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THE ELECTRONIC SCHRODINGER EQUATION

HoUk(X;R) = Ex(R)Ux(X;R)
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SINGLE-REFERENCE COUPLED-CLUSTER (CC) THEORY

(F. Coester, 1958; F. Coester and H. Kiimmel, 1960; J. Cizek, 1966,1969: J. Cizek and J. Paldus, 1971)
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SINGLE-REFERENCE COUPLED-CLUSTER (CC) THEORY
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SINGLE-REFERENCE COUPLED-CLUSTER (CC) THEORY

(F. Coester, 1958; F. Coester and H. Kiimmel, 1960; J. Cizek, 1966,1969: J. Cizek and J. Paldus, 1971)
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1p-1h, singles (S) 2p-2h, doubles (D) 3p-3h, triples (T)
CPU time
m, = N = exact theory (full CI), m, < N = approximations scaling with the
system size
my = 2 T=T+1T CCSD nt (n?n?) <« iterative N°
ma = 3 T = T-l + Tg + T3 CCsSDT g { ) <« iterative N8
ma =4 T=T1+To+T3+T,4 CCSDTQ nand (ninl) <« iterative N1

To reduce large computer costs of CCSDT, CCSDTQ, etc., one

usually approximates T,, T,, etc. This can be done via noniterative < iterative N°
corrections to CCSD energies, as in the CCSD(T), CCSD(TQ), and plus noniterative
similar approaches, or by reduced scaling iterative CCSDT-n, N7 or N9, or
CCSDTQ-n, etc. approximations. iterative N7 or N°



EXCITED STATES: EQUATION-OF-MOTION CC (EOMCC) THEORY,
SYMMETRY-ADAPTED-CLUSTER CONFIGURATION INTERACTION
APPROACH (SAC-CI), AND RESPONSE CC METHODS

(H. Monkhorst, 1977; D. Mukherjee and P.K. Mukherjee, 1979; H. Nakatsuji and K. Hirao, 1978; K. Emrich, 1981; M.
Takahashi and J. Paldus; 1986; J. Geertsen, M. Rittby, and R.J. Bartlett, 1989)
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(K. Emrich, 1981; J. Geertsen, M. Rittby, and R.J. Bartlett, 1989; J.F. Stanton and R.J. Bartlett, 1993)

In the exact theory,
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In approximate methods,
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Basic approximation: EOMCCSD
(J. Geertsen, M. Rittby, and R.J. Bartlett, 1989; J.F. Stanton and R.J. Bartlett, 1993)
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T,+T, Rk o+ Ri1 + R EOMCCSD  n/n,?
J.F. Stanton & R.J. Bartlett, J. Chem. Phys., 1993
3 T, +T,+ T, Rkot Rk1*t Rkot Ry EOMCCSDT  ngn/>

K. Kowalski & P. Piecuch, J. Chem. Phys., 2001, Chem. Phys. Lett., 2001; S.A. Kucharski et al., J. Chem. Phys., 2001
4n 6
4 T +T,+T3+ T, Rggt Ry +tRko+tRes+ Ry, EOMCCSDTQ n,n,

S. Hirata, J. Chem. Phys., 2004; M. Kallay and J. Gauss, J. Chem. Phys., 2004



Basic approximation: EOMCCSD
(J. Geertsen, M. Rittby, and R.J. Bartlett, 1989; J.F. Stanton and R.J. Bartlett, 1993)
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4 T +T,+T3+ T, Rggt Ry +tRko+tRes+ Ry, EOMCCSDTQ n,n,

S. Hirata, J. Chem. Phys., 2004; M. Kallay and J. Gauss, J. Chem. Phys., 2004

Again, large costs of EOMCCSDT, EOMCCSDTQ, etc. computations can be reduced by
designing noniterative corrections to EOMCCSD energies, as in the EOMCCSD(T) and
similar approaches, or by reduced scaling iterative EOMCCSDT-n etc. approximations,
pioneered by Watts and Bartlett in 1995/1996 (cf., also, CC3 and CCSDRS3
approximations to linear response CCSDT developed by Jgrgensen et al.).



Electron-Attached (EA) and lonized (IP) EOMCC Methods
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Properties (including density matrices)

Ux) = Rge' |®)
T = Tl + TZ + .-, RH — RH,{I + RH,npen-. RH,npen — RR’,I + RH,E +---
{H-H,npen RH,npen}E-‘l'i'} — “"HRH |¢.} or [Eﬁ,npen-. "1:":!%;',4::@12I:':]|':|':J — “JHRH

5 o T T
Hy =¢ "Hye = (Hne )o, wk =Ex —Es, Rrkopen = Ar — Rro-

(Vg | = (®|Lre "
(P| Ly Bgeo|P) = dp oo
Ly =dxo+ Lk opens LK open=Lrk1+Lga+---
(®|Lx Hn open = wi (®|Lx

For the ground (K = 0) state, |¥,) = et |P®), (T, = {B|(1+ A)e—!

Hy|®) = AEo|®), (B|(1+A) Hy = ABEy(®|(1+ A)
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Properties (including density matrices)
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Expectation values, transition matrix elements
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SOME OF THE KEY CHALLENGES IN EOMCC

R —

+ Potential energy surfaces along bond breaking coordinates,
radical and biradical electronic spectra, energy gaps in
magnetic systems, electronic excitations dominated by two-
electron transitions, ... (generally, multi-reference
problems, systems with strong non-dynamical correlations).

« Steep increase of computer costs with the system size
(CPU steps and memory requirements of the leading
approximations scale as N°-N’ and N4, respectively, with
the system size N).
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PROBLEMS WITH THE STANDARD CC/EOMCC
APPROXIMATIONS
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Vertical excitation energies of CH* (in eV) [K. Kowalski and P. Piecuch, 2001]

System State

Full CHEOMCC5D CC3 EOMCCSD

CHT 2!%T 8549
38T 13525
4 1%+ 17.217

11
2t
1A
214

3.230
14.127
6.964
16.833

0.560
0.055
0.099
0.031
0.327
0.924
0.856

0230
0.016
0.026
0.012
0219
0.318
0261

0.074
0.001
-0.002
-0.003
0.060
0.040
-0.038

errors
relative

l to full ClI

(eV)

Vertical excitation energies of C, (in eV) [K. Kowalski and P. Piecuch, 2002; S. Hirata, 2004]

State  Full CI* EOM-CCSD® EOM-CCSDT® EOM-CCSDTQ?
I, 1.385 +0.090 +0.034 +0.001 errors
1 relative
A, 2.293 +2.054 +0.407 +0.024 = lCl
I3 5.602 +0.197 +0.113 +0.013 (eV)
.ng 4.494 +1.708 +0.088 —0.007

Adiabatic excitation energies of the CH radical (ineV) [S. Hirata, 2004]

State EOMCCSD EOMCCSDT EOMCCSDTQ Experiment

atx- 0.95 0.66 0.65 0.74

AZ2A 3.33 3.02 3.00 2.88

B 2X- 4.41 3.27 3.27 3.23

C 2zt 5.29 4.07 4.04 3.94
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Photoelectron Spectrum of Au,

TABLE 1. Positions and widths of the peaks displayed in Fig. 1. The posi-
tions correspond to the binding energy (BE) of the maximum of a feature.
The uncertainty of the BE is =25 meV. The width equals the FWHM and
represents a convolution of the experimental resolution and the widths of the
Franck—Condon distribution. The uncertainty of the width is ®£30%. All
values are given in electron volts.

Auy Auy Auy
Peak  Position  Width Position  Width | Position  Width
A’ . 2.54 0.07
A  2.01 0.23 3.89 0.08 2.78 0.15
B 3.60 0.07 4.38 0.15 3.42 0.13
C 4.02 0.14 4.62 0.10 4.32 0.10
D 4.25 0.15 473 0.07 4.44 0.14
E 4.38 0.05 - 528 - 0.07 4.79 0.12
F 4.59 0.07 5.36 0.07 4.95 0.12
G 475 0.05 5.53 0.05 5.10 0.11
H 4.85 0.05 5.90 0.05 5.26 0.07
I 4.92 0.05 - 534 0.05
J 5.15 0.15 5.37 0.05
K 5.49 0.04
L 5.62 0.09
M 5.74 0.07
N 5.85 0.05
0 5.93 _ 0.04

H. Handschuh, et al., J. Chem. Phys. 100, 7093251994)



Vertical lonization Spectra

F IP-EOMCCSD(2h-1p)/aug-cc-pVDZ-PP
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N.P. Bauman, J.A. Hansen, M. Ehara, and P. Piecuch,
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TABLE I. Vertical* (V) and adiabatic® (Ad) IEs (in V) of Au, with respect to its ground state computed using the scalar relativistic IP-EOMCCSD(2#-
Ip)Yfaug-cc-pVxZ-PP (x = D, T), IP-EOMCCSD(2x-1p)faug-cc-pVxZ-PP+CV (x = D, T), and IP-EOMCCSD(3k-2p)faug-cc-pVDZ-PP approaches.

Geometry 2h-1p 2h-1p 3h-2p ~0.1-0.2 eV
Ionization energy State of Au, - (A) 2(deg) 5dos® Ss5pSd6sd 5d6s® 5s5p5desd 5dos® Extrapolated® l Experiment’

X = D X = T X = D

\ 25§D, 2.503 180 3621 3.683 3.670 3.735 3.427 3.541 A:3.89(0.08)
Ad X5 2Bl(sz) 2.725 67 3.539 3.578 3.571 3.604 3.341 3406

Ad Xy 2Bl(sz) 2.575 142 3.562 3.508 3.614 3.645 337 3454

V 222—(D00h) 2.593 180 4781 4.546 4.857 4.700 4.520 4448 B:4.38(0.15)
Ad 22;(Dooh) 2.500 180 4710 4 408 4.781 4.538 4.440 4268

Y 2l_[g(Dooh) 2.593 180 4.949 4.597 5.079 4.787 4.613 4451 C:4.62(0.10)
Ad 2l_[g(Dooh) 2479 180 4812 4413 4.895 4.562 4.509 4259

v 22;(Dooh) 2.593 180 4883 4.853 4.982 4.932 4.577 4.626 D:4.73(0.07)
Ad 222—(D00h) 2.582 180 4878 4.860 4.969 4.93% 4.583 4.643

Y 2Ag®mh) 2.593 180 5.758 5.409 5.805 5.608 5.373 5223 E.5.28(0.07)
v 2A,D,.,) 2.593 180 6.001 5.658 6.140 5.856 5.551 5406 F:5.3600.07
v 2l_[M(DOOh) 2.593 180 6209 5.889 6.326 6.061 5.606 5.548 o '

v 25HD,.,) 2.593 180 6257 5.930 6365  6.091 5.767 5.601 6:5.53(005)
v 2Ag(DOOh) 2.593 180 6.194 5.866 6.329 6.060 5.784 5.650 o '

Y 2l_[g(Dooh) 2.593 180 7.114 6.828 7.227 6.995 6.602 6483 H:5.90(0.05)

*Vertical IEs were determined using the Au; geometry, which was optimized at the scalar relativistic CCSD/aug-cc-pVDZ-PP level and resulted in a D_ , structure where the distance
between neighboring gold atoms, r,, _, , is 2.593 A

b Adiabatic TEs were calculated as the differences between the ground- and excited-state energies of Au, determined using the corresponding geometries that were optimized at
the gcalar relativistic IP-EOMCCSD(2A-1p Y aug-cc-pVDZ-PP level of theory and the ground-state energy of Au, determined using the geometry optimized at the scalar relativistic
CC5D/aug-cc-pVDZ-PP level (see footnote a). Each geometry is defined by the distance between the nearest-neighbor gold atoms, r, _, . and the Au-Au-Aubond angle, .

The 541065 valence electrons of each gold atom and an additional electron due to the charge were correlated.

4The 5325;)6 semi-core and 54'°6s' valence electrons of each gold atom and an additional electron due to the charge were correlated.

¢Extrapolated using Eq. (1).

The labels, positions, and, in parentheses, widths of the peaks in the photoelectron spectrum of Any were taken from Ref. 21. Except for C and E, which are shoulders of D and E
respectively, all peak positions correspond to the maxima in the photoelectron spectrum. The width of each peak is the full width at half maximum (see Ref. 21 for further details; the
analogous photoelectron spectrum can also be found in Ref. 22).

N.P. Bauman, J.A. Hansen, M. Ehara, and P. Piecuch,
J. Chem. Phys. 141, 101102 (2014)
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Y 2l_[g(Dooh) 2.593 180 4.949 4.597 5.079 4.787 4.613 4451 C:4.62(0.10)
Ad 2l_[g(Dooh) 2479 180 4812 4413 4.895 4.562 4.509 4259

v 22;(Dooh) 2.593 180 4883 4.853 4.982 4.932 4.577 4.626 D:4.73(0.07)
Ad 222—(D00h) 2.582 180 4878 4.860 4.969 4.93% 4.583 4.643

Y 2Ag®mh) 2.593 180 5.758 5.409 5.805 5.608 5.373 5223 E.5.28(0.07)
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v 2Ag(DOOh) 2.593 180 6.194 5.866 6.329 6.060 5.784 5.650 o '

Y 2l_[g(Dooh) 2.593 180 7.114 6.828 7.227 6.995 6.602 6483 H:5.90(0.05)

*Vertical IEs were determined using the Au; geometry, which was optimized at the scalar relativistic CCSD/aug-cc-pVDZ-PP level and resulted in a D_ , structure where the distance
between neighboring gold atoms, r,, _, , is 2.593 A

b Adiabatic TEs were calculated as the differences between the ground- and excited-state energies of Au, determined using the corresponding geometries that were optimized at
the gcalar relativistic IP-EOMCCSD(2A-1p Y aug-cc-pVDZ-PP level of theory and the ground-state energy of Au, determined using the geometry optimized at the scalar relativistic
CC5D/aug-cc-pVDZ-PP level (see footnote a). Each geometry is defined by the distance between the nearest-neighbor gold atoms, r, _, . and the Au-Au-Aubond angle, .

