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Abstract

In this work we show the advantages of using the Coulomb-hole plus screened-exchange
(COHSEX) approach in the calculation of potential energy surfaces. In particular, we demon-
strate that, unlike perturbative GW and partial self-consistent GW approaches, such as
eigenvalue-self-consistent GW and quasi-particle self-consistent GW, the COHSEX approach
yields smooth potential energy surfaces without irregularities and discontinuities. Moreover,
we show that the ground-state potential energy surfaces (PES) obtained from the Bethe-
Salpeter equation, within the adiabatic connection fluctuation dissipation theorem, built
with quasi-particle energies obtained from perturbative COHSEX on top of Hartree-Fock
(BSE@COHSEX@HEF) yield very accurate results for diatomic molecules close to their equilib-
rium distance. When self-consistent COHSEX quasi-particle energies and orbitals are used
to build the BSE equation the results become independent of the starting point. We show
that self-consistency worsens the total energies but improves the equilibrium distances with

respect to BSE@COHSEX@HEF. This is mainly due to changes in the screening inside the BSE.


arjan.berger@irsamc.ups-tlse.fr

1 Introduction

In the last decade the GW method'™ has become a standard tool in the quantum-chemistry tool
box. It has proved to be a powerful approach for the calculation of ionization energies, electron
affinities, fundamental gaps, etc. However, due to the complexity of the GW self-energy which is
non-Hermitian and frequency dependent, a fully self-consistent approach is nontrivial.> !> As a
consequence, several approximate GW schemes have been devised. The most popular approaches
are perturbative GW, also known as GoWp, 1471 eigenvalue self-consistent GW (evGW) 20-23 and
quasi-particle self-consistent GW (qgsGW).%4"% Within GoW), the GW self-energy is treated as
a perturbation with respect to a zeroth-order Hamiltonian with a simpler self-energy, such as
Hartree-Fock (HF), or a different Hamiltonian altogether, such as a Kohn-Sham Hamiltonian. The
main drawback of GoWj is its dependence on the choice of the starting point, i.e., the zeroth-order
Hamiltonian.”?%27-3% Within evGW the dependence on the starting point is reduced by updating
the eigenvalues in a self-consistent field procedure. However, the orbitals remain those of the
zeroth-order Hamiltonian. Finally, within gsGW, the GW self-energy is approximated in such a
way that it is both Hermitian and frequency independent. This allows for a simple self-consistent
procedure for both eigenvalues and orbitals eliminating the influence of the starting point.
Although it is known that GW has some shortcomings, they have, until recently, mainly

40,41 Wwe uncov-

appeared in the strongly correlated regime.*! "> However, in two recent articles,
ered an important shortcoming of the GoWj, evGW and qsGW approaches that appears in the
weakly correlated regime. All three approaches suffer from unphysical irregularities and even
discontinuities (evGW and qsGW) in important physical quantities such as quasi-particle (QP)
energies, neutral excitation energies, and correlation energies. We showed that the problem could
be traced back to the existence of multiple close-lying solutions when the QP energy is close to
a pole of the self-energy.!34%4! When the solution switches from one branch to another one it
yields an irregularity or discontinuity in the physical observable. The problem is more severe

in evGW and qsGW because, due to the self-consistency procedure, an irregularity in one QP

energy is transferred to all QP energies through the self-consistent procedure.



This problem was again observed in the potential energy surfaces (PES) of diatomic molecules. *?
Accurate results were obtained for the ground-state total energies from the adiabatic-connection
fluctuation-dissipation theorem (ACFDT)*37>3 applied to the Bethe-Salpeter equation (BSE) for-
malism.’*™>7 However, since the BSE calculations were performed on top of a GoWj calculation,
irregularities appeared in the energy curves due to the problem discussed above. As can be
anticipated from our discussion above, switching to evGW or qsGW will not solve the problem.
Below we will also explicitly show that discontinuities indeed appear in the PES when evGW
or gsGW orbitals and energies are used to calculate the total energy. In view of the above, it is
desirable to find an alternative approach to GoWp, evGW and qsGW that does not suffer from
this drawback and yields accurate total energies at an affordable computational cost.

