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We report the derivation of the orbit-orbit relativistic correction for calculating pure vibrational
states of diatomic molecular systems with o electrons within the framework that does not assume
the Born-Oppenheimer (BO) approximation. The correction is calculated as the expectation value of
the orbit-orbit interaction operator with the non-BO wave function expressed in terms of explicitly
correlated Gaussian functions multiplied by even powers of the internuclear distance. With that we
can now calculate the complete relativistic correction of the order of o (where a=1/c). The new
algorithm is applied to determine the full set of the rotationless vibrational levels and the
corresponding transition frequencies of the H, molecule. The results are compared with the previous
calculations, as well as with the frequencies obtained from the experimental spectra. The
comparison shows the need to include corrections higher than second order in « to further improve
the agreement between the theory and the experiment. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2834926]

I. INTRODUCTION

The quantum electrodynamics (QED) creates a general
theoretical framework for the analysis of the relativistic ef-
fects in atoms and molecules in bound states. However, even
for systems with a few electrons accurate calculations of the
relativistic effects are too expensive to be carried out on the
present-day computers. Furthermore, the QED Dirac-
Coulomb (DC) equation is only fully correct for a single
electron in the Coulombic field and approximations are in-
troduced when systems with more than one electron are con-
sidered. Also an additional problem appears due to the lack
of a lower bound for the negative energy spectrum in the DC
equation. Faced with those difficulties effort has been made
to develop an effective approach to account for the relativis-
tic effects in light atomic and molecular systems based on the
perturbation theory. The zeroth-order level in such an ap-
proach is the nonrelativistic Schrodinger equation, and the
perturbation Hamiltonian representing the relativistic effects
is obtained based on the so called nonrelativistic QED theory
(NRQED)."> We should mention that the perturbation ap-
proach to account for the relativistic corrections can also be
developed without using NRQED as it was shown by Bethe
and Salpeter.3

In the NRQED theory the relativistic corrections appear
as quantities proportional to powers of the fine structure pa-
rameter o (where a=1/c). Those corrections are determined
using the perturbation theory with the nonrelativistic wave
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function as the zero-order function. In addition to the
NRQED corrections one can also calculate corrections due to
the structure of the nucleus and its polarizability. With those
corrections NRQED is at present the most accurate theoreti-
cal framework for calculating bound states of light atoms and
molecules. In the literature the corrections proportional to o’
are often referred to as the relativistic corrections, while
those proportional to higher order of « are called QED cor-
rections.

The NRQED approach has been used in very accurate
calculations on small atoms and atomic ions. Our contribu-
tion to the field has been the recent calculations concerning
four electron atomic systems, Be and Li~.*® In those works
we have used wave functions expanded in terms of Gaussian
functions that explicitly depend on the interparticle distances
[the so-called explicitly correlated Gaussians (ECG)] and ob-
tained in calculations where the Born-Oppenheimer (BO) ap-
proximation is not assumed in the perturbative evaluation of
the o’ relativistic effects. With those effects added to the
nonrelativistic energies and with the QED corrections calcu-
lated up to the order of o* by Pachucki and Komasa' ™ also
included, we obtained results matching the experimental ion-
izations potentials and transition frequencies within the ex-
perimental accuracy.

The non-BO calculations using Gaussians are simpler
than molecular calculations. This results from the fact that in
an approach that does not assume the BO approximation
regarding the separability of the electronic and nuclear mo-
tion in a molecule one not only needs to very accurately
describe the electronic correlation effects but also the corre-
lation effects due to the coupled motions of the electrons and
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the nuclei and the nucleus-nucleus correlation effects. These
latter effects require that the basis functions used in the cal-
culations include terms that effectively separate the nuclei
from each other in the wave functions. In diatomic calcula-
tions this is accomplished by including powers of the inter-
nuclear distance as premultipliers of the Gaussian functions
(we call the Gaussians with the premultipliers the “diatomic
Gaussians”).'"""> While similar separation also occur for
electrons, their small masses make them overlap to much
higher degree than it is the case for the much heavier nuclei.

The work on implementation of ECGs in atomic and
molecular calculations have been carried out in our group for
a number of years.lo_15 The key aspect of this implementa-
tion has been an effective optimization of the nonlinear pa-
rameters involved in the Gaussian exponents that in our ap-
proach has been carried out variationally with the use of the
analytical gradient of the variational energy functional with
respect to the parameters.

In this work we report the development and implemen-
tation of the algorithm for calculating the orbit-orbit relativ-
istic correction of the order of o for a diatomic molecule
with o electrons determined as the expectation value of the
sum of the electronic and nuclear operators representing the
orbit-orbit interactions. This follows our previous works,
where the algorithms for the mass-velocity and Darwin rela-
tivistic corrections were developed.m’17 The expectation
value is calculated using the non-BO wave function ex-
panded in terms of ECGs. The use of the non-BO framework
for determining the orbit-orbit interaction with the explicitly
correlated diatomic Gaussians in the present work is a new
feature that has never before been implemented beyond the
single-electron molecular case. The previous calculations of
this interaction have been done assuming the BO approxima-
tion and the calculated effects only concerned the electron-
electron contribution.'®"”

We should also mention that in our recent work”' we
calculated orbit-orbit corrections for a diatomic system, the
HeH" ion, using explicitly correlated Gaussians with com-
plex exponential parameters. While complex Gaussians al-
low molecular non-BO calculations, they are much less effi-
cient than the diatomic Gaussians particularly in describing
excited states. Thus, the calculations of the orbit-orbit cor-
rections described in the mentioned paper were limited to
only the lowest three pure vibrational states of HeH* and
they were not as accurate as the results obtained in this work.

For the test application of the new algorithm we chose
the H, molecule, which has been a frequently used molecular
model for very accurate molecular calculations. In the
present calculations we determine the energies of all fifteen
pure vibrational states and the corresponding transition fre-
quencies of this system. We should note that the vibrational
quantum number is not strictly speaking a good quantum
number for a molecular system because, if the BO approxi-
mation is not assumed, the vibrational motion of the nuclei
couples to some degree with the motion of electrons. Thus,
one should more correctly call the states considered in this
work the rotationless states since they all correspond to the
zero total angular momentum.

In our previous work on H, (Ref. 20) we used 5000
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ECGs in the calculations for the vibrational states of this
system. With that many functions the energies of the lowest
two to three states have been practically converged. How-
ever, for upper states there had been room for improvement.
In general, due to the higher number of radial nodes in the
wave functions of the higher excited states, these states re-
quire more basis functions to be determined with a compa-
rable accuracy as the lower states. Thus in this work, in order
to increase the accuracy of the calculated energy levels, apart
from including the orbit-orbit corrections to the energies of
the 15 states of H,, we also increased the basis set size used
for each state from the previously used 5000 to 5800.

The most complete experimental spectrum of the pure
vibrational transitions of H, are still those of Dabrowski®
obtained more than two decades ago. The accuracy of those
results is probably not more than 0.1 cm™'. In this work we
have made an attempt to obtain more precise estimation of
the lowest H, transition using an extrapolation procedure and
the more recently measured rovibrational transitions of this
system and its isotopomers. This newly obtained transition is
used in this work for comparison with the calculated results.

