the operator G is defined as

1
G(&,p1,po) = Gi—m

1
V(@) TR(p1.p2) y°

; (45)

ﬁz—m 0_ 0

Pi=p,=¢

q = p, — P, V is the Coulomb potential, and T’ 12 is the time component of the renormalized free vertex operator in D = 4

dimensions [see Eq. (C5)].
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In principle, we could have evaluated Eq. (44) in full analogy with the scheme described for the first nested P term. Such
evaluation, however, would be much more time consuming since matrix elements of the operator G involve two momentum
integrations (over p; and p,) and are complicated by the (integrable) Coulomb singularity at ¢ = 0. In order to compute the
momentum integrations efficiently, it is desirable to separate out the Coulomb singularity. We achieve this by subtracting and
re-adding the vertex operator with the zero transferred momentum and performing one of the momentum integrations in the
separated contribution analytically. Specifically, we split the vertex operator into the regular (r) and irregular (i) parts with the
help of the Ward identity as

TR(p1,p2) = [TR(p1.p2) — A TR(P1.p1) — s TR(p2p) | + [ — 3 = (p1) - i 23?),(192)] =T (p1.p2) + T2(p1.p2),  (46)

where the prime denotes the derivative with respect to p°. The regular operator I'’(py, p,) vanishes at p; = p,, thus removing
the Coulomb singularity in the corresponding integral. In the irregular term, the Coulomb singularity is integrated out analytically
by using the the Dirac equation and the definition of the Green function. In particular, we make use of the identity

dp,
Qm) YE—y -p,—m
The next step is to deform the integration contour of the w integration, in full analogy with the procedure described for the

first nested P contribution, which splits the regular and the irregular terms into the a and b parts. In the result, the second nested
P contribution is written as a sum of four terms,

V(g) Gv(E,py.x2) = GYP(E, py.x2). (47)

AENpo= AE}r\}(,lP,Z + AE}‘\’]?P,Z + AE;}?P,Z + AE;;,I,’P’Z, (48)
where
N / d0]y (ana|I(@)|n1a) (11 V| Gr(ea — @) Vo) (ad"|I(w)|a'a) <a2’V| Gr(ea) [Va")
21 Jeu, — (ea — @ —&n,)(ea — 0 — &n,) w
O<eg,<e
(aco|l(@)n1a) (1 V] Gr(ea — ) laa) <~ {an”[[(@)n'a) (n'V|G,(eq — @) V")
2 J— B 49
* }“Xa; ga_w_gnl Xn: (8(1_60_811)2 ( )
O<e,<eg,
AEW = Y [(an”uman)mav (n'VIG.(e)IVR") — (an”|I'(Agy)n'a) (n' V|G, (e,)| V")
n
Lo /“’ Jo L1 G@In'a) (V] G (e = i) | V")) 50)
T 0 (g —iw — &,)?
ia i (ana| I(@)|nia) (ny|Vien) o] S5 (ea — ) [Vny)  (ad"|[()]a'a) (@'| £ (eq) |Va")
AENYM:—— dw Z — 5
27 Je,, ol (60 — 0 — &) (60 — @ — €0,) (€0 — @ — €n,) ®
/ 0<e, <84 / /
by el @ima) miVie eV 2R (e — @) o) Z (an" | L(@)|n'a) (n'| 2 (e, — @) [Vn")
e (60 — 0 — &) (6a — @ — €0,) (€0 — @ — £4,) - (84 — @ — &,)% ’
(51)
. O<e,<eg,
AEY,,=(=1) Y [<an”|1<Aan>|n’a> (' 128 ()| V") = (an”|I'(Aan)ln'a) (0|25 (en)| V")

L /°° o L @) a) | R ea — i) VA" ] 2

T 0 (6a —iw — ,)?

where G, (¢) is obtained from Eq. (45) by the substitution F%( p1,Dp2) —> I‘?( P1,p2). Out of the four terms in the right-hand side of

Eq. (48), only the first two contain two momentum integrations. They involve the operator G,, which is regular at p, = p,. The

last two terms in Eq. (48) contain one momentum integration, and their evaluation is similar to that for the first nested contribution.
For the numerical evaluation, we rewrite Eqgs. (49)—(52) in terms of the Green function, identifying, in particular,

ny){m vV
ZM = GV(nylvpl)’ (53)
E—Enl

ny

=GU(E.x\,p)). (54)

Z ) (ni| Vi) (o V|
(E — ep (E — &4,)

niay
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We checked that the expressions with and without the separation (46) give the results consistent with each other within the
estimated numerical error.