In this work we will consider the Coulomb-hole plus screened-exchange (COHSEX) self-energy,
which was proposed a long time ago by Hedin, **°® both perturbatively, namely on top of HF,
and self-consistently (scCOHSEX).>” Although the physics inside the COHSEX self-energy is very
similar to that included in the GW self-energy, unlike the GW self-energy, it is Hermitian and
frequency independent. As a consequence, COHSEX calculations can be done self-consistently
using standard numerical techniques (i.e., by simple diagonalization of a Fock-like operator).
A self-consistent COHSEX calculation can also be used as starting point for a GoWjy or evGW
calculation.>®~% Such an approach generally yields accurate energy gaps but this would of course
suffer from the same irregularities and discontinuities mentioned above. Thanks to its numerical
efficiency COHSEX can be used to perform calculations on large systems.®®®’ Finally, we note
that improvements of the COHSEX method have been proposed.®®

The main goal of this work is twofold. We want to show that: (i) physical observables, and in
particular PES, obtained within the COHSEX approach do not suffer from irregularities and dis-
continuities, and (ii) the PES and equilibrium geometries obtained from the BSE using perturbative
COHSEX quasi-particle energies (i.e., BSE@COHSEX@HF) are comparable in accuracy to those
obtained within BSE@GoW)j. We illustrate both points by calculating the PES and equilibrium

distances (Req) of several diatomic molecules. Furthermore we want to demonstrate that: (iii)



although the COHSEX and GoW energy gaps are quite different, the influence of this difference
on the PES and equilibrium distances is small, and (iv) for the diatomic molecules studied here,
perturbative COHSEX, i.e., BSE@COHSEX@HEF, yields PES that are in better agreement with
the reference values than self-consistent COHSEX, i.e., BSE@scCOHSEX. Instead, the values of
Req obtained within BSE@scCOHSEX are slightly improved with respect to BSE@QCOHSEX@HF
when compared to the reference data.

The paper is organized as follows. In section 2 we describe the theory behind the COHSEX
approach and we also briefly discuss the theory of GoWj and partially self-consistent GW methods.
We report and discuss our results in section 3. Finally, in section 4 we draw the conclusions from

our work.

2 Theory

The key variable within many-body perturbation theory is the one-body Green’s function G. In

the absence of time-dependent fields and at zero temperature, it is defined as

G(r,#', ) = —i®(T) (¥} [§(r)e T —ETH (') ¥Y) o
1
+i0(—7) (PN |97 () P ED T () [E DY,

where HY is the Hamiltonian of the N-electron system, ‘Fé\] is its ground-state wave function,
Eé\[ is the ground-state energy, © is the Heaviside step function, while gl?’L and ¢ are creation and
annihilation operators, respectively. In practice the one-body Green’s function can be obtained

from the solution of the following Dyson equation,
G(r,7,t) = Gur(r, v, 7) + /drldrzGHF(r, 1, T) (11,72, T)G (12,7, T), (2)

where Gy is the one-body Green’s function within the HF approximation and X is the correlation

part of the self-energy which has to be approximated in practical calculations.



2.1 The COHSEX self-energy

In this section we discuss the COHSEX self-energy, and, in particular, its correlation part. We will
compare it to the GW self-energy since the two self-energies are similar. The correlation part of

the GW and COHSEX self-energies are given by

2 (r, v, 7) = iG(r, ¥, T)W,y(r, 7, T+ 1), (3a)

