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ABSTRACT

A perturbation theory expansion of the relativistic

Hartree —Fock calculation of electron electric dipole

moment enhancement in thallium is considered. The

RPAE resuit appears to be highly overestimated be-

cause of an overestimation of the T-odd exchange

polarization. The correlations, calculated in present
work, reduce this result by 709%,.

© Hucruryr adepuoil pusuku CO AH CCCP

1. INTRODUCTION

It is known, that existence of electric dipole moment (EDM) of
elementary particles would mean the violation of time invariancy.
One of observable T-violating effects is the atomic EDM, induced by
the EDM of electrons, which for heavy atoms may be essentially
larger, than the electron EDM [1, 2].

In Refs [3, 4] the enhancement of electron EDM was calculated
for some heavy atoms with one unpaired electron over the closed
shells. For Tl atom -a very strong difference was found between the
relativistic Hartree — Fock result from one side, and the calculations
in the model potentials and semi-empirical results [2, 5] from
another side (Table 1).

In present work the relativistic Hartree— Fock calculation of
EDM enhancement in thallium atom is done, some oi the second-or-
der correlations also are calculated. We analyze the reasons, which
lead in the case of thallium atom to the large difference between the
results of different methods and to the large value of correlations.

2, CALCULATION PROCEDURE

Calculation for the Tl atom, which has one unpaired electron
6p,» over the closed shells, is made in V™" approximation. In this
approximation the Hartree — Fock potential V is limited by a sum
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over the closed shell electrons. This make it possible to apply the
same potential both to the inner-shell and external electrons, the
‘wave equations for inner electrons are solved self-consistently, for
external—in frozen core approximation. A self-action, which for-
mally appears in equations for inner electrons, is exactly cancelled
in sum of direct and exchange potentials. Then the corrections, due
to the diflerence between the Hartree—Fock potential and exact
many-particle Hamiltonian, are calculated by the perturbation the-
ory methods. The procedure of EDM caiculation is very close to
that of P-violating El transition amplitudes, caused by the weak
electron-nucleon interaction [6]. This make it possible to use with a
slight changes a complex of programs, developed in work [6].

To find the atomic EDM the shiit of atomic energy in a static
external electric field E; was calculated: 8eas= — @, Fo. Energy
shift for every electron is proportional to its angular momentum
projection, so the energy shifts of inner-shell electrons cancel each
other and only the external electron contribution remains. The
dimensionless EDM enhancement coefficient is determined as
R:daf/de: _r 65{1?‘/{Eﬂdf}-

The total one-particle perturbation operator looks as

W= Wi+ Wz+ Wra,
Wi= —dJp—1) 2,

e = —erkEy, (1)
Weo=—dd{p—1) ZEo,

where W,— T-violating interaction ol electron EDM d. with atomic
own electric field E,, W, and W.,—interactions of electron charge

and EDM with external electric [field, ]3=({1] Dl) and

Zz(g {_J_)—lhﬂ Dirack matrices. Expressions for W, and W, are
1]
written with accounting of Schifi’s theorem [7]. The matrix element
of T-odd interaction with atomic field riches an order of Z%x? and
with external field — «”. So, in the heavy atoms, the interaction of
external electric field with a direct electron EDM is much smaller,
than that with the atomic EDM, induced by the T-odd interaction
W, and the direct interaction Wy, is neglected in present calcula-
tion.

Atomic electrical field in V™" approximation is determined by
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the summary charge density of nucleus and closed-shell electrons.
So it is spherically symmetrical and T-odd interaction looks as

%:m( E ?) Eudr) (6-7) , (2)

where A=r/r. Strictly speaking, here it is necessary to exclude the
self-action (interaction between the electron EDM and its own field)
and consider the influence of external electron field on the in-
ner-shell electron EDMs. But both this effects gives the contribu-
tions of the same order as Wg,, so they also are neglected.

The wave function corrections, due to the T-violating interaction
(Wa) and electric (W) are calculated independently with accoun-
ting of direct and exchange polarizations. Then the mixed correc-
tions, proportional to Eod., are calculated. The energy shiit e can
be determined from the equations for these Eyd. corrections.