C. Overlapping P term
The overlapping P term is represented by the Feynman diagram in Fig. 4(e). The corresponding expression is written as [35]

dp, dI’z/ exp(—iq - z)
Q2r)? 2n)3 w? —q?+i0

V(@) @, GY (0 — 0,2, p) TH(ea — @, P13 60, P2) Va2,
(55)

AEo. p =—4i0{/ dw
c

where
1

y'E—y-p—
and FZ is the renormalized one-loop free vertex operator in D = 4 dimensions (see Eq. (257) of Ref. [19]). In our previous
investigations [19,35], we evaluated Eq. (55) by performing the Wick rotation of the w integration contour and separately
evaluating the pole contributions. For the excited states and low values of the nuclear charges considered in the present work,
however, the behavior of the integrand becomes rather complicated for small w, acquiring a rapidly changing structure which is
difficult to integrate numerically. In order to make the integrand behave more smoothly in the region of small w, we subtract and
re-add the following contribution:

subtr _ dp, dp, / exp(—iq -2) . V(@) W V) (p) =, ,
EO p = 41(1‘/(‘# d(l) / (271)3 (2]‘[)3 dzw2 — q2 +lO wa(Z)aM ; —ga —w—¢ r (5a,p178a’p2) 1/’u(p2)9

TR(E, P13 €4, D),

TH(E,py;€a,py) =

(56)

where the index k run over the virtual bound states with energies 0 < g; < &, + &, where § is some (reasonably small) positive
parameter. It can be immediately seen that we obtained AE gf‘}“ from A Eo_p by neglecting w in the vertex operator and retaining
only the lowest-lying virtual bound states in the spectral decomposition of the electron propagator. The summation over k in
Eq. (56) thus includes virtual states more deeply bound than the reference state and, in addition, virtual states that are close in
energy to the reference state. The subtraction of AE 5“}}? removes the complicated structure of the integrand for small w. On the
other hand, the fact that the vertex operator T in Eq. (56) does not depend on the energy of the virtual photon w allows us to
perform the integral over w analytically by the Cauchy theorem.
We thus write

AEg p = (AEO p— AESUblf) + AEsubtr

In the first part, we make the Wick rotation of the w integration contour w — iw. As a result, this part is separated into the pole

term AE;) po'* and the integral over the imaginary axis, AE o"p- In the second part, we perform the w integration analytically by
Cauchy theorem The result is

AEgp = AEYS + AE, + AESYY, (57)

where

ole dp dp e_iq.z i
MBSy =—Sta 3 / @y Gy [ e e — g w0 @@ V) ()

O<e, <&,

X (TH(&n, P13 €as P2) — TM(Eas P13 €as PO Va(P2), (58)

% dp, dp, emirs
AEIM -8 d d '
0. “/o “’/ Qry (2n)3/ E g g Ve

Z 1/f/<(Z) W V)(py)

—la)—&‘k

x [G(V'“(ea —i0,2,p)) T (eq — i, P13 60, Pa) — r“(sa,pl,sa,pz)} Va(py), (59

subtr dp, dp e 1% ™ .
AESy = —4mZ / Tny @y f A2 s Vi@ @ ) () T (e p i p2) VP2 (60)

(

The number of states included in the summation over k can results were found to be in perfect agreement with each
be varied; it also serves as a crosscheck of the correctness of other.

the numerical procedure. For the ground state, we performed The numerical procedure for evaluation of the P term was
calculations with and without the separation of AE 5“3}2 the described for the 1s state in Ref. [35]. This procedure can be
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TABLE III. Numerical results for the P term AEp, in terms of
the dimensionless function F(Z«) defined in Eq. (61).

