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We develop a time dependent second order Green’s function theory (GF2) for calculating neutral excited states
in molecules. The equation of motion for the lesser Green’s function (GF) is derived within the adiabatic
approximation to the Kadanoff-Baym (KB) equation using the second order Born approximation for the self-
energy. In the linear response regime, we recast the time dependent KB equation into a Bethe-Salpeter-like
equation (GF2-BSE), with a kernel approximated by the second order Coulomb self-energy. We then apply
our GF2-BSE to a set of molecules and atoms and find that GF2-BSE is superior to configuration interaction
with singles (CIS) and/or time dependent Hartree-Fock (TDHF), particularly for charge transfer excitations,
and is comparable to CIS with perturbative doubles (CIS(D)) in most cases.

I. INTRODUCTION

Calculating excited states in molecules remains one of
the grand challenges for computational chemistry. Time
dependent Hartree-Fock (HF)!2 and Time dependent
Density Functional theory (DFT)2 20 offer affordable and
simple means to calculate excited states energies, but suf-
fer from accuracy with the corresponding excitation en-
ergies deviating by up to several eVs. Other quantum
chemistry methods, such as coupled cluster (CC) with
singles and doubles within the equation-of-motion for-
malism (EOM-CCSD), are more accurate, but are lim-
ited to relatively small system sizes due to steep compu-
tational scaling.

An alternative to the above is based on many-body per-
turbation theory (MBPT) within Green’s function the-
ory. In particular, the so called “GW” approximation and
the Bethe-Salpeter equation (BSE) have been successful
in predicting charge and optical excitation, respectively,
particularly for solids.1 2% However, the application of
MBPT is often limited to simple solids with small unit
cells due to the steep computational costs. This has led
to many efforts in recent years aiming to reduce the com-
putational cost of MBPT-based techniques.2? 34

The second order Green’s function (GF2) approach
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falls into this latter category. It has, however, remained
somewhat less popular than the GW/BSE approaches.
Recently, GF2 theory has experienced a renaissance32 37,
partially due to its simplicity and the inclusion of dy-
namical exchange effects. In GF2, the self-energy is de-
scribed by the second order Born approximation,3%3? re-
sulting in a class of dynamical exchange effects? 42 that
appear only at second and higher orders, and thus are of-
ten ignored in GW/BSE. On the other hand, GF2 treats
the polarization term differently than GW/BSE and its
accuracy in describing excited states in molecules is unex-
plored. The inclusion of such dynamical exchange terms
in GF2 leads to O(N?) scaling of the computational cost
where N is size of the system.

To overcome this computational bottleneck of GF2, we
have recently introduced a stochastic approach to GF2
(sGF2), based on a stochastic resolution of identity used
to decouple the 4-index Coulomb integrals.4345 Unlike
the standard resolution of identity (RI),26 3 the number
of stochastic orbitals (playing the role of the resolution
basis) does not increase with the system size for certain
ground state properties** and for charge excitations.*2
This allows one to reduce the computational scaling of
sGF2 theory to O(N?) at the expense of introducing a
controlled statistical error in the calculated observable.
Similar stochastic approaches to electronic structure the-
ory have been developed also for other frameworks, in-
cluding GW 2221 DFT 5232 MP243:2658 RPA 59 and
more recently have also been used to improve the per-
formance of auxiliary-field quantum Monte Carlo.

In previous work we have used the imaginary time and
real time sGF2 theory to calculate the ground-state and
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quasi-particle properties of molecular systems and as-
sessed the accuracy of the stochastic resolution of identity
for GF2.444% Furthermore, we have introduced a range-
separated stochastic RI approach, where the long-range
Coulomb term was approximated by the stochastic RI
and the short-range Coulomb term was described by a
deterministic RI.8! This hybrid deterministic-stochastic
range-separated RI reduces the stochastic noise while
maintaining the O(N?) computational scaling, which al-
lows us to calculate the quasi-particle spectrum for sys-
tems containing N = 1000 electrons or more.5!

In the present work, we extend the GF2 formalism to
describe neutral excitations by considering explicitly the
optical field within a time dependent nonequilibrium GF2
theory. Unlike the equilibrium case, non-equilibrium
Green’s functions depend on two times and thus are more
challenging to compute. Here, to simplify the calculation,
we first invoke an adiabatic approximation to obtain the
self-energy. We then derive within linear response theory
a Bethe-Salpeter-like equation along with the second or-
der Born approximation to describe the Bethe-Salpeter
kernel. While our long term goal is to go beyond the adia-
batic approximation and to develop a stochastic approach
to reduce the scaling of the GF2 theory for excited states
to O(N?), here we focus on assessing the accuracy of
GF?2 for neutral excitations and comparing the approach
to other methods such as second-order approximation to
EOM-CCSD (EOM-CC2) and configuration interaction
with singles and perturbative doubles (CIS(D)). We note
in passing that while it is difficult to formulate a stochas-
tic version of EOM-CCSD with favorable scaling (as com-
pared to the O(N?) of a stochastic GF2), two of us are
formulating a stochastic version of EOM-CC2, which will
be comparable to GF2 in terms of scaling.

We show that at least in some simple but paradigmatic
examples, that the time dependent GF2 theory provides
a more accurate framework to predict excited states com-
pared to TDHF and configuration interaction with singles
(CIS), and is competitive with and CIS(D) and EOM-
CC2. In particular, for charge transfer states, CIS fails
to predict the correct energy, whereas sGF2 provides a
more reliable estimate of charge transfer excitations.

The manuscript is organized as follows: In Sec. [Tl and
Sec. [Tl we present the formulation of the time dependent
GF2 theory in both the time and frequency domains. In
Sec. [V] we test the performance of GF2 theory against
other quantum chemistry methodologies for a represen-
tative set of atoms and molecules. Finally, in Sec. [V] we
conclude.