The total Hartree — Fock result, obtained with accounting of all
the polarizations, corresponds to the random phase approximation
with exchange (RPAE). At Fig. | the diagrams of zero and first or-
der in the Coulomb interaction, giving a nonzero contribution to the
total result, are shown. In the RPAE-approximation the first-order
corrections in the residual Coulomb interaction, which corresponds
to the shielding of external electric field inside the atom, are al-
ready taken into account. The calculation with only T-odd polariza-
tion taken into account is equal to the sum of l.a and 1.b diagrams
which corresponds to the «zero order» approximation in Refs [3, 4].
The second-order corrections in residual Coulomb interaction are
calculated by the correlation potential method [8]. The diagrams,
composing this correlation potential ¥ are shown at Fig. 2, the se-
;gnd—gorder correction diagrams in terms of this potential — at
ig. 3.

3. THE RESULTS OF CALCULATION

The results of calculation in RPAE approximation are listed in
Table 2. These results for the calculations with T-odd and all the
polarizations taken into account coinside up to the possible numeri-
cal uncertainties with the corresponding results of Refs |3, 4]. The
calculated second-order corrections are listed in Table 3. Except the
total contributions of different diagrams, the simple estimations of
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these contributions are listed. This estimations are obtained by sum-
ming over the limited number of intermediate states: 6s, 7s, 8s, Os
for zero-order diagrams l,a and 6s, 6p,,, lor all other diagrams
(Fig. 4). This part of contributions can be expressed through the

. : Coulomb integrals and the matrix elements of T-violating interac-
6. S & tion and of electron interaction with external field.
i The most unexpected result of correlations calculation (Table 3)
" Chee is an extremely large contribution of 3.4 diagrams, including the
E:E Ly § i . #f /
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Fig. I. Zero- and first-order diagrams, giving a nonzero contribution to the RPAE
result:
~=~ — Coulomb electron-electron interaction. X — T-odd interadiurlx of electron EDM with
atomic field. — — — — Interaction with external field. ’
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fig. 4. Estimations of different order diagrams by sum over the Limited number ot

Fig. 2. Second-order diagrams, composing the correlation potential. intermediate states.
',*’ { bhy | bpa T-violating interaction on the internal lines of the correlation poten-
a. Wl+- ek S AE % tial diagrams. In Ref. [6], when such correlations were calculated
! for the P-odd eifects, it was supposed, that the diagrams like 3.,

3.d, including one of the interactions (weak or electric one) on the

f
/ f

4 bpw/ 6P, A Epan i internal lines, were less, than the 3,a, 3,6 ones, containing both inte-
ractions on the external lines. Correspondingly, the 3,e diagram, in-
Ir‘ ' cludiffg~both interactions on the internal lines. should be less, than
[ bpe [ kv épﬂz - 3,¢ and 3,d ones. The ratio of typical energies of external and in-
C. o e ner-shell electrons was considered as a parameter of this suppres-
: " AN—1) ' 3 1 ;
sion. For Tl atom in V approximation &g, /g =0.29. So in

J Latic W Rei. [6] the calculation of total contribution of diagrams like 3,¢
fig: 9. Diagrams of correlation correc was changed by an approximate expression [8]:

'}
@r@ — Diagrams with corresponding interactions on internal lines.

— Contribution of renormalization of correlation potential, due to the shifts of
atomic energy levels in _Exterrial field.

. 3 .85 8% : : :
B0 (Gap,, | Wy 2 +;ﬁf__;wﬁ|tpﬁpm> /9. (3)
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where @, . was the 6p,, wave function with T-odd correction. The
3,e diagram contribution was approximately estimated by the contri-
bution of 6s and 6p,,, intermediate states. In our case such estimati-
ons are not sufficient because of the large magnitude of 3,d diag-
rams, and the total contributions of 3,c and, especially, 3,e diag-
rams are not determined. We can only suppose, that this contribu-
tions have the same signes, as estimations, obtained for them, and,
so, they reduce to some extent the total correlation correction and
increase the total result.

