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We present a range-separated linear-response time-dependent density-functional theory (TDDFT)
which combines a density-functional approximation for the short-range response kernel and a
frequency-dependent second-order Bethe-Salpeter approximation for the long-range response kernel.
This approach goes beyond the adiabatic approximation usually used in linear-response TDDFT
and aims at improving the accuracy of calculations of electronic excitation energies of molecular
systems. A detailed derivation of the frequency-dependent second-order Bethe-Salpeter correlation
kernel is given using many-body Green-function theory. Preliminary tests of this range-separated
TDDFT method are presented for the calculation of excitation energies of the He and Be atoms
and small molecules (H,, N,, CO,, HCO, and C,Hy4). The results suggest that the addition of the
long-range second-order Bethe-Salpeter correlation kernel overall slightly improves the excitation
energies. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943003]

I. INTRODUCTION

Linear-response time-dependent density-functional the-
ory (TDDFT)'? is nowadays one of the most popular
approaches for calculating excitation energies and other
response properties of electronic systems. Within the
usual adiabatic semilocal density-functional approximations
(DFAs), linear-response TDDFT usually provides reasonably
accurate low-lying valence electronic excitation energies of
molecular systems at a low computational cost. However,
these usual adiabatic semilocal DFAs have serious failures.
In particular, they give largely underestimated Rydberg® and
charge-transfer* excitation energies and they do not account
for double (or multiple) excitations.’

The problem with Rydberg and charge-transfer excitation
energies is alleviated with the use of hybrid approximations in
linear-response TDDFT,® which combine a Hartree-Fock (HF)
exchange response kernel with a DFA exchange-correlation
response kernel. This problem is essentially solved with range-
separated hybrid (RSH) approximations,’'” introducing a
long-range HF exchange kernel. Research in linear-response
TDDFT now aims at an increasingly higher accuracy and
reliability, and, in particular, the inclusion of the effects of
the double excitations. Examples of recent developments
are the dressed TDDFT approach (combining TDDFT
and the polarization-propagator approach),''-!* double-hybrid
TDDFT methods (combining TDDFT and configuration-
interaction singles with doubles correction [CIS(D)]),'* and
range-separated TDDFT approaches in which the long-range
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response is treated with density-matrix functional theory
(DMFT)," multiconfiguration self-consistent-field (MCSCF)
theory,'® or the second-order polarization-propagator approx-
imation (SOPPA).!”

In condensed-matter physics, the Bethe-Salpeter equa-
tion (BSE) applied within the GW approximation (see,
e.g., Refs. 18-20) is often considered as the most successful
approach to overcome the limitations of TDDFT. Although
it has been often used to describe excitons (bound electron-
hole pair) in periodic systems, it is also increasingly applied
to calculations of electronic excitation energies in finite
molecular systems.?'™ In particular, the BSE approach was
shown to give accurate charge-transfer excitation energies
in molecules,*-3234-36:38.3% and when used with a frequency-
dependent kernel it is, in principle, capable of describing
double excitations.?3%>! The drawbacks of the standard BSE
approach with the usual approximations are the need to
first perform a computationally demanding GW quasiparticle
calculation, and an observed loss of accuracy for small
molecules** which is probably due to self-screening.

In this work, we explore the combination of TDDFT
and BSE approaches based on a range separation of the
electron-electron interaction. More specifically, we propose
a range-separated TDDFT approach in which the long-range
response is treated with a frequency-dependent second-order
Bethe-Salpeter-equation (BSE2) correlation kernel. The BSE2
approximation was recently introduced by Zhang et al.>?
within the Tamm-Dancoff approximation (TDA).>* Compared
to the standard BSE approach with the GW approximation,
the BSE2 approximation keeps only second-order terms with
respect to the electron-electron interaction, including second-
order exchange terms which makes it free from self-screening.
It is an appropriate approximation for finite molecular systems
with relatively large gaps. Building on the work of Sangalli

©2016 AIP Publishing LLC
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et al.,’" we provide an alternative and more general derivation
of the BSE2 approximation and we apply it to the range-
separated case. We present preliminary tests of this range-
separated TDDFT method for the calculation of excitation
energies of the He and Be atoms and some small molecules
(HQ, N2, COQ, H2CO, and C2H4).

In this range-separated TDDFT approach, an adiabatic
semilocal DFA is used only for the short-range part of the
exchange-correlation kernel, while a frequency dependence is
introduced in the long-range part of the correlation kernel. This
is motivated by the fact that the exact exchange kernel becomes
spatially local and frequency independent in the limit of a very
short-range interaction,'*>* so that the adiabatic local-density
approximation (LDA) becomes exact in this limit. Similarly,
the short-range part of the exact correlation kernel is expected
to be more spatially local and less frequency dependent than
its long-range counterpart, so that an adiabatic semilocal DFA
is expected to be accurate when restricted to the short-range
part of the correlation kernel, as it happens for the ground-state
correlation density functional.>

Similarly to the ground-state case where second-order
perturbation theory is appropriate for describing the long-
range part of the correlation energy of systems with large
enough gaps,® the BSE2 approximation is expected to
be appropriate for describing the long-range part of the
response of such systems. Moreover, in comparison to
the original full-range BSE2 scheme, the restriction of the
BSE2 approximation to the long-range part leads to potential
practical and computational advantages: (1) eliminating the
need to do a first GW quasiparticle calculation since range-
separated hybrid approximations provide orbital energies
that are already close to quasiparticle energies®’>® and (2)
speeding up the computation of the BSE2 correlation kernel
by using multipole expansions for the long-range two-electron
integrals.>

This paper is organized as follows. In Section II, we
summarize the main equations of linear-response TDDFT with
range separation. In Section III, we provide a full derivation
of the frequency-dependent BSE2 correlation kernel without
using the TDA, giving expressions in terms of space-spin
coordinates and in a spin-orbital basis. Section IV explains
how we practically perform the calculations and gives
computational details for the systems tested. The results are
given and discussed in Section V. Finally, Section VI contains
our conclusions.

Il. RANGE-SEPARATED TIME-DEPENDENT
DENSITY-FUNCTIONAL THEORY

As a relatively straightforward extension of linear-
response TDDFT,' in range-separated TDDFT,'>!® the
inverse of the frequency-dependent linear-response function
is expressed as

XX X1 X5 w) = ()7 (1,03 X, X3 )
— £ (XLX X)X w), (1)

where x = (r,0) stands for space-spin coordinates. In
this expression, X'r(xl,xz;x;,xé;w) is the linear-response
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function associated with the long-range (Ir) interacting
Hamiltonian

H" =T+ Voe + WE+ Vi, ()

N

where T is the kinetic-energy operator, V,. is the
nuclei-electron interaction operator, ng is a long-range
electron-electron interaction operator, and Vﬁ;c is a
corresponding short-range (sr) Hartree—exchange—correlation
(Hxc) potential operator. Additionally, EXC(Xl,Xz;XI,Xé; w)
= [ (X1, X2; @)(X1,X])0(X2, X)) is the short-range Hxc kernel
related to the functional derivative of the short-range
Hxc potential with respect to the density (and ¢ is
the delta function). In practice, the long-range electron-
electron interaction is defined with the error function as
wl(ry,r) = erf(u|r; — ry])/|r; — ra|, where the parameter u
controls the range of the interaction. Even though Eq. (1)
is written with functions depending on four space-spin
coordinates for generality, range-separated TDDFT only gives
exactly the diagonal part of the linear-response function
x(X1,X2; w) = x(X1,Xp; X1,Xp; W), just as in usual TDDFT.

