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ON DETERMINATION OF RADIATIVE TRANSITIONS PROBABILITIES IN RELATIVISTIC
THEORY OF DIATOMIC MOLECULES: NEW SCHEME

On the basis of new gauge-invariant scheme in the relativistic energy approach combined with the multi-
body perturbation theory for diatomic molecules it is formulated a new theoretical scheme for calculating the
probabilities of radiative transitions of molecules. It is analysed the possible way to take into account for the
inter-electron correlation and correspondingly the non-gauge-invariant contributions in relativistic molecular

theory.

1. The experimental and theoretical study-
ing of the radiation transition characteristics of a
whole number of many-electron systems such as
atoms and diatomic molecules is of a great im-
portance and interest from the point of view of as
the quantum electronics and atomic physics as at-
mosphere, plasma physics and plasma diagnostics
science [1-33]). The traditional problem of any
theory of the multielectron systems is determina-
tion of the radiation transition probabilities (os-
cillator strengths). Naturally to present time there
are many well developed methods in a relativistic
theory of atoms and ions and non-relativistic the-
ory of molecular systems [1-16]. The well known
multi-configuration Hartree-Fock method (the
relativistic effects are often taken into account
in the Pauli approximation or Breit Hamiltonian
etc) allowed to obtain the useful spectral data on
light and not heavy systems. The multi-configura-
tion Dirac-Fock (DF) method is the most reliable
version of calculation for systems with a large
number of electrons. In these calculations the ef-
fects are taken into account practically precisely
[1-18]. The calculation program of Desclaux (the
Desclaux program, Dirac package) is compiled
with proper account of the one- and two-particle
relativistic, a finiteness of the nucleus size etc. It
should be given special attention to two very gen-
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eral and important computer systems for relativ-
istic calculations of atomic and molecular prop-
erties developed in the Oxford group and known
as GRASP (“GRASP”, “Dirac”; “BERTHA”,
“QED”, “Dirac”) (see [1-5] and references there).
Besides, the well known density functional theory
(DFT), relativistic coupled-cluster approach and
model potential approaches in heavy atoms and
ions should be mentioned too [1-15].

Nevertheless, as a rule, detailed description of
the method for studying role of the relativistic,
gauge-invariant contributions, for molecular sys-
tems is lacking. Serious problems are connected
with correct definition of the high-order correla-
tion corrections etc. The further improvement of
this method is connected with using the gauge
invariant procedures of generating the electron
orbitals basis’s and more correct treating the cor-
relation effects [1-5,16-21].

In refs. [5,17-22] it has been performed an
analysis of approaches to description of the rela-
tivistic many-electron systems with accurate con-
sistent treating the relativistic, exchange-correla-
tion and other, based on the relativistic perturba-
tion theory (PT) formalism.

In the relativistic theory of heavy diatomic
molecules a main problem of using the Dirac
equation as a zero approximation in molecular



calculations associated with the non-ability to
divide the variables in difference of the standard
non-relativistic Schrodinger equation.

In this paper on the basis of new gauge-invar-
iant scheme in the relativistic energy approach
combined with the multi-body perturbation theo-
ry for diatomic molecules it is formulated a new
theoretical scheme for calculating the probabili-
ties of radiative transitions of molecules. It is ana-
lysed the possible way to take into account for the
inter-electron correlation and correspondingly the
non-gauge-invariant contributions in relativistic
molecular theory.

Naturally, one of the effective ways in relativ-
istic molecular theory is in using the Breit-Pauli
approximation [3-5].

2. Let us describe in brief the important mo-
ment of our theoretical approach. As usually, the
wave functions zeroth basis is found from the
Schrodinger (Dirac in the consistent version)
equation solution with potential, which includes
the core ab initio potential, electric potentials of
nuclei and possibly exchange-correlation one-
particle potentials. The last potential in part takes
into account for contribution of the correlation
corrections of the PT second and high orders
(electrons screening, particle-hole interaction
etc.) are accounted for.