The 541065 valence electrons of each gold atom and an additional electron due to the charge were correlated.

4The 5325;)6 semi-core and 54'°6s' valence electrons of each gold atom and an additional electron due to the charge were correlated.

¢Extrapolated using Eq. (1).

The labels, positions, and, in parentheses, widths of the peaks in the photoelectron spectrum of Any were taken from Ref. 21. Except for C and E, which are shoulders of D and E
respectively, all peak positions correspond to the maxima in the photoelectron spectrum. The width of each peak is the full width at half maximum (see Ref. 21 for further details; the
analogous photoelectron spectrum can also be found in Ref. 22).

N.P. Bauman, J.A. Hansen, M. Ehara, and P. Piecuch,
J. Chem. Phys. 141, 101102 (2014)



TABLE I. Vertical* (V) and adiabatic® (Ad) IEs (in V) of Au, with respect to its ground state computed using the scalar relativistic IP-EOMCCSD(2#-
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Ad 22;(Dooh) 2.500 180 4710 4 408 4.781 4.538 4.440 4268

Y 2l_[g(Dooh) 2.593 180 4.949 4.597 5.079 4.787 4.613 4451 C:4.62(0.10)
Ad 2l_[g(Dooh) 2479 180 4812 4413 4.895 4.562 4.509 4259

v 22;(Dooh) 2.593 180 4883 4.853 4.982 4.932 4.577 4.626 D:4.73(0.07)
Ad 222—(D00h) 2.582 180 4878 4.860 4.969 4.93% 4.583 4.643

Y 2Ag®ooh) 2.593 180 5.758 5.409 5.805 5.608 5.373 5223 E.5.28(0.07)
v ZA,D,.,) 2593 180 6.001 5.658 6.140 5.856 5.551 5406 F:5.3600.07
v 2l_[M(DOOh) 2.593 180 6209 5.889 6.326 6.061 5.606 5.548 o '

v 22;(]:)00?1) 2.593 180 6257 5.930 6.365 6.091 5.767 5.601 G:5.53(0.05)
v 2Ag(DOOh) 2.593 180 6.194 5.866 6.329 6.060 5.784 5.650 o '

Y 2l_[g(Dooh) 2.593 180 7.114 6.828 7.227 6.995 6.602 6483 H:5.90(0.05)

*Vertical IEs were determined using the Au; geometry, which was optimized at the scalar relativistic CCSD/aug-cc-pVDZ-PP level and resulted in a D_ , structure where the distance
between neighboring gold atoms, r,, _, , is 2.593 A

b Adiabatic TEs were calculated as the differences between the ground- and excited-state energies of Au, determined using the corresponding geometries that were optimized at
the gcalar relativistic IP-EOMCCSD(2A-1p Y aug-cc-pVDZ-PP level of theory and the ground-state energy of Au, determined using the geometry optimized at the scalar relativistic
CC5D/aug-cc-pVDZ-PP level (see footnote a). Each geometry is defined by the distance between the nearest-neighbor gold atoms, r, _, . and the Au-Au-Aubond angle, .

The 541065 valence electrons of each gold atom and an additional electron due to the charge were correlated.

4The 5325;)6 semi-core and 54'°6s' valence electrons of each gold atom and an additional electron due to the charge were correlated.

¢Extrapolated using Eq. (1).

The labels, positions, and, in parentheses, widths of the peaks in the photoelectron spectrum of Any were taken from Ref. 21. Except for C and E, which are shoulders of D and E
respectively, all peak positions correspond to the maxima in the photoelectron spectrum. The width of each peak is the full width at half maximum (see Ref. 21 for further details; the
analogous photoelectron spectrum can also be found in Ref. 22).

N.P. Bauman, J.A. Hansen, M. Ehara, and P. Piecuch,
J. Chem. Phys. 141, 101102 (2014)
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v 22;(Dooh) 2.593 180 4883 4.853 4.982 4.932 4.577 4.626 D:4.73(0.07)
Ad 222—(D00h) 2.582 180 4878 4.860 4.969 4.93% 4.583 4.643

Y 2Ag®mh) 2.593 180 5.758 5.409 5.805 5.608 5.373 5223 E.5.28(0.07)
v 2A,D,.,) 2.593 180 6.001 5.658 6.140 5.856 5.551 5406 F:5.3600.07
v 2l_[M(DOOh) 2.593 180 6209 5.889 6.326 6.061 5.606 5.548 o '

v 25HD,.,) 2.593 180 6257 5.930 6365  6.091 5.767 5.601 6:5.53(005)
v 2Ag®mh) 2.593 180 6.194 5.866 6.329 6.060 5.784 5.650 o '

Y 2l_[g(Dooh) 2.593 180 7.114 6.828 7.227 6.995 6.602 6483 H:5.90(0.05)

*Vertical IEs were determined using the Au; geometry, which was optimized at the scalar relativistic CCSD/aug-cc-pVDZ-PP level and resulted in a D_ , structure where the distance

between neighboring gold atoms, r,, _, , is 2.593 A

b Adiabatic TEs were calculated as the differences between the ground- and excited-state energies of Au, determined using the corresponding geometries that were optimized at
the gcalar relativistic IP-EOMCCSD(2A-1p Y aug-cc-pVDZ-PP level of theory and the ground-state energy of Au, determined using the geometry optimized at the scalar relativistic
CC5D/aug-cc-pVDZ-PP level (see footnote a). Each geometry is defined by the distance between the nearest-neighbor gold atoms, r, _, . and the Au-Au-Aubond angle, .

The 541065 valence electrons of each gold atom and an additional electron due to the charge were correlated.

4The 5325;)6 semi-core and 54'°6s' valence electrons of each gold atom and an additional electron due to the charge were correlated.

¢Extrapolated using Eq. (1).

The labels, positions, and, in parentheses, widths of the peaks in the photoelectron spectrum of Any were taken from Ref. 21. Except for C and E, which are shoulders of D and E
respectively, all peak positions correspond to the maxima in the photoelectron spectrum. The width of each peak is the full width at half maximum (see Ref. 21 for further details; the
analogous photoelectron spectrum can also be found in Ref. 22).

N.P. Bauman, J.A. Hansen, M. Ehara, and P. Piecuch,
J. Chem. Phys. 141, 101102 (2014)



AMONG THE SOLUTIONS WITHIN EOMCC (EXAMPLES):
Completely renormalized CC/EOMCC approaches (Piecuch et al.)

Objective: Use asymmetric energy formulas and moment expansions to capture the most relevant
dynamical and non-dynamical correlations through noniterative corrections to total or excitation
energies obtained in lower-order CC/EOMCC calculations , such as CCSD/EOMCCSD (CR-
EOMCCSD(T), 8-CR-EOMCCSD(T), CR-EOMCC(2,3), 8-CR-EOMCC(2,3), etc.).

Noniterative energy corrections based on partitioning of the similarity-transformed
Hamiltonian (Watts and Bartlett, Hirata, Bartlett, and co-workers)
Objective: Use the CC/EOMCC energy functional and perturbative expansions resulting from
partitioning of the similarity-transformed Hamiltonian to correct total or excitation energies obtained

in lower-order CC/EOMCC calculations, such as CCSD/EOMCCSD (EOMCCSD(T), EOMCC(2)PT(2),
EOMCCSD(2),, etc.).

Spin-flip EOMCC approaches (Krylov et al.)

Objective: Use spin-flipping excitation operators within the EOMCC framework to obtain low-spin
states with larger non-dynamical correlations from the weakly correlated high-spin state.

Active-space CC/EOMCC approaches (Adamowicz, Piecuch, Bartlett et al.)

Objective: Use active orbitals in single-reference CC/EOMCC to incorporate the leading non-
dynamical correlations through selection of higher-than-double excitations.

EA/IP and DEA/DIP EOMCC methods with higher excitations (Bartlett, Stanton, Musiat,
Piecuch et al.) and their active-space extensions (Piecuch et al.)

Objective: Describe certain classes of open-shell multi-reference problems by adding electrons to
or removing electrons from the related closed-shell cores.
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IN SEARCH FOR BLACK-BOX METHODS FOR POTENTIAL SURFACES ALONG
BOND BREAKING COORDINATES AND MULTI-REFERENCE EXCITED STATES

METHOD OF MOMENTS OF COUPLED-CLUSTER EQUATIONS (MMCC)
AND COMPLETELY RENORMALIZED CC/EOMCC APROACHES

Main idea;

65 = Exc — B = A[¥sc; M3

-k[mﬂ), | m,q]

aal

E_E;-q] — the energy of electronic state K obtained using standard
coupled-cluster calculations (e.g., CCSD or EOMCCSD)
Ex — the exact (full Cl) energy of state K in a basis set
U — the exact (full Cl) wave function in a basis set
Kk (ma) - the generalized moments of coupled-cluster equations

MMOC _ (A4) MMC O
EK = EH +ﬁK




MMCC ENERGY FORMULA: ORIGINAL FORMULATION

(the ground-state problem: P. Piecuch and K. Kowalski, 2000; excited states: K. Kowalski and P. Piecuch, 2001)

Instead of conventional E, =<CI)‘ H ehtft CD>, use
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MMCC ENERGY FORMULA: ORIGINAL FORMULATION

(the ground-state problem: P. Piecuch and K. Kowalski, 2000; excited states: K. Kowalski and P. Piecuch, 2001)

Instead of conventional E, =<CI)‘ H el CD>, use
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exact, independent of
AlY,]=E, truncation m, defining T®
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MMCC ENERGY FORMULA: ORIGINAL FORMULATION

(the ground-state problem: P. Piecuch and K. Kowalski, 2000; excited states: K. Kowalski and P. Piecuch, 2001)

Instead of conventional E, = <CI)‘ H el CD>, use
T(A)
(Y|He |®) -
A[Y] = _ == \IMCC functional
<LP ‘ € > (K.Kowalski and P. Piecuch, 2000)

T =T +--+T,)

exact, independent of

A[\PO] = E, truncation m, defining T
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MMCC ENERGY FORMULA: ORIGINAL FORMULATION

(the ground-state problem: P. Piecuch and K. Kowalski, 2000; excited states: K. Kowalski and P. Piecuch, 2001)

Instead of conventional E, = <CD‘ H el CD>, use
(¥|H e |o) -
A[Y] = _ == \IMCC functional
<LP ‘ € > (K.Kowalski and P. Piecuch, 2000)

T =T +--+T,)

exact, independent of

AlY,]=E, truncation m, defining T®
A R 1 A G
° (¥ole"" | @) (¥ole"" |@)
N
|<D><<D|+Z Z | D S P | .
n=1ij<---<i,,a,<---a, (P ?11 ;1"‘|{Hn.,.fT ) | P
(A)l (A) = M0 (m )
£ - <‘Po ‘eT (He' ). ‘(D> 30 _|_50(A)l (momemsjf

<\PO ‘eT(A) ‘CD> CC equations)



MMCC ENERGY FORMULA: BIORTHOGONAL FORMULATION

(the ground-state problem: P. Piecuch and M. Wioch, 2005; excited states: P. Piecuch et al., 2006)



MMCC ENERGY FORMULA: BIORTHOGONAL FORMULATION

(the ground-state problem: P. Piecuch and M. Wtoch, 2005; excited states: P. Piecuch et al., 2006)

|<I)><CD|+ZN: > o ><or

Instead of

(7, [HE " [@) (¥, [e™ I (He™). | @)
(¥ole™ |@) (Pole™ |@)

E, =AlY,]=




MMCC ENERGY FORMULA: BIORTHOGONAL FORMULATION

(the ground-state problem: P. Piecuch and M. Wtoch, 2005; excited states: P. Piecuch et al., 2006)
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MMCC ENERGY FORMULA: BIORTHOGONAL FORMULATION

(the ground-state problem: P. Piecuch and M. Wtoch, 2005; excited states: P. Piecuch et al., 2006)

N
‘CD><(D‘+Z Z |(Di?.'.'.if” >< (DE{::i:‘n |
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N A La G Lo IR A LA A AL
T (e o) (¥ole" |@)
before exploiting the resolution of identity, introﬂuce the ansatz:
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MMCC ENERGY FORMULA: BIORTHOGONAL FORMULATION

(the ground-state problem: P. Piecuch and M. Wtoch, 2005; excited states: P. Piecuch et al., 2006)

N
Instead of ‘CD><(D‘+Z Z

| (Dial..ian > (Dial..ian
1...n 1...n

Eo = A[\Ijo] =
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before exploiting the resolution of identity, introduce the ansatz:
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MMCC ENERGY FORMULA: BIORTHOGONAL FORMULATION

(the ground-state problem: P. Piecuch and M. Wtoch, 2005; excited states: P. Piecuch et al., 2006)

N
Instead of ‘CD><(D ‘ + Z Z | q)i?.'.'.i?n >< (I)El.ili:n |

(W, He™" | @) _ (¥,le™” l (He™"). |®)
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before exploiting the resolution of identity, introduce the ansatz:
(o] =(@|Lee™", L= Ly, (®|L]|d)=1
n=0
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MMCC ENERGY FORMULA: BIORTHOGONAL FORMULATION

(the ground-state problem: P. Piecuch and M. Wtoch, 2005; excited states: P. Piecuch et al., 2006)