Il. THEORY

A. Notation

We start by defining a general electronic Hamiltonian
in second quantization form. The formulation is general
and applies to any choice of basis set. In this section we

us the notation ¢, 7, k,[--- to represent the indices in a
general basis. The Hamiltonian is given by

H= ﬁo-f—ZAij(t)dIdj, (1)

©j

where dl (a;) is the creation (annihilation) operator for
an electron in orbital x;(r),

N L+ 1 T
Hy = Z hijazaj + 5 Zvijklajalalaj (2)
ij ijkl

is the unperturbed Hamiltonian, A;; is the one-body ma-
trix element in the basis, and v;;,; represents the two-
body 4-index Coulomb integral, given by

vyt = (i]kl) = // xi(r1)x;(r: Xk(r2)Xl(r2)dr1dr2.
lr1 — ra
(3)

The last term on the right hand side of Eq. () represents
a time dependent perturbation, which is assumed to be
one-body, suitable for describing the linear absorption
spectrum, where A;;(t) is the time dependent one-body
matrix element of the perturbation. In situations where
the chosen basis is not orthonormal, we also define the
overlap S with the overlap matrix elements of orbital

xi(r) and x;(r) as

= () = [ ()

B. Green’s Function and Kadanoff-Baym Equations

The traditional approach to describe excited states
generated by the Hamiltonian (IJ) is based on solving the
many-body eigenvalue problem, H|¥,,) = E,|¥,), where
E, and |V,) are the nth eigenvalue and eigenstate, re-
spectively. A complete solution within full configuration-
interaction (FCI) is prohibitive for large system sizes or
large atomic basis sets, and thus, most excited state cal-
culations are based on introducing approximations with
reduced computational scaling.

The Green’s function formalism offers a systematic way
to treat the many-body interactions in Eq. () using di-
agrammatic expansions. A central quantity in this ap-
proach is the single particle lesser Green’s function de-
fined as (we assume that h = 1)

(t2)ai(tr))- (5)

In the above, we have used the Heisenberg representation
for the time dependent operator

al(t) =

where T is the time-ordering operator and the expecta-
tion value is calculated within the grand-canonical en-

semble: (---) = Z71Tr [(-~-)e’ﬁ(ﬁ“’“m . Here, Z =

G (tl,tg) = Z<

Tei JE H(t’)dt’d;e—if[f H(t’)dt” (6)



Tr [e—mﬁo—um
tion, B is the inverse temperature, u is the chemical po-
tentials, and N =", dzdi is the number operator.

The equations of motion for the lesser Green’s function
follow the Kadanoff-Baym equations:32

i56t1G<(t1,t2) = F[p(tl)]G< (tl,tg) + I<(t1,t2), (7)

] is the grand-canonical partition func-

and

—i6t2G< (tl,tg)s = G< (tl,tg)F[p(tg)] (tg,tl) ,(8)

where p(t) = —iG<(t,t) is the density matrix and F[p]
is the Fock operator with matrix elements

Fijlp] = hij +vij [p] + vl + Aij (t). 9)

In the above, vlj[ | = > 1 Vijkipri is the matrix element
of the Hartree potential and vf; = > w1 Vikjiprt is the
matrix element of the exchange interaction. Finally, the
scattering integral, I<(¢1,t2), appearing in Eqs. () and
@) is given by:

ty
I<(t1,t2):/ YE(t1,t3)G<(t3,to)dts+
0

ta

(10)
S (t1.t3) G (t3. to)dts. |

In the above equation, GA(t1,t3) = if(ty —
t1){a T(tg)al (t1)) is the advanced Green’s function and
0(t) is the Heaviside step-function. The exact form of the
retarded ( X (t1,12)) and lesser (X<(t1,t2)) self-energies
is difficult to obtain apart from the case of simple model
systems and thus most GF calculations are based on ap-
proximating the self-energies using different closures. In
this work we resort to the second order Born approxi-
mation to compute the self-energies and, as will become
clear below, we describe only the retarded self-energy ap-
pearing above (Langreth rules have been used3®)

St t2) = Y iG (t, 12)OW ni(t,t2)

+iGR (1, t2) W (1, ta), (11)

where the retarded and greater screened Coulomb inte-
grals are given by

Jo
SWiki(tr,ta) = —i Z Wt t2) G (ta, 1) + GE (81, £2) Gy (t2, 1) Wimpk (205nqt — Vjign) (12)
5W1kﬂ t1,t2) = —i Z G (b1, 12) G (b2, 1) Vimpk (205ngl — Vjign), (13)
[
and, as before, Gg’A(tl,tg) and ij’>(t1,t2) are the re-  integral (cf., Eq. (I0)) by%2
tarded/advanced and the lesser/greater Green’s function, R ~d
respectively. N (tr, t2) = E(1)6(T), (16)
Y (tq,t2) ~ 0. (17)

C. The adiabatic approximation

Before we proceed, we would like to point out to an-
other challenge associated with the need to propagate
the GF and to evaluate the self-energies along two times.
In the following subsection, we will invoke the adia-
batic approximation similarly to the approach taken for
GW/BSE.%2 This allows us to reduce the complexity as-
sociated with describing two-time self-energies. The idea
behind the adiabatic approximation is that the system re-
sponds instantaneously to the external driving force such
that the integral in Eq. (I0) becomes local in time.