VA AEN,p,l AEN_p_2 AE()_P Total

Ls

30 —23.8156 (8) 44.810 (2) —50.408 (2) —29.413(2)
40 —9.0139 (4) 17.6060 (8) —20.1711(8) —11.579 (1)
50 —4.3392 (3)  8.4018 (6) —9.5503 (6) —5.4877(9)
60 24456 (2) 45451 (4)  —5.0659 (4) —2.9664 (6)
70 —1.5202 (1) 2.6715(2) —2.9353(3) —1.7841(4)
83 —0.8653 (1) 1.4268 (1) —1.6306 (3) —1.0690 (4)
92 —0.5542(1) 09091 (1) —1.1901 3) —0.8352(3)
100 —0.2985(5)  0.5426 (1) —0.9791 3) —0.7349 (6)
2s

30 —27.003 (9) 117.320(8) —160.260(8) —69.94 (1)
40 —3.711(4) 46.364 (6) —71.083 (4) —28.430(9)
50 1318 (2)  21.768 (4) —37.036 (3) —13.949 (6)
60 2285(1) 11.235(4) —21.451 (2) —7.932 (5)
70 2.276 (1) 5.980 (3) —13.432 (2) —5.176 (4)
83 2.085 (1) 2.291 (2) —8.043 (2) —3.668 (3)
92 2.1074 (8)  0.563 (2) —6.002 (2) —-3.332(3)
100 2.3637 (8) —0.868 (1) —4.870 (2) —-3.375(2)
2pi2

30 —50.451 (6) 142357 (7) —190.46 (1) —98.56 (1)
40 —11.943 (3) 56.512 (6) —85.371(6) —40.802 (9)
50 —1.854(2)  26.920 (6) —44.726 (4) —19.659 (7)
60 1.063 (1)  14.433 (4) —25.902 (3) —10.405(5)
70 1.827 (1) 8.397 (3) —16.091 (2) —5.867 (4)
83 1.8854 (8)  4.482(2) —-9.359 (2) —2.992 (3)
92 1.7902 (6)  2.941(2) —6.704 (2) —-1.972 (3)
100 1.7531 (7)  1.933 (1) —5.123 (2) —1.437 (2)

directly generalized to the case of excited states considered
here. Our numerical results for the P term are presented in
Table III. The dominant numerical uncertainty of the listed
results comes from the truncation of the partial-wave expansion
and extrapolation of the expansion tail.

VI. RESULTS AND DISCUSSION

The two-loop self-energy correction to energy levels is
conveniently parameterized in terms of the dimensionless
function F(Z«a) defined as

2 4
AEsgsg = m(ﬁ) (Zoi) F(Za). (61)
x) n

In the present work, we calculate the function F(Z«) to all
orders in Za. In order to compare our results with calculations
based on the Zoa expansion, it is convenient to identify
the higher-order remainder function Gy, that incorporates
contributions of all orders starting with o?(Za),

F(Za) = By + (Za)Bsg
+(Za)* [L*Bgs + L*Bsa + L Bsy + Gho (2)],
(62)

where L = In[(Z«)"?] and the expansion of the remainder
starts with a constant, G, (Z) = B¢y + Za (...). Available

results for the expansion coefficients Bg—Bg; [7-10] are
summarized in Table I of Ref. [3].

Our numerical results for the two-loop self-energy cor-
rection for the 1s, 2s, and 2p,, states of H-like ions with
Z = 30—100 are presented in Table IV. The second-to-last
column contains our previous results taken from Ref. [16]
for the 1s state and from Ref. [13] for excited states. As can
be seen from the table, the numerical accuracy was improved
by an order of magnitude as compared to our previous works
and calculations for excited states were extended to the region
Z = 30—-50. Agreement with our previous calculations is very
good. A small deviation in the high-Z region for the 1s state
is due to the fact that the P-term results in Ref. [16] partly
included the finite nuclear size effect, whereas the present
results are obtained strictly for the point nucleus.