N
Instead of ‘(D><(D ‘ + Z Z | q)i?.'.'.i?n >< (D?.'.'.i:n |

(W, He™" | @) _ (¥,le™” l (He™"). |®)
(¥ole" |@) (¥ole"™" |@)
before exploiting the resolution of identity, introﬂuce the ansatz:
(ol = (@[Le ™ L=2l, (@[L|0)=1
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MMCC ENERGY FORMULA: BIORTHOGONAL FORMULATION

(the ground-state problem: P. Piecuch and M. Wtoch, 2005; excited states: P. Piecuch et al., 2006)

N
Instead of ‘®><‘D\+§i Za: » |(Di?.'.'.i:1n >< (D?.'.'.i:n |
(W, He™" | @) _ (¥,le™” l (He™"). |®)
(¥ole" |@) (¥ole" |@)
before exploiting the resolution of identity, introduce the ansatz:
(o] =(@|Lee™", L= Ly, (®|L]|d)=1
n=0 .
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Example: CR-CC(2,3), single-reference noniterative triples correction for bond breaking

iterative n,2n,* (N®) + noniterative n2n* (N7); CCTYP=CR-CCL in GAMESS

OH- Ro

Method 0.77 0.87 092 0.96966° 1.02 1.07 1.27 1.50 1.75 2.00 2.25 2.50 3.00
Full CI -75.468511 -75.51875H8 -75.528442 -75.531783 -75.530756 -75.526750 -75.497668 -75.461721 -75.430711 -75.408175 -75.392615 -75.382311 -75.371727
CCSD 2,087 2.356 2.524 2.714 2.931 3172 444 6.503 9.487 12958 16674 20410 26.865
CCSDT 0.464 0.530 0.562 0.594 0.624 0.652 0.735 0.779 0.826 0.927 1.103 1341 1.840
CCSD(T) 0.554 0.629 0.669 0.710 0.752 0.794 0.938 0.931 0.278 -2.025 -1905  -21.2010 -108.982
CCSD(2)p 0.660 0.764 0.822 (.885 0.953 1.026 1.376 1.929 2.733 3.672 4611 5.301 5.827
CR-CCSD(T) e 0.338 0.398 0.425 0.446 0.464 0.479 0.501 0.453 0.435 0.613 0.955 1.179 0.701

1

CR-CC(2,3)



Example: CR-CC(2,3), single-reference noniterative triples correction for bond breaking

iterative n,2n,* (N®) + noniterative n2n* (N7); CCTYP=CR-CCL in GAMESS

OH Ro

Method 0.77 0.87 092 0.96966° 1.02 1.07 1.27 1.50 1.75 2.00 2.25 2.50 3.00

Full CI -75.468511 -75.51875H8 -75.528442 -75.531783 -75.530756 -75.526750 -75.497668 -75.461721 -75.430711 -75.408175 -75.392615 -75.382311 -75.371727

CCSD 2,087 2.356 2.524 2.714 2.931 3172 444 6.503 9.487 12958 16674 20410 26.865

CCSDT 0.464 0.530 0.562 }59{ 0.624 0.652 0.735 0.779 0.826 0.927 1.103 1341 1.840
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CCSD(2)p 0.660 0.764 0.822 (.885 0.953 1.026 1.376 1.929 2.733 3.672 4611 5.301 5.827

A

CR-CCSD(T) e 0.338 0.398 0.425 (0.446 ) 0.464 0.479 0.501 0.453 0.435 0.613 0.955 1.179 ( 0.701 b

1 — —

CR-CC(2,3)



Example: CR-CC(2,3), single-reference noniterative triples correction for bond breaking

iterative n,2n,* (N®) + noniterative n2n* (N7); CCTYP=CR-CCL in GAMESS

OH Ro
Method 0.77 0.87 0.92 0.96966° 1.02 1.07 1.27 1.50 1.75 2.00 2.25 2.50 3.00
Full CI S75.468511 -T5.518758 -75.528442 -75.531783 -75.530756 -T5.526756 -75.497668 -75.461721 -75.430711 -75.408175 -75.392615 -75.382311 -75.371727
CCSD 2,087 2.356 2,524 2.714 2.931 3.172 4,424 6.508 9,487 12,958 16.674 20.410 26,365
CCSDT 0.464 0.530 0.562 tﬂjﬂk 0.624 0.652 0.735 0.779 0.826 0.927 1.103 1.341 1.840
CCSD(T) 0.554 0.629 0.669 QJ.HU) 0.752 0.794 (.93 0.931 0,278 -2.025 -7.905 -21.201 (108.982
CCSD(2)p 0.660 0.764 0.822 (0.885 0.953 1.026 1.376 1.929 2.733 3.672 4611 5301 h.827
A
CR-CCSD(T)g  0.338 0.398 0.425 ( 0.446 ) 0.464 0.479 0.501 0.458 0.435 0.618 0.955 1.179 ( 0.701 b
| — ~—
CR-CC(2,3) ' - ' ' ' ' ' -
—199.16 | .
_____ '3}
—199.18 | &—oCCSD .
s CCSDT
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£
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THE MMCC ENERGY FORMULA FOR GROUND AND EXCITED STATES

(original formulation; K. Kowalski and P. Piecuch, 2000, 2001, 2004; biorthogonal
extension, P. Piecuch, M. Wioch, et al., 2005, 2006, 2009)

(A) (A) o
By = (U, [HRDeT|0) /(W | RV e | @) 5 = E, — B



THE MMCC ENERGY FORMULA FOR GROUND AND EXCITED STATES

(original formulation; K. Kowalski and P. Piecuch, 2000, 2001, 2004; biorthogonal
extension, P. Piecuch, M. Wioch, et al., 2005, 2006, 2009)

(A) (A) B
By = (U, [HRDeT|0) /(W | RV e | @) 5 = E, — B

Z S (WalCoslma) My ()|} /(| RO )

n=ma+1 k=my4+1

_ i1...0n ar ... %% 4. ... .
M, n(ma) = E o, (ma) a a " Qi, * Ay | MMCC(2,3), MMCC(2,4),
CR-EOMCCSD(T), etc.

i1<-°°<1n

al < --- < an

ML (ma) = (D8 (HD RD) )

H,a1...an i1...7n



THE MMCC ENERGY FORMULA FOR GROUND AND EXCITED STATES

(original formulation; K. Kowalski and P. Piecuch, 2000, 2001, 2004; biorthogonal
extension, P. Piecuch, M. Wioch, et al., 2005, 2006, 2009)

(A) A (A) A) A
E, = (U, |HRMe" " |®)/(U,|R[Ve | D) 5N =E,—EY
(
Z Z (U, |Crk(ma) Mu,k(mA)|q)>/<\Du|R£aA)eT A)|(1)>
n=ma+1 k=my+1
Myn(ma) = Z imi:.lafna (ma)a® ---a"a;, - a; MMCC(2,3), MMCC(2,4),
e i CR-EOMCCSD(T), etc.
al < --- < an
_ CR-EOMCC(2,3), CR-
mizl afn an (mA) <(I)f11 ?,C:;,n ’(H(A)R/&A))’(I)> EOMCC(2,4), etc.
(U] = (0|2, e ™
Na,, Na .,
0N = Y ARG My (ma)|®) = > Y e M (my)
n=m+1 n=ma+1 .
11 < - < n
ay < --- < apn




Example: CR-EOMCC(2,3), robust noniterative triples correction to EOMCCSD
iterative n,.2n,* (N®) + noniterative n2n* (N’); CCTYP=CR-EOML in GAMESS

l

E‘“(z, 3) _ E}CCSDJ + (5‘(@(2; 3)

0u(2,3) = (D] L3 2)Mu3(2)|®) = Y £5(2) MU, (2)

i<j<k.a<b<c




Example: CR-EOMCC(2,3), robust noniterative triples correction to EOMCCSD
iterative n,.2n,* (N®) + noniterative n2n* (N’); CCTYP=CR-EOML in GAMESS

E.(2,3) =E ™Y +5,(2,3)

0u(2,3) = (| L3 (2)Mus(2)|®) = Y L(2) M ,(2)
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Em?tkabc(z) <@3ic H P (R0 + Ryu1 + Ryi2) > (@7, H P =E, (&2,

HCCSD) _ o T1i-T2pplitTa (Hen m)
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Example: CR-EOMCC(2,3), robust noniterative triples correction to EOMCCSD
iterative n,.2n,* (N®) + noniterative n2n* (N’); CCTYP=CR-EOML in GAMESS

E.(2,3) =E ™Y +5,(2,3)
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Example: CR-EOMCC(2,3), robust noniterative triples correction to EOMCCSD
iterative n,2n % (N®) + noniterative n2n* (N7); CCTYP=CR-EOML in GAMESS

E.(2,3) =E ™Y +5,(2,3)

4(2:3) = (@L@Mu@10) = 3 () Wi
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(.abc
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) - 3
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(2) = E; =Y 655 (2)

(CCSD) | gpabc \ pdef
H ‘ @Uk >p;¢ Imn
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(005(2) = (@|LEPHD i) /DI (2)



Example: CR-EOMCC(2,3), robust noniterative triples correction to EOMCCSD
iterative n,2n % (N®) + noniterative n2n* (N7); CCTYP=CR-EOML in GAMESS
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Example: CR-EOMCC(2,3), robust noniterative triples correction to EOMCCSD
iterative n,.2n,* (N®) + noniterative n2n* (N’); CCTYP=CR-EOML in GAMESS

E.(2,3) =E ™Y +5,(2,3)

0u(2,3) = (| L3 (2)Mus(2)|®) = Y L(2) M ,(2)

l{_}{k a{"b{ c

> (@2, HCP = E, (d]2,

MUk

(.abc

2) = (@

ijk H (CSD) (R;t.,(] + R;t._] + R;t,?.)

) - 3

C

(2) = E; =Y 655 (2)

(CCSD) | gpabc \ pdef
H ‘ @Uk >p;¢ Imn
l«cm<n.d<e<f

(005(2) = (@|LEPHD i) /DI (2)

ijk

ijk __ r(CCSD) abc
Dﬂ._abc(z) T Eu <(Puk
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CCSD
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I

CR-EOMCC(2,3),A = EOMCC(2)PT(2) of Hirata et al.



0-CR-EOMCC(2,3): robust triples correction to EOMCCSD, which is size

size intensive for excitation energies
3n,4 (N7); CCTYP=CR-EOML in GAMESS

extensive in the ground state and
iterative n2n,* (N®) + noniterative n,

(CR-EOMCC(2
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0-CR-EOMCC(2,3): robust triples correction to EOMCCSD, which is size
extensive in the ground state and size intensive for excitation energies

iterative n2n,* (N®) + noniterative n,

3n,* (N7); CCTYP=CR-EOML in GAMESS

(CR-EOMCC(2
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3)) _
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(2) —— Size intensive

(2) = Size extensive




0-CR-EOMCC(2,3): robust triples correction to EOMCCSD, which is size
extensive in the ground state and size intensive for excitation energies

iterative n2n,* (N®) + noniterative n,

3n,* (N7); CCTYP=CR-EOML in GAMESS

wLCR-EOMCC(Z,B)) _ w‘&CCSD) + o +X
b ik
a*u = Z (ﬂ ;k i.Dtu .abc
i<j<k,a<b<c
b b jk
Bu= Y (rwoli— i) Mk,
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i
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E, = E{(}CR-CC(Z,L’;)) 1w (5 -CR-EOMCC(2,3))
.(CCSD) b ijk b
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0-CR-EOMCC(2,3): robust triples correction to EOMCCSD, which is size

extensive in the ground state and size intensive for excitation energies
iterative n2n,* (N®) + noniterative n2n,* (N7); CCTYP=CR-EOML in GAMESS

CR-EOMCC(2,3 CCSD)
o 23) = g o K

abc ~nljk _ . :
— C——
o Z (u o J'J'C‘u ,abc(z) size intensive
i<j<k,a<b<c
_ abc abc ijk ;. : :
ﬁ‘u — Z fu U(U U"{'“ f{] Uk) ‘IHU ﬂbﬂ(z)hsme extensive
i<j<ka<b<c

M pe(2) = (DU[HED (R, | + Ry, )| @)

(§-CR-EOMCC(23)) _ (CCSD) n

W), — o o
ey a C ijk a ik

i<j<ka<b<c f{j{k,a{b{c

5-CR-EOMCC(2,3),A = EOMCCSD(T) or Watts and Bartlett for excitation
energies and EOMCCSD(2); of Hirata et al. for total energies



Benchmark Molecules

[W. Thiel et al.]
Unsaturated Aliphatic Hydrocarbons
NN /

Ethene E-Butadiene all-E-Hexatriene all-E-Octatetracne Cyclopropene Cyclopentadiene Norbornac
Aromatic Hydrocarbons and Heterocycles
N.
0 NH HN Z "N N (¢ N ~ N
Iy N\ N’ (J |
/ = N X Na SN X
Benzene Naphthalene Furan Pyrrole Imidazole Pyridine Pyrazine Pyrimidine Pyridazine
NN N7ON
|\ J I I
\N N\\\/N
s-Triazine  s-Tetrazine

Aldehydes, Ketones and Amides

O 0O O
O
=0 )J\ oﬁ HN" S0 )J\NHz \ANHZ

Formaldehyde Acetone p-Benzoquinone Formamide Acetamide Propanamide

Nucleobases 149 singlet excitations
3 6—on*

NH,

HN H i
Oy s )\I O T ij S 45nom
HN._~ N 9 BN~ N N 101 7—n™*

Cytosine Thymine Uracil Adenine + some additional states



EOMCCSD (eV)