It is convenient to define the central time ¢ and the
time difference 7

t=(t +12)/2, (14)
T = tl — tQ, (15)

and express the self-energies appearing in the scattering

In the above equation, 324(t) is defined as
Y2d(t) = [SB(ty, to)eTdr = B (t,w).  (18)

The adiabatic approximation is consistent with taking
the w — 0 limit assuming that the plasma energy (the
main source of screening) is much higher than the neutral
excitation energy differences.%3 Note that in the above
equation, ¥.24(¢) is given in terms of a Fourier transform
of the time difference variable, 7 denoted by “tilde” (-*-).
Using the adiabatic approximation for the self-energy,
the equation of motion for the equal time Green’s func-
tion, —iG<(t; = t,ta = t) = p(t), can be simplified as

i0p(t) =S (Fp(t)] +Z(1))p(t)
— p(t)(Flp()] + 5 (1))5 ", (19)
where p(t) is the density matrix and %24(¢) is defined in

Eq. (I8). In principle, the solution of the above equation
requires a knowledge of the retarded and lesser Green’s



functions to obtain ¥24(¢) from Eq. ([I8). While this
seems challenging, the adiabatic limit offers a significant
simplification within the weak perturbation limit, as de-
scribed in the following section.

I1l.  THE WEAK DRIVING LIMIT

In the limit of weak external perturbation, namely,
when A;;(t) — 0, we can further simplify the description
of the self-energy and recast the time dependent equa-
tion of motion for the density matrix into a Casida-like
form. In this section, we first provide a working expres-
sion to obtain the ¥24(¢) without solving the Kadanoff-
Baym equations for the retarded and lesser Green’s func-
tions, and then derive a Casida-like equation to describe
the neutral (excitonic) spectrum within the GF2 closure.

A. Self-energy

So far, the formalism described above makes no as-
sumption about the basis set used. However, using the
eigenvalues of Eq. (@) with A;;(¢t) = 0 leads to a sig-
nificant simplification. Thus, we now describe the cal-

4

culation of ¥2d(¢) using the eigenstates (1;) and the
eigenvalues (g;) of the Fock matrix. To obtain an ex-
pression for ¥24(t) we treat the two terms appearing
on the right hand side of Eq. (I separately, and re-
fer to the corresponding self-energies with superscripts
“ad1” and “ad2”. For E?J‘-ﬂ(t) we further use an ap-

proximation$92 for the lesser Green’s function given by
G5 (t,w) = i2m6(w — €;)Gy5(t, 7 = 0). This leads to the
following expression for f]?fl (t) (see Appendix[Alfor more
details)

i?;il(t) Ry 5W£jl(_5k)Glf[ (t,7=0)
= = 2 Wi (=)o (t),

where, as before, pi;(t) is the kl matrix element of the
density matrix. Following similar steps for ¥22(t) we
obtain (see Appendix [A] for more details)

%25 ol

Note that f)?fz (t) is time-independent. Using the zeroth
order approximation to the Green’s functions appearing
in Eq. (I2), we find that

(20)

Ead?

5kl (21)

- 1 1
R _
Wi (w)= %q[f(smgn o T o Vi (20t = Vi)
flen) — f(eg) flen) — f(eq)
Z o Eq in5mn5pqumpk(2vjnql - ’Uqun Z R p—— qinvlnqk (2’0an1 — ’L)qun) (22)
[
In the above equation 7 is a small positive regularization self-energy as ¥24(0) = AH. Furthermore,
parameter, and f(e,,) is the Fermi-Dirac distribution.
B. Linear response theory: GF2-BSE
For reasons that will become clear below, we denote
the initial density matrix p(t = 0) = pp and the initial
J
i0hp = S (Flpo] + AH + v o] = v po] + v"[p] = v*[po] )
—p(Flpo] + AH + 0™ p] = " [po] + v*[p] = v"[po]) S~
151 (Ead(t) _yed(g = 0))p - p(Ead(t) _ oy = 0))5*1,
(23)

In the applications reported below, we obtain the
quasiparticle-like correction term (A H) from a stochastic

GF2 calculation®® and the adiabatic self-energy (324(¢))
using the second order Born approximation. The above



equation can be used to describe both weak and strong
driving forces, A(t) but can be further simplified into a
Casida-like form within linear response theory (assuming
weak driving forces). Before we describe the Casida-like
form, in the following subsection we express ¥24(¢) in
terms of a screened Coulomb integral and the density
matrix itself, using the second order Born approxima-
tion. This representation is essential to the applications
within linear-response theory.

In the linear response regime, the time dependent GF2
equation can be recast into the usual Casida form.%*
Following the general guidelines used in time dependent
DFT or TDHF #1962 the time dependent GF2 can be re-
cast into a symplectic eigenvalue problem (assuming zero
temperature and spin-restricted orbitals)

BBE)-() o

where A and B are matrices of size NyceNyirt X NoceNvirt
and Noee/Nyirt is the number of occupied /virtual molec-
ular orbitals. These matrices can be expressed in terms
of the exchange K~ and direct KP4 correlations

A=D+2K%X - gPA
B=2K% - KPB, (25)

The matrix elements of D, KX, and KP4 are given by

Dza 7b— wz ab51]7

(i(r1)) Ya(r1) (1 (r2)) Yo (r2)
w 7b_ // dridrs ,

|y — 1|
uz gb 5W abij + Vabij

uz gb 5W ibaj + Vibaj - (26)

Here, 4, 7 represents occupied orbitals and a,b are unoc-
cupied orbitals. w, is the GF2 corrected energy in the
molecular basis obtained by solving for4®

+ (YRS (wn) [¢hn), (27)

where ¥ (w,,) is the self-energy obtain from a single time
GF?2 calculation.4® Egs. ([24)-(28]) are the main result of
this subsection and are referred to as “GF2-BSE”.