For arbitrary diatomic molecule in the per-
turbation theory zeroth approximation the two-
center centre Schrodinger equation is written in
spheroidal coordinates, 1,m,j

(A=(rg+rg)/RI<A <0,
w=(rg—rg)/R.~1<p<1,0<p<2n)

and after a number of transformations results in
the following form (look,for example, [5]):
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where A is a constant separation. The wave func-
tion is represented as:

W01 0)= AWM (1, 0)= AR)G(u)e -

and the one-electron energy: E=—2 p2 / R
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The perturbation theory operator is as follows:
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where d,i,j are the summation indexes corre-
spondingly at nuclei and electrons.

In [5] it was constructed for the perturbation
theory formalism for secular operator matrix and
there are analyzed the diagrams summation tools
for secular operator matrix. The terms of this set
are represemted as contributions on of the Feyn-
man diagrams, which are usually classified on
number of the end lines. According to such a clas-
sification the matrix element of the secular opera-
tor has a form [5]:

Mey= Mé?])+Mg1) +...+Mg]), (6)
where 1 is a total number of valence particles,
M© — the vacuum diagrams contribution (without
the end lines) M — a contribution of the 1-par-
ticles diagrams (one pair o the end lines); M®-
contribution of the two-particle diagrams (two
pair of the end lines) and so on. Contribution M®
is equal to a sum of the one-particle energies €.
In the first perturbation theory order one should
compute only the contribution of the two-particle
diagrams of the first order. In fact this correc-
tion is equal to interaction energy of the particles

AED and can be expressed through the matrix
elements of the usual type on the wave functions
of the zeroth approximation. For the Coulomb op-

erator ;! one should use the Neumann expan-
sions on the Legendre polynomials of the first and
second kind and spherical harmonics. 3.

3. As the first step, the relativistic block of
the theory may into account the main relativistic
effects within the model based on the perturba-
tion theory with the Breit-Pauli Hamiltonian, tak-
ing into account relativistic corrections of the a’
corder (a-fine structure constant), in particular,
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the term due to the dependence of mass on ve-
locity (H, and h)), Darwin correction (H, and h,),

the spin-orbit term [H3 H4} [5]. The further
oy

simplification is connected with using the Cow-

an-Griffin approximation [13], which takes into

account only two first effects in molecular calcu-

lations, in particular, for the s states.

Let us further examine the multielectron mol-
ecule with one or two quasi-particles (valence
electrons). In the case of the multi-electron sys-
tem with molecular core of the closed electron
shells one can use the model potential method
namely the bare two centre potential V', + V. with
V' describing the electric potential of the nucleue,
V., imitating the interaction of the quasi-particle
with the molecular core. Surely, the core two-cen-
tre potential V. is related to the core electron
density 7. in a standard way. The latter fully de-
fines the one electron representation. Moreover,
all the results of the approximate calculations
are the functionals of the density r.(r). The key
step 1s determinatiojn of the complex energy of a
molecule (that is in a relativistic theory).

According to the energy approach [17-19] the
probability is directly connected with imaginary
part of electron energy of the system, which is de-

fined in the lowest order of perturbation theory as
follows (the a-n transition is studied):

ImAE(B)z—i S el )

T a>n>f “
The matrix element 1 (5) 1s provided by the
following determination:

sin|@|r
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The separated terms of the sum in (5) repre-
sent the contributions of different channels and a
probability of the dipole a-n transition is:

ol * *
V,J-kl‘ =[[drndr?; (r;)¥ ;(ry)

o= ™
Under calculating the matrix elements (5) one
could use the angle symmetry of the two-centre
task and write the expansion for potential sin|w|r ./
r,, on spherical functions as follows [2]. This ex-
pansion is corresponding to usual multipole one

for probability of radiative decay.
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Obviously that the expression (5) is corre-
sponding to first order of the molecular perturba-
tion theory or second order of the quantum elec-
trodynamical perturbation theory. Corresponding-
ly in the second (fourth) order of the perturbation
theory there are appeared the exchange-correla-
tion or exchange-polarization corrections which
being under consideration are gauge- dependent
(dE,,,) [19].

Surely, all the results of the exact calcula-
tion of any physical quantity must be gauge
independent . However, even most advanced the-
ories of diatomic molecules can hardly take into
account all types of exchange-polarization cor-
rections, especially, so called multi-particle ones
and also continuum pressure etc. In fact their non-
account provides a non-conservation of a gauge
invariance in molecular calculations.