EOMCCSD (iterative N®) vs CC3 (iterative N7)

[A. Ayala, J.A. Hansen, and P. Piecuch, in preparation]

Outliers > 0.40 eV State CC3(eV) [EOMCCSD (eV)|  REL
2'A(n— )|  6.77 7.42 1.219
2'A(n—>*)| 5.72 6.61 1.225
5 Q 2'A(n—> %) 497 5.98 1.211
2'A,(n— n*)| 6.61 7.05 1.153
ﬁ. 2'E,(n—n*)| 8.43 9.21 1.166
1 'B,(n—n*)| 6.07 6.53 1.109
C? 3'A(n— %)  6.90 7.77 1.154
3 By (n—> )| 8.12 9.03 1.177
4'A,(n— n*)| 8.68 9.44 1.140
O 3 'B,(n— n*)| 8.77 9.64 1.172
1 'B, (n— n*)| 8.77 9.74 1.180
2'A (n— n*)| 8.69 9.54 1.160
2 'E"(n— n*)| 7.80 8.21 1.110
2'E'(n— n*)| 9.44 10.28 1.155
2 'B, (n—7*)| 6.23 6.77 1.123
3'B,(n—>7*)| 7.08 8.36 1.157
2 By (n— )| 8.47 9.43 1.169
R? = 0.9837 1'B,(n—7n*) 5.82 6.55 1.120
2'A'(n—> n*)| 7.82 8.47 1.103
4 6 8 10 12
€C3 (V) 2'A'(m— n*)[ 10.93 11.40 1.100




8-CR-EOMCC(2,3),D (iterative N°® + noniterative N7) vs CC3 (iterative N7)

[A. Ayala, J.A. Hansen, and P. Piecuch, in preparation]

Outliers > 0.15 eV
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G State CC3(eV) |5-CR-(2,3),D (eVv) REL
W
3 IB[g(n—> *) 7.08 7.23 1.157
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R?=0.9923
0
0 2 4 6 8 10 12

CC3 (eV)



EOMCCSD (eV)

12

10

[A. Ayala, J.A. Hansen, and P. Piecuch, in preparation]

Outliers > 0.40 eV
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R? =0.9894

6
EOMCCSDT-3 (eV)

8

10

12

EOMCCSD (iterative N®) vs EOMCCSDT-3 (iterative N7)

State EOMCCSDT-3 (eV) [EOMCCSD (eV)|  REL
2 1A (n— *) 6.89 7.42 1.219
2 'Ag(ft—> *) 5.88 6.61 1.225
2 'Ag(ﬂ—> *) 517 5.98 1.211
2 'Ey (n— m*) 8.60 9.21 1.166
31A,(n— %) 7.14 7.77 1.154
3 'B;, (m— *) 8.33 9.03 1.177
41A,(n— T¥) 8.86 9.44 1.140
3 'By(n— ¥) 8.97 9.64 1.172
1 'B, (n— n¥) 9.00 9.74 1.180
2 1A (1— T¥) 8.90 9.54 1.160
2 'E'(m— %) 9.64 10.28 1.155
3 ‘Blg(n—> T*) 7.43 8.36 1.157
2 1B, (n— *) 8.72 9.43 1.169
R 6.05 6.55 1.120
2 1A' (n— *) 7.98 8.47 1.103




8-CR-EOMCC(2,3) (iterative N° + noniterative N7) vs EOMCCSDT-3 (iterative N7)

[A. Ayala, J.A. Hansen, and P. Piecuch, in preparation]

Outliers > 0.15 eV
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g ° 3IA(— %) 10.60 10.38 1.088
5 3 1A (> 7*) 10.15 9.96 1.089
. 3IA(m— %) 11.09 10.89 1.100
2 1A, (n—> ) 9.73 9.53 1.089
2 ‘
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Vertical excitation energies of cis-7-hydroxyquinoline in
various molecular environments

an aromatic system with first
excited-state dominated by a
™ —> T1* electronic transition

Theory: G. Fradelos, J.J. Lutz, P. Piecuch, T.A. Wesolowski, and M. Witoch, J. Chem. Theory
Comput., 2011. Experiment: S. Leutwyler et al., J. Phys. Chem. A, 2008

(Values in cm* obtained using 6-311+G(d)/6-31+G(d) basis set; 350 cm-1 = 1 kcal/mol )
Environment Exp. EOMCCSD Error 8-CR-EOMCC(2,3) Error
bare 30830 35046 4216 30711 -119
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(Values in cm* obtained using 6-311+G(d)/6-31+G(d) basis set; 350 cm-1 = 1 kcal/mol )
Environment Exp. EOMCCSD Error 8-CR-EOMCC(2,3) Error
bare 30830 35046 4216 30711 -119
NH, 29925 34263 4338 29922 -3



Vertical excitation energies of cis-7-hydroxyquinoline in
various molecular environments

Theory: G. Fradelos, J.J. Lutz, P. Piecuch, T.A. Wesolowski, and M. Witoch, J. Chem. Theory
Comput., 2011. Experiment: S. Leutwyler et al., J. Phys. Chem. A, 2008

(Values in cm obtained using 6-311+G(d)/6-31+G(d) basis set; 350 cm% 1 kcal/mol)
Environment Exp. EOMCCSD Error 8-CR-EOMCC(2,3) Error
bare 30830 35046 4216 30711 -119
NH, 29925 34263 4338 29922 -3
H,O 30240 34500 4260 30199 41




Vertical excitation energies of cis-7-hydroxyquinoline in
various molecular environments

Theory: G. Fradelos, J.J. Lutz, P. Piecuch, T.A. Wesolowski, and M. Witoch, J. Chem. Theory e
Comput., 2011. Experiment: S. Leutwyler et al., J. Phys. Chem. A, 2008

(Values in cm* obtained using 6-311+G(d)/6-31+G(d) basis set; 350 cm-1 = 1 kcal/mol )
Environment Exp. EOMCCSD Error 8-CR-EOMCC(2,3) Error

bare 30830 35046 4216 30711 -119
NH; 29925 34263 4338 29922 -3

H,O 30240 34500 4260 30199 -41
H,O + H,O 29193 33699 4506 29378 185



Vertical excitation energies of cis-7-hydroxyquinoline in
various molecular environments

Theory: G. Fradelos, J.J. Lutz, P. Piecuch, T.A. Wesolowski, and M. Witoch, J. Chem. Theory %
Comput., 2011. Experiment: S. Leutwyler et al., J. Phys. Chem. A, 2008

(Values in cm* obtained using 6-311+G(d)/6-31+G(d) basis set; 350 cm-1 = 1 kcal/mol )

Environment Exp. EOMCCSD Error 8-CR-EOMCC(2,3) Error
bare 30830 35046 4216 30711 -119
NH, 29925 34263 4338 29922 -3
H,O 30240 34500 4260 30199 41
H,O + H,O 29193 33699 4506 29378 185
NH; + H,O + H,O 28340 33218 4878 28863 523



Excitation energy shifts for cis-7-hydroxyquinoline in
various molecular environments (in cm)

Theory: G. Fradelos, J.J. Lutz, P. Piecuch, T.A. Wesolowski,
and M. Wtoch, J. Chem. Theory Comput., 2011.
Experiment: S. Leutwyler et al., J. Phys. Chem. A, 2008

Environment Exp. &-CR-EOMCC(2,3) TDDFT
NH, -905 -820 (9%) -1222 (35%)
H,O -590 -562 (5%) -944 (60%)
H,O + H,0 -1637 -1446 (12%) -2280 (39%)
CH,;OH -467 -396 (15%) -805 (72%)
HCOOH -1014 =743 (27%) -1569 (55%)
NH; + H,O + H,O -2490 -1969 (21%) -2838 (14%)
NH; + H,O + NH; -2136 -1780 (17%) -2594 (21%)
NH; + NH; + H,O -2482 -2055 (17%) -2899 (17%)

Average error 15% 39%



ADIABATIC EXCITATIONS IN CH, CNC, C,N
CH

[Piecuch, Gour, Wtoch, IJQC (2009)]

State Theory

E/Hartree T./eV REL

State  Theory

E/Hartree T./eV REL

B 2%~ EOMCCSD
EOMCCSDT?
EA-EOMCCSD(2p
EA-EOMCCSD(3p
EA-EOMCCSD(3p
CR-EOMCCSD(T
CR-EOMC((2,3),
CR-EOMCC(2,3),
CR-EOMC(C(2,3),C
CR-EOMC((2,3),

ww

‘1

U/\

Experiment d

-38.228 924 4.241 1.79
-38.267 435 3.273
-38.160 687 6.105
-38.262 600 3.377
{3} -38.261 677 3.357
D¢ -38.270 424 3.181
-38.257 269 3.529
-38.255 709 3.569
-38.272 744 3.123
-38.272 498 3.130
3.23

1h)
2h)
)

C 2¥t EOMCCSD
EOMCCSDT?
EA-EOMCCSD(2
EA-EOMCCSD(:
EA-EOMCCSD(:
CR-EOMCCSD
CR-EOMCC(2,3
CR-EOMCC(
CR-EOMCC(2,3
CR-EOMCC(

,—\/—\/_\/_\

T)

2.3

[\l
o

Experiment®

-38.194 213
-38.238 031

p-1h)  -38.180 332
p-2h)  -38.236 024
-2h){3} -38.234 680
D¢ -38.236 048
-38.224 449
-38.222 634
-38.238 514
-38.238 118

5.185 1.87
4.073
570
4.100
4.092
4.117
4.422
4.469
4.055
4.065
3.94

ot




ADIABATIC EXCITATIONS IN CH, CNC, C,N

CH [Piecuch, Gour, Wioch, 1JQC (2009)]
State Theory E/Hartree T./eV REL State Theory E/Hartree T./eV REL
B2~ |EOMCCSD (> 1eVerror) -38.228 924 4.241 1.79 C 22+ EOMCCSD (>1 eV error) -38.194 213 5.185 1.87
EOMCCSDT? -38.267 435 3.273 EOMCCSDT? -38.238 031 4.073
EA-EOMCCSD(2p-1h) -38.160 687 6.105 EA-EOMCCSD(2p-1h) -38.180 332 5.570
EA-EOMCCSD(3p-2h) -38.262 600 3.377 EA-EOMCCSD(3p-2h) -38.236 024 4.100
EA-EOMCCSD(3p-2h){3} -38.261 677 3.357 EA-EOMCCSD(3p-2h){3} -38.234 680 4.092
CR-EOMCCSD(T),ID* -38.270 424 3.181 CR-EOMCCSD(T),ID* -38.236 048 4.117
CR-EOMCC(2,3),A -38.257 269 3.529 CR-EOMCC(2,3),A -38.224 449 4.422
CR-EOMCC(2,3),B -38.255 709 3.569 CR-EOMCC(2,3),B -38.222 634 4.469
CR-EOMCC(2,3),C -38.272 744 3.123 CR-EOMCC(2,3),C -38.235% 514 4.055
CR-EOMCC(2,3),D -38.272 498 3.130 CR-EOMCC(2,3),D -38.238 118 4.065
Experimentd 3.23 Experiment® 3.94
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CaN A2A  1.090 6.190 3.055 3.028 3.191 3.344 3.377 3.368 3.389 3.388 2.636
B?Y~ 1.856 7.856 3.677 3.648 5.514 3.351 4.018 4.160 3.091 3.110 2.779

C 28t 1.897 6.722  3.809 3.788 6.358 4.023 4.741 4.901 3.799 3.824 3.306
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ELECTRONIC SPECTRUM OF AZULENE: DISCOVERY
OF THE DOUBLY EXCITED STATE THAT MEDIATES
THE 1+2" PHOTOIONIZATION OF AZULENE

[P. Piecuch, J.A. Hansen, D. Staedter, S. Faure, and V. Blanchet, J. Chem. Phys., 2013]
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J. Chem. Phys. 138, 201102 (2013) V. Blanchet, et al. J. Chem. Phys. 128, 164318 (2008)



1+2’ photoionization spectra are
invariant with respect to

e the pump-probe time delay
varied between 120 and 500 fs

* the pump wavelength varied
between 201 and 335 nm
(3.71-6.18 eV)

Probe was fixed at 400 nm (3.10 eV)
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1+2’ photoionization spectra are
invariant with respect to

e the pump-probe time delay
varied between 120 and 500 fs

* the pump wavelength varied
between 201 and 335 nm
(3.71-6.18 eV)

Probe was fixed at 400 nm (3.10 eV)
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Hectronic energy of Rydberg states/eV
45 5.0 55 6.0 6.5 7.0

~50-100fs

< The postulated doubly excited state below
53 the ionization threshold (7.41 eV) should
2 e lie below 6.81 eV (the lowest-energy
o, pump at 335 nm + 400 nm probe) and
:E> above R; = 5.19 eV
a. e be of !1A; symmetry
e be accessible from the S, state
S e have electronic structure dominated by

0

(HOMO)? = (LUMO+1)? and
J. Chem. Phys. 138, 201102 (2013) (HOMO-1)? - (LUMO)? transitions.