SCOEX (3¢ 1) = iG(r, ¥, T)Wy(r, 7/, w = 0)[6(T + 1) + 6(T —11)] /2, (3b)

where Wp = W — v, is the difference between the screened Coulomb interaction W and the bare
Coulomb interaction v, ¢ is the Dirac delta function, and 7 is a positive infinitesimal that ensures
the correct time ordering. The main difference between the two approximations is that the GW
self-energy contains a dynamical (i.e., frequency dependent) W, while the COHSEX self-energy
has a static (i.e., frequency independent) W),. A Fourier transformation of Eqgs. (3a) and (3b) yields

the following two expressions

>W(r, v, w) = é /dw’ei”“"G(r, v, w4+ ) Wy(r ', o), (4a)

S.COHSEX (1. 41y — %[G(r,r', —1) + G(r, 7', 7)]Wy(r,v',w = 0) (4b)
4

1 A a . .
5 (VO [P (r) = §7 ()P () [¥0) Wp(r, 7,0 = 0),

and clearly shows that the COHSEX self-energy is static. We note that to better understand the
screened exchange (SEX) and the Coulomb hole (COH) parts of the COHSEX self-energy it is

useful to rewrite Eq. (4b) according to

ECONSEX (1, 11 ) — — (9| (1) (1) [ ¥N) Wy (1,7, 0 = 0) 5
+ =6(r — r’)Wp(r,r,w =0),

N | =

where we used the anti-commutator relation for the field operators, i.e., (') (r) + T (¥ )P (r) =

d(r — 7). The first term on the right-hand side of Eq. (5) when combined with the HF exchange



part of the self-energy, i.e.,
2 (1) = = (Y [PT () D ()X o (7). (6)

yields the screened-exchange self-energy. The second term on the right-hand side of Eq. (5) is the
(static) Coulomb-hole self-energy since Wy, (, 7, w = 0) is the Coulomb potential at r due to the
Coulomb hole created by an electron present at r.

We can express W), as

Wy (r, 7, w) = // dridroo(r, 1) x (11,72, w)0(ra, 1), (7)

where the (reducible) polarizability x can be written as

/ _ P (1) pm (1) O (1) pm (1)
X(r’r’w)_z{w—()mj%n_w+Qm—i;7 ’ ®

m

in which (), is a neutral excitation energy and p,, the corresponding transition density. The latter

is defined as
occ virt

om(r) = Z ;(X +Y)ii(r)Pa(r) ©)
i

where ¢, are either the (real-valued) HF spatial orbitals CPIP{F (for a COHSEX@HEF calculation)
or the (real-valued) scCOHSEX spatial orbitals (prC,OHSEX, i.e., the eigenfunctions of the COHSEX
Hamiltonian [FCOHSEX — FHF 4 $1COHSEX 1p) the following, the index m labels the single excita-
tions; i and j are occupied orbitals; 2 and b are unoccupied orbitals, while p, g, , and s indicate

arbitrary orbitals.
The neutral excitation energies (), and the transition amplitudes (X + Y)? are obtained from

a random-phase approximation (RPA) calculation:

A B X X
B o T R (10)



where (X, Ym)T is the eigenvector that corresponds to €}, and

Ajo b = 0ijoap(€a — €;) 4 2(ialjb), (11a)

Bia,jb = 2(161“9]), (11b)

where €, are either the HF orbital energies eI;F (for a COHSEX@HEF calculation) or the scCOHSEX
orbital energies €,°"°"X (i.e., the eigenvalues of HACOHSEXy "and (pgq|rs) are the bare two-electron

integrals defined as

(alrs) = [ drdr' g, (r)gy (1)0(r,7 )91 ()5 (1) (12

While the GW self-energy is non-Hermitian and frequency dependent, the COHSEX self-
energy is both static and Hermitian as can be verified from the expression one obtains by inserting

Eq. (8) into Eq. (4b) (with W), given by (7)):

SEOHSEX (') = | (PN ()P (r) ) — (HY [ (r)¢" () %D

X //drldrzv(r,rl);%‘Zm(mv(m,r’). (13)