Wn = En

C. Computational scaling and outline of the approach

The overall computational scaling of solving Eq. (23]
for p(t) is determined by the computational scaling of the
self-energy, which is the most expansive part of the calcu-
lation. Formally, the scaling of the self-energy is O(N°®),
where N is the size of the basis. In linear response, the
computational scaling for the GF2-BSE is O(N°), a com-
mon increase in scaling going from the time-domain to
the frequency-domain.4%2 A significant reduction in the
overall scaling to cubic (O(N?)) can be achieved using
a stochastic resolution of identity applied to the time-
domain formulation, which will be the subject of future

study. Here, we simply will assess the accuracy of the
deterministic GF2-BSE approach. Before doing so, we
outline the main steps:

1. Perform a Hartree-Fock calculation and generate
the Fock matrix (Eq. ([@)).

2. Use the single-time GF2 approach®® to calculate
the self-energy appearing in Eq. (217 and obtain
the GF2 correction to the quasi-particle energies,
Wy, -

3. Calculate 5W,”l(w = 0) using Eq. (22). For the
applications reported below we used a damping pa-
rameter (n = 0.01 a.u.), which is sufficiently small
to converge the results.

4. Calculate the matrix elements of the Eq. 24)), and
solve for the eigenvalues and eigenstates.

Solving for w,, is done self-consistently both for solving
Eq. 1) and also for obtaining #(w). A simplification
that often is useful within the framework of GW/BSE is
to use a single-shot calculation, which amounts to replac—
ing 7 (w) with the zeroth order approximation.%2 How-
ever, this may result in multiple solutions for w, and
in such cases, we restrict the solution to the fully self-
consistent treatment.42 We denote the former approach
as GOF2-BSE and the later as GF2-BSE.

IV. APPLICATIONS TO ATOMS AND MOLECULES

In this section we compare results obtained using the
GF2-BSE approach for the low lying excited states for
a set of atoms and molecules, and compare GF2-BSE
results to excited states obtained using CIS, TDHF,
CIS(D), EOM-CCSD, and EOM-CC2 method. While
EOM-CCSD is not an exact approach for excited states,
its accuracy should be reasonable for low lying states. In
addition, we note that for two electron systems such as
He ahd Hs, it is exact. We use the cc-pVDZ basis set
for all cases discussed below and assume that the EOM-
CCSD provides accurate references within this basis.

In Table [l we list several lowest singlet energy differ-
ences (compared to the corresponding EOM-CCSD sin-
glet energies) for He, Be, and Ne. Note that all calcu-
lations performed are closed-shell calculations. The sin-
glet energies may have degeneracy for these atoms, and
we simply list them all. We find that the smallest de-
viations are observed for the CIS(D) approach, with an
overall average error of ~ 0.15 eV. EOM-CC2 results are
very similar to CIS(D) results, which is not too surpris-
ing given that both methods include electron correlation
only up to the second order. CIS and TDHF under-
estimate the excitation energies by an average of nearly
1 eV while the GOF2-BSE approach outperforms CIS and
TDHF with an average error of 0.5 eV, however, GOF2-
BSE a performs much better for the lowest singlet excita-
tion. The GOF2-BSE underestimates the excitation en-
ergies in some cases and in others it overestimates them.



TABLE I: Difference of the lowest singlets (in eV) for
CIS, TDHF, CIS(D), EOM-CC2, and GOF2-BSE
compared to EOM-CCSD.

Atom ACIS ATDHF ACIS(D) AEOM-CC2 AGOF2-BSE

He -0.72 -1.09 -0.11 -0.11 -0.05
-0.82  -0.98 -0.15 -0.15 -0.67
-0.82  -0.98 -0.15 -0.15 -0.67
-0.82  -0.98 -0.15 -0.15 -0.67

Be -0.34 -0.64 -0.19 -0.20 -0.18
-0.34  -0.64 -0.19 -0.20 -0.18
-0.34  -0.64 -0.19 -0.20 -0.18

Ne -1.05 -1.19 0.14 0.17 0.77
-1.05  -1.19 0.14 0.17 0.77
-1.05 -1.19 0.14 0.17 0.77
-1.09 -1.16 0.14 0.17 0.68
-1.09 -1.16 0.14 0.17 0.68

Error 0.794 0.987 0.151 0.167 0.522

The overall better performance of GOF2-BSE with re-
spect to CIS/TDHF results from two main attributes: (a)
the inclusion of screening effects in the GOF2-BSE kernel
(missing from both CIS and TDHF) which reduces the
coupling between electrons and holes and (b) the correc-
tion of the quasi-particle energies, w,,, that are assumed
to equal the HF orbital energies in CIS/TDHF and thus
overestimate the fundamental band gap (HOMO-LUMO
gap). The error cancellation between the larger HF fun-
damental gap and the stronger Coulomb interactions give
rise to overall reasonable excitation energies using CIS
and TDHF.

In Table [[Il we list the lowest singlet energy differ-
ences (compared to the corresponding EOM-CCSD sin-
glet energies) for the vertical excitation of Hy molecule
within the cc-pVDZ basis. We find that for the two low-
est singlet excitations, the GOF2-BSE provides slightly
better agreement with EOM-CCSD compared to CIS,
and TDHF, and only slightly under-performs in com-
parison to CIS(D) and EOM-CC2. The agreement be-
tween CIS, TDHF, EOM-CC2, CIS(D) and GOF2-BSE
with the EOM-CCSD approach for higher excitations is
rather poor. The higher excited states have a substantial
“double-excitation” character which is described within
the EOM-CCSD more accurately than the other methods
(TDHF, CIS, and GF2-BSE do not account for double-
excitations).