State Basis REL EOMCCSD 6-CR-EOMCC(2,3) CAS(10,10) CASPT2(10,10) Experiment

S(B,)  631G(d)  1.105 2.290 1.691 1.97 1.96 1.77
cc-pvDZ  1.105 2.224 1.618

S(A)  6-31G(d)  1.089 4.192 3.570 4.45 3.81 3.56
cc-pvVDZ  1.090 4.037 3.414

S(B,)  631G(d)  1.109 4.897 4.220 4.62 4.15 4.23
cc-pvDZ  1.110 4.760 4.083

S(A)  631G(d)  1.097 5.567 4.954 5.50 4.94 4.40
cc-pvDZ  1.097 5.387 4.770

S(B,)  631G(d)  1.107 6.424 5.792 4.72
cc-pVDZ  1.107 6.237 5.607

S(A,)  6-31G(d)  1.146 6.671 5.824 5.19
cc-pVDZ  1.143 6.509 5.674

S(8,)  6-31G(d)  1.093 6.543 6.010 6.15
cc-pvVDZ  1.095 6.421 5.888

SfA,)  6-31G(d)  1.140 7.378 6.473 6.33
cc-pvVDZ  1.138 7.187 6.298

Sf(A,)  6-31G(d)  1.879  10.708 6.787
cc-pvVDZ  1.893  10.652 6.578

SlA,)  6-31G(d)  1.092 7.348 6.810
cc-pVDZ 1.094 7.186 6.648 V. Blanchet, et al. J. Chem. Phys. 128, 164318 (2008)

J. Chem. Phys. 138, 201102 (2013) A. Murakami, et al. J. Chem. Phys. 120, 1245 (2004)
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cc-pVDZ  1.107 6.237 5.607

S(A,)  6-31G(d)  1.146 6.671 5.824 5.19
cc-pVDZ  1.143 6.509 5.674

S(8,)  6-31G(d)  1.093 6.543 6.010 6.15
cc-pvVDZ  1.095 6.421 5.888

SfA,)  6-31G(d)  1.140 7.378 6.473 6.33
cc-pvVDZ  1.138 7.187 6.298

Sf(A,)  6-31G(d)  1.879  10.708 6.787
cc-pvVDZ  1.893  10.652 6.578

SplA)  6-31G(d)  1.092 7.348 6.810
cc-pVDZ 1.094 7.186 6.648 V. Blanchet, et al. J. Chem. Phys. 128, 164318 (2008)

J. Chem. Phys. 138, 201102 (2013) A. Murakami, et al. J. Chem. Phys. 120, 1245 (2004)



State Basis REL EOMCCSD 6-CR-EOMCC(2,3) CAS(10,10) CASPT2(10,10) Experiment

5(By)  6-31G(d)  1.105 2.290 1.691 1.97 1.96 1.77
cc-pvDZ  1.105 2.224 1.618

S,(A,) 6-31G(d) 1.089 4.192 3.570 4.45 3.81 3.56
cc-pvDZ  1.090  4.037 3.414

Si(By)  6-31G(d)  1.109  4.897 4.220 4.62 4.15 4.23
ccpvDZ 1110  4.760 4.083

S(A)  6-31G(d)  1.097  5.567 4.954 5.50 4.94 4.40
cc-pvDZ  1.097  5.387 4.770

Ss(B,)  6-31G(d) 1107  6.424 5.792 4.72
cc-pVDZ 1107 6.237 5.607

SelA)  6-31G(d)  1.146  6.671 5.824 5.19
cc-pVDZ 1143 6.509 5.674

S,(B,)  6-31G(d)  1.093  6.543 6.010 6.15
cc-pVDZ  1.095  6.421 5.888

SslA)  6-31G(d) 1140  7.378 6.473 6.33
ccpvDzZ 1138  7.187 6.298

Sf(A,) 6-31G(d) 1.879  10.708 6.787
cc-pvDZ 1.893 10.652 6.578

SolA;)  6-31G(d)  1.092  7.348 6.810
ccpvbz - 1.094 7.186 6.648 V. Blanchet, et al. J. Chem. Phys. 128, 164318 (2008)

J. Chem. Phys. 138, 201102 (2013) A. Murakami, et al. J. Chem. Phys. 120, 1245 (2004)



State Basis REL EOMCCSD 6-CR-EOMCC(2,3) CAS(10,10) CASPT2(10,10) Experiment

5(By)  6-31G(d)  1.105 2.290 1.691 1.97 1.96 1.77
cc-pvDZ  1.105 2.224 1.618

S,(A,) 6-31G(d) 1.089 4.192 3.570 4.45 3.81 3.56
cc-pvDZ  1.090  4.037 3.414

Si(By)  6-31G(d)  1.109  4.897 4.220 4.62 4.15 4.23
ccpvDZ 1110  4.760 4.083

S(A)  6-31G(d)  1.097  5.567 4.954 5.50 4.94 4.40
cc-pvDZ  1.097  5.387 4.770

Ss(B,)  6-31G(d) 1107  6.424 5.792 4.72
cc-pVDZ 1107 6.237 5.607

SelA)  6-31G(d)  1.146  6.671 5.824 5.19
cc-pVDZ 1143 6.509 5.674

S,(B,)  6-31G(d)  1.093  6.543 6.010 6.15
cc-pVDZ  1.095  6.421 5.888

SslA)  6-31G(d) 1140  7.378 6.473 6.33
ccpvDzZ 1138  7.187 6.298

S(A,) 6-31G(d) |[1.879] 10.708 6.787
cc-pvDZ 1.893 10.652 6.578

SolA;)  6-31G(d)  1.092  7.348 6.810
ccpvbz - 1.094 7.186 6.648 V. Blanchet, et al. J. Chem. Phys. 128, 164318 (2008)

J. Chem. Phys. 138, 201102 (2013) A. Murakami, et al. J. Chem. Phys. 120, 1245 (2004)



State Basis REL EOMCCSD 6-CR-EOMCC(2,3) CAS(10,10) CASPT2(10,10) Experiment

5(By)  6-31G(d)  1.105 2.290 1.691 1.97 1.96 1.77
cc-pvDZ  1.105 2.224 1.618

S,(A,) 6-31G(d) 1.089 4.192 3.570 4.45 3.81 3.56
cc-pvDZ  1.090  4.037 3.414

Si(By)  6-31G(d)  1.109  4.897 4.220 4.62 4.15 4.23
ccpvDZ 1110  4.760 4.083

S(A)  6-31G(d)  1.097  5.567 4.954 5.50 4.94 4.40
cc-pvDZ  1.097  5.387 4.770

Ss(B,)  6-31G(d) 1107  6.424 5.792 4.72
cc-pVDZ 1107 6.237 5.607

SelA)  6-31G(d)  1.146  6.671 5.824 5.19
cc-pVDZ 1143 6.509 5.674

S,(B,)  6-31G(d)  1.093  6.543 6.010 6.15
cc-pVDZ  1.095  6.421 5.888

SslA)  6-31G(d) 1140  7.378 6.473 6.33
ccpvDzZ 1138  7.187 6.298

S(A,) 6-31G(d) |[1.879] 10.708 6.787 1 Lies between 5.19 — 6.81 eV \/
cc-pvDZ 1.893 10.652 6.578 2. |Is of 1A1 symmetry \/

SolA;)  6-31G(d)  1.092  7.348 6.810
ccpvbz - 1.094 7.186 6.648 V. Blanchet, et al. J. Chem. Phys. 128, 164318 (2008)

J. Chem. Phys. 138, 201102 (2013) A. Murakami, et al. J. Chem. Phys. 120, 1245 (2004)



EOMCCSD Oscillator Strengths

State Basis SolA;) 5,(8,) S,(Ay) S3(B;) S.(A;)
S.(B,) 6-31G(d) 0.007
cc-pvDZ 0.007
Exp. 0.009
S,(A,) 6-31G(d) 0.003 0.000
cc-pvDZ 0.003 0.000
Exp. 0.08
S5(B,) 6-31G(d) 0.064 0.022 0.001
cc-pvDZ 0.062 0.022 0.001
S4(A;) 6-31G(d) 1.309 0.008 0.001 0.000
cc-pvDZ 1.307 0.008 0.001 0.000
Exp. 1.10
So(A;) 6-31G(d) 0.001 0.043 0.005 0.052 0.190
cc-pvDZ 0.000 0.043 0.004 0.038 0.212

J. Chem. Phys. 138, 201102 (2013) R. Pariser J. Chem. Phys. 25, 1112 (1956)



EOMCCSD Oscillator Strengths

State Basis SolA;) 5,(8,) S,(Ay) S3(B;) S.(A;)
S.(B,) 6-31G(d) 0.007
cc-pvDZ 0.007
Exp. 0.009
S,(A,) 6-31G(d) |0.003 0.000
cc-pvDZ |0.003 0.000
Exp. 0.08
S5(B,) 6-31G(d) 0.064 0.022 0.001
cc-pvDZ 0.062 0.022 0.001
S4(A;) 6-31G(d) 1.309 0.008 0.001 0.000
cc-pvDZ 1.307 0.008 0.001 0.000
Exp. 1.10
So(A;) 6-31G(d) 0.001 0.043 0.005 0.052 0.190
cc-pvDZ 0.000 0.043 0.004 0.038 0.212

J. Chem. Phys. 138, 201102 (2013) R. Pariser J. Chem. Phys. 25, 1112 (1956)



EOMCCSD Osclllator Strengths
State Basis SolA;) 5,(8,) S,(Ay) S3(B;) S.(A;)

5:1(By) 6-31G(d) 0.007 1. Lies between 5.19 -6.81 eV\/
cc-pvDZ 0.007 2. Isof A, symmetry

Exp. 0.009 3. Accessible from the S, state /

S,(A;) 6-31G(d) |0.003 0.000
cc-pvVDZ |0.003 0.000
Exp. 0.08
55(8,) 6-31G(d) 0.064 0.022 0.001
cc-pVDZ 0.062 0.022 0.001
S4(A;) 6-31G(d) 1.309 0.008 0.001 0.000
cc-pvDzZ  1.307 0.008 0.001 0.000
Exp. 1.10
So(A;) 6-31G(d) 0.001 0.043 0.005 0.052 0.190
cc-pvVDZ  0.000 0.043 0.004 0.038 0.212

J. Chem. Phys. 138, 201102 (2013) R. Pariser J. Chem. Phys. 25, 1112 (1956)



Dominant Electronic Transitions

State  Basis ru0

So(A,) 6-31G(d) 0.15 3b,-6b, (0.10) 1a,2a,-3a,2(0.12) 3b,2->4b,2(0.41) 3b,2a,-4b,3a,(0.23)

Leading r, ; and r, , amplitudes

2a,2-»4b,% (0.11) 2a,°23a,? (0.42) 3b,2a,->3a,4b,(0.28)
cc-pvDZ 0.15 1a,2a,23a,%(0.12) 3b,->4b,% (0.41) 3b,2a,>4b,3a,(0.23)

2a,2-»4b,% (0.11) 2a,°-»3a,? (0.42) 3b,2a,->3a,4b,(0.28)

J. Chem. Phys. 138, 201102 (2013)



Dominant Electronic Transitions

State  Basis ru0

So(A,) 6-31G(d) 0.15 3b,-6b, (0.10) 1a,2a,-3a,2(0.12) 3b,2->4b,2(0.41) 3b,2a,-4b,3a,(0.23)

Leading r, ; and r, , amplitudes

2a,2->4b,% (0.11) 2a,°-»3a,? (0.42) 3b,2a,->3a,4b,(0.28)
cc-pvVDZ  0.15 1a,2a,3a,%(0.12) 3b,°->4b,? (0.41) 3b,2a,>4b,3a,(0.23)

2a,2->4b,% (0.11) 2a,°-»3a,% (0.42) 3b,2a,~>3a,4b,(0.28)

Lies between 5.19 — 6.81 eV\/

Is of 1A, symmetry /

Is accessible from the S, statq/

Has electronic structure dominated by (HOMO)? - (LUMO+1)? [(2a,)? = (3a,)?]
and (HOMO-1)? - (LUMO)? [(3b,)%2 = (4b,)?] transitions \/

.

J. Chem. Phys. 138, 201102 (2013)



Bectronic energy of Rydberg states/eV
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J. Chem. Phys. 138, 201102 (2013) V. Blanchet, et al. J. Chem. Phys. 128, 164318 (2008)



Completely renormalized CC/EOMCC methods can offer great help ...
but there are situations where this is not sufficient ...

Example: excited states of metallic clusters (Be,)
(K. Kowalski et al., J. Chem. Phys. 2005, P. Piecuch et al., Int. J. Quantum Chem., 2006)

State Full I EOMCCSD CR-EOMCCSDT)

X LAL -43.882330 43864004 -43.873110
1'EY 167 (8) 1.718 1.647
1247 178 (D)

1YES 204 (8) 2122 1985
2UEY 261 (D)

2UET 268 (D) 0315 3.032
114, 289 (8) 2,032 2700
214, 201 (8) 2,020 2 506
FUEY a04 (D) 4232 3,546
3UE 308 (D) 4823 3.338
147 216 (8D) 2903 3,358
247 38Dy 5271 3601
41E" 348 (D) 4570 3.633
314 364 (D) 4935 4033
41EY 300 (D) 5286 3954
al4l 200(SD) 4244 3,801
2147 412Dy 5995 4,384

Av. errors (eV): 1.33 0.20



Completely renormalized CC/EOMCC methods can offer great help ...
but there are situations where this is not sufficient ...

Example: excited states of metallic clusters (Be,)
(K. Kowalski et al., J. Chem. Phys. 2005, P. Piecuch et al., Int. J. Quantum Chem., 2006)

State Full I EOMCCSD CR-EOMCCSDT)

X 1A) 43882330 43864004 -43.873110
1'EY 167 (8) 1.718 1.647
114) 178 (D)

L1E  2048) 2122 1.985
21EY 261 (D)

ZTE 268 (D) 9316 3052
114,  280(8) 2032 2,700
2l4 201(8) 3020 2 306
31EY 304 (D) 4232 3546
31E 308 (D) 4823 3.338
114 216 (S,D) 2003 2.358
214 331 (D) 5271 2,601
A'E' 348(D) 4570 3.633
314 364(D) 4035 4.033
A1EY 300(D) 5286 3.054
alal 200(8D) 424 2.801
214 412(D) 5095 4.384

Av. errors (eV): 1.33 0.20



Completely renormalized CC/EOMCC methods can offer great help ...
but there are situations where this is not sufficient ...