It is remarkable that while the total values of the function
F(Za) are quite small numerically (of the order of 1 for
the s states and of the order of 0.1 for the p states), the
individual contributions listed in Tables I-III are larger, often
by orders of magnitude. So, the final results for the two-
loop self-energy are obtained through delicate cancellations
of numerous individual contributions to the M, P, and F
terms, with the cancellations growing fast as Z decreases.
Because of the strong Z dependence of the cancellations,
an analysis of the final results for F(Z«a) and Gy ,.(Z) as
functions of Z and a comparison with the Z« expansion yields
an independent check of correctness of the results obtained and
of our estimations of errors of the evaluation.

The analysis of the all-order two-loop self-energy results
for the 1s state and the comparison with the corresponding
Za-expansion coefficients were reported in our previous in-
vestigation [15]. In this work, we do not repeat this analysis
since the improved numerical accuracy for Z > 30 does not
influence the extrapolation to Z — 0. Instead, we present an
analysis for the normalized difference of the two-loop self-
energy for the 1s and 2s states, §E = 8AE,; — AEj;. This
difference is known within the Z« expansion to a much better
extent than AE,,; and A E|, separately. Specifically, there are
results available for the first two expansion coefficients of the
higher-order remainder,

8Gno(Z) = 8Beo + (Za) In[(Za) *18By + -+, (63)

where § Boy = 14.1(4) and §B7; = 15.9 8.0 [10].

Figure 5 shows our all-order numerical results for the
function § F(Za) = Fr5(Za) — Fi5(Za) and the correspond-
ing higher-order remainder § Gy, o , in comparison with the Za-
expansion results. We observe that the Z« expansion converges
slowly and that the known expansion coefficients are not
sufficient in order to describe the all-order results with Z > 30
even qualitatively. On the other hand, the numerical accuracy
and the Z range of the all-order results are not sufficient for
extrapolating them to Z — 0 and making a clear statement
about agreement with the Za expansion. Instead of this, we
decided to assume the correctness of the existing Z«-expansion
results and to search for the best fitting function that reconciles
the Za expansion and all-order data. We found that we can
describe our numerical data very well by introducing just three
fitting parameters. As a result, the best fit to our numerical data
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TABLE IV. The two-loop self-energy correction, in terms of the dimensionless function F(Z«) defined in Eq. (61). Gy, is the higher-order
remainder function defined by Eq. (62).

Z AEp AL AEp AEp AEy Total Previous [13,16] Gho.
1s
30 —0.7565 44.7280 (1) —29.413 (2) —15.470 (2) —0.912 (3) —0.90 (3) —70.39 (7)
40 —0.8711 19.5061 —11.579 (1) —8.255(2) —1.199 (3) —-1.19 (3) —58.35(3)
50 —0.9734 10.0263 —5.4877 (9) —5.003 (2) —1.438 (2) —1.44 (3) —47.42 (2)
60 —1.0825 5.7238 —2.9664 (6) —3.339(2) —1.664 (2) —1.67 (2) —37.460 (8)
70 —1.2161 3.4971 —1.7841 (4) —2.418 (2) —-1.922 (2) —-1.89 (3) —28.399 (8)
83 —1.4658 1.9381 —1.0690 (4) —1.764 (3) —2.361 (3) —2.35(1) —17.798 (9)
92 —1.7342 1.2757 —0.8352 (3) —1.515(2) —2.809 (2) —2.78 (1) —11.220 (6)
100 —2.0990 0.8250 (1) —0.7349 (6) —1.3864 (5) —3.3953 (8) —3.381(8) —5.934 (2)
2s
30 —0.4650 (1) 133.3111 (2) —69.94 (1) —63.82 (1) —0.91 (2) —579 4)
40 —0.5155 63.7388 (2) —28.430 (9) —36.067 (6) —1.27 (1) —47.5(1)
50 —0.5695 35.7251 (1) —13.949 (6) —22.820 (6) —1.613(8) —38.19 (6)
60 —0.6434 22.2118 (1) —7.932 (5) —15.617 (5) —1.980 (7) —1.98 (7) —29.79 (4)
70 —0.7539 14.8596 (1) —5.176 (4) —11.371 (1) —2.442 (4) —2.45 (6) —22.36 (2)
83 —0.9956 9.5239 —3.668 (3) —8.154 (2) —3.294 (4) -3.304) —13.97 (1)
92 —1.2839 7.2477 —3.332(3) —6.842 (2) —4.209 (3) —4.22 (3) —9.086 (7)
100 —1.7071 5.7499 (2) —3.375(2) —6.122 (2) —5.454 (3) —5.46 (7) —5.539 (6)
2p1p
30 0.0255 146.3895 (3) —98.56 (1) —47.68 (1) 0.18 (2) -034)
40 0.0061 68.7211 (2) —40.802 (9) —27.739 (4) 0.19 (1) -03 ()
50 —0.0294 37.6546 (1) —19.659 (7) —17.768 (2) 0.198 (7) —0.24 (5)
60 —0.0814 22.8815 (1) —10.405 (5) —12.192 (2) 0.203 (6) 0.22 (7) —-0.18 (3)
70 —0.1524 15.0274 —5.867 (4) —8.814 (3) 0.193 (5) 0.19 (6) —0.17 (2)
83 —0.2869 9.5618 —2.992 (3) —6.147 (3) 0.135 4) 0.13 (4) —0.26 (1)
92 —0.4343 7.3930 —1.972 (3) —4.968 (2) 0.019 (3) 0.01 (3) —0.444 (8)
100 —0.6512 6.0999 —1.437 (2) —4.224 (3) —-0.212 (4) —-0.21 (3) —0.786 (7)
is found to be in Fig. 5 with the dash-dotted line. Our general conclusion is
that our all-order results for the normalized difference of the 2s
8Gh.o.it(Z) = 8Beo + (Za){In[(Za)*1 8By and 1s states are consistent with the available Za-expansion

