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I. INTRODUCTION

During the last few years, transition probabilities in heli-
umlike ions were calculated by a number of authors[1–4]. In
these calculations, the interelectronic-interaction effects on
the transition probabilities were accounted for by employing
the relativistic many-body perturbation theory(RMBPT)
[1,2,4] and the multiconfiguration Dirac-Fock(MCDF)
method [3]. Since these methods are based on using the
Coulomb-Breit Hamiltonian, they have to deal with separate
treatment of the positive- and negative-energy state contribu-
tions. As was first indicated in Ref.[3], the contribution from
the negative-continuum contribution is very sensitive to the
choice of the one-electron model potential, which is used as
the starting point of any RMBPT or MCDF calculation. In
particular, using a standard Dirac-Fock approximation, in
Ref. [3] it has been demonstrated that to achieve the agree-
ment between theory and experiment for the magnetic dipole
transition 23S1→1 1S0 it is necessary to take into account
both correlation and negative-continuum effects. This state-
ment is closely related to a problem of significant numerical
cancellations that may occur in low-Z systems, if an im-
proper one-electron approximation is used. For a rigorous
QED approach for low-Z systems and corresponding calcu-
lations we refer to Refs.[5,6].

The main goal of the present paper is to perform a com-
plete QED calculation of the interelectronic-interaction cor-
rection of first order in 1/Z to the magnetic transition prob-
abilities in high-Z He-like ions. To derive the calculation
formulas for these corrections from the first principles of
QED we use the two-time Green-function method developed
in Refs.[7–9] and described in detail in Ref.[10]. In Sec. II,
we formulate the basic equations of this method for the case
of nondegenerate states and apply it for the derivation of the
desired formulas. The numerical results for the transitions
2 3S1→1 1S0, 2 3P2→1 1S0, and 33S1→2 3S1 are pre-
sented in Sec. III. Both Feynman and Coulomb gauges are
used for the photon propagator to demonstrate the gauge
independence of the final results. The results of the calcula-
tions are compared with previous theoretical results and with
experiment.

The relativistic unitss"=c=1d and the Heaviside charge
unit fa=e2/ s4pd ,e,0g are used in the paper.

II. BASIC FORMULAS

We consider the transition of a high-Z two-electron ion
from an initial statea to a final stateb with the emission of
a photon with momentumk f and polarizatione f. The transi-
tion probability is given as

dW= 2putgf,b;au2dsEb + kf
0 − Eaddk f , s1d

wheretgf,b;a is the transition amplitude which is connected
with the S-matrix element by

kk f,e f ;buSual = 2pitgf,b;ads«b + kf
0 − «ad, s2d

andkf
0;uk fu.

We assume that in zeroth(one-electron) approximation
the initial and final states of the ion are described by one-
determinant wave functions

uasx1,x2d =
1
Î2

o
P

s− 1dPcPa1
sx1dcPa2

sx2d, s3d

ubsx1,x2d =
1
Î2

o
P

s− 1dPcPb1
sx1dcPb2

sx2d. s4d

To describe the process under consideration we introduce the
Green functionggf,b;asE8 ,Ed by

FIG. 1. The photon emission by a heliumlike ion in zeroth-order
approximation.
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ggf,b;asE8,EddsE8 + k0 − Ed =
1

2!
E

−`

`

dp1
0dp2

0dp18
0dp28

0dsE − p1
0 − p2

0ddsE8 − p18
0 − p28

0d

3E dx1dx2dx18dx28ub
†sx18,x28dGgf

„sp18
0,x18d,sp28

0,x28d;k0;sp1
0,x1d,sp2

0,x2d…g1
0g2

0uasx1,x2d, s5d

where

Ggf
„sp18

0,x18d,sp28
0,x28d;k0;sp1

0,x1d,sp2
0,x2d… =

2p

i

1

s2pd5E
−`

`

dx1
0dx2

0dx18
0dx28

0E d4y expsip18
0x18

0

+ ip28
0x28

0 − ip1
0x1

0 − ip2
0x2

0 + ik0y0dAf
n*sydk0uTcsx18dcsx28d jnsydc̄sx2dc̄sx1du0l s6d

is the Fourier transform of the four-time Green function describing the process,csxd is the electron-positron field operator in
the Heisenberg representation, and