Example: excited states of metallic clusters (Be,)
(K. Kowalski et al., J. Chem. Phys. 2005, P. Piecuch et al., Int. J. Quantum Chem., 2006)

State Full I EOMCCSD CR-EOMCCSDT)

X 1A) 43882330 43864004 -43.873110
1'EY 167 (8) 1.718 1.647
114) 178 (D)

L1E  2048) 2122 1.985
21EY 261 (D)

ZTE 268 (D) 9316 3052
114,  280(8) 2032 2,700
2l4 201(8) 3020 2 306
31EY 304 (D) 4232 3546
31E 308 (D) 4823 3.338
114 216 (S,D) 2003 2.358
214 331 (D) 5271 2,601
A'E' 348 (D) 4570 3.633
314 364(D) 4035 4.033
A1EY 300(D) 5286 3.054
alal 200(8D) 424 2.801
2147 412(D) 5095 4.384

Av. errors (eV): 1.33 0.20



ACTIVE-SPACE CC/EOMCC APROACHES FOR QUASI-DEGENERATE STATES
(CCSDt, CCSDtq, EOMCCSDt, etc.)

[~ state-selective MRCC methods exploiting a single-reference formalism]

[Key concepts: Oliphant and Adamowicz, 1991; Piecuch, Oliphant, and Adamowicz, 1993; Piecuch and Adamowicz, 1994;
Piecuch, Kucharski, and Bartlett, 1999; Kowalski and Piecuch, 2000-2001; Gour, Piecuch, and Wtoch, 2005-2006; Shen and
Piecuch, 2013-2014; cf., also, CASCC work by Adamowicz et al.]

virtual (a,b,c,d,...)

unoccupied (a,b, ¢, d,...)

active (A,B,C,D,..)
active (I,J, K. L,...)

occupied (i, j, k,l,...)
core (i,j,k,1,...)

|‘I’} — ET|¢"}, T = Tint + JI-J-E:-:t] [Tintjiﬂe}:t] — D
1B) = T |@it), |Pt) = o7 |p) <mmmm (CAS)

T — nondynamic correlation, 7% — dynamic correlation
(long-range correlations) (short-range correlations)



REPRESENTATIVE APPROXIMATIONS:
CCSDt OR SSMRCCSD(T) AND EOMCCSDt

Tint - Tlint +Tént + Tént: Text _ T-f_xt +T§xt + T-;xt[ ﬂiig )
TOOSPE — Ty 4 Ty + T3 fii? ), REPPY = Ry o+ Ry + Ria + R al fi?? )

_ Hss Hsp Hsq .
HCCSDE Hps Hpp Hps . H= e T He! = (HET)E
His Hip Hy

Other approximations: SSMRCCSD(TQ) or CCSDtq, EOMCCSDtq, etc.

Because of the use of active orbitals, the numbers of t, g, ... excitations
are small fractions (~10-30 %) of all T, Q, ... excitations.

The most expensive CPU steps of (EOM)CCSDt and (EOM)CCSDtq scale

as ~N,N,n,%n,* and ~N,2 N2 n,2n 4, respectively.




Energy (hartree)

Ground and excited states of Bey
(K. Kowalski et al., J. Chem. Phys. 2005, P. Piecuch et al., Int. J. Quantum Chem., 2006)

State  Full @1 EOMOCSD CR-EOMCCSD(T) EOMCCSDH

43850 | X VAL -43.882330 43564004 4373110 43 870340
11EY  167(8) 1718 1647 1658
1047 178 (D) 1877
1AES 204 (8] 2129 1 483 D031
—43.850 21E" 261 (D) 2683
21E 268 (D) 0315 3,032 2 708
' \ 1'4 280(8) 2032 2,700 2 571
2140 201(8) 2020 3 806 D037
—43.860 3 IEY 304 (D) 4230 3.546 3118
1 ;,}.-" —-— CCSD(T) 31E 308 (D) 4523 3,333 3,247
[ 3 :' ----- CCSDt(l) 147 216(S,D)  3.903 3.358 3.902
3 i 214" 331 (D) 5271 3,601 9.430
IRERal N | 4YE 348 (D) 4570 3,633 3541
\kf{..-‘r 3140 364 (D) 4935 41033 3846
iV AYE" 300 (D) 5286 3.954 4.015
T algl 200(3D) 4244 3,501 4112
40 50 60 70 80 90 100 2'4)  412(D) 5.995 4.334 4183

Be-Be Distance (bohr)



Energy (hartree)

Ground and excited states of Bey
(K. Kowalski et al., J. Chem. Phys. 2005, P. Piecuch et al., Int. J. Quantum Chem., 2006)

State  Full 01 EOMOCSD CR-EOMCCSD(T) EOMCCSDH

~43.850 X 14! -43.8R2330 43864004 43 E73110 -43.279340
1YE" 167 (8) 1718 1.647 1 658
1147 178 (D) 1577
11E. 204 (8) 2122 1 083 2 031
—43.855 21E" 241 (D) 2 683
2R’ 2.68 (D) 0315 3.032 2,708
i \ 1140 289 (8) 2032 2700 271
214 201 (8) 4,020 3 506 2047
—43.860 3 IEY 304 (D) 4230 3.546 3118
] ;,}.-" —-—- CCSD(T) 31E 308 (D) 4823 3,938 3247
[ 3 :' ----- CCSDt(l) 147 216(S,D)  3.903 3.358 3.902
3 fr{f 214" 331 (D) 5201 3601 3.430
IRERal N l 4'E'  348(D) 4570 3,633 3541
\Mj:;.f 3140 364 (D) 4935 4033 9846
"-1 _)..-f' 41EY 300 (D) 5286 3,954 4018
O 3l4’ 200(3D) 4244 3801 4112
40 50 60 70 80 90 100 2147 412(D) 5.995 4.334 4183

Be-Be Distance (bohr)



Energy (hartree)

Ground and excited states of Bey
(K. Kowalski et al., J. Chem. Phys. 2005, P. Piecuch et al., Int. J. Quantum Chem., 2006)

State  Full 01 EOMOCSD CR-EOMCCSD(T) EOMCCSDH

~43.850 X 14! -43.8R2330 43864004 43 E73110 -43.279340
1YE" 167 (8) 1718 1.647 1 658
1147 178 (D) 1577
11E. 204 (8) 2122 1 083 2 031
—43.855 21E" 241 (D) 2 683
2R’ 2.68 (D) 0315 3.032 2,708
i \ 1140 289 (8) 2032 2700 271
214 201 (8) 4,020 3 506 2047
—43.860 3 IEY 304 (D) 4230 3.546 3118
] ;,}.-" —-—- CCSD(T) 31E 308 (D) 4823 3,938 3247
[ 3 :' ----- CCSDt(l) 147 216(S,D)  3.903 3.358 3.902
3 fr{f 214" 331 (D) 5201 3601 3.430
IRERal N l 4'E'  348(D) 4570 3,633 3541
\Mj:;.f 3140 364 (D) 4935 4033 9846
"-1 _)..-f' 41EY 300 (D) 5286 3,954 4018
O 3l4’ 200(3D) 4244 3801 4112
40 50 60 70 80 90 100 2147 412(D) 5.995 4.334 4183

Be-Be Distance (bohr)
Average errors (eV): 1.33 0.20 0.08



Radicals via the active-space electron-attached (EA) and ionized (IP) EOMCC

(J.R. Gour, P. Piecuch, and M. Wtoch, J. Chem. Phys., 2005; Int. J. Quantum Chem., 2006, J.R. Gour and P. Piecuch, J.
Chem. Phys., 2006; Piecuch et al., 2007-2011)

(HN open RS D (CCSDH) )| @) = w,, WFVRNED(CCSDL)| )

R}E‘J—Fl:‘ {CCSD'IL] = R#-]-P -+ RF*-EP' 1h
RN=D(CCSDY) = Ryah + R 12

where
I 3p-2h = E r'@gﬁ a‘ﬂ‘abacakaj
=k A<bse
, kb
P, 3h-2p = E r@fw (L z:{.cz:{.ka.j (y.
I>i=kb<c
. ........................... 40_ ...... Active Space4o-/
U 4/\ --e--@~- : Creating
Creating  i------= .7 T NeI® T o
CH
—o—o— —o—o—
Jo Jo (CCTYP=EA-
——0— D5 20— @—@— EOM3A and
IP-EOM3A,
——0— /5 ]o—&—@— respectively,



Adiabatic Excitation Energies of CH (in eV)

CCSD/ ccsDT/ EA-EOM

State EOMCCSD EOMCCSDT CCSD(2p-1h) CCSD(3p-2h) CCSDt MRCI(Q) Exp.
aug-cc-pV'1T7Z

X 211 -38.409 320 -38.413 493 -38.409 823 -38.412 070 -38.409 413 -38.413 811

aiy— 1.03 0.74 2.661 0.743 0.704 0.718 0.74
AZ2A 3.28 2.94 5.120 2.964 2.931 2.911 2.87
B2y~ 4.62 3.27 6.453 3.393 3.359 3.251 3.23
C 2yt 5.48 4.03 5.815 4.053 4.040 3.980 3.94
ang-cc-pVQZ

X 21 -38.415 848 - -38.416 559 -38.418 732 -38.415 905 -38.420 576

a*y— 1.06 - 2.741 0.766 0.724 0.741 0.74
AZA 3.27 - 5.181 2.952 2.917 2.896 2.87
B2y - 4.67 - 6.538 3.390 3.355 3.245 3.23
C 2yt 5.52 - 5.878 4.037 4.021 3.962 3.94

Timings in Multiples of the EA-EOMCCSD(2p-1h) Time

Method

aug-cc-pVTZ

aug-cc-pVQZ

EA-EOMCCSD(3p-2h)
EA-EOMCCSDt
EOMCCSD

61.42

56.42
3.45
1.19

~ 2n 5
nO nU
~Nu nOZnu4

~n 2n 4
NNy

Active orbitals in
EA-EOMCCSDt:

1n,, 1n,, 4o



Adiabatic Excitation Energies of CH (in eV)

CCSD/ CCsSDT/ EA-EOM

State EOMCCSD EOMCCSDT  CCSD(2p-1h)  CCSD(3p-2h) CCSDt MRCI(Q)  Exp.
aug-cc-pV'1T7Z

X 21 -38.409 320 -38.413 493 -38.409 823 -38.412 070 -38.409 413  -38.413 811

ady- 1.03 0.74 2.661 0.743 0.704 0.718 0.74
A2A 3.28 2.94 5.120 2.964 2.931 2.911 2.87
B2y~ 4.62 3.27 6.453 3.393 3.359 3.251 3.23
C 2yt 5.48 4.03 5.815 4.053 4.040 3.980 3.94
ang-cc-pVQZ

X 21 -38.415 848 - -38.416 559 238,418 732 -38.415 905 -38.420 576

a s~ 1.06 - 2.741 0.766 0.724 0.741 0.74
AZA 3.27 - 5.181 2.952 2.917 2.896 2.87
B2y - 4.67 - 6.538 3.390 3.355 3.245 3.23
C2xt 5.52 - 5.878 4.037 4.021 3.962 3.94

Timings in Multiples of the EA-EOMCCSD(2p-1h) Time

Method aug-cc-pVTZ aug-cc-pVQZ
EA-EOMCCSD(3p-2h) 61.42 56.42 ~nyn>
EA-EOMCCSDt 5.57 3.45 ~N, ny2n,*
EOMCCSD 1.00 1.19 ~ny2n,*

Active orbitals in
EA-EOMCCSDt:
1n,, 1n,, 4o



Adiabatic Excitation Energies of CH (in eV)

CCSD/ CCsSDT/ EA-EOM

State EOMCCSD EOMCCSDT  CCSD(2p-1h)  CCSD(3p-2h) CCSDt MRCI(Q)  Exp.
aug-cc-pV'1T7Z

X 21 -38.409 320 -38.413 493 -38.409 823 -38.412 070 -38.409 413  -38.413 811

ady- 1.03 0.74 2.661 0.743 0.704 0.718 0.74
A2A 3.28 2.94 5.120 2.964 2.931 2.911 2.87
B2y~ 4.62 3.27 6.453 3.393 3.359 3.251 3.23
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Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

M. Nooijen and R.J.

Bartlett, 1997; M.

Nooijen, 2002; K.W.

Sattetmeyer, H.F.
Schaefer lll, and
J.F. Stanton, 2003;
M. Musiat, R.J.
Bartlett, et al.,
2011-2013; T. Kus
and A.l. Krylov,
2011-2012; ...