We start this work with a brief description of the method
we use (a more complete description of the method can be
found in our recent reviews'''). We also describe the pro-
cedure used to calculate the orbit-orbit correction. Next we
describe the procedure used to obtain a better estimate of the
lowest experimental pure vibrational transition frequency.
The results obtained in the calculations and their comparison
with the experimental results are presented in the last sec-
tion.

Il. THE METHOD USED IN THE CALCULATIONS

The approach used here is based on the variational mini-
mization of the total energy of the system expressed as the
expectation value of the internal nonrelativistic Hamiltonian

A

H . Obtained from the “laboratory frame” Hamiltonian by
separating out the center-of-mass motion. For H, the internal
Hamiltonian has the following form:

. 11 Lol
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In Eq. (1) go=¢;=1 are the charges of the hydrogen nuclei
(protons) and g,=¢3;=—1 are the electron charges, r;, i
=1,2,3, are the position vectors of one of the protons and
the two electrons with respect to the other proton (the so
called “reference particle”), r; are their lengths, r,j=|rj—r,-,
my=m;=1836.152 672 61m, are the masses of the protons,
mo=m3=m,=1 are the electron masses,”  and Mi
=mgym;/ (my+m;) is the reduced mass of particle i (" denotes
the vector transposition). The internal Hamiltonian (1) de-
scribes three pseudoparticles with charges equal to the
charges of the original particles moving in the central poten-
tial of the central field of the charge of the reference proton.

To calculate the relativistic corrections of the order of a?
we start with the respective operators representing the mass-
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velocity (MV), Darwin (D), spin-spin (SS), and orbit-orbit
(OO) interactions in the laboratory coordinate frame and we
transform them to the internal coordinate system of the nine
coordinates, r;, i=1,2,3. More details of this transformation
for the MV and D corrections can be found in Ref. 20. The
transformed MYV, D, SS, and OO Hamiltonians have the fol-
lowing form:

3 4 3
A 1] 1 1
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where  ko=k=k,=1.7928473565 and K,=K3=K,
=0.001 159 652 181 1 are the anomalies of the magnetic mo-
ments of a proton and an electron, respectively. We should
mention that the spin-orbit interactions are zero for H, due to
the singlet multiplicity for both the electrons and the protons.
The total relativistic correction was calculated for each state

as the expectation value of the Hamiltonian H representing
all four relativistic corrections,

Hrel=HMv+HD+Hss+HOO (6)

with the non-BO wave function.

The non-BO wave functions of the pure rotationless vi-
brational states of H, were expanded in terms of one center,
spherically symmetric ECGs that included preexponential
multipliers consisting of the internuclear distance ry, raised
to a non-negative even power m,. These are the same func-
tions as those used before in our non-BO calculations of
other diatomic systems.lzf15 The functions have the follow-
ing form:

¢y =ri*exp[-1'(A; @ I)r], (7)

where r={r|,r;,r}}’. In our previous calculations we have
demonstrated that these functions are very effective in de-
scribing nonadiabatic, zero angular momentum states of di-
atomic systems with o electrons. The r|'* factor in function
(7) enables to generate radial nodes in the wave function and

J. Chem. Phys. 128, 114313 (2008)

allows a very effective description of the nucleus-nucleus
correlation effects. We refer the reader for more information
on the Hamiltonian transformation and the selection of the
basis functions for diatomic non-BO calculations to our re-
cent reviews.'*!! The derivation of the algorithms of the ma-

trix elements with the [:]MV’ I:ID, and IEISS operators were
described in Ref. 20. The derivation of the matrix elements

with the I:IOO operator is shown in Appendix A.

In the present non-BO calculations of the vibrational
spectrum of H, we used the standard variational method ap-
plied separately to each state. The minimization of the Ray-
leigh quotient with respect to the linear expansion coeffi-
cients c;, the Gaussian exponential parameters {A4,}, and the
preexponential powers {m,}, and generating the wave func-
tions

_ . cH{m}{ADe
i S me i )e ®

has been the most consuming part of the calculations. In the
minimization of Eq. (8) with respect to the Gaussian expo-
nential parameters we used the analytical energy gradient
which greatly accelerated the process of the wave function
optimization. Also, in order to avoid restricting the elements
of the A; matrix to make it positive definite, we used the
Cholesky-factored form of A, A,=L,L;, where L, was a
lower triangular matrix. With such a representation of A,
this matrix is automatically positive definite for any real val-
ues of the L, matrix elements. In the calculations the L,
matrix elements replaced the elements of A, as the optimiza-
tion variables. The range of the preexponential powers my,
used was from O to 250, and all the powers were partially
optimized for each state.

The calculations concerned all 15 pure vibrational states
of H,. As mentioned, the number of basis functions used for
each state was 5800 (by 800 more than in our previous
calculationszo). After the non-BO nonrelivistic wave func-
tions were generated for all states, we use them to calculate
the relativistic corrections. The nonrelativistic energies cor-
rected for the relativistic effects were used to calculate the
transition frequencies.

lll. ESTIMATION OF PURE VIBRATIONAL TRANSITION
v=0—1 OF H, FROM ROTATION-VIBRATIONAL
SPECTRA

As mentioned, in the present work we compare the cal-
culated pure vibrational transition frequencies of H, with
those obtained experimentally by Dabrowski.”> Since the
work of Dabrowski appeared more than two decades ago
there have been some more measurements done concerning
the H, rovibrational spectrum that allow to establish more
precise value for the frequency of the /=0, v=0—1 transi-
tion. This was done in this work by fitting the line positions
of the available rovibrational transitions to the Dunham’s
energy formula®*

Downloaded 11 Apr 2012 to 129.59.117.186. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



114313-4 Stanke et al.

TABLE 1. Dunham’s spectral parameters (in cm™') for the H, molecule.

Yi; v=0—1
Y10 4161.1660(3)
Y1 —2.958 54(18)
Y, 103 1.430(21)
Y510 2.48(84)
Y4108 -3.9(11)
Y5101 2.01(67)
Y6108 —-4.8(18)
Y, 101 4.4(17)
Yor 233.8(126)
Yo -72.2(53)
Yos 10.90(79)
You 107! -7.55(55)
Yos-1072 2.58(19)
Yoo 1074 —-4.23(31)
Yo;-107° 2.63(19)
G 1.089
Jnin=T max 0-18
Lines 83
Vo 4161.1660(3)
Ey=2Yi{v+3)JU+ DY )

i.j
In Eq. (9) v=0,1,2... and J=0,1,2... denote the vibrational
and the rotational quantum numbers, respectively. With that

the frequency of the 0— 1 pure vibrational transition is di-
rectly evaluated from the relationship

V0—>l:Y10 Cm_l (10)

provided that the higher order vibrational parameters Y,
Y5, etc., are negligibly small.