[T sum up the correlation corrections, calculated in present
work, they would reduce the RPAE result by 70%: from (—1041)
to a value of about (—300). So, in Hartree— Fock calculation of
electron EDM enhancement in Tl not only the contributions of pola-
rizations (especially of T-violating one) are extremely large, as it
was shown in Refs [3, 4], but the correlation corrections (especially
with T-odd interaction on the internal lines of correlation diagrams)
are very large too. This shows, that the RPAE result is strongly
overestimated. It happens, besause the Hartree— Fock calculation
gives a strongly overestimated T-odd corrections to the electron
wave functions. It is interesting to consider this effect in compari-
son with analogous calculation for P-odd interaction [6].

4. THE REASONS OF THE P- AND T-ODD CORRECTIONS
OVERESTIMATION IN HARTREE—FOCK CALCULATION

The P-odd weak electron-nucleon interaction, considered in
Ref. [6], and T-odd interaction of electron EDM with spherically
symmetrical atomic field have the identical transformation qualities:
they both are the pseudoscalar interactions. Significant difference
between these two interactiens is, that the matrix elements of the
T-odd interaction are real and the P-odd — imaginary.

[n Hartree-Fock calculation of P- and T-odd wave function cor-
rections the self-consistent procedure converge slowly, and the re-
sulting matrix elements {(@;|8¢;) = — (jlW+8VIi)/Ae; are much
larger, than the initial matrix elements — (j| W|i)/Ae;, especially
for i, j=6s, 6p,,, (Table 4). Here W is P- or T-odd interaction,
8V —corresponding exchange polarization (the direct polarization in
first order in 8¢ is equal to zero).

The reasons of such behaviour can be understood in the model,
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of iterations, equal to summing up the
This gives us a sum of geometrical progression:

taking into account the polarization of only one closed shell and
neglecting the polarizations of other shells. The 6s2 shell is the most
interesting for us becai:se, firstly, for this shell the considered effect
is Iargff enough, and, secondly, the polarization of this shell makes
the major contribution to the RPAE result (Table 2). Then in ex-
cha'nge polarization 8V,: only the sum over two 6s electrons re-
mains. We can write the correction to the 6s wave function like

S@p; = nz Bn Pnp, , , (4)

wh?‘re as are the decomposition coellicients, real for the T-odd inte-
raction and imaginary for P-odd. If keep in (4) only g *

| i ) . : Y %, ,, and sub-
stitute (4) into exchange polarization, we obtain i

(6p12 18Vec165) = —{ aoFi(s,p) + a5 61} (5)
6 WS Wi s —ﬂﬁ( Ful(s, p) i Gl)
g= — P2 +0Vib6s) —_ . He..
-":"ll‘fti-pﬁs "."ll'EﬁPﬂ:' :

where

Fols, p) =Fo(6s, 65,6p,)5,6p,15), G,= Gi(6s, 6py 9, 6p, 19, 65)

Fol@1, @2, @3, @4) = SEfTLf-’JJ' fo(r1) ;—fﬁfz} fa(ra) ridr, ridr,,
Gl @2 93, 00 =\{[i"(r) 1) S5 (r2) ulra) rdry Ry,

are rgdial Coulomb integrals of zero and first multipolarity. Here in
the sign (%) (4) corr95p9nds to the case of T-odd iriteractinn,
(—) — to the P-odd one (af= =*as). Then we obtain
B s Woss ;
{Eﬁ.ﬂ — &, —(Fo{s. p) + —,i—Gl)}

(6)

In self-consistent procedure expression (6) appears as a result

diagrams, shown at i o

i
RN 5 T
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The slow convergence oi this progression is connected with a large
values of Coulomb integrals of 6s, 6p,,, wave functions in TI.
The difference between P- and T-odd interactions is connected in

this model with a Coulomb integral of first multipolarity i—;" Gy. I

we keep in 8V,. only the Coulomb integrals of zero multipolarity,

_@L+:_++++E 2

Fig. 5. Diagrams of Hartree— Fock seli-consistent calculation of P- and T-odd wave
function corrections.