The results for atoms and the smallest molecule Hy
suggest that the GF2-BSE approach provides accurate
excitation energy for the lowest excited state and some-
what less so for higher excitations. The systems studied
so far support only one or two bound excited states at
energy corresponding to the vertical transitions and the
other excitations are often above the ionization threshold.
This may explain the overall better performance of the
GF2-BSE approach for the lowest excited state. Whether
this is indeed the case can be tested for larger molecules,
which may support many more bound excitations.

In Tables[IIl and [V] we list the vertical excitation en-

TABLE II: Difference of the several lowest vertical
excitation energies (in €V) for Hy using CIS, TDHF,
CIS(D), EOM-CC2, and GOF2-BSE compared to the

EOM-CCSD approach. The equilibrium bond distance
is taken to be 0.74 A

ACIS ATDHF ACIS(D) AEOM-CC2 AGOF2-BSE

0.15 -0.01 0.11 0.10 0.08
0.06  -0.08 0.18 0.16 0.28
2.92 2.67 2.56 2.59 2.48
9.32 9.18 9.63 9.62 9.34
2.12 1.98 2.43 2.42 2.14

ergies for 5 different molecules obtained using the afore-
mentioned methods. To reduce the scaling and the com-
putational effort, we use the stochastic GF2 methods*® to
calculate the self-energies appearing in Eq. ([271) as well as
to obtain the GF2 correction (AH) to the quasi-particle
energies, w,. Thus, the vertical excitation energies ob-
tained from the GF2-BSE method have an error bar re-
sulting for the use of a stochastic approach. We have used
2000 stochastic orbitals to obtain the full self-consistent
self-energy. The stochastic errors from GF2-BSE are es-
timated using 10 independent runs. Note that here we
have only used the stochastic formulation of Matsubara
and mixed time GF2 to obtain the self-energy and hence
quasi-particle energies. A full stochastic implementation
of the GF2-BSE theory will be presented and tested in
future work.

We first examine the vertical excitations LiH, HF, and
H>0, as shown in Table [IIl We find that for the entire
range of excitations, the GF2-BSE approach outperforms
CIS and TDHF, with an overall error that is smaller by a
factor of 3 compared to the other two methods. Compar-
ing the results obtained by the GF2-BSE with the CIS(D)
and EOM-CC2, we find that for the lower excitation en-
ergies, the two approach provide similar accuracies, while
the CIS(D) and EOM-CC2 provide a better description
of higher vertical excitations. This seems to follow the
trends found for atoms and for Hy molecules, however,
unlike the case of the smaller system, where only the
lowest singlet excitation was accurately described by the
GF2-BSE approach, in the case of larger molecules, the
GF2-BSE approach provides an accurate description for
several low singlet excitations.

Next, we examine the vertical excitations in two other
molecules, CH, and LiF, as shown in Table [Vl Regard-
ing the former molecule, we find the GF2-BSE under-
performs even in comparison to CIS and TDHF. How-
ever, comparing the binding energies calculated for the
lowest excitation (shown in parenthesis for each method),
we find that GF2-BSE agrees well with the EOM-CCSD
approach, while CIS/TDFH deviate significantly. This
suggests that the main source of error in the GF2-BSE
approach is the estimation of the fundamental gap and
indeed, we find that the GF2 underestimates the ioniza-
tion potential by more than an eV for CH,.42 The more



ACIS ATDHF ACIS(D) AEOM-CC2 AGF2-BSE

LiH 057 053 0.24 0.25 0.03 £ 0.04
(-0.13) (-0.09)  (0.20) (0.19) (-0.08)

0.60  0.57 0.25 0.26 0.09 + 0.04

0.60  0.57 0.25 0.26 0.11 + 0.04

045  0.39 0.26 0.26 0.15 + 0.03

049 047 0.24 0.24 -0.16 + 0.04

049  0.47 0.24 0.24 -0.13 4 0.04

043  0.42 0.19 0.19 -0.17 + 0.04

0.50  0.40 0.26 0.27 0.08 + 0.04

039  0.34 0.29 0.28 -0.36 + 0.04
Error 0.500 0.462  0.248 0.249 0.142

OF 123 116  -0.20 014 033 £0.16
(0.97) (1.04)  (2.40) (2.54) (-0.16)

123 116  -0.20 -0.14 -0.17+ 0.15

0.83 068  -0.17 -0.12 -0.36+ 0.11

167 160  -0.15 0.04 -0.83+ 0.15

1.67  1.60 05 0.04 -0.67+ 0.13

120 1.00 0.21 0.20 -0.264 0.11
Error 1.304 1.202  0.180 0.112 0.436

M0 1.04 008  -0.10 007 010 £0.24
(1.07)  (1.13)  (2.21) (2.24) (-0.07)

0.76  0.69  -0.05 -0.07 0.03 & 0.24

1.0l 094  -0.10 -0.08  -0.22 + 0.26

070 061  -0.06 -0.08  -0.073 + 0.26

020 0.15  -0.05 -0.03  -0.63 + 0.23

042 020  -0.10 -0.08  -0.59 + 0.23

143 140  0.002 0.14 -0.33 + 0.34

154 1.46 0.14 0.18 -0.33 + 0.30
Error 0.888 0.804  0.074 0.093 0.308

TABLE III: Difference of the lowest singlet energy (in
eV) from CIS, TDHF, CIS(D), EOM-CC2, and
GF2-BSE against EOM-CCSD for a list of molecules.
In parenthesis, we show the difference of binding

energies calculated for the lowest excitation for each
method against EOM-CCSD.

accurate excitation energies obtained from CIS/TDHF in
CH,4 seems to result from a cancellation of errors in the
estimation of the fundamental gaps (by 1.2 ¢V) and the
excitonic binding energy (by 1 eV).