Af
nsxd =

e f
n expsik f ·xd
Î2kf

0s2pd3
s7d

is the wave function of the emitted photon. The transition amplitudeSgf,b;a;kk f ,e f ;buSual is calculated by Refs.[7,8,10]

Sgf,b;a = Z3
−1/2dsEb + kf

0 − Eadr Gb
dE8r Ga

dEggf,b;asE8,EdF 1

2pi
r Gb

dEgbbsEdG−1/2F 1

2pi
r Ga

dEgaasEdG−1/2

. s8d

HeregaasEd is defined by

gaasEddsE8 − Ed =
2p

i

1

2!
E

−`

`

dp1
0dp2

0dp18
0dp28

0dsE − p1
0 − p2

0ddsE8 − p18
0 − p28

0d

3E dx1dx2dx18dx28ua
†sx18,x28dG„sp18

0,x18d,sp28
0,x28d;sp1

0,x1d,sp2
0,x2d…g1

0g2
0uasx1,x2d, s9d

where

G„sp18
0,x18d,sp28

0,x28d;sp1
0,x1d,sp2

0,x2d… =
1

s2pd4E
−`

`

dx1
0dx2

0dx18
0dx28

0 expsip18
0x18

0 + ip28
0x28

0 − ip1
0x1

0 − ip2
0x2

0d

3k0uTcsx18dcsx28dc̄sx2dc̄sx1du0l s10d

is the Fourier transform of the four-time Green function describing the ion;gbbsEd is defined by a similar equation. The
contoursGa andGb surround the poles corresponding to the initial and final levels and keep outside all other singularities of
the Green functions. It is assumed that they are oriented counterclockwise. The Green functionsG andGgf

are constructed by
perturbation theory after the transition to the interaction representation and using Wick’s theorem. The Feynman rules forG
andGgf

are given, e.g., in Ref.[10].
Below we consider the transition probability in high-Z He-like ion to zeroth and first order in 1/Z.

A. Zeroth-order approximation

To zeroth order in 1/Z the transition amplitude is described by the diagrams shown in Fig. 1. Formula(8) gives

Sgf,b;a
s0d = dsEb + kf

0 − Eadr Gb
dE8r Ga

dEggf,b;a
s0d sE8,Ed, s11d

where the superscript indicates the order in 1/Z. According to definition(5) and the Feynman rules forGgf
[10], we have
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ggf,b;a
s0d sE8,EddsE8 + k0 − Ed = o