In the time-dependent range-separated hybrid (TDRSH)
scheme,'? the long-range linear-response function y'"(w) is
calculated at the HF level. More precisely, the inverse of the
long-range linear-response function is approximated as

") (XX X X5 w) & (xo) ™ (X1, X0 X[, X5 w)
- fionrXL X2 X1, x0),  (3)

where yo(w) is the non-interacting linear-response function
associated with the RSH reference Hamiltonian®®

A i ~
Hy=T+ Vpe + VHX,HF + Viier “4)

with the long-range HF potential operator VJ{X’HF, and
fll_;x(XI,Xz;X;,Xé) is the corresponding long-range HF kernel.

The latter is the sum of a long-range Hartree kernel,

S, X0; X),%5) = w01, 12)8(x1,X))8(x2, X)), (5)

and a long-range HF exchange kernel,

Fap(X1X2; X[, X5) = —wih(r1,12)6(x1,X5)5(%0,X]).  (6)

To go beyond the HF level, it was proposed to calculate
x"(w) at the linear-response MCSCF level'° or at the SOPPA
level.!” In the present work, we explore the recently proposed
BSE2 approximation.’> We thus propose to approximate the
inverse of the long-range linear-response function as

O™ (1, %23 X, X5 ) & (o)™ (X1,%2: X[, X5 w)
1 1
- fP;X,HF(Xl’X2; X}, X)) — fc,rBSEz(Xl,XZ XXy w), (7)

with the long-range BSE2 frequency-dependent correlation
kernel fcerSEz(a)) for which we offer an alternative and more
general derivation compared to Ref. 52.

lll. SECOND-ORDER BETHE-SALPETER
CORRELATION KERNEL

In this section, we provide a derivation of the BSE2
correlation kernel. For more details, see Ref. 60. We consider
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an arbitrary electron-electron interaction we. in the derivation
instead of the long-range one.

A. Second-order correlation self-energy

The starting point is the second-order correlation self-
energy as a functional of the one-electron Green function
G(1,2) where 1 = (xy,#;) and 2 = (x5,1,) stand for space-spin-
time coordinates (see, e.g., Ref. 37),

(1,2) =i / d3d3'd4d4’d5ds’ G(3,3)
X lDee(3 ,9 4; 27 4’))(1]3(4/7 5; 4’ Sl)wee(s,a 1 ; 5’ 3)7 (8)

where wee(1,2;17,2) = wee(1,2)6(1,17)6(2,2°) is an arbitrary
electron-electron interaction, wee(1,2;1%,2") = wee(1,2;17,27)
— Wwee(2,1;17,2") is the corresponding antisymmetrized
interaction, and yp(1,2;1’,2") = —iG(1,2")G(2,1’) is the
independent-particle (IP) four-point linear-response function.
The presence of the antisymmetrized interaction @, in Eq. (8)
means that the second-order correlation self-energy can
be decomposed as 252) = 2?‘” +Z£2X) with a direct contri-

J
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bution
29(1,2) =i G(1,2) / d3d4 wee(2,3)
X/\/IP(374; 3’4)wee(4’ 1)5 (9)

and an exchange contribution
>3(1,2) = —i / d3d4 G(1,3)wee(2,3)

X x1p(3,4;2,4)wee(4,1). (10)

The Feynman diagrams of these terms are represented in
Figure 1.

B. Second-order Bethe-Salpeter correlation kernel
in the time domain

The second-order Bethe-Salpeter correlation kernel is
defined as the functional derivative of the second-order
correlation self-energy with respect to the Green function

629(1,2
29(1,4:2,3) = ﬁ (11)

Taking the derivative of Eq. (8) generates three terms

29(1,4;2,3) = - / d5d5'd6d6'Wee(4,5; 2,5") x1p(5,6; 5,6 )wee(6', 15 6,3)

- / d5d5'd6d6 (5, 4; 2,6) x1p(5', 6; 6, 5)wee(6', 15 3,5)

- / 45d5'd6d6'7e(5,6: 2, 3) Y 19(6',5'; 6,5 wee(, 1: 5,6, (12)
which, as done for the correlation self-energy, can be decomposed as = "(2) "(Zd) + :ﬁzx) with a direct contribution

209(1,4:2,3) = ~5(1.3)5(2.4) / 45d6 wee(2, 5) x10(5,6: 5. 6)wee(6, 1)

- wee(Z, 4)XIP(L4; 3’ Z)wee(Ss l) -

and an exchange contribution

wee(2,3)X1P(1’4; 392)1‘066(4’ 1)’ (13)

=09(1,4:2,3) = 5(1,3) / A5wee(2,4) y16(4, 5: 2, 5)ee(5, 1)

+0(2,4) / dSwee(2, S)XIP(I,S; 3,5)wee(3,1) + wee(2, 3))(113(1’4; 2,3)wec(4,1). (14)

The Feynman diagrams of these six terms are represented in Figure 2. Similar kernel diagrams are shown in Ref. 61.

Introducing explicitly the time variables, using an instantaneous spin-independent electron-electron interaction
Wee(1,2) = wee(r,12)8(21,1,) and time-translation invariance, we found that the second-order Bethe-Salpeter correlation kernel is
composed of a particle-hole/hole-particle (ph/hp) part and a particle-particle/hole-hole (pp/hh) part, which non-trivially depend
on only one time difference ¢; — 5,

—(2,ph/h
EP(X1t1, Xat 43 Xata, Xat3) = 6(11,13)6 (02, 1) 2™ (%1, %43 X0, X33 11 — 1)

—(2.pp/hh
+6(11,14)0 (12, 13) B PP M%) x4: X0, X33 11 — 1), (15)

with the ph/hp kernel
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—(2,ph/h
EEPYI) (%) Xg1 X, X35 T) = —5(X1,X3)5(X0, Xs) / dxsdXe Wee(T2, I's)

X X1p(X5,X6; X5,X6; —T)Wee(T6, T1) = Wee(T2,T4) X 1p(X1,X43 X3, X2} T)Wee(T'3,T7)

+5(X1,X3)/dx5wee(l‘2,r4) X1P(X4,X55 X0, X55 —T)Wee(T5,T1)

+6(x2,x4)/dx5wee(r2,r5) X1p(X1,X55 X3,X55 T)Wee(T3,T1), (16)

and the pp/hh kernel

—(2,pp/hh) .
= (X1,X43

+ Wee(T2, r3)/\/§’p

where x1p(X1,X2; X],X5; T = t] — 1) = y1p(Xit1,Xat2; X[ 11, X5t2)
is the IP (ph/hp) linear-response function and X%‘,’/ "R, Xo:
X[, X5, T = 1] — t2) = y1p(Xif1,Xot 15 X|12,X5t2) is the IP pp/hh
linear-response function. As the names suggest, the former
describes the independent propagation of one particle and one
hole, and the latter describes the independent propagation of
either two particles or two holes, depending on the sign of
t; — t,. Because of the different delta functions on the time
variables in Eq. (15), the ph/hp and pp/hh contributions need
to be treated separately.