Moreover, it is important to note that the COHSEX self-energy has no poles. More precisely, its
denominator never vanishes since the (), are real and positive for finite systems. Owing to the
Hermiticity of the COHSEX self-energy, ‘FSI can be represented by a single Slater determinant.
Following the Slater-Condon rules the matrix elements in the above equation can then be rewritten

as sums of products of orbitals. We obtain

ECOUSEX(y, /) = 2 [z BB~ Y 0ulr) <r’>]

X //drldrzv(r,rl);%f:i(mv(rz,r'). (14)



The matrix element ZCC%ISEX (pp|ZEOHSEX ) can now be written as

occ virt

FCOHSEX _ Z Z [pz|m [qz|m] _ ZW , (15)

where the screened two-electron integrals are defined as

[pqlm] =Y _(pqlia) (X + Y)j. (16)

ia

When COHSEX is performed using first-order perturbation with respect to HF, the perturbation
is given by HCOHSEX _ fHF — $1COHSEX ‘The perturbative COHSEX orbital energies can thus be

obtained from

COHSEX __ GHF 4 ZCOHSEX(eHF). (17)

€p =€ c.pp p

Instead, within scCOHSEX both the eigenvalues and eigenfunctions of the COHSEX Hamilonian

have to be calculated repeatedly until a self-consistent result is obtained.

2.2 GoWy

Given the difficulty of evaluating the GW self-energy mentioned before one often uses a pertur-
bative approach called GoWj in which the self-energy is calculated perturbatively with respect
to a simpler zeroth-order Hamiltonian, such as a self-energy for which a self-consistent solution
is more easily obtained. In this work we will use the HF Green’s function as our zeroth-order
Green’s function. Its spectral representation is given by

3 ¢p (r)¢y (1)

Gur(r, 7, w) =
(11, ) o w —ef —insign(p — e

X (18)

with y the chemical potential. Within the GoWj approximation, the frequency integral in Eq. (4a)

can be performed analytically and one obtains the following matrix elements of the GoWj self-



energy,

GoW, B & [pi|m]™F[gilm
Zepy (@) =20, zw—eHF+QIZI1F_i’7
m 1 1

] HF virt

y [pa|m]"F[ga|m
a w_elcglF_Q%F—i_iq ’

]HF

(19)

where the superscript in QI and [pg|m]fF indicates that these quantities are obtained from HF
eigenvalues and orbitals. Contrary to the COHSEX self-energy, the above self-energy is dynamical
and has poles. The QP energies can then be obtained from the poles of G obtained by solving the
Dyson equation (2) (in frequency space) with the above self-energy. This yields the so-called QP

equation,

w = el + Re[Z55" (w)]. (20)

Due to the frequency dependence of the self-energy, the GoWy QP equation has, in general,

GoWo — €G0W8
- S

multiple solutions ele,%Wo. The solution €,, 0 with the largest spectral weight Z,, (eGOWO)

p,s=0

with
-1
c,pp , (21)

ow

Zy(w) = |1—

Re[Echy° (w)] ]

is called the QP solution (or simply quasi-particle), while the other solutions (s > 0) are called
satellites and share the rest of the spectral weight. In practice the QP equation is often simplified
by Taylor expanding the self-energy to first order around eZIF. The result is the so-called linearized
QP equation given by

e’ = el + Zp(ep") Re[2Ey" (€] (22

When the self-energy has poles close to a solution of the QP equation the above linearization is
not justified. Moreover, it leads to irregularities in physical observables such as PES. This can be
understood as follows.