As the input data for calculating the parameters of the
Dunham’s expansion we used 83 spectral transitions (includ-
ing some duplicated lines measured with different preci-
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sions) reported in Refs. 25-33. The calculations were per-
formed wusing a weighted non-linear least-square
optimization routine with weights taken as the inverse
squares of the uncertainties of the experimental data, u;,
ranging from 0.06 up to 0.00008 em™' .2 To obtain the
best fits of Dunham’s parameters Y;; from the spectra, we did
the following: (i) the number of fitted parameters was mini-
mized and adjusted to be consistent with the minimum value
of the normalized standard deviation ¢ and the standard de-
viation o, (ii) the estimated standard error o;, of the fitted
parameter i and of the correlation coefficient, cc(i,j), be-
tween parameters i and j was optimized to obtain the best fit.
Dunham’s parameters obtained in the calculations and the
estimate of the J=0, v=0—1 transition are presented in
Table I.

IV. THE RESULTS

In Table II we present the total nonrelativistic energies
for all 15 pure vibrational states obtained in the calculations.
In parentheses next to each energy value we show by how
much the energy decreased by enlarging the basis set from
5000 used in our previous work on H, (Ref. 20) to 5800.
This increase resulted in lowering of the energy for each
state by some amount. The largest decrease occurred for the
higher states where the convergence in terms of the number
of basis functions is slower due to, as mentioned, the larger
number of radial nodes. For the first few states the decrease
of the energy is marginal showing that for these states the
calculations are essentially converged in terms of the number
of basis functions. In the second column in Table II we show
the nonrelativistic total energies obtained by Wolniewicz.**
It is interesting to note that, for the three lowest states, our
energies are slightly lower than his, but for the other states
they are slightly higher. The difference in the approach may
contribute to these differences, as well as still not sufficiently

TABLE II. Total nonrelativistic (™) non-BO energies, their absolute error estimates (AE™), and relativistic
(E™*!) non-BO energies for pure vibrational states of H,. All values are in hartrees. The relativistic energies were
obtained by adding the complete o corrections to the nonrelativistic energies. In parenthesis by the nonrela-
tivistic energies we show the energy lowering achieved by enlarging the basis set from 5000 to 5800 functions.
AE™! is an estimate of the absolute error in the total nonrelativistic energy of the state due to the incomplete-
ness of the basis. Also, the nonrelativistic energies of Wolniewicz (Ref. 35) are presented for comparison.

v Errel AE"™e! Errel (Wolniewicz) Er!

0 —1.164 025 030 63 (=1.1 X 10719) 2% 10710 —1.164025018 5 —1.164 035736 58
1 —1.145065 371 54 (4.0 X 10719) 5x10710 —1.145 0653629 —1.145075977 14
2 —1.127 177934 42 (=9.4 X 107'0) 9x 10710 -1.127 1779324 -1.127 188 460 76
3 —1.110 340477 25 (2.1 X 107°) 1X107° —1.1103404855 -1.110350951 18
4 —1.094 539 170 65 (-2.9 X 107°) 1X107° —1.094 539 1940 -1.094 549 619 31
5 —-1.079 769 442 98 (5.2 X 107) 2Xx 107 —1.079 769 480 3 —1.079 779 895 07
6 —1.066 037 231 58 (6.7 X 107°) 2Xx 107 —1.066 037 2849 —1.066 047 718 00
7 -1.053 36075621 (-1.0X 107%) 2X107° -1.053 3608258 -1.05337131302
8 —1.041 77302990 (1.4 X 107%) 3x107° —-1.041773 1139 —1.041 783 694 09
9 -1.03132537329 (-1.9X107%) 3% 107 -1.0313254708 -1.031336 191 38
10 —-1.022 092 384 25 (-2.5X 107%) 4x107° -1.022 092487 6 -1.022 103 408 50
11 —1.014 179 048 48 (3.1 X 107%) 5%x107° -1.014179 1536 —1.014 190 342 40
12 -1.007 731 100 60 (-3.7 X 107%) 5Xx107° -1.007 731 1979 -1.007 742 742 35
13 -1.002 950 385 38 (4.2 X 107%) 5% 107 -1.002950463 3 -1.002 962 477 63
14 —1.000 115934 36 (3.4 X 107%) 5%X107° -1.000 1159762 —1.000 128 605 48

Downloaded 11 Apr 2012 to 129.59.117.186. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



114313-5

TABLE III. Relativistic corrections of the order of a? (in hartees) to the

Orbit-orbit corrections of H,

non-BO pure vibrational energies of H,.

Mass velocity Darwin
v (x107%) (x107%) Orbit-orbit Spin-spin
0 -8.657713 7298899 -2537587X10°° 5.457613Xx107°
1 —8.414374  7.088578 —-2.408717X10° 5.096376X107°
2 -8.189038  6.892388 -2.281874X107° 4.754261x 107
3 -7.980607 6709371 -2.156050X107° 4.425130x107°
4 -7788031  6.538816 —2.030115X10°° 4.102013%107°
5  -7.610628 6379645 —1.902798X107° 3.786762x107°°
6  -7448063 6231713 -1.772583X10° 3.473719x107°
7 =7.299335  6.093825 —1.637664x10° 3.157829x107°
8  -7.164558 5965663 —1.495830X107° 2.840258Xx107°
9  —7.044 081 5.847237 -1.344278X10° 2.512031x107°
10 -6.937318 5737515 —1.179434X107° 2.168227 X107
11 -6.844584  5.635966 -9.966327X 1077 1.801360X 107°
12 —6.767008  5.542714 —7.897333x 1077  1.400629X 107°
13 -6.705164 5456952 -5.507375X1077 9.471695X 1077
14 —6.660159 5378000 -2.715985X 1077 4.250207 %1077

complete basis sets used in our calculations particularly for
higher states. However, as it will be shown later in this work,
the small discrepancies between Wolniewicz’s and our re-
sults have very small effect on the transition energies.

In the last column in Table IT we show the total energies
obtained by adding the complete o relativistic corrections to
the nonrelativistic energies. Individual contributions to those
corrections are shown in Table III. Among those corrections
there are two, the mass-velocity and Darwin corrections that
change little with the vibrational excitation and there are
two, the orbit-orbit and spin-spin corrections, that decrease
tenfold from the v=0 state to the v =14 state. However, since
the former two corrections are in average ten times larger
than the latter, their relative contributions to the transition
frequencies (i.e., the differences between the energies of the
consecutive energy levels) are similar.

An important issue that needs to be discussed is the ac-
curacy and the level of convergence of our calculations. To
provide an answer to this point we have performed an analy-
sis of the convergence of the total nonrelativistic energies for
all states using an approximate extrapolation procedure. The
results of the extrapolation are shown in Table II in the col-
umn marked AE™®. The value shown there for each state is
the energy difference between the energy obtained with 5800
basis functions and the energy value extrapolated to the in-
finite number of basis functions. As one can see, AE™ in-
creases from 2X 107'0 hartree for the lowest state to 5
X 107 hartree for the highest indicating that, as expected,
the lower states are converged tighter than the higher ones.