C. Effective second-order Bethe-Salpeter correlation
kernel in the frequency domain

The Bethe-Salpeter kernel that we derived must be used
in the general Bethe-Salpeter equation in the time domain
which ig6%63

x(1,2;1°,2") = xip(1,2;1°,2") + / d3d4d5d6

X XIP(174; 1/7 3)EHXC(3’6; 47 5)/\/(55 2; 6’ 2/)7
(18)

where x(1,2;1’,2) is the interacting four-point linear-
response function and Zpy. is the Bethe-Salpeter Hxc
kernel. Written explicitly with time variables, and sett-
ing t{=1tf and )=t (where t"=1+0" refers to a
time variable with an infinitesimal positive shift) to
extract the (ph/hp) linear-response function, the equation
becomes

FIG. 1. Feynman diagrams of the second-order correlation self-energy
252)(1,2). The time axis is vertical. The dots represent the outer variables
1 and 2. Horizontal dashed lines represent electron-electron interactions wee.
Arrowed lines represent one-particle Green functions G. The first diagram
is the direct contribution of Eq. (9) and the second diagram is the exchange
contribution of Eq. (10).

X2,X3; T) = —Wee(I2, rs)Xi)p

hh
o/ (X1,X43 X3,X2; T)Wee(T4,T1)

hh
P/ (X |, Xas X0, X33 T)Wee(I4, T, )

(

X (X111, X0t X{11,X515) = x1p(Xit1,Xot2; X{1],X515)

+ / dx3dt3dx,drsdxsdrsdxedre y ip(Xit1, Xata; X 17, X313)

X (X313, X6l6; Xat4,Xst's) ¥ (Xst's,Xol2; Xel6, Xpt5 ), (19)
where  Epyo(Xst3, Xele; Xala, Xsts) = fir ur(Xs, Xe; X4, X5) + 20
(X33, Xgl6; Xal4,Xsts) is taken as the sum of time-independent
HF kernel fuy yr and the second-order correlation kernel Eﬁz).
Because of the time dependence in E(Cz) , in Eq. (19), the time
variables 73 and 74 cannot be equated, and neither can be
the time variables ts5 and #¢. Consequently, Eq. (19) is not
a closed equation for the (ph/hp) linear-response function
X(X1t1,Xot2; X (], X0t5).

To close the equation, Zhang et al.>* followed Strinati'®
and used an explicit time-dependent form in the TDA for
the ph/hp amplitudes'®®* with which y in Eq. (19) can be
expressed. Here, instead, following Sangalli er al.>! (see also
Ref. 50), we work in Fourier space and define an effective
kernel depending on only one frequency without using the
TDA. Introducing the decomposition of Ecz) in ph/hp and pp/hh
terms given in Eq. (15) and Fourier transforming Eq. (19) gives

x(w)
= xir(w) + xp (W) fax x(w)

d ’ d 124
* / 2w (@) EPT (0 — ) p (" w)
2r 2w
d ’ d "
+ w v le(w’,w)E(cz’pp/hh)(w’ +w" ) y(w" w),
2 2w
(20)

where the space-spin variables have been dropped for
conciseness (all the quantities depend on four space-spin
variables), and the integrations over «w’ and w”’ are from —oo
to +oo. In this expression, y(w’,w) is the double Fourier
transform

y(w,w)= /d‘rld‘r ei“”Tlei“’T)((Tl,Tz =07,7), (21

where y(71,7,7) corresponds to the response function
Xx(X1t1,Xot2; X(t],X5t5) expressed with the time variables
=t —t), n=t—t) and T = (t; +1])/2 — (t2 + 1})/2, and
similarly for yp(w’,w). As a special case, y(w) is just the
Fourier transform of the (ph/hp) linear-response function
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[1]
PN

2(1,4;2,3) =

2 4
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—
[9N]
—
i~

[Nl
N
[\l
[98)

FIG. 2. Feynman diagrams of the second-order Bethe-Salpeter correlation kernel E ”(2)(1 4;2,3). The three upper diagrams are the direct contributions of Eq. (13)
and the three lower diagrams are the exchange contributions of Eq. (14). The four diagrams on the left correspond to ph/hp terms and the two diagrams on the
right correspond to pp/hh diagrams. Since the kernel is the functional derivative of the self-energy with respect to the Green function, these diagrams can be

obtained from the ones of Figure 1 by removing one of the arrowed lines.

x(r1 =0, =0,7), and similarly for yp(w). Obviously,
Z(ph/hp )( ) and Z>PP"(0)) are the Fourier transforms of
”(2 ph/ hp)(‘r) and 2 ”(2 pp/ hh)(‘r) given in Egs. (16) and (17),
respectlvely. Eq. (20) can be rewritten as an effective Bethe-
Salpeter equation involving only one frequency’'

X (@) = xp(@) + xp() fix X (@) + xip(@)ED(0) x (),
(22)

or, equivalently,

(@) = X ) ~ fix - EX (), (23)

with an effective correlation kernel defined as
w’ dw
=(2
200 = i) [ G

(2 ph/hp)( W

)X(w W)y (W)
dw dw"

+Xp )(n»(w w)

X E?’P"“"“(w + w”))((w Lo x w).  (24)

To keep only second-order terms in Eq. (24), we must replace
both the IP linear-response function yip and interacting linear-
response function y by the non-interacting linear-response
function yo, and we finally arrive at the BSE2 correlation
kernel

dw’ dw”

SfeBse20w) = xq

% :(lph/hp)(w/ _

") xo(w”,w) xy ' (w)
da) da)”

+ X0 —Xo(w',w)

y Ea,pp/hh)(w + w”) Xo(@”,w) xp (), (25)

where Z&PIP) and =P/ are obtained from Egs. (16) and

(17) Wlth the replacement of y1p by xo as well.

We note that, in Eq. (23), x}p !(w) could also be expanded
to second order, leading to self-energy (or quasiparticle) contri-
butions to the effective kernel.’! However, in this work, we do

not consider such self-energy contributions to the kernel.

D. Expressions in a spin-orbital basis

We now give expressions in the orthonormal canonical
spin-orbital basis {¢,} of the reference non-interacting

Hamiltonian. Any function F(xy,X; X|,X}) depending on four
space-spin coordinates can be expanded in the basis of
products of two spin orbitals, and its matrix elements are
defined as

Fpg rs :/dxldx]dxzdxéwp(xj)%(xl)

X F(XI’XZ; Xi’xé)‘pi(XZ)SDS(X;)’ (26)

where p,q,r,s refer to any (occupied or virtual) spin orbital.
In the following, the indices i, j, k,/ will refer to occupied spin
orbitals and the indices a, b, c,d to virtual spin orbitals.
Using the expression of the Fourier transform of the
non-interacting (ph/ph) linear-response function,

(XD @ (X1 @7 (X)) i (X2)
w— (g —&g) +i0*

— ’. —
Xo(X1,X0; X[, X5 ) = Z
kc

B Z L (X)) (X))@ (X)) (X1)

w + (g, — &) —i0*

. @27

and of the non-interacting pp/hh linear-response function,

(XD ei(x1)¢; (X5)pr(X2)
w— (g + &) —i0*

pp/hh
X() (X13X27X]9X2,w) Z
kl

~ Z Pe(X))ea(X1) (X)) pc(X2)

w+ (. +&q) +i0*

s

(28)

where g, are the spin-orbital energies, we find the matrix
elements of the Fourier transform of the ph/hp second-order
correlation kernel,