Although the self-energy in the linearized QP equation is independent of the frequency its

HF

_ HF HF HF _ _HF HF
p =€ —Qy orwhene,” =¢; + "

denominator could still vanish. This happens when € p

When calculating a single QP for a single configuration of an atom or a molecule it is not very

probable that such an event occurs. However, when a large number of QPs and/or configurations



is considered, e.g., when calculating a PES, it becomes inevitable. As an example, let us consider

the simplest PES, namely the variation of the total energy of a diatomic molecule as a function of

HF

p and QI could be considered functions of R and

the interatomic distance R. In such a case, €

the conditions that the self-energy has a vanishing denominator can be written as

ey (R) = e/"(R) — O} (R), (23a)
€y (R) = ef"(R) + Q4 (R). (23b)

Therefore, £ %T;\/o [e" (R)] can be considered an implicit function of R that has poles. From the
above conditions it is clear that in a region equal to 20" (R) + €f¥,,0(R) — elopo (R) around
the Fermi level no poles can occur, where Qf" is the smallest neutral excitation energy and €},
and et | are the HF energies of the lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO), respectively. However, since, in general, the variation with
respect to R of the left- and right-hand sides of Eqs. (23a) and (23b) is different, it is unavoidable
that outside of this range one of the two above conditions is met for some values R = R;,. We
note that they can never be met simultaneously. In the vicinity of these R, values the self-energy

[see Eq. (19)] and its corresponding renormalization factor Z) [see Eq. (21)] vary rapidly leading

to irregularities in the QP energies and, hence, in the PES.

2.3 Partially self-consistent GIW

The main drawback of the GoWj approach is its dependence on the starting point, i.e,. the orbitals
and energies of the zeroth-order Hamiltonian. Since, as mentioned before, from a numerical point
of view, fully self-consistent GW is nontrivial, so-called partial self-consistent GW methods have
been developed to reduce or eliminate the starting-point dependence. Within evGW one only
updates the eigenvalues in the self-energy while in gsGW one symmetrizes the GoWj self-energy

according to

saw 1 GoWp / _asGW GoWo / _asGW
2" = S Re [zc,g,q()(eg ) + 2500 (4 )] (24)

10



The above self-energy is frequency-independent and Hermitian and is, hence, suitable for a
standard self-consistent procedure. Therefore, in this partially self-consistent scheme both the
eigenvalues and orbitals are updated.

However, the evGW and qsGW approaches suffer from the same problem as GyW) since
the self-energies have poles when considered as (implicit) functions of the geometry. In fact the
problem is even more severe since, due to the self-consistent procedure, an irregularity in one
QP energy is transferred to all the other QP energies. As a consequence, in some regions of the
geometry space, there is more than one branch of solutions and discontinuities appear when a

solution switches from one branch to another, 4%4!

2.4 Correlation energy

We calculate the correlation energies at the BSE level using an approach based on the ACFDT. =%

We note that the ACFDT formalism is formally derived for a local potential, while here the
potential, i.e., the self-energy, is non-local. We strictly follow the ACFDT procedure described in
Ref. 42 and the details can be found there. For the sake of completeness we briefly discuss some
details of the calculation of the BSE total energy. The main difference with Ref. 42 is that the
QP energies and orbitals appearing in the equations below are those pertaining to the COHSEX
self-energy instead of the GoWj self-energy.

Within the ACFDT formalism, the BSE correlation energy can be written as an integral over
the coupling constant A which adiabatically connects the noninteracting system (A = 0) with the

fully interacting system (A = 1) according to*%4%~>3

1
EBSE — % /O Tr (KPA> A (25)

11



where the polarizability matrix P* is given by

YMYMNT yA(xMT 00
(YT v 2
X/\(y)\)T x/\(X/\)T 01
with X* and Y? solutions of
A/\,BSE BA,BSE x)\ X/\
=0 "], (27)
_B)\,BSE o AA,BSE Yﬁ\n Y?f’l
where
ALBSE — 56, (eq — €1) + A [2(ia| jb) = Wil (28)
/\/ - . .
Bia,]]s'le =A [2(za|b]) - Wz'/l\),a]} ’ (29)
with
W s = / / drdr’' §y (1) (rYW (1,7, w = 0)y (¢ )ps ('), (30)