While the overall comparison of all methods with
EOM-CCSD for LiF yields rather poor results compared
to the case of LiH, HF, and H,O, the GF2-BSE ap-
proach seems to systematically be more accurate than
CIS, TDHF, EOM-CC2, and CIS(D) for all excitations
energies. The source of deviation from the EOM-CCSD
approach for all methods can be traced to errors in es-
timating the fundamental gaps (all binding energies are
very similar), where the GF2 approach provides a more
accurate description leading to better agreement for the
excitations energies.

To better illustrate these conclusions, we plot in Fig.
the excited state energies listed in Table [V] and [II]
versus the EOM-CCSD results. Note that CIS(D) and
GF2-BSE results are in much better agreement with the
EOM-CCSD results compared to CIS/TDHF (the lat-

TABLE IV: (Continue) Difference of the lowest singlet
energy (in eV) from CIS, TDHF, CIS(D), EOM-CC2,
and GF2-BSE against EOM-CCSD for the listed
molecules. In parenthesis, we show the difference of

binding energies calculated for the lowest excitation for
each method against EOM-CCSD.

ACIS ATDHF ACIS(D) AEOM-CC2 AGF2-BSE

CH, 044 042 0.12 008  -1.06 £ 0.18
(0.80) (0.82)  (1.11) (1.16) (-0.19)

044  0.42 0.12 0.08  -0.94 + 0.17

044 042 0.12 0.08 -0.804 0.17

054  0.51 0.15 0.14  -0.87+ 0.18

053 051 0.15 014  -0.80 £ 0.18

053  0.51 0.15 014  -0.72 +£0.18

052  0.49 0.12 0.11 -0.934 0.18

052  0.49 0.12 0.11 -0.824 0.17

044  0.37 0.04 007  -0.82 £ 0.17
Error 0490 0459  0.122 0.10 0.868

LiF 182 182  -1.42 093 -0.75+ 0.09
(-0.02) (-0.01)  (3.23) (2.74) (0.15)

182 182  -1.42 2093 -0.62 + 0.08

205 204  -1.63 2112 -0.93 + 0.10

156 152  -1.07 2078 -0.46 + 0.08

158 155  -1.15 078 -0.39 + 0.08

154 152  -1.18 -0.78  -0.36 + 0.08

178 175  -1.32 -1.03  -0.65 + 0.10

168  1.65  -1.43 -1.06  -0.71+ 0.10

166 160  -1.26 081  -0.52+ 0.08
Error 1.723 1.698  1.319 0.914 0.600

ter is not shown, but provides similar results to CIS).
Overall, GF2-BSE method performs much better than
CIS/TDHF and for the lower excited state energies it
provides similar results in comparison to CIS(D).

To further analyze the GF2-BSE approach, we have
also calculated the lowest singlet excitation energy for
He dimer. For the lowest two singlets excitations, we find
that the excitation energies are independent of the dis-
tance between the two He atoms for large separation, con-
sistent with previous calculations.2 They are governed
by local excitation of each He atom. The third and forth
excitations are characterized by charge transfer between
the two He atoms and thus, show significant depends on
the separation between the two He atoms, even at large
distances. In Fig. Pl we show that for the charge transfer
state (state number 4), CIS predicts the overall correct
trend, but the magnitude of the excitation energies can
be off by an eV compared to the EOM-CCSD. Indeed,
in Ref. [63, Subotnik points out that CIS (or TDHF) has
a large bias suppressing charge transfer character. Our
GOF2-BSE method provides results for the transfer state
that is in very good agreement with EOM-CCSD results.

V. CONCLUSIONS

We have developed a time dependent second order
Green’s function theory to describe the response of a
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FIG. 1: Excitation energies of a few lowest states for a
list of molecules listed in Table [¥] and [[TIl We use
EOM-CCSD results as our reference (black line). Note
that GF2-BSE results are in good agreement with
CCSD results, better than CIS and are comparable with
CIS(D) results. EOM-CC2 results (not shown) are very
similar to CIS(D) results. The circles with slashes
denote the lowest 3 singlet energies of the listed
molecules.

many-body molecular system to an external driving force.
In principle, the framework can be combined with the
stochastic resolution of identity to reduce the scaling of
to O(N?3) in both the weak and strong driving fields. In
the present work, we have further introduced a linear-
response approach for weak driving fields, which allowed
us to recast the equation of motion for the time depen-
dent second order Green’s function into a frequency do-
main Casida-like equation (GF2-BSE). We find that the
approach provides more accurate vertical excitation en-
ergies compared to the CIS and TDHF and is competi-
tive with CIS(D) for a broad class of molecular systems,
particularly for charge transfer excitations. Moreover,
the GF2-BSE approach provides more accurate binding
energies compared to the other methods, suggesting that
the main source of error in the GF2-BSE approach results
from under/over estimation of the fundamental gaps, im-
plying that the approach provides a reasonably accurate
framework to describe electron-hole correlation in molec-
ular systems. Given the facile route to construct a low-
scaling sGF2 approach to neutral excitations, we believe
GF2-BSE should be the current method of choice for
binding energies in molecules. In addition, with corrected
fundamental gaps, the approach should also be competi-
tive with the most sophisticated approaches for calculat-
ing the location of low-lying excited states as well. Future
work will be devoted to a full sGF2-BSE implementation

1.2

1.0F

= CIS
= GOF2-BSE

02f

095 35 4.0 45

T (Angs)

25 3.0
FIG. 2: Error of S4 for He dimer using GOF2-BSE, and
CIS as compared to EOM-CCSD.

as well as the reporting of a complete benchmark set of
results for a wide range of molecular systems.
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Appendix A: Evaluation of $*%(¢) and 5V~Vf,§jl(w)