—(2,ph/h
B @) ==>"

kc

(rellpkXkqlles)
w— (g — &) +i0*

N Z <rk||p6'><6‘q||ks.>

w + (8. — &) —i0%’ 29

kc
and of the pp/hh second-order correlation kernel,

=(2,pp/hh) (grllkl)Ikllsp)
=c,pq,rs ( ) - 2 Z (Sk + 81) 0+

(gr|lcd){dc]||sp)
+3 Z (30)

— (g0 + &84) +i0"’

where (pq||rs) = (pqlrs) — (pq|sr) are the antisymmetrized
two-electron integrals associated with the interaction wee.
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The matrices of yo(w) and yo(w’,w) are both diagonal
with elements in the occupied-virtual/occupied-virtual spin-
orbital product block given by

1

o = 1
XO,lu,za(w) w— (5a — 8,‘) + l'0+’ (3 )

and (see the Appendix)

. NS
/\/O,ia,ia(w,vw) =1 ele XO,ia,ia(w)

1 1

x (cu’+w/2—8a+i0+ w —-w/2-¢g —i0t)]’ (32)
and, for the virtual-occupied/virtual-occupied block,
X0,ai,ai(@,0) = X0,ia,ia(@’,~w) and Xo,ai,ai(w)
= X0,ia.ia(—w). The matrix elements of the BSE2 correlation
kernel are then found straightforwardly by doing the matrix
multiplications and contour-integrating over the frequencies
in the upper-half complex plane in Eq. (25). For the matrix
elements in the occupied-virtual/occupied-virtual (ov/ov)
block (contributing to the linear-response matrix usually
denoted by A), we find

JeBsE2ia,jp(w) = = Z

kc

_ Z (Jkllic)(callkb)

(8u+8c_8]_8k)
22

+§§w_

Note that the denominators of Eq. (33) contain the sum
of two virtual spin-orbital energies minus the sum of two
occupied spin-orbital energies, i.e., a non-interacting double-
excitation energy. Thus, the denominators are small (and
therefore the kernel can be large) whenever w is close to a
non-interacting double-excitation energy. The matrix elements
in Eq. (33) are identical (at least for real-valued spin orbitals)
to the kernel matrix elements recently derived by Zhang
et al.”® in the TDA.% The matrix elements in Eq. (33) also
show some similitude with the SOPPA kernel'>%%-%8 and the
second RPA kernel.>! Similarly, for the matrix elements of
the BSE2 correlation kernel in the occupied-virtual/virtual-
occupied (ov/vo) block (contributing to the linear-response
matrix usually denoted by B), we find

Z (bellik)(kalle))
(

—(ep +&c— & — &1)

(jellik){kallch)
w—(ep+&.—& — &)

(ajllkl){lk||bi)
—(eatep—er—&p)
(ajllcd){dc||bi)
(6c+ea—ci—¢))

(33)

SeBSE2iabj = =

_ Z (bkllic)(callk))
(

—(ea+&c—&j —&1)

1 (ab||kI){Lk]| i)
+ E Z (

—(8q +&p — 81— &)

1 (abllcd){dcl|ji)
+ E Z (

—(ec+ea—€i—¢))

(34)

which turn out to be independent of the frequency.
To the best of our knowledge, the matrix elements in
Eq. (34) had never been given in the literature before.
It is easy to check that the ov/ov block is Hermitian,

J. Chem. Phys. 144, 094107 (2016)

fc,BSEggia,jb(w) = fcyBSEng,m(w)*, and that the ov/vo block
is symmetric, f¢BSE2ia,bj = fc,BSE2, jb,ai-

The matrix elements of the BSE2 correlation kernel
display sums over either one occupied and one virtual
orbital (for the ph/hp terms) or over two occupied or two
virtual orbitals (for the pp/hh terms). In a straightforward
implementation, the computational cost of the latter scales as
N(?N“,‘ , where N, is the number of occupied orbitals and Ny the
number of virtual ones. However, in the case of the long-range
interaction, the computational cost of the BSE2 correlation
kernel could be made low, e.g., by approximating the long-
range two-electron integrals by multipole expansions.>

IV. PRACTICAL RESOLUTION
AND COMPUTATIONAL DETAILS

A. Perturbative resolution

In the range-separated scheme that we propose, we
approximate the inverse of the linear-response function as
[combining Eqs. (1) and (7)]

c, BSEz(‘”) (35

where yo(w) is the RSH non-interacting linear-response
function and f BSEz(‘”) is the BSE2 correlation kernel
for the long-range electron-electron interaction. We note
that, according to Eq. (23), instead of Xal(w), we should
use in Eq. (35) the inverse of the long-range IP linear-
response function ( )(g, ~!(w) constructed with the long-range
interacting Green function. This could be accounted for by
either adding quasiparticle corrections to the orbital energies,
as done in Ref. 52, or adding self-energy contributions
to the long-range correlation kernel.’! These contributions
can generally be important when using HF orbitals or DFT
orbitals with semilocal DFAs. However, in the case of range
separation, the orbital energies obtained with long-range HF
exchange are already good approximations to quasiparticle
energies.”’® It is thus reasonable to use the approximation
() (@) = xp'(w). We come back to the possibility of
adding quasiparticle corrections in Section IV B and discuss
their effects on He, Be, and H, in Section V A.

When projected in the basis of the RSH spin orbitals,
Eq. (35) leads to the self-consistent pseudo-Hermitian
eigenvalue equation

Aw) B ONXN O 10) X))
B Ao (v, "0 -1\, €9

where w,, are the excitation (or diexcitation) energies, (X,,,Y,)
are the associated linear-response eigenvectors, and the matrix
elements of A and B are given by

X_l("‘)) ~ XEI(“)) fo HF — ch

Aiu,jb(w) = (Su <a]|w |bl>

+ f xc,ia,jb + f(gBSEZ,ia,jb(w) (37)

—&)0ij0ap + {aj|weelib) —

and

Bzu jb — (ab|wee|l]> <ab|w |]l>

+ xczub1+ CBSEZme’ (38)



094107-7 E. Rebolini and J. Toulouse

where &, are the RSH spin-orbital energies, (pg|wec|rs) and
(pqlwk|rs) are two-electron integrals in the RSH spin-orbital
basis associated with the Coulomb interaction w.. and the
long-range interaction w, respectively, and . pg.rs Are
the matrix elements of the short-range exchange-correlation
kernel. The matrix elements of the long-range BSE2
correlation kernel fg,rBSEz,pq,rs are given in Egs. (33) and (34)
using in these expressions long-range two-electron integrals
(pqllrsy = (pqlwk|rs) — (pglw!|sr) and RSH spin-orbital
energies &,.

