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Abstract

The electric dipole moment (EDM) of an electron together
with hyperfine interaction induces EDM in atoms and molecules
with closed electron shells. From the experiments with 1291&
end T1F the limits are obtained on the electron EDM ( n’/fﬁ =
= (0.4 ¥ 1.41-10'23 em; (0.9 X 1.3}'10’23 cm), as well as on
the conatants of the T-nonconserving scalar electron-nucleon
interaction.

In recent experiment [1] very stringent limit on the elec-
tric dipole moment (EDM) of 129

d(”gxz) = (-03%14):40

Xe atom was obtained:

From it the 1limits follow on the constants of T- nonconserving
electron-nucleon interaction [2,31 y nucleon-nucleon interacti-
on [3-51 and the proton EDM [3]. In ref. [6] it was noted that
due to the hyperfine (HF) interaction the electron EDM can al-
g0 induce dipole moment in an atom or molecule with closed
electron shells, in particular, the xenon atom and T1F molecu-
le. However, no calculation of this effect up to now has been
performed.

Such calculation is carried out in the present work. In
our opinion, it is interesting by itself from the point of vi-
ew of atomic theory. The used method of calculation has allo-
wed us also to find the atomic EDM caused by T-odd scalar elec-
tron-nucleon interaction. Besides, we have estimated the cor-
rection, caused by HF interaction, to T=invariant effects of
space parity noncongervation in atoms dependent on nuclear
gpin.

It i= convenient to consider at first the mechanism of
atomic EDM that is not connected with HF interaction - the di-
rect interaction of the electron EDM with the nuclear magnetic
field. The interaction of the electron EDM o with electro-
magnetic field Fh, is written in the following relativisti-
cally invariant form:

Hy= %; ?ra} ZLW,}V F}P

(2)
t 0
I 0 4
Here ¥s VAT 145 ¥ =todo ,'Fandfare
radisl wave functions, I is & spherical spinor, j end ¢

are the total and nr%}tal angular momenta of an electron,
: - - | %
2= )~¢, Y- =(573) eéu =tV -N k),
?h are Dirac matrices. One can easily obtain from (2) the
interaction of an EDM with the magnetic field j{ created by
nuclear magnetic moment M .
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The expression for the atomic EDM af,,,- induced by the interac-
tion (3) looks as

olvins<n le £10>+ <ol & fn><n] VIO

- (5)
d‘f _g Eg- T8y

A naive estimate of expression (5) would give vazz_‘i%

The simplest way to see it is to consider the contribution of
the last term in (4): ¥°(0) ~ Z /@3 ,{¥>~24 , & is the
Bohr radius. Teke into account, however, that in the non-rela=
tivistic 1imit the operator (3) is proportional to the aspin :

V= -g-ﬂ é‘(fﬁ’xﬁ]—[ffﬁ.” (6)

And since the matrix element of E does not act on spin vari-
ables, in atoms with closed shells the total spin is equal to
zero not only in the gmund state | 0> , but in the intermedia-
te one [N) . Therefore, in this limit expression (5) vanighes.
More exactly, after the summation over cloged shells an addi-
tional small factor ~ 2°X* should arise in the expresaion
for d,..

But in fact even at comparatively small Z¥? the situa-
tion turns out much more favourable. The reasgon is that under
relativistic treatment the matrix element <3Sy, IVIPJ& >
turns to infinity in the 1imit of a point=like nucleus. When
finite nuclear radius 2, is taken into account, this matrix
element containa the relativistic enhancement factor

R-— (_q_ 2-2Y 4
.zza,,) (F2v0)) ; y=m . (1

It tends to unity at 2:{‘1—' £ , but even st LT Cnue (we
mean xenon) it is considerably different from unity: Rf’-ﬁz) w27,
Enhancement factor in other matrix elements, being non-singular
in ¥, , are close to unity. Therefore, the compensation of the
contributions of closed P,& and Pi, subshells leads to the
factor R—1 in the expression for d. :

m
dy ~ (R=1) 22 5 od (8)

The factor R -{ is not small numerically in xenon although
it turns to zero at 2Z2/{*- p . Below we shall take into acco-
unt only singular in , terms in the expression for the atomic
dipole moment. The expression K -1 corresponds to the summa-
tion of the leading terms in 5’1(‘*/-?21':) in the perturbation
theory series in small parameter 2Z%«* . Hence, the accuracy
of such a calculation at 2*/’»0 is

F i 4

—

R-1  dufa/zzv,)

(9)

But in real situation when R-12 4 , the accuracy of our
calculation is 2%/ %.