In this Appendix, we provide more details concerning
the evaluation of ¥24(¢) and 5W£ﬂ(w) appearing Sec. [l
and Sec. [l of the main text. The retarded self-energy
in the second order Born approximation is given by Eq.
M We have also defined §W; (t1,t2) and dW; (1, ta)
in Eq. The retarded self-energy given in Eq. (1)) has
two terms when Langreth rules are employed. The first

5.0



term can be evaluated at t = 0 to give
= dw
E?fl(t—o w) —’LZ/ Rt ) 74 ijl(w—wl)G,fl(wl)

_ Z / PSR (w0 — wor)2mid(wr — Ei) (@)

ZZ(S k]l w — Ek)zf(Ek)(Skl (Al)

To obtain X301 (t,w) at any time, we replace if(E))dk
by G=<(t,7 = 0), such that

S22l (¢, w) = zZ&Wzk]l — Ep)G(t, T =0). (A2)

Similar steps can be taken for the second term in Eq. (),

- d
»ad2(p = —ZZ/ lele wl)(WVkﬂ(wl)

kl

,mﬁw—wl—Ek—i-'

O3y 2iTmoW, i1 (w1)O(wr).

(A3)

In the above, we have used the known relation for
the non-interacting GF, G, (t = 0,w) = i276(w —
E,)f(w)dmn, as well as the fluctuation-dissipation the-
orem at zero temperature

5Wk]l(w1) = 2zIm5Wle(w1)®(w1), (A4)

where ©(wy) is a step function. Taking the real part of
the above equation and using the Kramers-Kronig rela-
tionship, we obtain

St =0,w %Zawﬂwl w = B)0(w = Ey)ow

—%Z(s R

Similarly, we can evaluate 5Wk ]l( w) appearing in the
above equations. We first Fourier transform Eq. (I2)) to

obtain
d
)= —i Z/ w1

I ()G (w0 wn)vz—mpkmjnqz — Vjtan)-

0)dki- (A5)

6W7,k]l )GA (w _wl)

(A6)

Using the non-interacting Green’s functions, we arrive at
the working expression for 6W kﬂ( w) in Eq22

TA. McLachlan and M. Ball, Reviews of Modern Physics 36, 844
(1964).

2S. Hirata, M. Head-Gordon, and R. J. Bartlett, The Journal of
Chemical Physics 111, 10774 (1999).

3E. Runge and E. K. U. Gross, [Phys. Rev. Lett. 52, 997 (1984)!

4S. Hirata and M. Head-Gordon, Chemical Physics Letters 314,
291 (1999).

5R. Van Leeuwen, Int. J. Mod. Phys. B 15, 1969 (2001).

6G. Onida, L. Reining, and A.

Rev. Mod. Phys. 74, 601 (2002).

7P. Hessler, N. T. Maitra, and K. Burke, J. Chem. Phys. 117, 72
(2002).

8M. Marques and E. Gross,/Annu. Rev. Phys. Chem. 55, 427 (2004).

9D. Jacquemin, V. Wathelet, E. A. Perpete, and C. Adamo, J.
Chem. Theory Comput. 5, 2420 (2009).

10M. E. Casida, J. Mol. Struct. 914, 3 (2009).

11S. Albrecht, L. Reining, R. Del Sole, and G. Onida, Phys. Rev.
Lett. 80, 4510 (1998).

121, X. Benedict, E. L. Shirley,
Phys. Rev. Lett. 80, 4514 (1998),

I3M. Rohlfing and S. G. Louie, [Phys. Rev. B 62, 4927 (2000)!

1L, X. Benedict, A. Puzder, A. J. Williamson, J. C. Gross-
man, G. Galli, J. E. Klepeis, J.-Y. Raty, and O. Pankratov,
Phys. Rev. B 68, 085310 (2003).

15C. D. Spataru, S. Ismail-Beigi, L. X. Benedict, and S. G. Louie,
Phys. Rev. Lett. 92, 077402 (2004).

16M. L. Tiago and J. R. Chelikowsky, Phys. Rev. B 73, 205334
(2006).

17N. Sai, M. L. Tiago, J. R. Chelikowsky, and F. A. Reboredo,
Physical Review B 77, 161306 (2008).

18D. Rocca, Y. Ping, R. Gebauer, and G. Galli, Physical Review
B 85, 045116 (2012).

9%, Fuchs, C. Ro6dl, A. Schleife,
Phys. Rev. B 78, 085103 (2008).

20L. Ramos, J. Paier, G. Kresse, and F. Bechstedt, Phys. Rev. B
78, 195423 (2008).

21M. Palummo, C. Hogan, F. Sottile, P. Bagala, and A. Rubio, J.
Chem. Phys. 131, 08B607 (2009).

22L. Schimka, J. Harl, A. Stroppa, A. Griineis, M. Marsman,
F. Mittendorfer, and G. Kresse, Nat. Mater. 9, 741 (2010).

23D. Rocca, D. Lu, and G. Galli, J. Chem. Phys. 133, 164109
(2010).

24X. Blase, C. Attaccalite,
115103 (2011).

25C. Faber, I. Duchemin, T. Deutsch, and X. Blase, Phys. Rev. B
86, 155315 (2012).

26C. Faber, P. Boulanger, C. Attaccalite, I. Duchemin, and
X. Blase, Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences 372, 20130271
(2014).

27M. Shishkin and G. Kresse, Phys. Rev. B 75, 235102 (2007)!

28F. Caruso, P. Rinke, X. Ren, A. Rubio, and M. Scheffler,
Phys. Rev. B 88, 075105 (2013).

29D. Neuhauser, Y. Gao, C. Arntsen, C. Karshenas, E. Rabani,
and R. Baer, [Phys. Rev. Lett. 113, 076402 (2014).

30E. Rabani, R. Baer, and D. Neuhauser, Physical Review B 91,
235302 (2015).