+ by + (Za) bgo + (Za)* bey),  (64) coefﬁci'ents. ' '
In Fig. 6, we plot our numerical results for the 2 py , state, in

where the fitted parameters are b9 = —75.324, bgy = comparison with the corresponding Za-expansion results. We
100.336, and bgyg = —49.917. The fitted function is plotted observe that in this case, the known terms of the Z« expansion

| / 20 /
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FIG. 5. The two-loop self-energy correction for the normalized difference of the 2s and 1s states, for the function § F(Za) = F5,(Za) —
Fi5(Za) (left graph) and for the higher-order remainder §Gy, ., = G0.(25) — Gho.(1s) (right graph). The dots denote the numerical all-order
results, the dashed line (red) represents the Za-expansion results, and the green dash-dotted line shows the best fit of the numerical data.

052509-13



V. A. YEROKHIN

PHYSICAL REVIEW A 97, 052509 (2018)

0.3

0.2 —o g ~=

F(Z)
3
/

0 10 20 30 40 50 60 70 80 90 100

Z

0.4
0.2
0.0
021 i—x

0.2 ‘4{/5/ —

\

0.4

Gh.o.(Z)

0.6

\

90 100

0.8

-1.0]

'1-2- T T
0 10 20

50 60 70 80

VA

30 40

FIG. 6. The two-loop self-energy correction for the 2p, , state, for the function F'(Z) (left graph) and for the higher-order remainder Gy, .
(right graph). The dots denote the numerical all-order results, whereas the red dashed line represents the Za-expansion results.

qualitatively reproduce the behavior of the all-order results for
the function F(Z«) in the medium-Z range. The numerical
values of the higher-order remainder Gy, ,, turn out to be rather
small in this case. The accuracy of our all-order results is not
sufficient for the extrapolation of Gy, to Z — 0, but we can
conclude that there is a qualitative agreement with the Zo
expansion for the 2p; , state.

Results for the two-loop self-energy correction for the 2 p3 »
state were reported previously for several high-Z ions [13]. In
the present work, we performed calculations for the 2 ps3 5 state,
with the results being consistent with those from Ref. [13].
However, extending our calculations down until Z = 30, we
found inconsistency with the Zo-expansion results. We assume
that this indicates an error in our codes for the 2 p3 , state, which
we were not able to locate so far. For this reason, we do not
present any results for the 2 ps, state in this paper.