The discussed aingulai- matrix element of the operator V
equals

-"-ri. _‘!fi i:_;g v =
sy, VIR, y=d{) njsfm [w?s*?* 3 @34y, Mqum
By means of the'idgntit:f

g'—ﬁ[jsxp_&jp)t%jiﬁ“ (11)



that follows from the radial Dirac equation at small distances,
the matrix element (10) can__be expressed through the matrix
element of the operator & S(%) :

sy IViey, > == EdH ¢s, | Y §CEIPy, > é8)

The identity (12) is valid up to corrections *Zl-fi/‘? « Note
that with this accuracy the result is independent of the way in
which finite nuclear size is taken into account (compare with
the calculation of weak interactions in atoms [T]). The matrix
element ('Suz | Y S(F) JPJ,_: 55 contains the mentioned abo-
ve relativistic enhancement factor R due to the increase of
relativistic wave functions (53, > and [Py, near the nuc-
leus. Direct calculation shows that the matrix element

<SS, [V 1Py, > also contains a relativistic enhancement
factor

gt YR o)
T Flren e - ) M(nye3y , 42 O

Ry

It is more close to unity than R (’ﬁ(fo: 1,29) since it re-
mains finite at 7,—> 0 .

The EDM of xenon atom causged by T-odd electron-nucleon
interaction

(14)

wasg calcuiated previously in refs. [2,3] « It follows from the
comparison of formulae (12) and (14) that the xenon EDM can be
extracted from the results of refs. [2,31 without further cal-
culations. One should only take into account now the contribu-
tion of f";&— electrons, that corresponds to the change

€

R 7R =Ry ; in the case of purely contact inter-
action (14) the contribution of P;, - electrons is negligible.

The same strategy of looking for the terms singular in 2,
will be followed by us when calculating the atomic EDM arising
due to both HF interaction

el
ExL &

Uzl -sziaf (15)

and T-odd interaction of the electron EDM with the nuclear
field (sgee (2)):

wiz d 3 ZE 3.~ 22 1. TR (16)
Here
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The atomic EDM induced by the#interactions arises to the third
order of perturbation theory

KO[e TInX<n| Uk><kIwio>
d =L

- + permutations
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Note immediately that the effect arising to the second order

<ol d X.Z [n><nl tlo>
e

giriss 7oy

f a4 1
hag the order of magnitude ﬂ’w ~ZU 2ol mpﬂf and is neg-
ligibly small in comparison with (8).

The matrix elements of the operators X and W are by

itself non-singular in 7, . The suspicion however arises that
the singularity in %, takes place in the sums of the kind



v <H[UIK><K [wio>
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(18)
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due to the confribution of intermediate states |K> with high
energy.

Conasider therefore the correction to the wave funetion

g o IK><k [wio>
0275 g E, ~E, (19)

in the region 72 7%, . Acting on it by the operator H-F,
and using the completeness condition, we get without any dif-
ficulty the radial Dirac equations for this correction:

e 132 p - gL zjeld Cacx™

jl‘ .ff'xj 3 ‘i"éf‘. - _Lz.szfﬂ{c (x_},J ,z,r-_f (20)

We have neglected here the electron mass and energy, inessenti-
al at 7~ ¢, , and have taken into account also that at small
distances the wave function of the state [0> can be written
as

" o
'F“ - C il
(21)
39 2ol
J+i-¢ :
Here 2=(-{) 2 where ; and ¢ refer to the state

|e> ; note t{l:at the orbital angular momentum of the correcti-
on |9 is £-=.ZJ'-£ . The forced solution of eqs. (20) is

- 2L(20-1
¢ = 2leld C p¥-2 : ) (22)
j RY-1 (x-7)(2%+1)

-
The free solution z is less singular at 220 and ines-
gential at small distances. The singular free solution gat=s

8

arises when boundary conditions at the nucleus are taken into
account accurately. But it is essential only in a amall vicini-
ty of the nucleus and its relative contribution to the matrix
element <MIU IO D> is of the order of 2Z'«%¥2 .

It is convenient to introduce the effective operator

P 5 UIK>L<KIW + Wlk>S<k(H
W = & *EJ: : (23)

From the comparison of (15), (22) and (21) it can be seen that
at 220 W ~ $ % ~ 4 and the matrix element
<$q:_|‘ {;} [ h&> diverges at 2,— (¢ . By means of (22) we
find after simple but rather tedious transformations

<.Sq! ’ﬁ’r’lp‘ﬁ> ~ ..?L.g_ﬁ:. ?{: { ﬂ{H <$f&’ X f(?J!Eif > (24)

The same result can be obtained otherwise, by using the equa-
tions for the correction to wave function induced by HF inter-
action. Here the solutions are

f L[ @x+1)(x-y)
- _..C f‘fff ir J 2' (25)
j (2%-1) Z«

Note that the terms in expression (17) with matrix elements of
7 between intermediate states In> and |K> are inessential
gince these terms have no singulerity in 7, . From the compari-
son of (24) and (12) it follows that the contribution of ';' do-
minates numerically. The final value of the matrix element of

the mixing equals

~ 7 o g ¥ §(F
Sy, |V + WPy > » _§L.23'—1 cd M < ¥ IcE)py, > £26)

Note now that in non-relativistic limit expression (17), as



well as (5), turns to zero for closed electron shells. Indeed,
in this limit the sum of the operators W of all the electrons

is prapqrtional to their total spin that equals to zero both in

the ground state [0> and in the state Z [O> ., Thus, here

again the compensation of the contributions of Pi, and F, -

- electrons takes place. We reflect it by the auba:itutionJ&
R— R- 4 in the final result.