The simple way to reconstruct gauge invari-
ance of a theory is to consider the corresponding
many-particle exchange-polarization diagrams
and determine the next corresponding term in an
expression for the imaginary part of electron ener-
gy of the system (look different schemes in Refs.
[20-25]). Then the minimization of the functional
Im dE_ leads to the integro-differential equa-
tion for the 7, (the DF or Dirac-Kohn-Sham-like
equations for the electron density) that should be
numerically solved. In result there is a possibility
to obtain the optimal one-particle representation
and respectively optimal basis of electron orbit-
als, which is further used in calculation of the ra-
diative transition characteristics.

Unlike the many-electron atoms in the case
of diatomic molecules, this approach is natu-
rally much more difficult. However, taking into
account the substantial progress in the develop-
ment of relativistic molecular theories, including,
radiative transitions, the problem could be solved
in a particular in simplifying accompanying ap-
proaches.
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Abstract.
On the basis of new gauge-invariant scheme in the relativistic energy approach combined with the
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A. B. Henamenxo, E. JI. Ilonomapenxo, A. C. Keacurosa, T. A. Kynaxnu

OB OIPEJIEJIEHUU BEPOSAITHOCTEM PAJIMAIIMOHHBIX ITEPEXO/IOB B
PEJATUBUCTCKOM TEOPUHU IBYXATOMHBIX MOJIEKY.l: HOBASI CXEMA

Pe3rome.
C ucnonb3oBaHUEM KaaHMOpPOBOUYHO-UHBAPUAHTHON CXEMbI B paMKaX PEJSITUBUCTCKOIO SHEPreTH-
YEeCKOTO ITOIX0/1a ¥ MHOTOYACTUIHOW TEOPHH BO3MYIIICHHH JJIs IByXaTOMHBIX MOJIEKYJ c(hopMyITupo-
BaHa HOBas TeopeTI/I‘IGCKaﬂ CXGMy onpez[eneHI/m BGpOfITHOCTGﬁ paI[I/IaIII/IOHHBIX HCpCXO)IOB I[ByXaTOM-
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HBIX MoJseKky. [Ipeaoxkensl u nmpoaHanu3upoBaHbl BO3MOXKHBIE METOAMKH yueTa 0OMEHHO-KOppes-
IIUOHHBIX U COOTBETCTBEHHO, KaJMOPOBOYHO-HEHHBAPUAHTHBIX BKJIQJOB B BEPOSTHOCTh NIEPEX0/a B
PENATUBUCTCKOM MOJIEKYJIIPHON TEOPUHU.

KuroueBble c1oBa: pagralliOHHbIE TIEPEXO/Ibl, ABYXaTOMHBIE MOJIEKYJIbl, HOBAsl PEISTUBUCTCKAS
cxeMa

VK 539.182

I’ B. lenamenxo, E. JI. [lonomapenxo, I C. Keacukosa, T. A. Kynaxau

IIPO BU3HAYEHHSI UMOBIPHOCTEN PAJIAIIMHUX EPEXOJIIB ¥
PEJISITUBICTCBKI TEOPIi JBOATOMHHUX MOJIEKYJI: HOBA CXEMA

Pe3rome.

3 BUKOPHCTaHHIM KalmiOpyBaJIbHO-IHBapiaHTHOI CXEMHU B paMKaX PEISTUBICTCHKOTO €HEepreTHd-
HOTO TIaXOMy 1 0araro4acTMHKOBOI Teopii 30ypeHb I JBOXAaTOMHHX MOJICKYNT C(hOpMYJIbOBaHA
HOBa TEOPETUYHA CXEMY BU3HAUCHHS MMOBIPHOCTEH paliallifHUX TIEPEXO/IiB TBOXaTOMHHIX MOJICKYII.
3anpornoHOBaHi Ta MpoaHaIi30BaHi MOXKIIMBI METOAMKH ypaxXyBaHHs OOMIHHO-KOPEISIIIHHUX 1 BiAIO-
BIJIHO, KamiOpyBabHO- HEIHBAPIaHTHUX BHECKIB B HMOBIPHICTh MEPEX0OAy B PEIATUBICTCHKIN MOJIe-
KYJISIpHIN Teopii.

KurouoBi ciioBa: pajiaiiiini mepexoad, JBOATOMHI MOJIEKYJIH, HOBA PEISATUBICTChKA CXeMa
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