Finally, the interaction kernel K is given by

ABSE BA:LBSE

K = ) (31)
B)\Zl,BSE ABSE

with A2 = 2(ia|bj). We note that Eq. (25) is referred to as “extended Bethe-Salpeter (XBS)” in Ref.

ia,j
51 . An important point to make here is that, in contrast to Kohn-Sham density-functional theory

where the electron density is fixed along the adiabatic path, *>44

the density is not maintained in
the present BSE formalism as the coupling constant varies. Therefore, an additional contribution
to Eq. (25) originating from the variation of the Green’s function along the adiabatic connection

46,47,51,70

path should be, in principle, added.®® However, as it is commonly done, we shall neglect

it in the present study:.

12



The BSE total energy EPSF of the system can then be written as

EBSE — Enuc + EHF + E?SE (32)

where E™¢ and EFF are the nuclear energy and the HF energy, respectively. We note that for a

BSE@scCOHSEX calculation EFF is calculated with the scCOHSEX orbitals.

3 Results

All systems under investigation have a closed-shell singlet ground state. Hence, the restricted HF
formalism has been systematically employed in the present study. Finally, the infinitesimal # is set
to zero for all calculations. The numerical integration required to compute the correlation energy
along the adiabatic path [see Eq. (25)] is performed with a 21-point Gauss-Legendre quadrature. All
the calculations have been performed with the software QUACK,”" freely available on github.
As one-electron basis sets, we employ the Dunning family (cc-pVXZ) defined with cartesian

Gaussian functions.

3.1 Irregularities and discontinuities in GyWj, evGW, and qsGW

We have previously described in detail the problem of irregularities and discontinuities in physical
observables obtained from GoW, and partially self-consistent GW approaches. ‘**! Here we want
to remind the reader that these problems are also present in total energy calculations and we
want to show that, instead, there are no such problems in the COHSEX method. In Fig. 1 we
report the BSE total energy of the LiF molecule as a function of the interatomic distance in the
vicinity of its equilibrium distance. The BSE correlation energy is calculated on top of GoWy@HF,
COHSEX@HF, evGW @HF, qsGW, and scCOHSEX. We used a relatively small basis set, namely
Dunning’s cc-pVDZ basis, since for larger basis sets the gsGW approach does not yield converged
results for many values of R. This, however, does not change the conclusions of this section. We

note that within qgsGW the entire set of energies and orbitals is updated at each iteration. We

13



see that all four results are within a range of about 10 mHartree. However, the PES obtained
from BSE@ GoWy@HF shows irregularities while the PES obtained from BSE@evGW @HF and
BSE@qsGW show discontinuities. In fact, the different branches of solutions can clearly be
seen, especially around 3.4 bohr. Instead, the BSE total energies obtained on top of a COHSEX
calculation, i.e., BSE@COHSEX@HF and BSE@scCOHSEX, yield a PES that is a smooth function

of the interatomic distance.

T T T | T |
, A
107.13 18 — BSE@G, W, @HF -
_T — BSE@COHSEX@HF |
— BSE@scCOHSEX
= — BSE@qsGW
o i
= 107151
=
-107.16 |-
107171 - _
| I | I | I | I |

Figure 1: The BSE total energy of the LiF molecule in the cc-pVDZ basis as a function of the
internuclear distance. The calculations were done at intervals of 0.002 bohr.

Finally, we note that including self-consistency in COHSEX and GW tends to lower the total
energies and that including self-consistency for both QP energies and orbitals lowers the total
energy more than just including self-consistency for the QP energies. Moreover, the effect of

self-consistency on the total energies in COHSEX, going from COHSEX@HF to scCOHSEX, is

14



roughly identical to the effect on GW, going from GoWp@HF to evGW @HF.