The resolution of the self-consistent eigenvalue Equa-
tion (36) is more complicated than in the standard case of
a frequency-independent matrix A. Following Zhang et al.,>>
for a first exploration of the method, we work within the TDA
(i.e., we set B = 0) and use a non-self-consistent perturbative
resolution. We thus decompose the matrix A in Eq. (37) as
the sum of the frequency-independent RSH contribution'® and
the long-range frequency-dependent BSE2 correlation kernel
contribution

A(w) = Agsp + £ (). (39)

The TDRSH linear-response equation is first solved in the
TDA,

ArsuXo,n = w0, X0, ns (40)

where wy,, and X , are the corresponding excitation energies
and linear-response eigenvectors, respectively. The effect
of the long-range BSE2 correlation kernel is then added
perturbatively to obtain the excitation energies

7ol
Wy = Wo,n + Zn XO,n fchSEz(wo,n) XO,ns (41)
where Z,, is the normalization factor

7 —|1_xt O (@)

b Xon| . (2

W=wq, p

2 22 . — .
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S
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FIG. 3. Long-range excitation energies to the first triplet and singlet excited
states of the He atom as a function of the range-separation parameter u,
obtained by long-range TDHF, long-range TDHF+BSE2, and long-range
GW2+TDHF+BSE2 calculations in the TDA using RSH (with the short-
range LDA functional) orbitals and an uncontracted t-aug-cc-pV5Z basis set.
The reference FCI long-range excitation energies are from Ref. 72.
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FIG. 4. Long-range excitation energies to the first triplet and singlet excited
states of the Be atom as a function of the range-separation parameter u,
obtained by long-range TDHF, long-range TDHF+BSE2, and long-range
GW2+TDHF+BSE2 calculations in the TDA using RSH (with the short-
range LDA functional) orbitals and an uncontracted d-aug-cc-pVDZ basis
set. The reference FCI long-range excitation energies are from Ref. 72.

As pointed out by Zhang et al.,> the effect of the normalization
factor Z,, turns out to be very small (Z, is always very close
to 1, especially in the range-separated case), but we keep
it in our calculations. We note that the expression of the
correction X(T)’n fgssaz(wO,n) Xo,» in Eq. (41) is very similar
(but not identical) to the so-called “direct” contribution of the
CIS(D) correction.%7" As for CIS(D), it is easy to check that
X(‘)n ngSEz(a)Q ) Xo,» contains only connected terms and thus
provides a size-consistent correction to the excitation energies.
Using this non-self-consistent perturbative resolution has the
consequence that the total number of calculated excitation
energies is equal to the number of single excitations, so
we cannot obtain excitations with primarily double-excitation
character. However, the BSE2 correlation kernel brings the
effects of non-interacting double excitations on excited states
with dominant single-excitation character.

13 T T . T

12,5

12 Reference E
~ TDHF
TDHF+BSE2 ]

- GW2+TDHF+BSE2

11.5

11

Long-range excitation energies (eV)

105} .., first triplet excited state ]
10}/
9.5 . : : .
0 1 2 3 4 5

Range-separation parameter n (bohr'1)

FIG. 5. Long-range excitation energies to the first triplet and singlet excited
states of the Hp molecule at the equilibrium internuclear distance as a func-
tion of the range-separation parameter u, obtained by long-range TDHF,
long-range TDHF+BSE2, and long-range GW2+TDHF+BSE2 calculations
in the TDA using RSH (with the short-range LDA functional) orbitals and
an uncontracted d-aug-cc-pVTZ basis set. The reference FCI long-range
excitation energies are from Ref. 72.
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The method defined by Egs. (40) and (41) will be
referred to as TDRSH+BSE2. When the range-separation
parameter u is set to zero, all long-range contributions vanish,
and it reduces to the standard time-dependent Kohn-Sham
(TDKS) method in the TDA. When u goes to +co, all short-
range contributions vanish, and it reduces to time-dependent
Hartree-Fock (TDHF) within the TDA [i.e., configuration-
interaction singles (CIS)] with a BSE2 correction, which
will be referred to as TDHF+BSE2. As regards the density-
functional approximation, in this work, we use the short-range
LDA exchange-correlation functional of Ref. 71 in the ground-
state RSH calculations (i.e., for determining the RSH orbitals
and orbital energies) and the corresponding short-range LDA
exchange-correlation kernel'® in the linear-response TDRSH
calculations.

B. Long-range excitation energies

For He, Be, and H,, we also perform calculations
of long-range excitation energies as a function of u
(i.e., along the range-separated adiabatic connection, similarly
to Refs. 72-74) obtained by removing the contribution from
the short-range Hxc kernel ffj, . in the matrix elements A;q4,jp
of Eq. (37), i.e.,

J. Chem. Phys. 144, 094107 (2016)

AL, (@) = (£a = £)8ij0ap + (ajlwgslib) — (ajlwe|bi)

+ cl,rBSEZ,ia,jb(w)’ 43)

within the perturbative resolution of Egs. (40) and (41) in the
TDA. The orbitals and orbital energies used in Eq. (43) are
still the RSH ones (i.e., with the short-range LDA exchange-
correlation functional), as for the other calculations. The
obtained long-range excitation energies are approximations
to the excitation energies of the long-range interacting
Hamiltonian of Eq. (2), which reduces to the LDA orbital
energy differences at ¢ = 0 and to the TDHF+BSE?2 excitation
energies for y — oo. These long-range excitation energies
allow us to test the effect of the BSE2 correlation kernel
independently of the approximation used for the short-range
exchange-correlation kernel, since we have accurate reference
values for these quantities from Ref. 72.

For these systems, we also test the addition of the
perturbative quasiparticle correction using the long-range
second-order correlation self-energy, similar to Ref. 52,
i.e., replacing the RSH orbital energies &, in Eq. (43),
including in the long-range BSE2 correlation kernel

ngSEzgia’jb(w), by the quasiparticle energies

By =ep+ 2,5, (8)), (44)

TABLE I. Excitation energies of N, calculated by linear-response TDKS (with the LDA functional), TDRSH
and TDRSH+BSE2 (with the short-range LDA functional and u =0.35 bohr’l), TDHF, and TDHF+BSE2, all
within the TDA. The EOM-CCSD excitation energies are taken as reference. The Sadlej+ basis set is used.

State Transition TDKS TDRSH TDRSH+BSE2 TDHF TDHF+BSE2 EOM-CCSD
Valence excitation energies (eV)
32; Iy — lmg 8.08 7.74 7.93 6.23 8.88 7.72
3l'lg 30y — lmg 7.58 7.85 8.05 7.99 10.97 8.16
3Ay Iy — lmg 8.88 8.54 8.74 7.32 9.96 9.07
11'[g 03— 1ng 9.17 9.50 9.68 10.02 12.43 9.55
32; Iy — lmg 9.65 9.34 9.53 8.50 10.77 10.00
z7 Iy — lmg 9.65 9.34 9.53 8.50 10.84 10.24
1Ay lry— 1mg 10.25 9.98 10.18 9.06 11.30 10.66
M, 20— g 10.42 10.77 10.97 11.74 14.82 11.36
Rydberg excitation energies (eV)
3Eg 3oy — 40y 10.28 11.47 11.56 13.12 13.94 11.74
12;' 3og—doy 10.40 11.94 11.98 14.01 14.22 12.15
323 30g— 30y 10.63 12.30 12.40 14.21 15.07 12.70
1, 30— 2my 10.99 12.30 12.36 13.04 13.43 12.71
I, 30— 2my 10.98 12.39 12.44 13.23 13.45 12.77
12: 30y — 30y 10.62 12.43 12.51 14.31 15.04 12.82
Tonization threshold: —egomo (eV)
6.30 14.94 16.74
MAD of excitation energies with respect to EOM-CCSD (eV)

Valence 0.48 0.47 0.35 1.14 1.65

Rydberg 1.83 0.34 0.27 1.17 1.71

Total 1.06 0.41 0.32 1.15 1.68

Maximum absolute deviation of excitation energies with respect to EOM-CCSD (eV)

2.19

0.90

0.71

1.86

3.47
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with the renormalization factor z, = [1 - (9Z{,,(w)/
éw)wzep]‘l. In Eq. (44), Zprp(gp) is the diagonal matrix
element of the frequency-dependent long-range second-order
correlation self-energy (w) over the RSH spin orbital ¢, (x)

evaluated at w = &, whose expression is

1 Kablwg|pi) = (ablwglip)|?
Ir _ ee ee
Ec’pp(w)_Z; WHE —Eq—Ep

1 Gjlwelpa) = (ijlwelap)l?
+ 5 Z
ija

WHE,—E — &) . @9
where i,j and a,b refer to occupied and virtual RSH
spin orbitals, respectively. This quasiparticle correction will
be denoted by GW2 since it is a second-order GW-type
correction. The resulting method will thus be referred to as
GW2+TDHF+BSE2.