J. Chem. Phys. 128, 114313 (2008)

However, for all states the convergence is quite satisfactory
particularly for calculating transition energies, which are en-
ergy differences between the adjacent states. We also per-
formed an analysis of the absolute error in determining the
total o relativistic corrections. For the analysis we used the
results obtained for the lowest (v=0), the highest (v=14),
and an intermediate vibrational state (v==8) with the number
of basis functions equal to 5200, 5400, 5600, 5800, and
6000. The analysis is presented in Table IV. As one can see
the estimated error for all three states does not exceed 3
X 10710 hartree. Thus, the precision the calculation of the
relativistic corrections can be deemed as quite satisfactory.

The transition frequencies obtained in the calculations
are presented in Table V. We show the results obtained with
and without the relativistic corrections (the first two columns
in the table). The frequencies are compared with the frequen-
cies obtained by Wolniewicz.***> There are two columns in
Table V with Wolniewicz’s results. In the first column the
frequencies were obtained from energies that include the o’
relativistic corrections. The frequencies in the second column
also include radiative corrections estimated with an approxi-
mate method. We should mention that there is a difference
between our approach and the way Wolniewicz performed
his calculations. While, as described above, no distinction is
made in the way the particles forming the molecule are
treated in our approach, the approach used by Wolniewicz
was based on the Born-Oppenheimer approximation that pro-
duced the zero-order wave function which was subsequently
used to calculate finite-mass corrections and the relativistic
corrections. The potential energy curve, which includes those
corrections, is then used to determine the vibrational states.
Table V also includes a comparison with the experimental
frequencies.

Let us first discuss the comparison of our results with the
results of Wolniewicz. In general, the agreement between our
frequencies obtained with relativistic corrections is very
good. The differences are not more than a few thousands of a
wave number. The largest differences appear for the highest
two states where they approach 0.01 cm™'. The agreement
between the BO and non-BO results indicates that the newly
developed algorithm for calculating the orbit-orbit interac-
tion works correctly. The small differences between the o’
relativistic corrections obtained with the two approaches may
become important when the theory and the experiment will
improve and reach the accuracy of 0.01 cm~!. This particu-
larly concerns the higher excited states.

Lastly, let us focus on the comparison of the calculated
frequencies with the experimental values. Apart from the first
transition, for which a new estimate was generated in the

TABLE IV. Convergence of the total relativistic a? correction for selected states and an estimate of its absolute

error. All quantities are in hartrees.

5200 5400 5600 5800 6000 est error
v (X107) (X107) (X1079) (X1075) (X1075) (X10719)
0 —-1.066 792 —1.066 794 —-1.066 816 —-1.066 815 —1.066 812 1
8 -1.064 414 —1.064 393 —1.064 443 —1.064 452 —1.064 449 3
14 -1.266762 —1.266 803 —1.266 790 -1.266 817 —1.266 829 3
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TABLE V. Pure vibrational transition frequencies for H, calculated using the nonrelativistic (£}, -E,") and

relativistic (E™

v+l

v+l

—Ef]el) total energies. Our transition frequencies are compared with the frequencies obtained by

Wolniewicz using his total energies corrected for o relativistic effects (Wolniewicz 1) and for in addition for
radiative effects (Wolniewicz 2).

v E™ —E™  E® —E®  Wolniewicz 1 35 and 36 Wolniewicz 2 35 and 36 Experiment 22
1—0 4161.164 16  4161.1856 4161.1863 4161.167 4161.1660(3)
21 3925.838 64  3925.8553 3925.8549 3925.836 3925.79
352 3695.394 68 3695.4059 3695.4042 3695.389 3695.43
43, 3467.98592  3467.9910 3467.9894 3467.976 3467.95
54 3241.58052  3241.5793 3241.5770 3241.564 3241.61
6—5 3013.87201  3013.8640 3013.8622 3013.851 3013.86
7—6 2782.164 74  2782.1488 2782.1466 2782.136 2782.13
8—7 254321194  2543.1879 2543.1859 2543.175 2543.25
98 2292.99557  2292.9613 2292.9601 2292.950 2229.93
109 202640685 2026.3611 2026.3615 2026.351 2026.38
11—10 1736.776 44 1736.7167 1736.7174 1736.707 1736.66
12—11 141516098  1415.0840 1415.0872 1415.076 1415.07
13—12  1049.24570  1049.1461 1049.1522 1049.139 1049.16
14—13 62209089  621.9622 621.9720 621.956 622.02

present work with the error bar of about +0.002 cm™!, the
other transitions have the error bar of about 0.1 cm™!. Since
the difference between the calculated and the experimental
transitions is less than that, it is difficult to tell how precise
the calculations are. Thus, the only hint regarding the accu-
racy of the calculation has to come from the comparison of
the results for the lowest (1 —0) transition. Our result for
this transition of 4161.1862 cm™' agrees perfectly with the
transition of 4161.1863 cm™! obtained by Wolniewicz. How-
ever, both are off from the experimental transition of
4161.1660(3) cm™' by more than 0.02 cm™'. An approximate
treatment of the radiative effects by Wolniewicz lowers his
calculated transition to 4161.167 cm™!. This change is in the
right direction, and only recovers most of the 0.03 cm™ dif-
ference. It is possible that a more precise calculation of the
radiative effects would further reduce the difference between
the theory and the experiment. Such calculations will need to
include QED effects and effects due to the finite structure of
the nuclei. With that an agreement within the experimental
error bar of 0.002 cm™' for the 1—0 transition may be
achievable with the calculations.

V. SUMMARY

In conclusion, the results presented in this work demon-
strate that the approach based on using the high-accuracy
non-BO wave function in evaluating the o? relativistic cor-
rection yields results that match the high-resolution experi-
mental transition energies with the accuracy approaching a
few hundreds of a wave number. To further increase the ac-
curacy of the calculations one needs to include the lowest-
order QED corrections, as well as corrections due to the
finite size of the nuclei and their polarizabilities. Our future
effort will go in this direction.

With the complete o? relativistic correction now imple-
mented within the non-BO framework for diatomic mol-
ecules with o electrons, we plan to perform some more ap-
plication calculations. Apart from two electron systems such
as isotopomers of H, or HeH*, we are particularly interested

in three- and four-electron molecules. Our approach is the
only one developed so far that allows studying such systems
without the BO approximation and with very high accuracy.
We hope that calculations performed at such an accuracy
level will inspire new high-resolution experimental work
aiming at measuring the transitions that we consider in the
calculations. Clearly such work is needed for the H, mol-
ecule where only the lowest pure vibrational transition is
known with the precision higher than that of the calculations.
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APPENDIX A: THE EXPECTATION VALUE
OF THE ORBIT-ORBIT INTERACTION OPERATOR

As in our previous works, also here we use a matrix
approach to evaluate the integrals that appear in the expec-
tation value of the orbit-orbit interaction Hamiltonian,

Ho(r). This approach has been shown to greatly simplify
the derivations of the matrix elements and to lead to compact
expressions for the integrals. In the derivations below we use
3n X 3n matrices where n is the number of pseudoparticles in
the system. The matrix formalism used here was described in
Ref. 36.