% — P- or T-odd interaction;, @& — corresponding interaction with exchange pelarization.

the P- and T-odd corrections would behave itself equally. For the
T-odd interaction expression (6) gives a value, significantly less,
than a total result of corresponding calculation of isolated 6s2-shell
polarization (Table 4). This difference decreases to some extent
when the n=>5p, 5, 7pi,2, 8P slates are also taken into account in
decomposition (4) and a system of linear equations on a, is solved.
The rest difference is probably connected with contributions of. conti-
nious specter states in:expression (4). The difference between the
total calculation and the calculation in our model (with 8Vge) is
due to the polarization of other inner shells.

As we have seen, the self-consistent Hartree — Fock calculation
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shifts the energetical denominators in expression (6). For the T-odd

interaction this shift is of most significance: Fo4 %6120.?2;\5 (for
P.odd interaction this shift is Fﬂ—%—(j]::().aﬂﬂa, for interaction

with external field Wp: Fﬂ—%(}g::{).—’l{]ﬁs]. For the T-odd interacti-

on the reduced one-particle 6s—06p,, energetical denominator is
even less, than the exact energetical denominators — the energy dil-
ferences between the atomic states 6s°6p, o and 6s6p;,,, or ionic sta-
tes 6s and (6s6p, 5 )00, mixing together by a parity violating interac-
tion (Fig. 6). This reduced energetical denominators leads to a
highly overestimated T-odd wave function corrections of 6s and
6p,, states and, in turn, to a highly overestimated electron EDM
enhancement in Tl atom. In semiempirical calculations this does not
happen, because the correct many-particle energies are used there.

6p) 0
(0.487)

: i
it Fis Py G
Epy g — s (Fﬂ‘t*‘w"} 3 l)

(0.252)
iy
P 6s6pi /2
| (65501/3)00 0.212)
I-?ﬁp]f.lz "'"Hﬁ_g_(-FUl:_S1 F'".l —I_ ? 61} k{].!gﬁ}
{0.138)
6s Bs? 65 6P, 2
Hartree-Fock calculatien TI* ion Tl atom

[f we calculate the corrections to the Hartree Fock result in all
orders in the residual Coulomb interaction, which is equal to the
exact solution, the terms with reduced energetical denominators
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g 3 -
g (Fﬂi 3 G;) would be cancelled and the exact energetical de-

nominators would take their places. We can calculate onlv th first
and semnd-urd'er corrections, which reduce the Hartree:—Fﬂeckirl?e_
?igifsa;isTii;?n::’[idcéuit;ht?hthe exztac‘.t one. The result with this mrrec.-
1 | e exact result, expan /

Coulomb integrals up to the first or second I];ﬂwdeerdc?}?rgs?p“ﬂ?lr;ir?ilthe
mrr‘iet.igiz Db?jer;]e the ratio between the RPAE result, secondjrgér

s an € exact result in a model, equal to th t, whic
leads to the expression (6). Let us consider v - ; m B
functions, corresponding to three external t;IEécttT;;iefthrTﬂfn :t?w
E{)mpnzed hy_only two Dne—p_:article Hartree— Fock functions: 6s a:::i,
cﬁﬁig qﬁtf}rldéngg to theifaul{ ;:zriznciple, we have only two such fun-
o t" 11 168%6p; 5 ), Yo 1Jbsbpll,:2>. These functions are the eigen-
ctions for the three-pa[_t_rc.fe Hartree — Fock Hamiltonian I
a sum of three one-particle $nes. i
: In this apprqxlmatmnr the exact unperturbed three-particle wave
unctions (the eigenfunctions for the exact three-particle Hamiltonj
an mthoqt parity violation) formally coincide with Hartr;u—rFUn-li;
three-particle unperturbed functions. It happens because th.e m?
turbe_d Cuu!nrpb interaction does not mix together.thé L 4 aﬁl;psl}_
;ﬁ:fgigﬁgfh"im% a; ?ppnsite parity. By the same reason ]the é'{acf
an states diffe stgeies ¢

in the first order in Coulomb irf’ti‘-rfarsgénl:lﬂrtree__FOCk S

B1==g5, —ro5,5),

©2==26p s -+ Folp, p) — Fols, s) — 2Fy(s, p) + — G,
3 ¥

where
Fo(s, s) = Fy(6s, 6s, 65, 65) ,
Folp, p) =Fﬂ(ﬁﬂuﬂs 60,0, 6012, 6p1s9) .