C. Computational details

We calculate vertical excitation energies of four small
molecules, N, CO, H,CO, and C,Hy,, at their experimental
geometries,”””’® using the Sadlej+ basis sets.*’® Our reference
values are obtained by equation-of-motion coupled-cluster
singles doubles (EOM-CCSD) calculations performed with
GAUSSIAN 09.%° For each molecule, we report the first
14 excited states found with the EOM-CCSD method.
For each molecule, we perform a self-consistent ground-

TABLE II. Same as Table I for CO.

J. Chem. Phys. 144, 094107 (2016)

state RSH calculation using the short-range LDA exchange-
correlation functional of Ref. 71, followed by a spin-
adapted closed-shell TDRSH linear-response calculation in
the TDA using the short-range LDA exchange-correlation
kernel,'® as implemented in a development version of
MOLPRO.®' The TDRSH+BSE2 excitation energies are
then calculated by a spin-adapted closed-shell version of
Eq. (41) implemented in a homemade software interfaced
with MOLPRO (see Ref. 60 for details). The range-separation
parameter u is set to 0.35 bohr™! which yields a minimal
mean absolute deviation (MAD) over the four molecules of
the TDRSH+BSE2 excitation energies with respect to the
EOM-CCSD references. We note that it has been proposed
to adjust the value of u for each system by imposing a self-
consistent Koopmans’ theorem condition®>%* or, equivalently,
minimizing the deviation from the piecewise linearity behavior
of the total energy as a function of the electron number.3+8
This approach is appealing but it has the disadvantage of being
non-size consistent,’ so we prefer to use a fixed value of p,
independent of the system. For comparison, we also perform
standard, linear-response TDKS calculations with the LDA
functional,?” as well as TDHF and TDHF+BSE2 calculations,
all in the TDA. In the TDA, Xy, ,,;» can be considered as the
coefficient of the (spin-orbital) single excitation i — a in the
wave function of the excited state n. Each excited state was
thus assigned by looking at its symmetry and at the leading
orbital contributions to the excitation.

State Transition TDKS TDRSH TDRSH+BSE2 TDHF TDHF+BSE2 EOM-CCSD
Valence excitation energies (eV)
Sl Sai(o) —2e () 6.04 6.10 6.32 5.85 8.27 6.45
3z le(n) = 2e (™) 8.54 8.45 8.63 7.79 10.38 8.42
I Sai(o) — 2e () 8.42 8.68 8.88 9.08 10.94 8.76
3A lei(m) — 2e (") 9.20 9.13 9.31 8.74 11.19 9.39
33~ lej(m) > 2e (") 9.84 9.80 9.98 9.73 11.76 9.97
Iy- ley(r) = 2e (™) 9.84 9.80 9.98 9.73 11.82 10.19
A lei(n) > 2e(n*)  10.33 10.32 10.50 10.15 12.05 10.31
S da(o)—2e(n*) 1143 11.96 12.12 13.31 15.70 12.49
Rydberg excitation energies (eV)
3z 5a(o) - 6ai(o) 9.56 10.34 10.46 11.18 12.09 10.60
Iy+ Sai(o) —6ai(o) 9.95 11.12 11.20 12.27 12.61 11.15
3z Sai(oc)—>Tai(o) 10.26 11.08 11.17 12.42 12.83 11.42
Iy+ Sai(o)—>Ta(o) 10.50 11.30 11.38 12.79 12.91 11.64
1 Sai(o) — 3e(n) 10.39 11.26 11.34 12.60 13.20 11.66
Byl Sai(o)— 3e(n) 10.50 11.45 11.52 12.88 13.21 11.84

Tonization threshold: —egomo (eV)

9.12 13.49

15.11

MAD of excitation energies with respect to the EOM-CCSD calculation (eV)

Valence 0.33 0.23
Rydberg 1.19 0.29
Total 0.70 0.26

0.16 0.49 2.02
0.22 0.97 1.42
0.19 0.69 1.76

Maximum absolute deviation of excitation energies with respect to EOM-CCSD (eV)

1.34 0.53

0.36 1.16 322
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The calculations of the long-range excitation energies for
He, Be, and H; are done similarly except that the short-range
LDA exchange-correlation kernel is removed in the TDRSH
linear-response calculation. The GW?2 quasiparticle correction
is calculated using a spin-adapted closed-shell version of
Eq. (44). We use an uncontracted t-aug-cc-pV5Z basis set for
He, an uncontracted d-aug-cc-pVDZ basis set for Be, and an
uncontracted d-aug-cc-pVTZ basis set for Hp, for which we
have reference long-range excitation energies obtained at the
full configuration-interaction (FCI) level using an accurate
Lieb-optimized short-range potential.”?

V. RESULTS AND DISCUSSION

A. Long-range excitation energies of the He and Be
atoms and of the H, molecule

The long-range excitation energies to the first triplet and
singlet excited states of the He atom are plotted as a function
of the range-separation parameter u in Figure 3. The triplet
and singlet excitation energies are identical at u = 0, where
they reduce to the non-interacting Kohn-Sham excitation
energies. When increasing , i.e., when adding the long-range
interaction, this degeneracy is lifted and the excitation energies
tend to the physical excitation energies in the limit g — oo.
At u =0, for all the approximate methods tested here, the

TABLE III. Same as Table I for H,CO.

J. Chem. Phys. 144, 094107 (2016)

long-range excitation energies reduce to LDA orbital energy
differences, which, as well known for Rydberg states, strongly
underestimate the exact Kohn-Sham orbital energy differences
(by about 5 eV in the present case). This underestimation of
the long-range excitation energies is progressively eliminated
by increasing the value of pu until g~ 1 bohr™!. For
i > 1.5 bohr™!, with all the approximate methods, the long-
range excitation energies vary much less and are a bit too
high compared to the reference FCI long-range excitation
energies. The BSE2 correlation kernel has almost no effect
for the singlet excited state, while it increases the excitation
energy for the triplet excited state which leads to a larger error
at large u. The GW2 quasiparticle correction systematically
decreases the excitation energies, leading to smaller errors at
large u for both singlet and triplet excitation energies. The
GW?2 correction on the excitation energies is relatively large
(0.5 eV) for large u, but decreases when u is decreased, being
less than 0.2 eV for p < 1 bohr™' and about 0.01 eV for
u = 0.35 bohr™! (the value of u used for the other systems in
Section V B).