P

s− 1dPE
−`

`

dp1
0dp2

0dp18
0dp28

0dsE − p1
0 − p2

0ddsE8 − p18
0 − p28

0d

3 HkPb1u
i

2p
o
n1

un1lkn1u
p18

0 − «n1
s1 − i0d

2p

i
eamdsp18

0 + k0 − p1
0dAf

m* i

2p
o
n2

un2lkn2u
p1

0 − «n2
s1 − i0d

ua1l

3kPb2u
i

2p
o
n3

un3lkn3u
p2

0 − «n3
s1 − i0d

ua2ldsp28
0 − p2

0d + kPb1u
i

2p
o
n1

un1lkn1u
p1

0 − «n1
s1 − i0d

ua1ldsp18
0 − p1

0d

3 kPb2u
i

2p
o
n2

un2lkn2u
p28

0 − «n2
s1 − i0d

2p

i
eamdsp28

0 + k0 − p2
0dAf

m* i

2p
o
n3

un3lkn3u
p2

0 − «n3
s1 − i0d

ua2lJ , s12d

wheream=g0gm=s1,ad. One obtains

ggf,b;a
s0d sE8,Ed = S i

2p
D2E

−`

`

dp1
0 1

p1
0 − sE − E8d − «b1

+ i0
kb1ueamAf

m* ua1l
1

p1
0 − «a1

+ i0

da2b2

E − p1
0 − «a2

+ i0

+ S i

2p
D2E

−`

`

dp2
0 1

p2
0 − sE − E8d − «b2

+ i0
kb2ueamAf

m* ua2l
1

p2
0 − «a2

+ i0

da1b1

E − p2
0 − «a1

+ i0
s13d

=
i

2p

1

E8 − Eb
s0d fkb1ueamAf

m* ua1lda2b2
+ kb2ueamAf

m* ua2lda1b1
g

1

E − Ea
s0d , s14d

whereEa
s0d=«a1

+«a2
andEb

s0d=«b1
+«b2

. Substituting this expression into Eq.(11) and integrating overE andE8 we find

Sgf,b;a
s0d = − 2pidsEb + kf

0 − Eadfkb1ueamAf
m* ua1lda2b2

+ kb2ueamAf
m* ua2lda1b1

g s15d

or, according to definition(2),

tgf,b;a
s0d = − fkb1ueamAf

m* ua1lda2b2
+ kb2ueamAf

m* ua2lda1b1
g. s16d

The corresponding transition probability is

dWs0d = 2putgf,b;a
s0d u2dsEb + kf

0 − Eaddk f . s17d

B. Interelectronic-interaction corrections of first order in 1/Z

The interelectronic-interaction corrections to the transition amplitude of first order in 1/Z are defined by diagrams shown in
Figs. 2(a) and 2(b). Formula(8) yields, in the order under consideration,

Sgf,b;a
s1d = dsEb + kf

0 − EadFr Gb
dE8r Ga

dEggf,b;a
s1d sE8,Ed−

1

2
r Gb

dE8r Ga
dEggf,b;a

s0d sE8,Ed

3S 1

2pi
r Ga

dEgaa
s1dsEd +

1

2pi
r Gb

dEgbb
s1dsEdDG , s18d

wheregaa
s1dsEd and gbb

s1dsEd are defined by the first-order interelectronic-interaction diagram(Fig. 3). Let us consider first the
contribution of the diagrams shown in Fig. 2(a). According to the definition(5) and the Feynman rules forGgf

[10], we have

ggf,b;a
s1ad sE8,EddsE8 + k0 − Ed = o

P

s− 1dPE
−`

`

dp1
0dp2

0dp18
0dp28

0dsE − p1
0 − p2

0ddsE8 − p18
0 − p28

0d

3S i

2p
D3E

−`

`

dq0dvH 1

p18
0 − «Pb1

+ i0
o
n

kPb1ueamAf
m* unl

1

q0 − «ns1 − i0d

3knPb2uIsvdua1a2l
1

p1
0 − «a1

+ i0

1

p28
0 − «Pb2

+ i0

1

p2
0 − «a2

+ i0
dsp1

0 − v − q0d

3dsq0 − k0 − p18
0ddsp2

0 + v − p28
0d +

1

p28
0 − «Pb2

+ i0
o
n

kPb2ueamAf
m* unl
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3
1

q0 − «ns1 − i0d
kPb1nuIsvdua1a2l

1

p2
0 − «a2

+ i0

1

p18
0 − «Pb1

+ i0

1

p1
0 − «a1

+ i0

3dsp2
0 − v − q0ddsq0 − k0 − p28

0ddsp1
0 + v − p18

0dJ , s19d

whereIsvd=e2amanDmnsvd and

Drssv,x − yd = − grsE dk

s2pd3

expfik · sx − ydg
v2 − k2 + i0

s20d

is the photon propagator in the Feynman gauge. One finds

ggf,b;a
s1ad sE8,Ed = S i

2p
D3

o
P

s− 1dPo
n
E

−`

`

dp2
0dp28

0 1

p28
0 − «Pb2

+ i0

1

E8 − p28
0 − «Pb1

+ i0

1

p2
0 − «a2

+ i0

1

E − p2
0 − «a1

+ i0

3kPb1ueamAf
m* unl

1

E − p28
0 − «ns1 − i0d

knPb2uIsp28
0 − p2

0dua1a2l + S i

2p
D3

3o
P

s− 1dPo
n
E

−`

`

dp1
0dp18

0 1

p18
0 − «Pb1

+ i0

1

E8 − p18
0 − «Pb2

+ i0

1

p1
0 − «a1

+ i0

1

E − p1
0 − «a2

+ i0

3kPb2ueamAf
m* unl

1

E − p18
0 − «ns1 − i0d

kPb1nuIsp18
0 − p1

0dua1a2l. s21d

The expression(21) is conveniently divided intoirreducible and reducibleparts. The reducible part is the one with«Pb2
+«n

=Ea
s0d in first term and with«Pb1

+«n=Ea
s0d in second term. The irreducible part is the reminder. Using the identities