3.2 Ground-state PES

In Figs. 2-9 we report the BSE total energies as a function of the interatomic distance around the
equilibrium distance for the following diatomic molecules: Hy, LiH, LiF, HCI, Nj, CO, BF, and
Fp, respectively. They are the same molecules that were studied in Ref. 42. We also use the same
basis set, namely Dunning’s cc-pVQZ. For comparison we also report the PES obtained with the
coupled cluster (CC) methods of increasing accuracy: CC2,72 CCSD,”® CC3.7¢ At the equilibrium
distance the CC3 approach has been shown to yield total energies that are very close to those
obtained with higher-order CC approaches, such as CCSDT and CCSDT(Q).*? Therefore, we can
consider it to be the reference method.

In the only case for which we have an exact result (for the given basis set), namely the Hp
PES obtained from full configuration interaction (FCI), all BSE total energies are roughly the
same. We also note that no irregularities are visible in the BSE@GoWy@HF curve. In the case
of LiH, the second smallest molecule in the set, an irregularity appears in the BSE@GoWy@HF
curve around 3.08 bohr. We also observe that the smooth BSE@COHSEX@HF total-energy
curves are closest to the reference CC3 values, while BSE@scCOHSEX and BSE@ GoWy@HF yield
almost identical energies. For the LiF molecule there are large irregularities in the PES obtained
within BSE@GoWp@HF around 2.9 bohr which impedes a straightforward determination of the
equilibrium distance (see below). Another large irregularity appears around 3.4 bohr. Again the
smooth BSE@COHSEX@HEF curve is closest to that obtained within CC3, although the differences
with the BSE@GyWo@HF results are small. Finally, similar to the LiF results obtained above
for the small cc-pVDZ basis, we observe again that including self-consistency in the COHSEX
calculation lowers the total energy, thereby worsening the agreement with the coupled-cluster
reference data.

The PES of all diatomic molecules, except the smallest two (H, and LiH), show a similar trend,

i.e., small differences between the BSE@COHSEX@HF and BSE@ GoWy@HEF total energies and

15



Table 1: Equilibrium distances (in bohr) obtained in the cc-pVQZ basis set. The experimental values
are extracted from Ref. 75. The results in brackets for LiF and F, were obtained by fitting the total
energies to a Morse potential since the irregularities in the PES precluded a direct evaluation.

H, LH LF HCI N, CO BF F,

CC3 1.402 3.019 2963 2403 2.075 2.136 2390 2.663
BSE@GoW,@HF 1399 3.017 (2.973) 2.400 2.065 2.134 2.385 (2.638)
BSE@COHSEX@HF 1.399 3.014 2961 2400 2066 2.125 2379 2.635
BSE@scCOHSEX 1.401 3.016 2963 2404 2.070 2.130 2387 2.650
Experiment 1.401 3.015 2.948 2409 2.074 2.132 2386 2.668

a relatively large difference with respect to the BSE@scCOHSEX total energies. Therefore, we
conclude that the self-consistency has a much larger influence on the PES than the difference in
the COHSEX and GW self-energies.

The PES of the HCI, Np, CO and BF molecules obtained within BSE@ GoW,@HTF all exhibit
small irregularities, while those in F, are very large, preventing a simple determination of the
F, equilibrium distance (see below). Again, BSE@COHSEX@HF is in excellent agreement with
the CC3 results and even slightly better than those obtained within BSE@ Gy Wy@HF, and, most
importantly, the PES obtained within BSE@COHSEX@HF (and BSE@scCOHSEX) are devoid of
irregularities and discontinuities.

In Table 1 we report the equilibrium distances obtained within the various BSE approaches
and we compare them to the CC3 reference values and to experiment. As mentioned before,
the irregularities in the PES can prevent a straightforward determination of the equilibrium
distance. Therefore, following Ref. 42, for LiF and F, a Morse potential was used to fit the total
energies in order to estimate the equilibrium distance. Although the total energies obtained within
BSE@scCOHSEX were not as accurate as those obtained using perturbative QP energies, adding
self-consistency to the COHSEX approach improves the equilibrium distances. In summary, while
BSE@COHSEX@HF yields the smallest errors for the total energies, BSE@scCOHSEX vyields the
smallest errors for the equilibrium distances.