VII. CONCLUSION

We carried out calculations of the two-loop self-energy
correction to the energy levels of the 1s, 25, and 2 p; /, states of
hydrogenlike ions with the nuclear charges Z = 30—100. The
calculation was performed to all orders in the nuclear binding
strength parameter Za, for the point distribution of the nuclear
charge. The obtained results improved the accuracy of the
previously published values for the two-loop self-energy by
an order of magnitude. For excited states, they also extended
the lowest nuclear charge range from Z = 60 to Z = 30. The
obtained results were shown to be consistent with the known
coefficients of the Z« expansion.
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APPENDIX A: DEFINITIONS, NOTATIONS, AND
USEFUL IDENTITIES

The photon propagator in the Feynman gauge is

exp(i vV w? +i0x12)

47'[)612

)

D/Av(a)’xIZ) = &uv D(CU,X]Q) = Zuv
(A1)

where x;» = |x; — x3|, and the branch of the square root is
fixed by the condition Im(+/@? + i0) > 0.

The Green function of the Dirac-Coulomb equation is
defined by its spectral representation,

G = Y I

e—g,

(A2)

n

where the summation over n is performed over the complete
spectrum of the Dirac equation with the Coulomb nuclear
potential. The free Dirac Green function is the Z — 0 limit
of the Dirac-Coulomb Green function,

GV =) % =G|,y

o

(A3)

Here and everywhere in this paper, Greek subscripts «, 3, etc.
refer to states of the free electron, whereas italic subscripts
n, k, etc. refer to states in the binding Coulomb potential. The
one-potential Dirac Green function is defined as the linear in Z
term of the Z expansion of the Dirac-Coulomb Green function,

GVe)=12 [i G(s):| ) (A4)
Z=0

dz

We introduce special notations for the Dirac Green function
containing one and more (two and more) interactions with the
binding potential, defined as
G'(e) = Gle) - GVe),
G (e) = G(e) — GV(e) — GVoe).

(AS5)
(A6)
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We also mention the identity that follows from the Dirac
equation, which is extensively used in this paper. It reads, in
coordinate space,

Iﬂ(,(xn):/dxz GO eq,x1,32) V(x2) Yu(x2), (A7)

where V (x) is the binding Coulomb potential, and in momen-
tum space,

Va(p) = YO (VYa)(p),  (A8)

Vo —y -p—m
where (V,)(p) is the Fourier transform of the product
V(x) Ya(x).

APPENDIX B: ELECTRON-ELECTRON
INTERACTION OPERATOR

The operator of the electron-electron interaction in the
Feynman gauge is

I(w) = 6201M0{MD((1),X12)

ST 70
ol -y exp(zx/a;z—i—z le), B1)
1

where o = €2 /(4m) is the fine-structure constant and o* =
(1,a) is the vector of Dirac matrices.

The matrix elements of the electron-electron interaction
operator are conveniently represented in the form [36,37]

(abll(w)|cd) = « Z Ji(abcd) R (w,abcd), (B2)
L

where the function J; contains the standard magnetic-substate
dependence of a scalar two-body operator,

(— 1)L*mL+J'c*IJ-(-+J'd*M11

Ji(abed) = Z T
mp
Lmy Lmy
X C.ia/‘vuvj(‘_//'c C.idw,jb—ub’ (B3)

/]1”/11 i, are the Clebsch-Gordan coefficients, and R is the

relativistic generalization of the Slater radial integral (for
explicit expressions, see, e.g., Ref. [36] and Appendix C of
Ref. [19]). The sum over L in Eq. (B2) is restricted by the
triangular selection rules of the Clebsch-Gordan coefficients. It
is noteworthy that the operator I preserves the total momentum
projection, i.e., the nonzero matrix elements should comply
with the requirement

Ha + My = e + . (B4)

APPENDIX C: ONE-LOOP SELF-ENERGY

In this section, we summarize the main definitions and
notations for the one-loop self-energy correction, which are
extensively used throughout the paper.

