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The relativistic many-body atomic Hamilto-
nian in the Born-Oppenheimer approximation
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where oy; and 3; are the Dirac matrices, the last \V

term is the electron-electron repulsion term and
p; is the momentum of the éth electron.

In the Hartree-Fock formalism,

H= Z co; - p; + Bimaic? + Z Unp(r:)+ Z ? — Z Unr{r:)

U,.(r) is the Hartree-Fock/Dirac-Fock potentia



The Hartree

( Z co; - p; + Bimaic® + Z Unp(r;) ) %) = €q|ta)

where |2}, ) are the single-electron wavefunctions
that makeup the atom and €, are their ener-

gies. The potential Ugr(r;) represents the aver-
age Coulomb interaction of an electron a with
the other electrons in the atom.

HF

Effects of residual Coulomb interaction are treated as
perturbations to the Hartree-Fock Hamiltonian.

If atom has a non-zero EDM, the EDM interaction is treated
as a perturbation in additionto V__.




Slater-determinant formed from single-electron
orbitals,
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Dipole moment as an
expectation value

The quantum mechanical definition of atomic EDM
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vhere D = e r is the electric dipole operator, expectation
/alue of which is calculated with exact atomic wavefunctio

where |U) are the perturbed atomic exact states,
given by i
0) = [Wo) + A1)

Then,
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Perturbed HF theory

A many-body atomic state is the Slater determinant of
single-electron orbitals.

Hamiltonian perturbed by V., as well as Hepum
13,
H f = H + AHEDM
where Hrpppy may be due to any P, T violating
interaction. The wavefunctions also get modi-

fied to ) )
%a) = [1ha) + Althg)
Substitute them in the perturbed equation,

(B + g — €))) |¥2) = (—hepm — g") |¥2)

This is the final form of the perturbed HF equation.
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HF

potential
The perturbed HF operator is

gl = [(Whlvlvg) ey — (Walvlwe)|ws)]
+  [(wplvlef 2 — @ lw D)D)
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Contd..

Expand the perturbed wavetunctions in terms
of a complete set of unperturbed wavefunctions,

le Z WJD

C's are the mixing coefﬁc1ents determined by solving
perturbed HF equations.




Projecting the above equation by (159,
> (Wl (1 +6° = €) [95)Cpa = (¥l (—Pepma — g7) I02)
p

Substituting g' and expanding |t);) = >~ Cgs|t)),
the mixing coefficients are solutions of the linear
alegebraic equations

Cya (e — €0)+) _ [({palvlad) — (pglv|ba)) Cp]
bq

+[({pblv]ag) — (pblv|ga)) Cesl+(phenmla) = 0

The zeroth order contribution
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These equations can be represented as a set of
linear matrix equations,

Z Apa g5Cgp = — Bpq
gb

where

Apg gp = ffm,ab + %b,ﬂq + (EE — EE) OpgOab

and
Bjﬁlﬂ = (pl hEpMm | El)

In the perturbed HF framework, the atomic
EDM is

D, =) (ald|p)C + Crl (p|d|a)
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Perturbed HF diagrams
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Tensor-pseudotensor EDM
interaction

HT_PT = No"*N-€0,,7’e (T-PT - tensor-pseudotensor)

Hypu = iCrGrv/(2) Z (% - I) p()
where py(r) is the nuclear density, I is the

nuclear spin, C'p is the T-PT coupling constant
and GGy is the Fermi coupling constant.
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EDM results for Yb and Ra

Tensor-pseudotensor electron-nuclear interaction

System Zeroth order EDM in  All-order EDM In units
units of 10*” C_o ecm of 10% C_c e cm

Ytterbium -0.71 - 3.38
Xenon 0.45 0.56
Radium -3.47 -16.59

Mercury -2.38 - 5.85




EDM arising from Schiff
moment

System Zeroth order EDM in  All-order EDM in units
units of 10"’ S/(e fm®) of 10" S/(e fm°)

ecm e cm
Ytterbium -0.42 -1.91
Xenon 0.29 0.38
Radium -1.84 -8.09

Mercury -1.19 -2.91




Conclusions

Perturbed HF is one of the important milestones in
many-body calculations.

Calculations with more accurate theories of EDM have
shown that beyond the HF level, the perturbed HF gives a
substantial contribution

Perturbed HF captures only selected effects arising from
the residual Coulomb interaction.

More effects of Coulomb interaction need to be incorporated
through coupled-cluster kind of methods.
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