The numerical calculation [3] (see also [2])1-1&1:& led to

the following expression for the xenon EDM through the interac-
tion constants (14):

oo " 4
‘{[&J =044 {0 € le] cm T (27)

From the comparison of the matrix elements (26) and (14), and
the result (27) it follows that '

129 Y% Ba :
d ( xi)= 43407 %—{of =-05.40 o (28)

Using the experimental result (1) we get the limit on the elec-
tron EDM:

A= (042 4.4) 107 le) - em (29)

The theoretical error of this result is caused, first, by the
inaccurate account for the terms ~ 2%W? » &nd second, by in-
accuracy of the Hartree-Fock calculation [31 that have led to
formula (27). Therefore, the total error of our calculations
does not exceed 30-40%. |

The limit (28) is somewhat weaker than the best limits
. following from the experiments with the atomie cesium and the
xenon atom in the metastable mtate EP;_ [5,9]. Note however that

the authors of ref. [1] are going to increase the experimental
accuracy by four orders of magnitude.

In ref, [1] the possibility is discussed to measure the
EDM of mercury where the effects of T-nonconservation are con-
8:lerably larger. Using the proportionality of the matrix ele-

10

ments (26) and (14) and the calculation with the Hamiltonian
(14) for mercury [21 , we find

o{(iﬁH}) = ~d.g¥0 el (30)

A
By means of the mentioned operators V' and W the electron
EDM induces as well P- and T- odd dipole moment in a stationa-
ry state of polar molecules with paired electrons. Using the
1imit on the constants in Hamiltonian (14) obtained in the ex-
periments with the molecule T1F [10,11], we find by means of
formula (26)

d=(0.9.¥:1,3)-10_13rehcm (31)

s
This limityquite comparable with (29), but the accuracy of the
molecular calculations is considerably worse:then atomic ones.

Due to HF interaction, the EDM of atoms and molecules with
closed electron shells is induced also by the T-odd electron-
-nucleon interaction fﬁb Ky Vv & s € [1]. The Hemilto-
nian of the electron-nucleus interaction in the limit of infi-
nitely heavy nucleon is in this case

Hy=oF5 AK, N, 5(2)

V (32)

- z A L iR
KI'K:’p A tKy A s

ﬂ is an atomiec number. The atomic EDM arises here also to
the third order of perturbation theory, the only difference
being that in the formula of the type (17) hg should be sub-
stituted for W . Using formula (25) for the correction to
wave function caused by HF interaction, we find the effective
mixing matrix element

11



Here /l is the magnetic moment of & nucleus in nuclear magne-
tons. The finite nuclear radius Z, is taken into account by
meens of a simple model: the week interasction is concentrated
on a gphere of the radius 7, 8nd the HF interaction is cut off
near zero at a distance much smaller than Ze, + It allows one
to neglect the free solutions of inhomogeneous equation for
the correction to wave function caused by HF interaction. Unli-
ke the case of the electron EDM, in such a model one cannot
write a parameter of the type Z3/(* that characterizes the
accuracy of the calculation. Nevertheless, the accuracy of this
simple model is probably about 50%. However, if necessary, it

is not so difficult to improve the accuracy of this result by
solving more carefully the equation for the HF perturbation.

Now, using (1) and (27), we find the limit on the cons-
tant K, :

Ki =(’f231‘,2.3)-_1§h? (34)

This 1limit is no worse than the best of previously existing

NENE e caiet e ( IN( 15K AEY Bt B
the experiments with cesium [8,12] and xenon in the metastable

3P1 state [9,13]. A close limit follows from the experiment
with the T1F molecule:

K, (3% s)y o (35)

To obtain the limits on the constants of another electron-

~nucleon interaction i% Ke VW VoM E€  one should not
take into account HF interaction. To the lowest non-vanishing

12

approximation in m': the corresponding Hamiltonian of the
interaction between electron and nucleus is reduced to

& ofor > b 4 g
Py E:mp< K#%e’, t kg a2 (36)

The mixing matrix element here equals

-

<y [Hylp, > 2205 Z, <5, | ¥ 5(F)[Py, >,

(37)
3T g m,7, < k’PpZ & + K, - €n 2.
From the experiment with xenon it follows
-
Ky =003 28} 10, (38)
from that with T1F
=3
Ksp = (252 38)de (39)

The 1limits on the constants K;,and K;P that can be extracted
from other axperime:ﬁ:a are incomparably weaker than (38) and

(39).

Note in conclusion that the HF interaction leads also to
the dependence on nuclear spin in the matrix element of the
T-invariant interaction between electron axial and nucleon vec-
tor neutral currents., The corresponding effective operator
(compare with (23), (24) and (33)) equals:

1L
S el ? (40)
s o =Y ,2/3

me,

Here I is the nuclear spin, @, X - 0554 is the weak
nuclear charge. The dimensionlesa parameter X is comparable

13



yy magnitude with the corresponding constant that characteri-
zes the interaction of electron vector

and nucleon axial neu-
tral currents,

but it is by about an order of magnitude smal-
ler than the contribution of the nuclear anapole moment, at
least in the case of nonpaired proton [14]

The authors are grateful to 0O.P.Sushkov for extremely
useful discussions.
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