RELN+2){Nu-} — R;L,Q*p + R,u,3p-1h + I'w.4p-2h

(N 2){NO} Rﬁ' o + Rp_r, 3h-1p + Fi4n-2p

kl A B c d
I dp-2h = § | FABeq(t) a7 a”aaajay,
k‘>l,A<B<C<d
IJM d
Ty Ah-2p = E () a“a“ajapayay

I>I>k>l.c<d
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Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Method AFs_7
DEA-EOMCC(3p-1h) 20.9
DEA-EOMCC(4p-2h){3}° 18.9
DIP-EOMCC(3h-1p) 22.0
DIP-EOMCC(4h-2p){3}¢ 18.8
DIP-EOMCC/(4h-2p) 18.8
Expt.? 16.0 + 0.1
Expt. — AZPVE® 18.1

Example: Singlet-triplet gap Iin
trimethylenemethane (TMM),
In kcal/mol

[geometries from L.V. Slipchenko and A.l. Krylov,
J. Chem. Phys. 117, 4694 (2002)]



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Method AFEs T
DEA-EOMCC(3p-1h) 20.9
DEA-EOMCC (4p-2h) {3}’ 18.9
DIP-EOMCC(3h-1p) 22.0
DIP-EOMCC(4h-2p){3}° 18.8
DIP-EOMCC(4h-2p) 18.8
Expt.? 16.0 £ 0.1
Expt. — AZPVE® 18.1

Example: Singlet-triplet gap Iin
trimethylenemethane (TMM),
In kcal/mol

[geometries from L.V. Slipchenko and A.l. Krylov,
J. Chem. Phys. 117, 4694 (2002)]



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Method AFEs_T
DEA-EOMCC(3p-1h) 20.9
DEA-EOMCC (4p-2h){3}"  18.9
DIP-EOMCC(3h-1p) 22.0  jeimes
DIP-EOMCC (4h-2p){31° 18.8  |my
DIP-EOMCC (4h-2p) 18.8 D
Expt.? 16.0 £ 0.1
Expt. — AZPVE® 18.1

Example: Singlet-triplet gap Iin
trimethylenemethane (TMM),
In kcal/mol

[geometries from L.V. Slipchenko and A.l. Krylov,
J. Chem. Phys. 117, 4694 (2002)]



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Method cc-pVDZ cc-pVTZ
Method AEs_T ccsDa? , 46.1 4?.9
CCSD(T)% 24.4 27.1
DEA-EOMCC (3p-1h) 20.9 CR-CC(2.3)%5¢ 23 336
CR-CC(2.3)p% 29.9 31.8
DEA-EOMCC (4p-2h){3}"  18.9 ccsped 26 226
CCSD(T)-h* 10.8 19.3
DIP-EOMCC(3h-1p) 22.0 15 imes SO 22 218
CC(t:3)p™ 21.2 21.7
DIP-EOMCC(4h-2p){3}° 18.8 |my~ ccspre 217
D 2R SUCCSD/RHF? 19.9
DIP-EOMCC(4h-2p) 18.8 2R SUCCSD/MCSCF? 16.1
d 2R RMRCCSD/RHF? 30.6
Expt. 16.0 £ 0.1 2R RMRCCSD/MCSCEF? 23.8
- 2R RMRCCSD(T)/RHF? 25.8
Expt. — AZPVE 18.1 2R RMRCCSD(T) ;/MCSCF? 23.6
- 2R RMRCCSD(T)s/RHFY 23.8
2R RMRCCSD(T)se/MCSCF? 226
SF-CIS2® 20.4
SF-CIS(D)be 20.6
A ] ] SF-OD%¢ 21.7
Example. SIﬂglEt-tflplEt gap In EOM-SF-C?C?SDb»’;f 21.5
- EOM-SF-CC(2.3 18.2
trimethylenemethane (TMM), R BWCoSD 1 52 1ok
- 4R BWCCSDT-10t8 14.9
In kcal/mol {R BWCCSDT-08
Expt.” 16.0+0.1

[geometries from L.V. Slipchenko and A.l. Krylov, s
J. Chem. Phys. 117, 4694 (2002)] Expt.—AZPVE 18.1




Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Another example: Adiabatic excitation energies characterizing the low-lying
states of methylene (TZ2P basis, errors relative to full Cl, in kcal/mol)

X °B,, BB, - (1a)*(2a,)*(1b,)1(3a,)' (1)
A'A, C'A - (la,)?(2a,)*(1b,)%(38)% (1)), (1a,)*(2a,)(1b,)(3a,)° (10,)’

Method AlAy —X 3By B'By —X 3By C'A; — X 3By MUE NPE
DEA-EOMCC(3p-1h) 1.53 1.09 0.93 1.53  0.60
DEA-EOMCC(4p-2h){2}¢ 0.12 -0.56 -0.82 0.82 0.94
DEA-EOMCC (4p-2h) 0.19 0.14 0.43 0.43 0.29
" DIP-EOMCC(3h-1p) 6.03 8.47 10.94 10.94 4.91
DIP-EOMCC (4h-2p){2}° 1.17 0.64 0.90 1.17 0.53
DIP-EOMCC (4h-2p) 1.24 0.69 0.95 1.24 0.55

Full CI# 11.14 35.59 61.67
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Another example: Adiabatic excitation energies characterizing the low-lying
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2n 6 2 2n 4
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2 sliter
6 sliter.

2621 sliter.
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(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Another example: Adiabatic excitation energies characterizing the low-lying
states of methylene (TZ2P basis, errors relative to full Cl, in kcal/mol)

X B, BB, ~ (1a)"(28)" (b,

(3a,)" (b))

A*A, C*A ~(la)’(2a)"(lb,)’

DEA: CH?", (13,)%(2a,)%(lb,)?
DIP : CHZ, (1a,)*(2a,)(1b,)

(3a,)" (1)’

. (1a,)?(2a,)* (1b,)(3a,)° (10,

(3{:11)O (1b1)C n,2n5— N2n2n*

(3a1)2 (1b1)2 n,Sn,*— N.2n.2n*

Method AlAy —X 3By B'By —X 3By C'A; — X 3By MUE NPE
DEA-EOMCC(3p-1h) 1.53 1.09 0.93 1.53 0.60 2 sliter
DEA-EOMCC(4p-2h){2}¢ 0.12 -0.56 -0.82 0.82 0.94 |6 sliter.
DEA-EOMCC (4p-2h) 0.19 0.14 0.43 0.43 0.29 2621 sliter.
" DIP-EOMCC(3h-1p) 6.03 8.47 10.94 10.94 4.91
DIP-EOMCC (4h-2p){2}° 1.17 0.64 0.90 1.17 0.53
DIP-EOMCC (4h-2p) 1.24 0.69 0.95 1.24 0.55
Full CI@ 11.14 35.59 61.67




MERGING ACTIVE-SPACE AND RENORMALIZED
COUPLED-CLUSTER METHODS, CC(~.@Q), CC(t:3),

CC(t,q:3), CC(t,q:3,4), CC(q:4), ETC. SCHEMES

. Shen and P. Piecuch, Chem. Phys., 2012; J. Chem. Phys., 2012; J. Chem. Theory Comput., 2012]

S

Key idea: Replace the previously developed moment expansions, which aim
at describing the differences between the exact (full Cl) energies E,and the
corresponding CC/EOMCC energies obtained using conventional truncation
schemes for the cluster operator T and, in the case of excited states,
excitation operator R, by the expansions that enable us to correct the
energies obtained with arbitrary truncations of T and R, for the selected
higher-order correlation effects of interest.

Examples (and motivation):

Correct the results of CCSDt calculations, where T =T =T 4T, +t,,
for the remaining triples effects neglected in CCSDt calculatlons or correct
EOMCCSDtq energies, obtained with T ~T? =T +T, +t,+t, and
and R, RIF“PY =R +R,+r,+r, for the remaining triples and quadruples.



CC(P;Q) HIERARCHY. [J. Shen and P. Piecuch,
Chem. Phys., 2012; J.

CC(t;3), CC(t,q:3), CC(t,9:3,4), CC(qg;4), etc. schemes Chem. Phys, 2012]

EP+Q =EP +65,(P:Q), 6.P:Q)= > luxc(P) My, i (P)

) €D
rank( |®K}]£min[N£Pj =@

M, i (P) = (b |(HPRP) @), HP) =T HT” = (HT),
Ly (P) = (OILPHP| D) /Dy (P), D,x(P)=EF — (dp|HP)|Dy)




CC(P;Q) HIERARCHY. [J. Shen and P. Piecuch,
Chem. Phys., 2012; J.

CC(t;3), CC(t,q;3), CC(t,q:3,4), CC(qg;4), etc. schemes Chem. Phys, 2012]

EP* =EP) +6,(P:Q), 0.(P:Q) = y 0,k (P) M, i (P)

[ ®x)et (D)
rank(|® ) <min(NS) Z(Q))

th}K(P) — <{I)K|(E(P}R£;P))|q)>? gP) — E_T(P) HETEP} _ (HBT(P))C
lux(P) = (| LV HP| Dk ) /Dy (P), Dyur(P) = EF) — (0| HP)|dg)

\

ELCC{‘E;E)] _ E,E-,CCSDt} + 6” (t; 3)
8,(t:3) = - (abe  (CCSD) MI%, (CCSDt) - m—p CC(t;3)

RAL
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CC(P;Q) HIERARCHY. [J. Shen and P. Piecuch,
Chem. Phys., 2012; J.

CC(t;3), CC(t,q;3), CC(t,q:3,4), CC(qg;4), etc. schemes Chem. Phys, 2012]

EP* =EP) +6,(P:Q), 0.(P:Q) = y 0,k (P) M, i (P)

| )e#(Q)
rank(|® ) <min(NS) Z(Q))

M, x(P) = (‘I’K|(FI(P}R£&P3)|{I)>? AP — TP HTY — (HT),
Ly (P) = (OILPHP| D) /Dy (P), D,x(P)=EF — (dp|HP)|Dy)

EﬁCC{t;E)] _ Eﬁcosm} +0,(t:3) 3
8,(t:3) = - (abe  (CCSD) MI%, (CCSDt) - m—p CC(t;3)
|¢gjbf}gyﬂT)95f{t) )
EiCG(t,q;B]) _ EiCCSth} 4 (S# (t?q 3) N
6,(t,q:3) = y (ebe (CCSDtq) MYE, (CCSDtq), - == CC(1,9;3)
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CC(P;Q) HIERARCHY. [J. Shen and P. Piecuch,
Chem. Phys., 2012; J.

CC(t;3), CC(t,q;3), CC(t,q:3,4), CC(qg;4), etc. schemes Chem. Phys, 2012]

EP+Q =EP +65,(P:Q), 6.P:Q)= > busc(P) My i (P)
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EXCITED-STATE POTENTIAL ENERGY SURFACES OF THE WATER MOLECULE

[J. Shen and P. Piecuch, in preparation; cf., also, J.J. Lutz and P. Piecuch, Comput. Theor. Chem., 2014]
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EXCITED-STATE POTENTIAL ENERGY SURFACES OF THE WATER MOLECULE

[J. Shen and P. Piecuch, in preparation; cf., also, J.J. Lutz and P. Piecuch, Comput. Theor. Chem., 2014]
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EXCITED-STATE POTENTIAL ENERGY SURFACES OF THE WATER MOLECULE

[J. Shen and P. Piecuch, in preparation; cf., also, J.J. Lutz and P. Piecuch, Comput. Theor. Chem., 2014]
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EXCITED-STATE POTENTIAL ENERGY SURFACES OF THE WATER MOLECULE

[J. Shen and P. Piecuch, in preparation; cf., also, J.J. Lutz and P. Piecuch, Comput. Theor. Chem., 2014]

Mean unsigned errors (MUES) rel. to full Cl, in mH, for the A' and A" excited states

STATE 7R-SU-CCSD [1] EOMCCSD CR-EOMCC(2,3) CC(t;3)
1 1N

3.94 10.80 0.88 1.10
2 A 3.12 15.59 1.89 1.61
3 A 12.44 14.86 3.86 2.12
1 3A 4.25 3.03 1.31 0.92
2 3N 4.15 9.67 0.68 1.25
33 6.48 11.09 4.89 2.08

STATE 4R-SU-CCSD [1] | (8,4)-CCSD [1] | EOMCCSD | CR-EOMCC(2,3) cc(t;3)
1 1A7 2.85 1.32 8.31 0.87 0.99

2 17 6.22 3.80 1.54 0.89 0.19

1 307 3.88 2.82 8.53 0.58 1.19
2 3p7 12.62 1.95 8.95 4.13 0.63

[1] X. Li and J. Paldus, J. Chem. Phys. 133, 024102 (2010).
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VOLUME 92, NUMBER 13 PHYSICAL REVIEW LETTERS 2 APRIL 2004

Coupled Cluster Calculations of Ground and Excited States of Nuclei

K. Kowalski.! D. J. Dean,> M. Hjorth-Jensen,” T. Papenbrock.>* and P. Piecuch'

lDeparmrenr of Chemistry, Michigan State University, East Lansing, Michigan 458824, USA
zPhy.'iic.i Division, Oak Ridge National Laberatory, PO. Box 2008, Oak Ridge, Tennessee 37831, USA
3Department of Physics and Center of Mathematics for Applications, University of Oslo, N-0316 Oslo, Norway
*Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
*Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
(Received 29 October 2003; published 1 April 2004)

The standard and renormalized coupled cluster methods with singles, doubles, and noniterative
triples and their generalizations to excited states, based on the equation of motion coupled cluster
approach, are applied to the *“He and '*0 nuclei. A comparison of coupled cluster results with the results
of the exact diagonalization of the Hamiltonian in the same model space shows that the quantum
chemistry inspired coupled cluster approximations provide an excellent description of ground and
excited states of nuclei. The bulk of the correlation effects is obtained at the coupled cluster singles and
doubles level. Triples, treated noniteratively, provide the virtually exact description.

TABLE I. The ground-state energies of “He calculated using TABLE Il. The excitation energies of “He calculated using
the oscillator (Osc) and Hartree-Fock (HF) basis states. Units the oscillator basis states (in MeV). The last column indicates
are MeV. The reference energies (P|H'|®) are —7.211 (Osc) the energy expectation for the center of mass mode.

and —10.520 (HF) MeV.