Figure 4 shows the long-range excitation energies to
the first triplet and singlet excited states of the Be atom.
For these low-lying valence states, the TDHF long-range
excitation energies are relatively accurate close to u = 0, but
they deteriorate somewhat as y is increased. For u > 1 bohr™!,
TDHF underestimates the triplet long-range excitation energy

State Transition TDKS TDRSH TDRSH+BSE2 TDHF TDHF+BSE2 EOM-CCSD
Valence excitation energies (eV)
3A, 2by(n) — 2b(n*) 3.08 3.17 345 3.76 6.86 3.56
14, 2by(n) — 2b(n*) 3.70 3.82 4.11 4.58 7.37 4.03
3A, 1b((n) = 2b(n*) 6.35 6.08 6.39 4.96 8.30 6.06
3B, Sai(o) — 2b(n*) 7.77 8.09 8.40 8.60 12.28 8.54
Rydberg excitation energies (eV)
3B, 2by(n) — 6ai(o) 5.85 6.83 6.92 8.17 8.63 6.83
B, 2by(n) — 6a;(o) 5.93 7.01 7.08 8.56 8.72 7.00
’B, 2bs(n)—> Ta (o) 6.96 7.69 7.81 9.04 9.85 7.73
3A, 2by(n) — 3by(0) 6.73 7.77 7.83 9.24 9.58 7.87
1B, 2by(n) — Ta(o) 7.04 791 8.00 9.41 9.78 7.93
1A, 2by(n) — 3by(0) 6.78 7.93 7.97 9.53 10.01 7.99
1A, 2by(n) — 3b(r) 7.55 8.32 8.39 10.04 10.26 8.45
3A, 2by(n) — 3b () 7.58 8.31 8.38 9.93 11.07 8.47
3B, 2by(n) — 8ai(o) 7.97 8.90 8.98 10.21 11.96 8.97
1B, 2bs(n) — 8a (o) 8.19 9.17 9.25 10.86 11.05 9.27

Tonization threshold: —egomo (eV)

6.30 10.33

12.04

MAD of excitation energies with respect to the EOM-CCSD calculation (eV)

Valence 0.47 0.27
Rydberg 0.99 0.07
Total 0.84 0.13

0.17 0.48 3.15
0.06 1.45 2.04
0.09 1.17 2.36

Maximum absolute deviation of excitation energies with respect to EOM-CCSD (eV)

1.21 0.45

0.33 1.59 3.74
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by about 1 eV and the singlet long-range excitation energy
by about 0.25 eV, in comparison to the reference FCI long-
range excitation energies. Adding the BSE2 correlation kernel
correctly increases the TDHF long-range excitation energies,
leading to a relatively accurate singlet excitation energy for all
w and reducing the error in the TDHF triplet excitation energy
by a factor of 3 for large u. The GW2 quasiparticle correction
does not change much the excitation energies, at most about
0.1 eV.

Finally, the long-range excitation energies to the first
triplet and singlet excited states of the H, molecule at the
equilibrium internuclear distance are reported in Figure 5.
For these molecular valence states, the LDA orbital energy
differences at u = 0 are too low by more than 1 eV. Again,
this underestimation is corrected by increasing the value of
. For 1 > 1 bohr™!, TDHF always underestimates the triplet
long-range excitation energy, while it is more accurate for
the singlet long-range excitation energy. The addition of the
BSE2 correlation kernel changes little the excitation energy
for the singlet state and significantly reduces the error on
the excitation energy for the triplet excited state. The GW2
quasiparticle correction tends to improve a bit the accuracy of
the excitation energies for intermediate values of u but remains
very small for small and large values of u (in particular, it is
about 0.05 eV for u = 0.35 bohr™).

Overall, these results are encouraging and support the
relevance of the TDHF+BSE2 approximation for the long-

TABLE IV. Same as Table I for CoHy.
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range response kernel, as well as the neglect of the GW2
quasiparticle correction for a small enough value of p.

B. Excitation energies of the N2, CO,, H,CO,
and C;H; molecules

We now test the calculation of excitation energies with
the complete proposed TDHF+BSE2 method, i.e., including
now the short-range Hxc kernel in the linear-response part and
neglecting the GW2 quasiparticle correction. The excitation
energies for each method and each molecule are given in
Tables I-IV. MAD and maximum absolute deviations with
respect to the EOM-CCSD reference are also given for
valence, Rydberg, and all excitation energies.

As already well known, TDKS with the LDA functional
gives very underestimated Rydberg excitation energies.
TDRSH greatly improves the excitation energies for the
Rydberg states and, to a lesser extent, for the valence states,
resulting in total MADs of 0.41, 0.26, 0.13, and 0.14 eV for
N, CO;, H,CO, and C,Hy, respectively. TDRSH also offers a
more accurate description of valence and Rydberg excitation
energies than TDHF. For a more intensive discussion of the
performance of TDRSH, see Ref. 10.

Both when starting from TDHF and TDRSH, the addition
of the BSE2 correlation correction always leads to larger
excitation energies. In the case of TDHF, the BSE2 correction
increases the valence excitation energies by about 2 or 3 eV,

State Transition TDKS TDRSH TDRSH+BSE2 TDHF TDHF+BSE2 EOM-CCSD
Valence excitation energies (eV)
3Biu 1b3y(7r) = 1boy(n™)  4.74 4.35 4.73 3.54 6.06 441
I 1b3y(7r) = 1bog(n™) 791 8.07 8.38 7.70 9.11 8.00
3Blg 1b3g(0) = 1bge(n™)  7.18 7.92 8.04 8.48 10.43 8.21
1B.g 1b3g(0) = 1bgy(n™)  7.48 8.04 8.24 9.23 10.81 8.58
Rydberg excitation energies (eV)
3B3, 1b3y(7) — dayg(o) 6.59 7.21 7.35 6.91 7.37 7.16
B3, 1b3y(mr) — darg(or) 6.65 7.36 7.48 7.14 7.43 7.30
3Blg 1b3y(7) = 2boy(07) 6.98 7.42 7.78 7.66 8.10 791
3Bzg 1b3y(mr) = 3b (o) 7.10 8.03 8.11 7.79 8.07 7.93
1Blg 1b3y(rr) = 2boy(07) 7.19 7.92 8.17 7.75 8.09 7.97
leg 1b3y(7r) = 3b1y(07) 7.15 8.13 8.20 7.92 8.07 8.01
3Ag 1b3y(r) = 2b3y(7r) 8.03 8.46 8.60 8.02 8.64 8.48
1Ag 1b3y(r) = 2b3y(7r) 8.30 8.87 8.99 8.61 8.88 8.78
3B3, 1b3y(m) = Sa (o) 8.26 8.97 9.12 8.74 9.26 9.00
B3, 1b3y(mr) = 5a14(0r) 8.28 9.09 9.20 8.92 9.13 9.07

Tonization threshold: —egomo (eV)

6.89 10.45

10.23

MAD of excitation energies with respect to the EOM-CCSD calculation (eV)

Valence 0.64 0.24
Rydberg 0.71 0.10
Total 0.69 0.14

0.30 0.52 1.80
0.17 0.21 0.14
0.21 0.30 0.62

Maximum absolute deviation of excitation energies with respect to EOM-CCSD (eV)

1.10 0.54

0.38 0.87 223
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FIG. 6. Mean error versus standard deviation for the valence and Rydberg
excitation energies of the Nj, CO;, H,CO, and C;Hs molecules calcu-
lated with linear-response TDKS (with the LDA functional), TDRSH, and
TDRSH+BSE2 (with the short-range LDA functional and g = 0.35 bohr™),
all within the TDA. The errors are calculated with respect to the EOM-CCSD
excitation energies. The Sadlej+ basis set is used.

leading to largely overestimated valence excitation energies.
For Rydberg states, the BSE2 correction on top of TDHF is
smaller (less than 1 eV) but also leads to systematically
overestimated excitation energies. Overall, TDHF+BSE2
considerably worsens the TDHF excitation energies. We thus
conclude that, for these molecules, the relatively accurate
results reported by Zhang et al’? crucially depend on
using the GW2 quasiparticle correction to the HF orbital
energies.