The unrenormalized one-loop self-energy operator is given
by

Y(e,x1,x2) = 2i0lJ/0/ do D(w,x12) a,G(e — w,x1,x2)0”,
Cr
(C1)

where Cp is the standard Feynman integration contour. The
renormalization of the one-loop self-energy is performed
[27,36,38] by expanding the Dirac-Coulomb Green function
G in terms of the interaction with the binding Coulomb field.
Using the identity

G(e) = GO%) 4+ GV(e) + GPP(e), (C2)

one represents the one-loop self-energy correction to the
energy as a sum of the zero-potential, one-potential, and
many-potential terms, which are induced by the three terms
in the right-hand side of Eq. (C2), correspondingly,

AEsg = {(alyy Z(ea)la) = AESP + AES + AEg™,
(C3)

where i(s) = X (&) — dm and ém is the corresponding mass
counterterm.

The zero-potential term is given by the matrix element of the
renormalized free self-energy operator 2§§> (¢) in momentum
space,

AEG® = (aly” 2R (€a)la)

d
_ f # Vi)Y’ Q0 p) Valp).  (CH)

Explicit formulas for the operator Zg’)(s) can be found, e.g.,
in Appendix A of Ref. [39] for the case of D = 4 dimensions
and in Appendix A.1 of Ref. [19] for the general case of D
dimensions.

The one-potential term is given by the matrix element of
the renormalized free vertex operator F(,)e(el ,&) In momentum
space,

AERE = (alV y° Th(eq,e0)la)

_ [ dpy
a / )} 2n)3 V(P Vig)

x YOI (e, P13 €asP2) Va(P)), (C5)

where V(q) = —4nZa/|q| is the Coulomb potential in the
momentum space and ¢ = p, — p,. Explicit formulas for
the renormalized free vertex operator can be found, e.g., in
Appendix B of Ref. [39] for the case of D =4 dimensions
and in Appendix A.2 of Ref. [19] for the general case of D
dimensions.

The many-potential term is given by the matrix element of
the subtracted self-energy operator in coordinate space,

AEGE"™ = (aly’[£(e0) — 2V(e0) — 2V (en)]la)
:2ia/c da)/dxldxz D(w,x12) ¥l(x1)
x &, GPP (e, — w,x1,x2) 0" Ya(x2).  (CO)
In order to bring the many-potential term to the form
suitable for a numerical evaluation, one needs to perform the

integrations over the angular variables, sum over the angular-
momentum projections, and deform the integration contour.
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The result [39] can be written as

. io
AEmclny _ e d
SE 27 Je,, @ |:Z

nJ

(_1)J+jrx_ju
2ju+ 1

R;(w,anna)
X —

— subtractions:|, (C7)
&4 —w— &y,

where the subtractions are defined symbolically by the substi-
tution

G(e) = G*(e), (C8)

and the integration contour Cy g is shownin Fig. 2. Specifically,
the contour C g consists of the low-energy part C; and the
high-energy part Cy. The high-energy part Cp is parallel
to the imaginary axis and extends from A —ioco to A and
from A to A +ioo. Such a choice of the contour eliminates
strong oscillations of the integrand arising in the high-energy
region of the contour Cr and replaces them by the exponential
falling-off. The low-energy part of the integration contour Cj,
runs over the upper and the lower banks of the cut of the

photon propagator. In the general case of excited reference
states, it is also bent in the complex plane in order to avoid
singularities coming from virtual bound states with energies
&, < &, inthe electron propagator. Specifically, the contour C,
consists of the upper and lower parts, both of which extend over
three sections: [0,8, 1 — idy], [8x,1 — idy,0, 2], and [8,2,A],
as shown on Fig. 2. The advantage of such a choice of the
low-energy part of the contour is that virtual bound states with
the energy ¢, < ¢, in the electron propagator do not create any
pole contributions and do not require any special treatment.
The parameters of the contour &, 1, 8y, §y, and A may be
chosen differently. In our recent works, we used the following
choice: §, | = ¢, — €1, when the reference state a is an excited
state and 6, | = (Za)* when a is the 1s state; 8y2 =261
8, = 8,,1/2 when there are intermediate states with the energy
&, < & and §, = 0 otherwise; and A = Za &,.

We note that for the case when the reference state is the
ground state, there is no need to bend the low-energy part of
the contour in the complex plane (as there are no intermediate
states with energy 0 < ¢, < g,), so it is convenient to set
8y, =0.
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