5 ;I;]htfl;rth?e—parti?ie r]natrix elements of parity violating and elect-
actions coincide with the one-partiele matrix elem

ween 6s and 6p,,, state ' 25 | i
. sz States. All this makes it possible to obtaj

| ain analy-

;t;]ci“'} {?f} express trough the Coulomb integrals and Une-particge

t_a rix elements) not only the Hartree— Fock result with polariza-

ion and correlation correciions, but also the exact result F:r_:-r

example, the shift of atomic ener i ; :
: ~ nergy in RPAE a :
65°6p; _ﬁgﬁpfﬂ basis' as _ pproximation looks in
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$eRPAF — Easbs[ﬂﬂﬁpﬁs —Folp, p) — —;“ G!] )

the correlation correction

36 lFD(S, p) == Folp, oY= == G.] [FO(S. ) i Bolpiph 42 G.] ,
At 3 9

and the exact result
Oe’ = —2(6p o4 | Wul6s{ ) (65| Welbp o) /(ea—e1),

where ag= — (6p ;5| Wa+ 0V4|65) /Ags s, is determined by expres-
sion (6), analogously

A
bo=— (6P o | | Wg 48V (65 ) [Aegpss = — e
-'\&“—(Fﬂ——ug—[}1)

where sign | means _712" spin projection (it corresponds to the

6546s546p,,t — 6516p,,|6p,,t matrix element). The results of
calculation in 6s6p,,, — 6s6p;,, basis for the T-odd mixing coeffici-
ent A= (W;,|6%¥,;) and the electron EDM enhancement coefficient R
are listed in Table 5. We can see, that the corrections of third and
higher orders in the residual Coulomb interaction are even higher,
than the second order ones.

[n the 6s%p,,, — 6s6p;,, basis all the correlations are connected
with the energetical denominators correction. In the total calculation
the corrections, due to the mixing of Hartree— Fock stales into
exact unperturbed states by residual Coulomb interaction, appears.
Moreover, the total value of correlations is much higher, than in
our Gszﬁpuz —Esﬁpfﬁ approximation. So we can not estimate the
contribution of higher-order corrections in the total calculation. It is

clear only, that they can-also be very large.

5. CONCLUSION

So, in Hartree — Fock calculation of EDM enhancement in TI
atom, not only the first-order corrections in the residual Coulomb
interaction, but the second-order ones too are extremely large. The
sum of correlations, calculated in present work, 740, and total
enhancement coefficient — 300 can not be considered as the com-
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plete results, because the total contribution of the correlation dia.
grams, containing the interaction with the external electric field on
internal lines, is not calcuiated, and the higher-order corrections are
not determined,

The reasons of highly overestimated Hartree — Fock result with
T-odd polarization and of large magnitude of corrections to this re-
sult are connected with the calculation of T-odd corrections to the
wave functions. Especial features of T-odd interaction (reality and
transformation qualities of its matrix elements) makes the Coulomb
integrals of zero and first multipolity to add one with another in
T-odd polarization, and not to subtract, as in P-odd or electric pola-
rizations. The certain ratio between the Coulomb integrals of 6s,
6p, wave functions and the energies of corresponding states in TI
atom makes the matrix elements of the T-odd polarization large.
This in self-consistent calculation leads to an essentially overestima-
ted T-odd wave function corrections, especially for 6s, 6p,, wave
tunctions, which, in turn, gives an overestimated result in initial ap-
proximation (with T-odd polarization) and a large corrections of
first and second order in the residual Coulomb interaction. These
corrections reduce the result and make it closer to the semi-empiri-
cal results. The noncalculated corrections oi higher orders also may
be large, because of a large value of Coulomb integrals.

The combination of features of T-odd interaction, Hartree — Fock
calculation in V™" approximation and certain atomic characteris-
tics leads in the case of Tl atom to the loss of accuracy of the
Hartree — Fock method, even if the second-order corrections are
calculated. We can note, that in this calculation the features of
Hartree — Fock method, presenting in every such calculation, become
signiticant: the shift of energetical denominators, due to the
self-consistent calculation with polarization, the correlations. correc-
ting these denominators. So, in estimation of accuracy of RPAE re-
sult in Hartree — Fock method, the estimation of first-order correcti-
ons is not sufficient. The RPAE result, even with second-order cor-
rections calculated, has a satisfactory accuracy only if these se-
cond-order corrections are small enough.