The expectation value of the orbit-orbit operator are de-
rived for explicitly correlated Gaussian basis functions in the
form

¢=r] exp[- r’f\r],
where
Z = A ® 13,

and A is a n X n symmetric matrix of the exponential coef-
ficients, 15 is a 3 X3 unit matrix, and ® is a Kronecker
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114313-7 Orbit-orbit corrections of H,

matrix product, and the m powers of r; are non-negative
even numbers.

1. Some auxiliary formulas

There are some simple relations that have used in deriv-
ing the expressions for the integrals. They are

2 T.r
e ry=r'J;r;
° I'IJ=I',—I'J;
* because of A=A ®I; we have the following relations:

u[A]=3 ufA],
Al=AP.

* By V, we denote the gradient with respect to the vector
of the pseudoparticle coordinates r, and we have (¢

=r exp[—r’Kr]):
Vip=V®¢ and V., =V, ,o.

e In this work we use the following first-order deriva-
tives:

Vb= (mr*(r'J)" - 2(r'A)) ¢, (A1)

Va¢ = (mrIz(jllr)a - 2(&1‘)&)(25, (AZ)

where

Ve(r'Ar) =2(r'A)%,
V,(r'Ar) =2(Ar),,
Ve = mrrl"rIZ(r'ju)a,

Varrln = mrTrIZ(jllr)a’
Vfrf; =— Vﬁrj’: - &P«
¢ and the following second-order derivatives:
VeVp=r] Sm(m — 2)(jllr)a(jllr)ﬁ¢
=2’ m[(J 1) J(AT) g+ (Ar) (T 1) g b
+ 70 m(J 1) qpd + 4(AT) (AT) b - 2A o 5h,
(A3)
VAV o= ri'm(m = 2)(r'T1)P(J 1) b
- 2rf2m[(r’1_&)ﬁ(jnr)a + (l"jn)ﬁ(gl')aw’
+r°m(J )¢+ 4(r'A)(Ar) ¢ — 2A%¢.
(A4)

¢ We define the matrix J;; used in the above expressions
as

J. Chem. Phys. 128, 114313 (2008)

J E; i=j
VU \Ei+E;-E;-E; i#j, ]

where E;; is the nXn matrix with 1 in the ijth position
and 0’s elsewhere Formally this can be written as

(Eij)3=0;0jp. It is easy to see that
E;-E;=0,

Eij ) Eji =E;,

E, E, =E,.

ij i ij

* With the above-defined quantities it can be now shown
that the operators V;-V;, and ri’jVj can be expressed as

Vi . VJZ V,EUV .
I‘,-j . Vj: (l’i— I'J) . Vj
=r'(E;-E;E;V,

where ri]: ri—l’j.

Finally, to reduce the singularity of the orbit-orbit opera-
tor, which appears due to the term 1/ i, we employ the fol-
lowing commutation relations:

ij>

1 .
r; ri

[Vj,—] =- [V,,—] -5 (A6)
r,-j rl'j I

2. The orbit-orbit interaction operator

In the internal coordinate system the orbit-orbit operator
has the following form:

. - ‘ 1
Hpp(r) === "(’q’{rv Vit e (1 V)V}

2%i= mom

-122"°q"{rv V+ o (ry V)V}

2[ 1 j#i mom

nln

22 QZQI{ —v,. V
rij

l]]>lmmj

1
+ _Srij . (rij . V,)VJ} .
rij

Using the relations (15) and (16) the matrix notation de-
scribed in our previous work®” the expectation value of the
orbit-orbit interaction operator is
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114313-8 Stanke et al.

(xlHoo(r)| L)

1< 904 ,
=- E ° <¢K| VEV

252 momy;

_ _ 1\8 _ _
- (rlEii)a<VlEii;> (Eiiv)ﬁ(EiiV)a|¢L> (A7)

1

EE 2ot <¢,<|—V'E v

l 1 j#i my

_ _ 1\ _ _
_(r,Eii)a(V,Eii;) (Ei;V)E;V)ld)  (A8)

1

n 1 n
0 22—L<¢| V'E V +(r'(E;-E)"
l 1j>l im
— 1 — _
X<V,E/‘ir_> (EiiV)B(Eij)a|¢L>~ (A9)

ij
To simplify this expression we use the following general

integral for each of the three terms that appear in the expec-
tation value:

1 _ —
(&l VBY |4

8

_ _ B _ _
—<¢K|<r'C>a(V'Drl) (F V)G V)b
8

for term (17): g=i B=E; C=E; D=E; F=E,;
G:Eii’

for term (18): g=i B=E;; C=E; D=E;

F-E, G-E,

for term (19) jB=E; C=(E;-E)) (A10)

D=Eji F=Eii G=EJJ

Hence, in order to calculate the expectation value of I:Iw,(r)
we need to evaluate the following integrals:

1 _
<¢K|F_V,B \Y |¢L>

8

and

_ _1\f_ _
(v 90, V) 4o

8

We now derive the formulas for these two integrals.

3. Integral { @1 /rgV’BVltb,_)

First we apply the operator V'BV to ¢, and using rela-
tion (15) we get

J. Chem. Phys. 128, 114313 (2008)

V'BV ¢, = VAB)3V ., = BV,

BEVAY by = 17 my (my, = 2)(0' 1) PBYT 1) by
=277 my[(c A p) BT 1),
+(r'T1) BEA L) ]y
+ 7 m BT ) s

+ 4(FIKL)BEE(KLI‘)CV¢L -2(A) aﬁﬁgd’b

With that we can now calculate the value of the integral

1 _
<¢K|7V'BV |¢’L>

8

1 _
=my(my — 2)<¢K|r_rl_4(r,Jl 1BJ 11')| &r)

8

1 _ __ _
- 2mL<¢K|r_”T2[(l’/ALBJ111') +(r'JBAr)]|&p)
s

1
+3my, tf[BJ11]<¢K|r_”IZ|¢L>
[

1 _
+ 4yl r_(r,ALBALr)|¢L> -6 tr[A;B]
3

><<¢K|rll¢L>. (A11)
8

The integrals that appear in the above expression were either
derived in our previous work'® or are derived in Appendix B
in this work.