1

p1
0 − «a1

+ i0

1

E − p1
0 − «a2

+ i0
=

1

E − Ea
s0dS 1

p1
0 − «a1

+ i0
+

1

E − p1
0 − «a2

+ i0D , s22d

1

p18
0 − «Pb1

+ i0

1

E8 − p18
0 − «Pb2

+ i0
=

1

E8 − Eb
s0dS 1

p18
0 − «Pb1

+ i0
+

1

E8 − p18
0 − «Pb2

+ i0D , s23d

we obtain for the irreducible part

tgf,b;a
s1a,irredd =

1

2pi
r Gb

dE8r Ga
dE ggf,b;a

s1a,irreddsE8,Ed

=
1

2pi
r Gb

dE8r Ga
dE

1

E8 − Eb
s0d

1

E − Ea
s0dHo

P

s− 1dPS i

2p
D3E

−`

`

dp2
0dp28

0S 1

p28
0 − «Pb2

+ i0
+

1

E8 − p28
0 − «Pb1

+ i0D
3S 1

p2
0 − «a2

+ i0
+

1

E − p2
0 − «a1

+ i0D o
n

«Pb2
+«nÞEa

s0d

kPb1ueamAf
m* unl

1

E − p28
0 − «ns1 − i0d

knPb2uIsp28
0 − p2

0dua1a2l

+ o
P

s− 1dPS i

2p
D3E

−`

`

dp1
0dp18

0S 1

p18
0 − «Pb1

+ i0
+

1

E8 − p18
0 − «Pb2

+ i0DS 1

p1
0 − «a1

+ i0

+
1

E − p1
0 − «a2

+ i0D o
n

«Pb1
+«nÞEa

s0d

kPb2ueamAf
m* unl

1

E − p18
0 − «ns1 − i0d

kPb1nuIsp18
0 − p1

0dua1a2lJ . s24d

The expression in the curly braces of Eq.(24) is a regular function ofE or E8 whenE<Ea
s0d andE8<Eb

s0d (see Ref.[10] for
details). Calculating the residues and taking into account the identity,

i

2p
S 1

x + i0
+

1

− x + i0
D = dsxd, s25d

we find
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tgf,b;a
s1a,irredd = − o

P

s− 1dPH o
n

«Pb2
+«nÞEa

s0d

kPb1ueamAf
m* unl

1

Ea
s0d − «Pb2

− «n

knPb2uIs«Pb2
− «a2

dua1a2l

+ o
n

«Pb1
+«nÞEa

s0d

kPb2ueamAf
m* unl

1

Ea
s0d − «Pb1

− «n

kPb1nuIs«Pb1
− «a1

dua1a2lJ . s26d

A similar calculation of the irreducible part of the diagrams shown in Fig. 2(b) yields