31H.-V. Nguyen, T. A. Pham, D. Rocca,
Phys. Rev. B 85, 081101 (2012).

32]. Deslippe, G. Samsonidze, D. A. Strubbe, M. Jain, M. L. Co-
hen, and S. G. Louie, Computer Physics Communications 183,
1269 (2012).

33D. Foerster, P. Koval, and D. Sanchez-Portal, The Journal of
chemical physics 135, 074105 (2011).

34X. Gonze, B. Amadon, P.-M. Anglade, J.-M. Beuken, F. Bot-
tin, P. Boulanger, F. Bruneval, D. Caliste, R. Caracas, M. Coté,
et al., Computer Physics Communications 180, 2582 (2009).

35J. J. Phillips and D. Zgid, J. Chem. Phys. 140, 241101 (2014).

36F. Pavosevi¢, C. Peng, J. Ortiz, and E. F. Valeev, J. Chem.
Phys. 147, 121101 (2017).

37Y .-y. Ohnishi and S. Ten-no, J. Comput. Chem. 37, 2447 (2016).

38@. Stefanucci and R. van Leeuwen, Nonequilibrium many-body
theory of quantum systems: a modern introduction (Cambridge
University Press, 2013).

39A. A. Kananenka, J. J. Phillips,
Comput. 12, 564 (2016).

40L,. Cederbaum, J. Phys. B 8, 290 (1975).

41L. Holleboom and J. Snijders, J. Chem. Phys. 93, 5826 (1990).

Rubio,

and R. B. Bohn,

and F. Bechstedt,

and V. Olevano, Phys. Rev. B 83,

and G. Galli,

and D. Zgid, J. Chem. Theory


http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1103/RevModPhys.74.601
http://dx.doi.org/10.1146/annurev.physchem.55.091602.094449
http://dx.doi.org/10.1103/PhysRevLett.80.4514
http://dx.doi.org/10.1103/PhysRevB.62.4927
http://dx.doi.org/ 10.1103/PhysRevB.68.085310
http://dx.doi.org/10.1103/PhysRevLett.92.077402
http://dx.doi.org/10.1103/PhysRevB.78.085103
http://dx.doi.org/10.1103/PhysRevB.75.235102
http://dx.doi.org/ 10.1103/PhysRevB.88.075105
http://dx.doi.org/ 10.1103/PhysRevLett.113.076402
http://dx.doi.org/ 10.1103/PhysRevB.85.081101

42N. E. Dahlen, R. van Leeuwen, and U. von Barth, Int. J. Quan-
tum Chem. 101, 512 (2005).

43T, Y. Takeshita, W. A. de Jong, D. Neuhauser, R. Baer, and
E. Rabani, J. Chem. Theory Comput. 13, 4605 (2017).

44T, Y. Takeshita, W. Dou, D. G. Smith, W. A. de Jong, R. Baer,
D. Neuhauser, and E. Rabani, J. Chem. Phys. 151, 044114
(2019).

45W. Dou, T. Y. Takeshita, M. Chen, R. Baer, D. Neuhauser, and
E. Rabani, Journal of chemical theory and computation 15, 6703
(2019).

46J. L. Whitten, J. Chem. Phys. 58, 4496 (1973).

47B. 1. Dunlap, J. Chem. Phys. 78 (1983).

48B. 1. Dunlap, J. W. D. Connolly, and J. R. Sabin, J. Chem.
Phys. 71, 3396 (1979).

490. Vahtras, J. Almlof, and M. W. Feyereisen, Chem. Phys. Lett.
213, 514 (1993).

50M. Feyereisen, G. Fitzgerald, and A. Komornicki, Chem. Phys.
Lett. 208, 359 (1993).

51V, Vigek, W. Li, R. Baer, E. Rabani, and D. Neuhauser, Physical
Review B 98, 075107 (2018).

52R. Baer, D. Neuhauser, and E. Rabani, Phys. Rev. Lett. 111,
106402 (2013).

53D. Neuhauser, R. Baer, and E. Rabani, J. Chem. Phys. 141,
041102 (2014).

54Y. Cytter, D. Neuhauser, and R. Baer, J. Chem. Theory Com-
put. 10, 4317 (2014).

10

55M. Chen, R. Baer, D. Neuhauser, and E. Rabani, J. Chem. Phys.
150, 034106 (2019).

56D. Neuhauser, E. Rabani, and R. Baer, J. Chem. Theory Com-
put. 9, 24 (2012).

57Q. Ge, Y. Gao, R. Baer, E. Rabani, and D. Neuhauser, J. Phys.
Chem. Lett. 5, 185 (2013).

58, Schéfer, B. Ramberger, and G.
J. Chem. Phys. 148, 064103 (2018).

59D. Neuhauser, E. Rabani, and R. Baer, J. Chem. Phys. Lett. 4,
1172 (2013).

60J. Lee and D. R. Reichman, The Journal of Chemical Physics
153, 044131 (2020).

61W. Dou, M. Chen, T. Y. Takeshita, R. Baer, D. Neuhauser, and
E. Rabani, The Journal of chemical physics 153, 074113 (2020).

62C. Attaccalite, M. Griining, and A. Marini, Physical Review B
84, 245110 (2011).

63C. D. Spataru, L. X. Benedict,
Phys. Rev. B 69, 205204 (2004).

64M. E. Casida and D. Chong, Computational Chemistry: Reviews
of Current Trends (1995).

65]. E. Subotnik, “Communication: Configuration interaction sin-
gles has a large systematic bias against charge-transfer states,”
(2011).

Kresse,

and S. G. Louie,


http://dx.doi.org/10.1063/1.5016100
http://dx.doi.org/10.1103/PhysRevB.69.205204