4. Integral (¢|(r'C)*(V'D1/rp)A(FV) 4(GV) | .)

We rewrite this integral in the following way:

(gl (' C)* (V'D ) (FV)4(G V)l
[ OB TV C T
8

where the operator involved in the integral can be split into
three terms

(VD) (r' C)*(F V) 5(G V ) b}
={(V'D)Pp}(x'CG V)(F V)zp, = term 1
+ ¢i{(V'D)A(r' C)}H(F V) (G V) by, = term 2

+ d(x' O Y(VD)AE V) 4(G V ) by}, = term 3,

Now we evaluate each term separately.
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(1) Term 1 {(V'D)P¢(r'CGV)(FV) 4, X[(c'CGY, r) (FAr) 5+ (' CGA 1) (FJ, 1) o] by,
(V'D)Peh =DV b +4(c'CCA 1) (FA 1) b, — 2(r' CCA ") b,
= [mgr?(r'J;1D)P = 2(r' AD)P] g, (A12) (A13)

(r’ CGV)(FV )pbr where the first of the above transformations (A12) can be
— (r'é(})“igvavp b, easily performed using Eq. (Al). The second transformation
in Eq. (A13) can be performed using Eq. (A4).
=r7*my(m;, - 2)(r'CGYyr)(FJ 1) gy,
N o 5 With that, the expectation value of term 1 can now
+r my(r'CGJ F') gy = 2r"my, be evaluated as

f dr{(V’l_))ﬂsz}(r’C(_} V)FV )E¢L

1 — == = === 1 — == - ===
= mymy (my. = 2){ g —r1°(c' CGI ) (x"J DRI 1) ) = 2my (my, = 2)(byl—ri (1" CGIyyr) (' AkDEJ yr) )
8 8

1 I — ——— ——— -
- 2meL<¢K|r—rI4[(r'CGJ ut)(r'J DFA 1) + (r' CGA 1) (r'J, DFJ 1) ]| )
g

1 e — 1 — R
+ meL<¢1<|7’;4(T'J11DFJ11G'C/I')|¢’L> + 4mL<¢K|r_712[(1'/CGJUI')(I"AKDFALI')
g g

— o 1 e —
+ (I”CGALF)(P’AKDFJMI')H¢L> - 2mL<¢K|r_rIz(r’AKDFJIIG’C,r)|¢L>
g

1 — 'O A T VLA
+ 4mK<¢K|r_"12(r CGA/r)(r J11DFALI')|¢L>
g

1 — T YA 1 — T DEA
_2mK<¢K|r_”12(1' J1IDFA,G'C r)|¢L>—2mK<¢K|r_7’12(r J.IDFA,G'C 1')|¢L>
g g

1 - B 1 - -
- 8<¢K|r_(r,CGALr) (r’A(DFA;r)|¢,) + 4<¢K|r_(r,AKDFALG,C,r)|¢L>- (A14)

g g
(2) Term 2 cZ)K{(V’]_))B(r’é)“}(FV)B(GV)acﬁL
T rena _ B o _ B ~a
(V'D)#(r'C)*=D}- Vr"Cy = D}67C;
=DEC™{(VD)Ar'C)}F V)4(G V) ;.
=DA(F V),(CGV)"¢,=(V'G'C'DFV)é¢,. (A15)
In this way we obtain an expression analogical to Appendix A 2. Now, since M=G’C'DF we get
VMV b= ”T4mL(mL - 2)(1"jl IMj] i)y — QVTZmL[(r'ALMjI ir)
+(r'J MA 1), + V1_23mL t[MJ, ¢ +4(r'A,MA 1), — 6 tf A,M] b, .
Now, we can evaluate the expectation value of term 2 as
1 — _ — _
(¢l r—{(V’D)ﬁ(r’C)“}(F V)G V)l

8

1 e —— 1 = - .
=my(my - 2)<¢K|r_rI4(r’J11G,C’DFJllr)|¢L> - 2mL<¢K|r_VIZ[(F'ALG’C’DFJMF) +(r'J,G'C'DFA,r)]|¢p)
g B

1 o 1
+3my, tr[G’C’DFJ11]<¢K|r—rI2|¢L> + 4<¢K|r_(r’ALG,C,DFALr)|¢L>6 tr[ALG’C,DF]<¢K|r_|¢L> (A16)

8 8 8

Downloaded 11 Apr 2012 to 129.59.117.186. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



114313-10  Stanke et al. J. Chem. Phys. 128, 114313 (2008)

(3) Term 3 ¢x(r'C){(V'D)AFV)4(GV), .}

First we make a few simple transformations,

(' O){(V'D)AE V)4(G V) oy} = (' CG)“(DF)VV Vb

where the following simple relation was used:

(r'C)(G V) (V'D)AF V), = (r'CG V)(V'DF V) = (r' CG)*(DF)EVPV V5,

The whole task of evaluating the integral now reduces to determining VPV, V g¢b;. This can be easily calculated using (A4) and
(A5). Performing some tedious elementary transformations we get

(r'CG)*(DF)AVPV V 5eb,
= ’"TﬁmL(mL -2)(my - 4)(1"6(_}]1 r)(r'J, ll_)Fjl Ty + VT4mL(mL - 2)[(1‘/6(_}]1 1]_)Fj1 ir) + 3 [ DFJ, 1](1"6(_;31 1)
+ (r'(_:(_;jl 1F/]_)'j| ir) ey + ’”1_4(— 2)my(my — 2)[(1'/6(_;]1 Ir)(r,KLﬁFjl i)+ (r v (_:(_}jl 11')(1"j| 11_)EKL1')

+ (r'C(_}:&Lr)(r’j“l_)f?j“r)]@ + r]24mL[(r'Cf}jllr)(r’KLl_)f‘:&Lr) + (r'é(_}:&Lr)(r’KL]_)Fj“r)

—8(r'CGA,r)(r'A;DFA,r) ¢, .

The above three relations allow us to evaluate term 3 as

(ol (' C)*(V'D)P(F V )4(G V )|y

1 — S — 1 S —
=my(my = 2)(my - 4)<¢K|7’;6(T’CGJ11r)(r’J11DFJ11F)|¢L> + my(my, - 2)(¢K|r—rf4[(r'CGJ11DFJ11r)
g g

o 1 _
+ (r,CGJllF,D,Jllr)]|¢L> + 3 t[DFJ Jmy(my, - 2)<¢K|r_rf4(r'CGJ11)|¢L>
g

1 o _ o
— 2my(my, - 2)<¢>K|r—r;“(r'CGJnr)[(r'ALDFJllr) + (r'J;,DFA,1)]|6y)
8

1 N R 1 S S
- 2my(my, - 2)<¢K|r_r]_4(r’CGALr)(r,JlIDFJllr)|¢L> + 4mL<¢K|:VTZ(Y,CGALr)[(r'ALDFJl1r)
g g

o __ 1 ___ _ ___ 1 ___ _ _ _
+ (r,JllDFALr)]|¢L> + 4mL<¢K|r_V72(1"CGJ111')(1'/ALDFAL1')|¢L> - 2mL(¢K|7rTZ[(r'CGJ, F'D'A;r)

8 8
______ 1 ___ 1 o _ _ _
+ (t'CGI DFA0)]dy) — 6my t[DEJ, Nyl —ri*(' CCGA,1)| ) = 2my(bl-—ry (' CGAE'D T yr)
8 8

——— = _ 1 - | o
+ (r,CGALF’D,ALr)]|¢L> +12 tr[DFAL]<¢K|r_(r,CGALr)|¢L> - 8<¢K|r_(r,CGALr)(r,ALDFALr”¢L>‘ (A17)
g g
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The integrals that appear in the expression for term 1, term 2,
and term 3 were either derived in our previous work'® or are
derived in Appendix B in this work.