tgf,b;a
s1b,irredd = − o

P

s− 1dPH o
n

«a2
+«nÞEb

s0d

kPb1Pb2uIs«Pb2
− «a2

duna2l
1

Eb
s0d − «a2

− «n

knueamAf
m* ua1l

+ o
n

«a1
+«nÞEb

s0d

kPb1Pb2uIs«Pb1
− «a1

dua1nl
1

Eb
s0d − «a1

− «n

knueamAf
m* ua2lJ . s27d

For the reducible part of the diagrams shown in Fig. 2(a) we have

tgf,b;a
s1a,redd =

1

2pi
r Gb

dE8r Ga
dEggf,b;a

s1a,reddsE8,Ed

=
1

2pi
r Gb

dE8r Ga
dE

1

E8 − Eb
s0d

1

E − Ea
s0dHo

P

s− 1dPS i

2p
D3E

−`

`

dp2
0dp28

0

3 o
n

«Pb2
+«n=Ea

s0d

F 1

E − Ea
s0dS 1

p28
0 − «Pb2

+ i0
+

1

E − p28
0 − «n + i0D+

1

E8 − p28
0 − «Pb1

+ i0

1

E − p28
0 − «n + i0GS 1

p2
0 − «a2

+ i0

+
1

E − p2
0 − «a1

+ i0DkPb1ueamAf
m* unlknPb2uIsp28

0 − p2
0dua1a2l + o

P

s− 1dPS i

2p
D3E

−`

`

dp1
0dp18

0

3 o
n

«Pb1
+«n=Ea

s0d

F 1

E − Ea
s0dS 1

p18
0 − «Pb1

+ i0
+

1

E − p18
0 − «n + i0D+

1

E8 − p18
0 − «Pb2

+ i0

1

E − p18
0 − «n + i0G

3S 1

p1
0 − «a1

+ i0
+

1

E − p1
0 − «a2

+ i0DkPb2ueamAf
m* unlkPb1nuIsp18

0 − p1
0dua1a2lJ . s28d

Calculating the residues atE8=Eb
s0d andE=Ea

s0d and using the identity(25), we obtain

tgf,b;a
s1a,redd = o

P

s− 1dPH o
n

«Pb2
+«n=Ea

s0d

F i

2p
E

−`

`

dp2
0 1

s«a2
− p2

0 + i0d2kPb1ueamAf
m* unlknPb2uIs«Pb2

− p2
0dua1a2lG

+ o
n

«Pb1
+«n=Ea

s0d

F i

2p
E

−`

`

dp1
0 1

s«a1
− p1

0 + i0d2kPb2ueamAf
m* unlkPb1nuIs«Pb1

− p1
0dua1a2lGJ . s29d

We have assumed that the unperturbed statesa andb are described by one-determinant wave functions(3) and(4). It implies
that, in Eq.(29), we have to considersPb2,nd=sa1,a2d or sa2,a1d in first term andsPb1,nd=sa1,a2d or sa2,a1d in second term.
Therefore, the reducible part contributes only in the case when the statesa andb have at least one common one-electron state.
In what follows, we assumea1=b1 anda2Þb2. We obtain
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tgf,b;a
s1a,redd =

i

2p
E

−`

`

dvkb2ueamAf
m* ua2l

3S ka1a2uIsvdua1a2l
sv − i0d2 −

ka2a1uIsvdua1a2l
sv − Da − i0d2 D ,

s30d

where Da;«a2
−«a1

. A similar calculation of the reducible
part of the diagrams shown in Fig. 2(b) gives

tgf,b;a
s1b,redd =

i

2p
E

−`

`

dvkb2ueamAf
m* ua2l

3S kb1b2uIsvdub1b2l
sv − i0d2 −

kb2b1uIsvdub1b2l
sv − Db − i0d2 D ,

s31d

where Db;«b2
−«b1

. The reducible contribution has to be
considered together with second term in formula(18). Taking
into account that

1

2pi
r Ga

dE gaa
s1dsEd

= −
i

2pF2E
−`

`

dp18
0 1

sp80 − «a1
− i0d2

3ka1a2uIsp18
0 − «a1

dua1a2l −E
−`

`

dp18
0 1

sp18
0 − «a2

− i0d2

3ka2a1uIsp18
0 − «a1

dua1a2l −E
−`

`

dp1
0 1

sp1
0 − «a1

− i0d2

3ka2a1uIsp1
0 − «a2

dua1a2l s32d

and a similar equation for the final state, one finds

TABLE I. The decay rates of the magnetic dipole transition
2 3S1→1 1S0 in units s−1. The negative-continuum contribution
DWe+e− and the frequency-dependent correctionDWfreq are ex-
pressed in percent with respect to the main termW. Wtot is the total
decay rate value. The values presented in the upper part of the table
were calculated in the Feynman gauge, whereas the results pre-
sented in the lower part were obtained using the Coulomb gauge.

Z W DWe+e− s%d DWfreq s%d Wtot

30 8.99983108 −0.043 −0.029 8.99333108

50 1.730731011 −0.08 −0.042 1.728631011

70 5.993331012 −0.132 −0.045 5.982731012

90 9.491731013 −0.205 −0.036 9.468831013

30 9.00153108 −0.05 −0.042 8.99333108

50 1.731231011 −0.09 −0.062 1.728631011

70 5.995731012 −0.145 −0.073 5.982731012

90 9.496231013 −0.218 −0.070 9.468831013

TABLE II. The decay rates of the magnetic quadrupole transi-
tion 2 3P2→1 1S0 in units s−1. The negative-continuum contribu-
tion DWe+e− and the frequency-dependent correctionDWfreq are ex-
pressed in percent with respect to the main termW. Wtot is the total
decay rate value. The values presented in the upper part of the table
were calculated in the Feynman gauge, whereas the results pre-
sented in the lower part were obtained using the Coulomb gauge.