The author is thankiul to V.V. Flambaum. O.P. Sushkov,
V.A. Dzuba and P.G. Silvestrov for helpful discussions and consul-
tations.

-
"

w o

o o

=~

REFERENCES

; r 142 — 1648.
E.E. Salpeter. Phys. Rev., 1958, v.112, Ne 5, p.164 : :
P.G.H. Sandars, R.M. Sternheimer. Phys. Rev.A., 1975, v.11 . Ne 2, p.al?j——lanEs. ;
W.R. Johnson, D.S. Guo, M. Idrees, 1. Sapirstein. Phys .Rev. A, 1985, v.32, 4,

2093 — 2099, :
FT:F.R. Johnson, D.S. Guo, M. Idrees, I. Sapirstein. Phys. Rev. A, 1986, v.34, No 2,
p.1043 — 1057.

V.V. Flambaum. Yad. Fiz (Sov. Nuc. Phys.), 1976, v.24, iss.2, p,33§—386. -
V.A. Dzuba, V.V. Flambaum, P.G. Silvestrov, O.P. Sushkov. J. Phys. B, 1987,

v.20, Ne 14, p.3297 —3311. g g mon
L.I. Schiff. Phys. Rev., 1963, v.132, Ne o, p.. — -
V.A. I(I:lz.r,::;m, V.V, Flambaum, P.G. Silvestrov, O.P. Sushkov. J. Phys. B, 1987,

v.20, p.1399— 1412.

15



Table 1
The Previous Results of Electron EDM Enhancement
Calculation in Thallium Atom (d,/d.)
Model Semiempirical
Hartree—Fock | potentials [3, 4] resulis
resvli [3, 4] ; ‘
Green | Noreross (2] [5]
The initial
approximation — 1906 — 689 | — 687
The result with Bk
first-order corrections — 1041 —607 | —562
Table 2

The Contributions of Different Zero- and First-Order
Grafics to the Hartree — Fock Result With Polarizations
(Rui/d. Coefficient)

SRR pul.fri::.l:tuitlms ;jtahrﬁld?li: pn.;f:?:a?fins
la —422 /—362/° | —422 /—362/ | —422 /—362/
1,b — —1493 /—858/ | —1769 /— 1148/
1, - — 1118 /252/
: l,d - - — 1228 /—1023/
e - - 1260 /1023/
Summary | —422 /—362/ | —1915 /—1220/ | — 1041 /— 1258/

“In/ /—the sum over the limited number of intermediate states,

Table
The Correlation Grafics Contributions to the Result.
Grafics 3,a 3,& He | 3d | 3.e | 3. |sum
Tolal result 346 | —26| —9° | 420 21 | 740
Bs, ﬁp,a_.z
contributions 22 11 —9 1 31 |—16 39
" Approximate expression (3).
16

3

The Results of Calculation in 6s%6p,,, — ll:‘psfipv.“:’;2 Basis

A" R
Without polarizations —91 | —155
With T-odd polarization — 322 | — 549
With ail polarizations —273 | —408
Second-order correction 27.5 29
Higher-order corrections 36.5 29
The exact result —209 | — 356

* In units d..

by

Table 4
The Hartree — Fock Matrix Flements of P- and T-odd Interactions
" P.odd" I T-odd""
Multipolarity %
of 8V 1 Epe #
Total | Expr.(6) i Total Expr.{6) | m=35p.... Bp
e |
oo SRS 9.4 | —o1 |
il"i':ﬁpﬁs i
: o % :
— SPEpl WoROINta, b igiiusy e —701 | |
‘isﬁpﬁs
~ 5Py X A 16e) 0. 1 202! 182 | —s540 | —320 | —360
.. K80 W O ¥epite) o - 1306] 935 | =290 | —230 | —240
;‘\t‘lﬂpfjg
* In units i10°2GQy /22 (atomic units).
** In units d..
Table
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