By adding the quantities term 1, term 2, and term 3 we
get the following expression for the integral:

1 _
(x| =V'BV [¢p) — (]
Te

_ _ 1\ _ _
><(r’C)“<V’Dr—> (FV)aGV),ldp).
8

Next, substituting for matrices }_3, C, ]_), F, and G the quan-
tities from Eq. (A10), we get the final expressions for the
terms involved in the expectation value of the orbit-orbit
interaction operator. To complete the task we notice the fol-
lowing relations concerning quantities in Eq. (A10): CG

=C and DF=D. These relations allow simplification of the

r

J. Chem. Phys. 128, 114313 (2008)

final expression for the matrix element of the orbit-orbit in-
teraction operator.

APPENDIX B: INTEGRAL (lr; 9 r,(r Br)(rCr)|¢,)

The calculation of the matrix elements of the I:IOO op-
erator requires evaluation of the following types of integrals:

* (Bl r(x'Br)| ¢y),
* (@lry?/ry(x'Br)(r' Cr)|¢by).

The first type of the integral already appeared in the
calculation of the expectation value of the Hj, operator (A6).
The second one is a new type of integral whose derivation is
presented next.

This integral is evaluated using the following relation
taken from the work of Kinghorn:36

1 — — 1 — — 1
(¢k|r?—(r'Br)(r'Cr)| ) = (g riqr—r“rﬂr”ryl ¢)BAC) = BﬁCZ{ DapTp ¢K|r;qr—|¢L>},
8 8

g

where the notation d,z denotes
Jd

Ak ap

= éaﬂ'

In the derivation of the integral we make use of the following previously derived relations:

(I) apy(g_l)aﬁ == K;LKZ;I},’

(II) &py(ég_l)aﬁ = éi&pyggé == (ég_l)apzlé}y’

(D) d,y(A""BA™)up=—[(A7))op(Al BAL) 15+ (Al BAL) 1p(A) 1]

(IV) 3, (A"BAT'CA™) ,5=3,,[(A"BA™)5(CA™") 5] =—[A(A'BAT'CA™) s+ (AT'BA™),,(A7'CA™)) 4

+(ABAICA), AT,

(V) dupti[BAL 1=~ (Ay/BAY) o5,

(VD) 4, u{BA-'CA']= B¢, (A CA)E =~ [(ACA'BA™),,+ (A'BA~'CA)

e

(VID)  due( il ri?| ) = = (il )| ¢1>[mmk - q/2u7'[J AL 1AGT, 11_\211)a/3 + %(111?11),1,3]»

(VIID) Qg byl 71/r| ) = - %<¢k|rTq1/rg|¢l>[2p/5(11;lljl 111;11)@; + (11;11)043 - I/E(K]:llng;]l)aﬁ]

_ -~ 9T — TNl F—T T -1 T-17 T -
+(ilri?| 33 yz(p)/azbzﬁzle y3(s)s(1 = 3c/ab)*~'[ab(A} T, AL T AL ) up

+ 5E(K;leg1§;]ljl 11_&;11)6,5 - %(K;llng;Zl)aﬁ - be(AL T, 111;11)643]

(for details see Refs. 16 and 38).

First we need to calculate the second derivative of the integral {¢|r;71/r,|¢). According to (VIII) the expression for the

derivative can be written as
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- 1
Bgcgﬁpy{ ‘9aﬁ< ¢k| "1qr_ | ¢z>}
g

1= e b gy == = _ | = =
=T EBngapy{<¢k|rlqr_g|¢l>{Laq(AkzlJnAkll)aﬁ + (Akl])aﬁ - E(AklngAkl])aﬂ]}

pBCY -q 3\‘672(17) 4 3¢\ - -7 x-1§ x-l

+ BLCY9,,) (dilr |¢Z>TE yi(s)s| 1= — | [ab(Ay 1Ay JAL ) g
@b*\b =1 ab

+ ab(A T A I 1AL ) ap — GCA T AL ap — DAL T 1AL o]

my

1- — 1 -q = —_ - 1 - - - 1 1 —
== EBgCZ<aP7<¢k|rlq7|¢l>>l (AkllJllAkll)a,B + (Akll)a,B - %(AklngAkll)a,B:| - 5<¢klr1"r—|¢z>B§C3‘9pv
g g

a

3\39,(p) <
SRV,

a’b*\b =

3¢ s—l_ _
(s)s<1 - —f) BEC(3,( bl )

My~ 4q <13 1- ~- - ==
X f(AkzlJllAkll)aﬁ + (Akll)aﬁ - :(AkzngAkll ap( T
a b ab

X[ab(Ay J11AG T A ap + ab(AG T AGT 1AL ) ap = G(A T AL op = DA T 1AL ) ag]

ab

p —\ s—1
_ 3¢\ =4 1 .
Xl )33 7a(p) 2 73(S)S<1 - ___) BgCZ(%— - _)[ab(AkllJllAklngAkll)aﬁ
s=1 52172\/1—7

—~
e — = = S — _ 3\V3y(p)

+ ab(AklngAkllJllAkll)aB - aC(AklngAkll)a,B - bC(AkllJllAkl])aﬁ] - 3(¢k|rlq|¢z>—2_22\/:
ab-\'b

p N\ 52 _
3¢\ = 5= c — = == = = == ~_
XD y(s)s(s — 1)<1 - __) B§CZ< 0"py__5)[6_1b(Ak11J11Ak11JgAkll)aﬁ + ab(AklngAkllJllAkll)aﬁ
s=1 a

ab

=
== = — == = ot 3V37(p)
- aC(AklngAkzl)a,B - bC(AkzlJnAkzl)aﬁ] + <¢k|rlq|¢l> _ 2 =
c_zzbz\/;

p =\ s—1
3¢\ 4 i e R T
XE ’y3(s)s(1 — —E) BgcgaPV{ab(AkI]Jl1Ak11JgAkll)a,3
s=1 al
+ ab(Aj T AL T 1A op — GTAG T A ap = E(AL 1AL o} (B1)
To conclude the task we still need to determine the following derivatives:

(1) pfelryVir |,
@ g, @,
(3) Iy (AL T AL ap:
@) (Al ap:
(5) dpyb)7",
(6)  py(A T AL aps

(7) &p‘y<¢k|r1q|¢’l>9
®8) @b \b),

9) d,,3c@b)™,
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(10) 0"py[671;(:5/;1131 111;11]571&;11)‘1[3 + 55(11;11357;/:11311;/;11)@ - %(;lejggl;ll)aﬁ - be(AT, 111;11)%]-

We now evaluate derivatives in the following:

ad 1. 3, elri"Vr dy) == 3(dlri®Vr | )lmy — gla(AG T ALy + (AL py = 1D(AL T AL )]
_ [~
+{(ulr | p3V3va(p)/
ZPNES" | yy(s)s(1 - 32aB) [ab(AL T, AR T, A, + abATTALT AT, ,
- %(K@ljg‘i&l)py - be(A TnAY)