Z W DWe+e− s%d DWfreq s%d Wtot

30 2.104731010 −0.0001 0.021 2.105131010

50 1.365331012 −0.001 0.038 1.365831012

70 2.147031013 −0.005 0.063 2.148331013

90 1.719831014 −0.017 0.097 1.721231014

30 2.105131010 −0.0001 0.001 2.105131010

50 1.365831012 −0.001 0.005 1.365831012

70 2.148131013 −0.005 0.014 2.148331013

90 1.720931014 −0.017 0.033 1.721231014

FIG. 2. The 1/Z interelectronic-interaction corrections to the
photon emission by a heliumlike ion.

FIG. 3. One-photon exchange diagram.
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−
1

2
r Gb

dE8r Ga
dEggf,b;a

s0d sE8,EdS 1

2pi
r Ga

dE gaa
s1dsEd

+
1

2pi
r Gb

dE gbb
s1dsEdD

=
1

2
kb2ueamAf

m* ua2lE
−`

`

dvH2
ka1a2uIsvdua1a2l

sv − i0d2

+ 2
kb1b2uIsvdub1b2l

sv − i0d2 − ka2a1uIsvdua1a2l

3F 1

sv − Da − i0d2 +
1

sv + Da − i0d2G − kb2b1uIsvdub1b2l

3F 1

sv − Db − i0d2 +
1

sv + Db − i0d2GJ . s33d

Summing Eqs.(30), (31), and (33), we obtain for the total
reducible contribution

tgf,b;a
s1,redd = −

1

2
kb2ueamAf

m* ua2l
i

2p
E

−`

`

dvHka2a1uIsvdua1a2l

3 F 1

sv + Da + i0d2 −
1

sv + Da − i0d2G
+ kb2b1uIsvdub1b2lF 1

sv + Db + i0d2

−
1

sv + Db − i0d2GJ . s34d

Here we have employed the symmetry property of the pho-
ton propagator:Isvd= Is−vd. Using the identity

1

sv + i0d2 −
1

sv − i0d2 =
− 2p

i

d

dv
dsvd s35d

and integrating by parts, we find

tgf,b;a
s1,redd = 1

2kb2ueamAf
m* ua2lfka2a1uI8sDadua1a2l

+ kb2b1uI8sDbdub1b2lg, s36d

where I8sDd;dIsvd /dvuv=D and it is implied thata1=b1.
The total expression fortgf,b;a

s1d (in the casea1=b1) is given by
the sum of equations(26), (27), and(36):

tgf,b;a
s1d = tgf,b;a

s1a,irredd + tgf,b;a
s1b,irredd + tgf,b;a

s1,redd. s37d

In addition to the interelectronic-interaction correction de-
rived above, we must take into account the contribution
originating from changing the photon energy in the zeroth-
order transition probability(17) due to the interelectronic-
interaction correction to the energies of the bound statesa
andb. It follows that the total interelectronic-interaction cor-
rection to the transition probability of first order in 1/Z is
given by

dWgf,b;a
s1d = 2pskf

0d22 Rehtgf,b;a
s0d* tgf,b;a

s1d jdV f + fudWgf,b;a
s0d ukf

0=Ea−Eb

− udWgf,b;a
s0d ukf

0=Ea
s0d−Eb

s0dg,

where Ea, Eb and Ea
s0d, Eb

s0d are the energies of the bound

TABLE III. The decay rates of the magnetic dipole transition
3 3S1→2 3S1, in units s−1. The negative-continuum contribution
DWe+e− and the frequency-dependent correctionDWfreq are ex-
pressed in percent with respect to the main termW. Wtot is the total
decay rate value. The values presented in the upper part of the table
were calculated in the Feynman gauge, whereas the results pre-
sented in the lower part were obtained using the Coulomb gauge.

Z W DWe+e− s%d DWfreq s%d Wtot

30 6.12473105 3.867 0.022 6.36283105

50 1.30213108 2.204 0.034 1.33133108

70 4.99213109 1.487 0.046 5.06863109

90 9.076731010 1.053 0.059 9.177631010

30 6.12743105 3.837 0.004 6.36283105

50 1.30313108 2.158 0.006 1.33133108

70 4.99713109 1.427 0.005 5.06863109

90 9.088231010 0.982 0.002 9.177631010

TABLE IV. The decay ratess−1d of the transition 23S1→1 1S0 calculated in this work is compared to the
previous calculations and experiment. The experimental values and their error bars are given in second and
fourth columns, respectively. In the last column the sum of our results and the QED corrections obtained in
Ref. [13] are presented. In parentheses the uncertainties of the present calculations are indicated. Relative
differences are calculated using experimental results as a reference.