In the range-separated case, the long-range BSE2
correction induces only a moderate increase of the valence
excitation energies by about 0.2-0.4 eV, leading for these
states to MADs of 0.35, 0.16, 0.17, and 0.30 eV for N,, CO,,
H,CO, and C,Hy, respectively. The TDRSH+BSE2 excitation
energies of the Rydberg states are also systematically larger
than the TDRSH ones by usually less than 0.1 eV, giving
for these states MADs of 0.27, 0.22, 0.06, and 0.17 eV
for Np, CO,, H,CO, and C,Hy4, respectively. Of course, the
difference in magnitude of the BSE2 correction in the range-
separated case compared to the full-range case is to be mostly
attributed to the substitution of the full-range two-electron
integrals by the long-range ones. Since for the chosen value
of the range-separation parameter u of 0.35 bohr~' TDRSH
mostly gives slightly underestimated excitation energies of the
considered systems, the long-range BSE2 correction overall
slightly improves the excitation energies. More specifically,
in comparison with TDRSH, TDRSH+BSE2 gives slightly
smaller total MADs of 0.32, 0.19, and 0.09 eV for N,
CO,, and H,CO, and a slightly larger MAD of 0.21 eV
for C,Hy4. Also, for all the four molecules, TDRSH+BSE2
always gives the smallest maximum absolution deviation
among all the methods, suggesting that TDRSH+BSE2
describes more reliably the excitation energies than the other
methods.

Finally, as a global summary of the results, Figure 6
reports the mean error versus the standard deviation for the
valence and Rydberg excitation energies of the four molecules
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for the different methods. For the valence excitation energies,
going from TDKS to TDRSH mainly decreases the standard
deviation, while going from TDRSH to TDRSH+BSE2
decreases the mean error. For the Rydberg excitation energies,
TDRSH provides a large improvement over TDKS both
in terms of mean error and standard deviation, while
TDRSH+BSE2 gives a slightly smaller mean error than
TDRSH.

VI. CONCLUSION

We have developed a range-separated linear-response
TDDFT approach using a long-range frequency-dependent
second-order Bethe-Salpeter correlation kernel. We have
tested our approach using a perturbative resolution of the
linear-response equations within the TDA for valence and
Rydberg excitation energies of small atoms and molecules.
The results show that the addition of the long-range
correlation kernel overall slightly improves the excitation
energies.

More intensive tests should now be carried out with
this long-range correlation kernel to better assess its
performance. In particular, this long-range correlation kernel
is expected to be appropriate for (1) calculating excitation
energies of excited states with significant double-excitation
contributions, (2) calculating charge-transfer excitation
energies, and (3) calculating dispersion interactions in excited
states.

A number of further developments should also be
explored: adding the self-energy (or quasiparticle) contri-
bution directly to the kernel, going beyond the TDA and the
perturbative resolution of the linear-response equations, and
going beyond the second-order approximation. Finally, we
note that the present work could be repeated using a linear
decomposition of electron-electron interaction,3® instead of
a range separation, in order to construct a new TDDFT
double-hybrid method which would be an alternative to the
one commonly used based on CIS(D).'*
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APPENDIX: NON-INTERACTING FOUR-POINT LINEAR
RESPONSE FUNCTION

In this appendix, we derive the expression of the non-
interacting linear-response function yo(w’,w) depending on
two frequencies which is used in Eq. (32).

The non-interacting four-point linear-response function
is defined in the time domain by

XQ(X]I[,lez;Xiti,Xété =—iG()(X]l‘],Xété)GQ(thz,Xili), (A1)

where Gy is the non-interacting one-electron Green function.
Using time-translation invariance and introducing the
time variables 7y =t —t], =11, and T = (t; +1])/2
— (12 +13)/2, Eq. (A1) becomes
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. T+10 T+ T
Xo(X1,X2; X[, X5 71,72, T) = =i Gy (Xl,XQ,T +— ) Go (XZ,Xi, 7~ T) , (A2)
with Go(x,x{,1| — t]) = Go(X;t1,X]t]). The triple Fourier transform of yo(x,X2; X{,X}; 71,72, 7) is easily found to be
Xo(X1,X0 X[, X} ', 0", w) = / dridradt €' T1e' 26T (%), X0; X}, X3 71, T2, T)
w w
= 27is(w’ — w") Gy (x{,xé,w’ + E) Gy (xz,x],w’ - E) , (A3)

where Go(x,X],w) = f dTlei“’TlGo(xl,x’l,Tl) is the Fourier transform of the Green function. The linear-response function
Xo(X1,X2; X, X5; w’,w) depending on two frequencies is then given by
pa—s /. ’ — — ’. e ’
Xo(X1,X2; X1, X0 0", w) = xo(X1,X2;X,X5; 71 = 07,00, )

= xo(X1,X2: X[, X 0, 12 = 07, w)

— dw”eiw"O"'
2r

! e ! 7"
XO(XI»X29X15X2’(U ,(l) ,(l))

Inserting in Eq. (A4) the Lehmann representation of the Green function,

Go(x1,X],w) = Z

w— g, +i07 -

—i ' G, (x;,xg,w' + %) Go (xz,x;,w’ - %) . (A4)
®a(X1)@y(X]) ei(x1)p;(x])
+Zw—s,~—i0+’ (A5)

where i and a refer to occupied and virtual spin orbitals, respectively, and using the identity 1/[(w’— A)(w’ — B)]

=[1/(w"—A) - 1/(w" - B)]/(A — B) give

— ’. ’ e /0+
Xo(X1, X5 X[, X ' w) =i e [Z
ia

Oi(XDpa(x1)py(X5)pi(X2) ( 1 1 )
w - (g, —¢g;)+i0*

W+ w/2-¢g,+i0* _w’—w/Z—si—iO+

. Z O (XD @i(X1)@; (X)) pa(X2)

—w - (g4 — &) +i0*

ia

1 1
(w’—w/2—£a+i0+ B w’+w/2—8i—i0+)

b w—(&p — &q)

. Z ©a(XDep(X1)@), (X)) @a(X2) ( 1 1 )

w’+w/2—8b+i0+_w’—w/2—8a+i0+

(A6)

. Z @ (XD (X))@ (x)pi(x2)

7 w-(gj—&)

In Eq. (A6), the first sum corresponds to the matrix
element xoiqiq(w,w) written in Eq. (32), while the
second sum corresponds to the matrix element Yo q;.qi/(w’,w)
= X(),ia,ia(wl7 _W)~
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