M]’
=_ _ =25 =_=2x-17 3-I
ad.2. dylla=—-a d,a=a (A, JiAy)y,
ad.3. 3, (AT 1A ap=—[AL) oAl T 1AL 15+ (AL T1AL) (A1) 16,
ad4. 3, A;))ap=- (Akz);,lg(gkz)ﬁly,
ad.5. 9, 1/b=~b72d,b=b"(A AL,y
ad.6. &py(‘&;lljg’gl;ll)aﬁ == [(Kl:ll)ap(‘&;lljgl_&;ll)yﬁ + (K;llng;ll)ap(Kle)yﬁ] >
ad.7. 9Bl = (il ) mus — 92 AGT AT,y + LA,
ds. a, (b a?= 1/\/2_1/—252[51/5(11“3 Ah +21/a(A T A ]
ad.o.  Opy a abr; ki g )py A\Ay J118% ) pyl>
ad.9. d,,(clab) = - /@b’ [+ ab(Ay T Ay T AL o+ ab(AG T AL T AL,y — Cb(AL T 1AL,y — ca(AL T A 0],
ad.10. 3, Jab(Aj/ T, AT AL up+ ab(AL T AGT 1AL ap— aC(Al T AL up— DEAL T 1AL apl
= (3,ya0) (AT AL T AL s+ AL T ALT AL up) + @53, {(AL T 1AL T AL ap + (AT AL THAL) gt — (9,,a0)
X (AT AL ap— (3, p0) AL T 1AL ap = A0 Al T AL s = DT AL T 1AL ) ups
where
([7’mﬁl;) == E(Z;;jl I‘KZIl py~ a(‘&;lljgg;l] py
(9pyac) == T(A T 1AL,y — Al(AL T 1AL T AL, + (AL T AL T 1AL,
(3p,p0) = - AL T AL py— BLALTHALT AL,y + (AT AL THAL,,]
oy AL T 1AL T A ap =~ [(AG) (Al T 1AL T AL 15+ (A T11A) ap(Al T AL 5+ (AL T 1A G T AL ) ap + (A7) 1]
oy AT AT 1A ap = = LA ap (A T A T1A 15+ (AL T A ap(AL T1AL) yo+ (A T AL T 1A ap + (Al 4]
apy(Z]:llngI:ll)aﬂ == [(K;ll)ap(K;llng;ll)yﬁ + (K;llng;ll)ap(Kle)'yﬁ]

9oy A T1AD up=—[(AD) wp AL T 1AL 5+ (AL T 1A 0p(Al) 6.

Using the above we can write the expressions appearing in Eq. (B1) as
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- 1 my—q - - 1 — — —
. B“ﬂCp“/<r9py<¢k|r1qr_|¢z>){ 1 l)aﬁ+(Ak11)aﬁ—;_(AkzngAkll)aﬁ]
3

1 1 my—q —_= —_;= - = 1 - - - =
=- 5<¢k|r 1qr_| d’z){ kl_ tY[AkzlJ 1 lAkIIC] + tr[A,dlC] - l_;tr[AklngAkllc]:|
8

my, 3By 8 3¢\t
X { tr[Ak/ J1 lAkl B] + tr[AkllB] - tT[Ak/IJ AkllB]:| +{( | pp——F= i d E 3(S)S< __>
b b*\b =1 ab

X[ab(t{Ay' T, AL T, Ay Cl+ AT AT ,AL C)) - ac u[A}/ T AL Cl- be u{AT, AL/ C]]
my — - - = N 1 - - —
X { ”thr[A;}J, A'B]+tu[A;/B] - %tr[AZZIJgA,:IIB]] ,
° BaBprﬂ |: (AkllJllAkl) ,8+(Akl)oz/3 (K;lljg‘&;ll)aﬁ]

_Umy=q)(1
kla tr[Akl J 11Akl C]tf[Akz J 11Ak11B] - tr[Akl BAkl J llAkl Cc']- tr[Akl J llAkl BAkl C’]

~t{A;BA;/C']+ —( ~t[A/ J Ay Clu{A;J Ay B+ tu[CAL T, A;/B'A;/ T+ u[B'A}J Ak}CAk}])
b\ b

.« BefCP (9 il ¢1>)[55(Z211311:4/;11ng211)aﬁ + EE(KEJIngZIIjl 11&;11)@3 —ac (ZZZIng/QI)aﬁ - be(A T, IZZ/l)a,B]

=- _<¢k|”1q|¢z>[ tr[alaC] + Ay C]}

(ab(u A}/ T AT, AL/ B] + u[A; T, A; T, A B) - ac uA;/T,ALB] - be e[A T A B,

- 1 S [ i S
. B”‘BC’”( ‘9”—2,;2 \/:>[ﬁb(Ak}J1 AGTAD g+ @A T AL T AL up— G ALT AL s — (AL T 1AL AL ) ]
=—=—| = tr[Ak,J A,d Cl+2- tr[Ali”Akl C]
\/l—yazb
x[@b(u[ALT AL, AL B] + u[AD T, AL T, AL B]) - ac u[A7'T A7 B] - bz u{A7'T, AL BI],

- C\. —— = — = —_ e = — = —_ = = S
® Baﬁcpy( apy__l;> [ab(AkllJl 1A/<1l JgAkll)aﬁ + ab(AklngAkllJllAkll)aB - aC(Akll JgAkll)a,B - bC(AkllJllAkll)aB]
a

=- _b(ab(tf[Akz J Akl JAL Cl+ulALT AT Akl C)) - b u[Ay T, A/ Cl - ca u{A}J Akl C))
a

X (ab(u[Ay T AT Ay B+ t[A; T, AL T, AL B]) - ac u{AJ Ay B] - be u[A} T, Ay B),
.« B*ACP yapy{al;((AI;]ljlIK;llng;ll)aB + (K;lljg‘&;lljllgl;l])aﬁ) — acl (A;;jg‘&;ll)aﬂ - b (11211]11:5;11)0(,3}
= - au[A TA;/ Cl(u[A; T AT AL B] + tfA T AL T Ay'B]) + a u[A} J Ay BI(t[A AT, AL C]

+ t{ AT 1A AL CD) - b t{AL T, A Cl(u[AL T AT Al Bl + t{A T, AT Ay/B]) + b t[A}J,|A'B]
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X(tf[l_ﬁzljg‘&;zljugyé] + tf[;‘;;jug;lljggﬁlé]) + ¢l (tf[KZIIng;zlé]tf[;t;lljuxﬁlﬁ]

+ u{AQT, AL CIu[A;T,A; B — ab(u[A; BA;T, AL T, A; T + u[A;/T, A, BALTALC]

+ Ay J AL T 1A BA/ C']) — ab(u[A}/BA; T AL T,A/C'] + u[A; J AL BAL T A/ C']

+ t{ Ay J 1A T, A BAL/ C']) + ac(t{ABAL T, AL/ C'] + u[A} T, AyBA/ C']) + be(t{AyBAL T A}/ C']

+ t{Ay T Ay BAL/C')).

This concludes the derivation of the matrix elements of

the f]w operator.
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