Finally, in order to estimate the influence of the QP energies on the BSE total energies, we report
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the ionization potentials (IP) and the HOMO-LUMO gaps at the equilibrium distance corresponding
to each level of theory for the various BSE approaches in Tables 2 and 3, respectively, and we
compare to experimental data (when available). For the IP we also report the CCSD(T)/def2TZVPP
data of Ref. 76 which are in good agreement with the experimental values with the exception of
Hj. Comparing the differences in the IP with the differences in the PES, there does not emerge
a clear link between the two. Although the IP obtained within COHSEX@HF and GoWy@HF
show the largest differences (except for N»), the differences between the corresponding BSE total
energies are the smallest. Instead, the differences in the IP between scCOHSEX and COHSEX@HF
are the smallest (except for N») but the differences in the corresponding total energies are the
largest. A similar analysis holds for the HOMO-LUMO gaps. Moreover, despite the fact that
COHSEX@HEF yields IP and HOMO-LUMO gaps significantly worse than those obtained within
GoWo@HF when compared to the experimental values, the corresponding BSE total energies are
very similar (except for the irregularities in GoWy@HF@BSE). Therefore, at least for the small
molecules discussed here, the BSE total energies obtained within ACFDT seem to be robust with
respect to the underlying QP energies. Instead, the total energies are sensitive to the screening
that enters the BSE. Within BSE@COHSEX@HF and BSE@ GoWy@HEF this quantity is identical
since in both cases it is calculated from the HF orbitals and energies However, when one includes
self-consistency, the screening changes and it has a significant influence on the total energy. We
can therefore conclude that the screened Coulomb potential is the key quantity in the calculation
of correlation energies within the ACFDT@BSE formalism, and ultimately dictates the accuracy

of the total energy.

4 Conclusions

We have demonstrated that COHSEX is a promising approach to obtain quasi-particle energies
for the calculation of potential energy surfaces. Contrary to GoWj and partially self-consistent

GW approaches, COHSEX vyields results without irregularities and discontinuities. We have
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Table 2: Ionization potentials (in eV) at the equilibrium distance obtained in the cc-pVQZ basis set
except for the CCSD(T) values from Ref. 76 which have been obtained in the def2-TZVPP basis.
The experimental values are extracted from Ref. 18

H, LH LF HCI N, CO BF I,

GoWo@HF 16.57 8.26 11.59 1298 1733 1491 11.41 16.50
COHSEX@HF 18.05 9.52 13.82 14.49 19.48 16.69 12.86 18.88
scCOHSEX 17.83 9.21 13.12 14.02 1752 15.79 12.45 18.00
CCSD(T) 16.40 7.96 11.32 1259 15,57 1421 11.09 15.71
Experiment 1543 790 11.30 1279 1558 14.01 11.00 15.70

Table 3: HOMO-LUMO gaps (in eV) at the equilibrium distance obtained in the cc-pVQZ basis set.
The experimental values are extracted from Ref. 50

H, LH LF HCI N, CO BF F

GoWo@HF 20.24 8.04 1131 1520 20.24 1733 1290 17.32
COHSEX@HF 21.59 9.27 1354 1645 21.38 18.44 1397 18.14
scCOHSEX 21.57 899 12.84 16.07 20.09 1793 13.73 17.81
Experiment 8.24 16.94

illustrated this feature by calculating the ground-state potential energy surfaces of diatomic
molecules. Moreover, we have shown that BSE total energies of diatomic molecules using COHSEX
quasi-particle energies obtained perturbatively on top of a Hartree-Fock calculation are in good
agreement with accurate coupled-cluster results. Finally, we showed that including self-consistency
in the COHSEX approach for both quasi-particle energies and orbitals, in order to make the results
independent of the starting point, worsens the total energies but improves the equilibrium distances.

This is mainly due to variations in the screening W that enters the BSE.
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