Z Expt. Reference Precisions%d RMBPT s%d [2] MCDF s%d [3] Presents%d Present +QEDs%d

23 5.9173107 [14] 4.1 −0.1 −0.4 0.1 0.0(6)

26 2.0833108 [14] 12.5 −0.4 −0.7 −0.3 −0.4s5d
35 4.4623109 [15] 3.2 −2.3 −2.5 −2.1 −2.3s4d
36 5.8483109 [16] 1.3 −0.4 −0.6 −0.3 −0.5s4d
41 2.20031010 [17] 0.4 0.8 0.6 0.9 0.7(4)

47 8.96931010 [18] 1.8 1.3 1.2 1.5 1.2(2)

54 3.91531011 [19] 3.0 −1.8 −1.5 −2.0s2d
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statesa, b with and without the interelectronic-interaction
correction, respectively.

III. NUMERICAL RESULTS AND DISCUSSION

To evaluate the one-electron transition matrix elements,
the explicit formulas given in Ref.[2] have been used. Infi-
nite summations over the electron spectrum in Eqs.(26) and
(27) have been performed by using the finite basis set
method. Basis functions have been constructed fromB
splines by employing the procedure proposed in Ref.[11].
All the calculations have been carried out for the homoge-
neously charged sphere model of the nuclear charge distribu-
tion. The values for the nuclear radii were taken from Ref.
[12].

In Tables I–III, we present our numerical results for the
decay rates of the magnetic transitions 23S1→1 1S0, 2 3P2
→1 1S0, and 33S1→2 3S1, respectively. The values pre-
sented in the upper and lower parts of the tables have been
obtained in the Feynman and Coulomb gauges for the photon
propagator, respectively. The transition energies used in the
calculation were taken from Refs.[2,4]. The contribution due
to the frequency dependence of the photon propagatorDWfreq
and the negative-continuum contributionDWe+e− are given in
these tables as well. It can be seen from the tables that the
total values of the transition probabilities in the different
gauges coincide with each other.

As one can see from Tables I and II, for the decays with
DSÞ0, the frequency-dependent correction is of the same
and even larger magnitude than the negative-continuum con-
tribution. However, this is not the case for the 33S1
→2 3S1 transition, where the correctionDWfreq is small com-
pared to theDWe+e− term. The behavior of the negative-
continuum correction as a function of the nuclear charge

numberZ agrees well with the scaling ratio of the negative-
to positive-energy contributions found in Ref.[4] for all the
transitions under consideration.

In Tables IV and V, we compare our results with the
previous calculations[2–4] that partially include the 1/Z2

and higher-order terms but do not account for the frequency-
dependent contribution. In Table IV, the experimental data
for the most precisely measured transition 23S1→1 1S0 are
also presented. In the last column of this table our results are
combined with the radiative corrections that are beyond the
ones already included in the transition energy. These correc-
tions were recently evaluated in Ref.[13] for the 2s1/2
→1s1/2 transition in hydrogenic ions forZù50. Since we
consider high-Z two-electron ions, we can assume that the
one-electron(hydrogenlike) approximation is sufficient to
evaluate the related correction in He-like ions. We have ex-
trapolated these data forZ,50 and interpolated forZ=54.
The uncertainties due to the extrapolation of the radiative
corrections and uncalculated 1/Z2 and higher-order terms are
indicated in parentheses. In Table V, the comparison with the
RMBPT calculations[4] is presented for the transitions
2 3P2→1 1S0 and 33S1→2 3S1. The uncertainties due to
uncalculated radiative and higher-order interelectronic-
interaction corrections are also indicated. From Tables I and
IV, it can be seen that the frequency-dependent contribution
is smaller than the current experimental accuracy.

In summary, we have presented a systematic quantum
electrodynamic theory for the interelectronic-interaction cor-
rections of first order in 1/Z to the transition probabilities in
heliumlike ions. The numerical evaluation of these correc-
tions to the magnetic transition probabilities has been per-
formed and the equivalence of the Feynman and Coulomb
gauges has been demonstrated. The results of the calcula-
tions performed have been compared with previous RMBPT
calculations and with experiment.
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