State  EOMCCSD CR-CCSD(T)" CISD Exact (B Hew)

Method Osc HF

J=1 11.791 12.044 17.515 11.465 8.2
CCSD —21.978 —21.385 J=0 21.203 21.489 24969 21.569 0.8
CR-CCSD(T), a —22.841 —22.395 J=2 22435 22,650 24966 22.697 14.3
CR-CCSD(T), a/Ay =1 —23.524 —22.711
CR-CCSD(T), b —22.396 —22.179 “The difference of the CR-CCSC(T), ¢ energy of the excited
CR-CCSD(T), /A, = 1 —22730 —79.428 state and the CR-CCSD(T), b energy of the ground state.
CR-CCSD(T), ¢ —22.630 —22.450
CR-CCSD(T), c¢/A; =1 —23.149 —22.783

CISD —20.175 ~20.801 CCSD, CR-CCSD(T),

CISDT —22.235 -

Exact ~23.484 23484 EOMCCSD, CR-EOMCCSD(T)
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PRL 94, 212501 (2005) PHYSICAL REVIEW LETTERS 3 JUNE 2005

Ab-Initio Coupled-Cluster Study of 1°0

M. Wioch.! D. 1. Dtafm,2 J.R. Gour.' M. Hjorth—]ensen.?‘ K. Kowa]ski,' T. Papenbrock,z'd' and P. Piecuch'

lDepﬂmuem of Chemistry, Michigan State University, East Lansing, Michigan 485824, USA
2F'h_w:su]:.'s Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831, USA
*Department of Physics and Center of Mathematics for Applications, University of Oslo, N-0316 Oslo, Norway

*Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
(Received 26 January 2005; published 3 June 2005)

We report converged results for the ground and excited states and matter density of '°0 using realistic
two-body nucleon-nucleon interactions and coupled-cluster methods and algorithms developed in
quantum chemistry. Most of the binding is obtained with the coupled-cluster singles and doubles
approach. Additional binding due to three-body clusters (triples) is minimal. The coupled-cluster method
with singles and doubles provides a good description of the matter density, charge radius, charge form
factor, and excited states of a one-particle, one-hole nature, but it cannot describe the first-excited 0" state.
Incorporation of triples has no effect on the latter finding.

I III|IIIIIIIIIIIIIIIIII|IIIIIIII
™= —— 35 shells, CM corrected
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FIG. 1 (color online). The coupled-cluster energies of the £ (fm) ’
ground-state (g.s.) and first-excited 3~ and 0" states as functions
of the number of oscillator shells N obtained with the Idaho-A FIG. 2 (color online). Top panel: The charge form factor com-
interaction. puted from the CCSD density matrix. Bottom panel: the matter

density in '°0. The results obtained with the Idaho-A interaction.
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Coupled-cluster calculations for valence systems around *O

J. R. Gour,' P. Piecuch,'? M. Hjorth-Jensen,”** M. Wioch,! and D. J. Dean*”
' Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA
*Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
‘Department of Physics, University of Oslo, N-0316 Oslo, Norway
*Center of Mathematics for Applications, University of Oslo, N-0316 Oslo, Norway
3 Physics Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831, USA
(Received 21 July 2005; published 18 August 2006)

We study the ground and low-lying excited states of 0, 70, *N, and ""F using modern two-body nucleon-
nucleon interactions and the suitably designed variants of the ab initio equation-of-motion coupled-cluster theory
aimed at an accurate description of systems with valence particles and holes. A number of properties of 0, 170,
15N, and ""F, including ways the energies of ground and excited states of valence systems around 'O change
as functions of the number of nucleons, are correctly reproduced by the equation-of-motion coupled-cluster
calculations performed in up to eight major-oscillator shells. Certain disagreements with experiment are in
part because of the degrees of freedom such as three-body interactions not accounted for in our effective
two-body Hamiltonians. In particular, the calculated binding energies of "O/”N and '"0O/'"F enable us to
rationalize the discrepancy between the experimental and recently published [Phys. Rev. Lett. 94, 212501
(2005)] equation-of-motion coupled-cluster excitation energies for the /™ = 3~ state of '°0. Our calculations
demonstrate the feasibility of the equation-of-motion coupled-cluster methods to deal with valence systems
around closed-shell nuclei and to provide results for systems beyond A = 16.

Excited state Interaction Expt.
NLO CD-Bonn Vis
'SD{SKZ)]‘ 6.264 7.351 4.452 6.176
5N (3/2); 6.318 7.443 4.499 6323
'ED (3/2)7 5.675 6.406 3.946 5.084
70 I[UZ)T —0.025 0.311 —0.390 0.870
g (3[2)|+ 5.801 6.677 4,163 5.000
TE(1 [Z)T 0.428 0.805 0.062 0.495

PA-EOMCCSD(2p1h),
PR-EOMCCSD(2h1p)
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Coupled-cluster theory for three-body Hamiltonians

G. Hagen,'=2=3 T. Papenbrock,"z D.J. Dean.,' A. Schwenk ** A. ]f'»Ic-g;;ga,'s M. Wioch,” and P. Piecuch’
! Physics Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831, USA
 Department of Physics and Astrononty, University of Tennessee, Knoxville, Tennessee 37996, USA
*Centre of Mathematics for Applications, University of Oslo, N-0316 Oslo, Norway
ATRIUMEF, 4004 Weshrook Mall, Vancouver, British Columbia, Canada, V6T 2A3
3Department of Physics, University of Washington, Seattle, Washington 98195, USA
SInstitut fiir Kernphysik, Forschungszentrum Jiilich, D-52425 Jiilich, Germany
"Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA
(Received 24 April 2007; published 4 September 2007)

We derive coupled-cluster equations for three-body Hamiltonians. The equations for the one- and two-body
cluster amplitudes are presented in a factorized form that leads to an efficient numerical implementation. We
employ low-momentum two- and three-nucleon interactions and calculate the binding energy of *He. The results
show that the main contribution of the three-nucleon interaction stems from its density-dependent zero-, one-, and
two-body terms that result from the normal ordering of the Hamiltonian in coupled-cluster theory. The residual
three-body terms that remain after normal ordering can be neglected.

T T T T T
-225 \ T T T T 1005_ .\%—body only 1
_232_ \\.\ _é E \\\ 1
Y — 107 e 0-body INF 3
o E \ E =] E Tea E
% E \‘\ 3 s E “1‘I—body INF 1
E . o L . ]
S st 3 = f ] CCSD, NN+3N
5k . i 10 Eestimated triples corrections ™,
o -26F .. E < 5 “®2-body 3NF |
[54] E T E \\ b
: E & . 4
_2?2_ t\_‘__‘k _; 10 ; \\ ]
E Te-._ ] [ . ‘»
-28F E 4 residual 3NF
;____l __________ I N 1 ____; 10 : L L : :
3 4 5 5 (1) (2) 3) (4) (5)

FIG. 7. (Color online) Relative contributions |AE/E| to the
o 4 . o
FIG. 6. (Color online) (Data points) CCSD results (taken at the ~ Cinding energy of "Heat the CCSD level. The different points denote
. - 4 . . the contributions from (1) low-momentum N N interactions, (2) the
fiew minima) for the binding energy of “*He with 3NFs as a function of .
. . ) Lo . vacuum expectation value of the 3NF, (3) the normal-ordered one-
the number of oscillator shells. (Dashed lines) Exponential fit to the A
data ssd asynmptote of the fit. (Full line) Exact result body Hamiltonian due to the 3NF, (4) the normal-ordered two-body
’ ’ Hamiltonian due to the 3NF, and (5) the residual 3NFs. The dotted
line estimates the corrections due to omitted three-particle/three-hole
clusters.
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Coupled-Cluster and Configuration-Interaction Calculations for Heavy Nuclei

M. Horoi,! J.R. Gour.”? M. Wioch,” M. D. Lodriguito,” B. A. Brown,” and P. Piecuch®*

'Department of Physics, Central Michigan University, Mount Pleasant, Michigan 48859, USA
*Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA

*Department of Physics and Astronomy and National Superconducting Cyclotron Laboratory, Michigan State University,
East Lansing, Michigan 48824, USA
(Received 4 December 2006; published 13 March 2007)

We compare coupled-cluster (CC) and configuration-interaction (CI) results for **Ni obtained in the
pf-shell basis, focusing on practical CC approximations that can be applied to systems with dozens or
hundreds of correlated fermions. The weight of the reference state and the strength of correlation effects
are controlled by the gap between the f5, orbit and the f5 5. p5 /2. py 2 orbits. Independent of the gap, the
CC method with 1p-1h and 2p-2h clusters and a noniterative treatment of 3p-3h clusters is as accurate as
the more demanding CI approach truncated at the 4p-4h level.
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3o
= |
-
gl
=
w L .
L
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- — FullCI 1
- *es CR-CC(2.3) 1
- - -CIsDTQ 1

-10 *

Gap shift (MeV) Gap shift (MeV)

FIG. 1. (a) The full CL CISDTQ. and CR-CC(2,3) energies of
Ni as functions of the shell-gap shift AG. (b) Comparison of
full CI energies with the trends expected for the 1p-1h, 4p-4h,
and 8p-8h configurations as functions of AG.

TABLE 1. Energies (in MeV) of *Ni as functions of the shell-
gap shift AG (also in MeV), relative to the reference energy
(Dol H|Dy). S is defined as |(dDp| WHI-CT].

AG -2 -1 0 1 2

State §, 0.022 0332 0825 0917 0949
0t Ccsb —3.218 —2.048 —1509 —1.202 —1.002
CR-CC(2,3) —4.355 —2437 —1.686 —1.298 —1.060
CR-CC(2.4) —4.253 —2415 —1.679 —1.295 —1L059
CISD —2148 —1652 —1.327 —L104 —0.943
CISDT —2706 —1946 —1488 —1199 —1.004
CISDTQ —4.013 —2548 —1758 —1.334 —1.079

Full CI —10.198 —3.868 —1.909 —1.370 —L091

T2D 0260 0.158 0113 0088 0.072

2% CCcsp —2440 —0.065 1.595 2983 4241
CR-CC(2.3) —2695 —0218 1496 2915 4192
CR-CC(2.4) —2700 —0222 1493 2913 419
CISD 0.864 2000 3093 4162 5215
CISDT —1227 0359 1771 3066 4283
CISDTQ —2426 —0.335 1378 2833 4137

Full CI —9.728 —3.054 0.689 2594 4027

REL 1309 1178 1.114  1.080  1.060

4% CCsD —L373 0910 2551 3942 5211
CR-CC(2.3) —1667 0720 2420 3848 5141
CR-CC(24) —1626 0736 2428 3852 35144
CISD 1.554 2743 3884 4994 6.082
CISDT —0.271 1301 2713 4017 5248
CISDTQ —L465 0606 2308 3769  5.087

Full CI —8.700 —1.974 1.778 3581 4.999

REL 1333 1215 1152 1115 1.09

CR-CC(2,3),
CR-EOMCC(2,3),
CR-CC(2,4),
CR-EOMCC(2,4)
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Coupled-Cluster and Configuration-Interaction Calculations for Odd-A Heavy Nuclei

IR Gour,' M. Horoi.” P. Piecuch,]j'* and B. A. Brown’

lDeparr.'uem of Chemistry, Michigan State University, East Lansing, Michigan 485824, USA
*Department of Physics, Central Michigan University, Mount Pleasant, Michigan 48859, USA
*Department of Physics and Astronomy and National Superconducting Cyclotron Laboratory, Michigan State University,
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(Received 3 March 2008; published 30 July 2008)

We compare coupled-cluster (CC) and configuration-interaction (CI) results for **Ni and *"Ni obtained
in the p f-shell basis, focusing on the practical equation-of-motion (EOM) CC approximations that can be
applied to systems with dozens of correlated fermions. The weight of the reference state and the strength
of correlation effects are controlled by the gap between the f;,, orbit and the f5.. p3n, pyjp orbits.
Independent of the gap, the CC methods with up to 2p-2h components in the cluster operator and
3p-2h/3h-2p components in the EOMCC excitation operator are more accurate than the computationally
more demanding CI approach with up to 3p-3h excitations and almost as accurate as the even more
demanding CI approach truncated at 4p-4h excitations.

TABLE I.  Binding energies (in MeV) of **Ni and “'Ni relative ~ TABLE II.  Excitation energies (in MeV) of the low-lying
to the Cor]'csponding reference energies (d);;n |H|C[)“](’|)) A= states of 7Ni as functions of the shell gap shift AG (in MeV).
55 and 57, respectively, as functions of the shell gap shift AG (in SEV(j) is defined as (DY ()| WEI-CI(j)y,

MeV). SW(j) is defined as (B (j)|WLI-C1( ).

AG -2 -1 0 1 2
AG -2 -1 0 1 2 -

5/2
E (5/2)

EOMCC(2p-1h) 0658 0819 0.895 0937 0961
EOMCC(2h-1p) —3.649  —2459 —1.884 —1542 1313 EOMCC(3p-2h) 0625 0771 0856 0908 0939
FOMCCGA-2p) —3.844  —2567 —1951  —1387 1344 cyp,0p) 0812 0856 0897 0927 0948
CI(2p-2h) —2505 2013 —1.672 —1427 —1.244

CI(3p-3h) 0781 0827 0878 0917 0944
CI(3p-3h) —3.205 2449 —1922 —1.580 —1.344 )
Cl(4p-4h) —4.457  —2967 —2150 —1.693 —1406 c‘@!"‘)‘_h) 0692 0776 0852 0504 0937 PA- E O M C C S D (3 p 2 h ) ;
Cll6p-6i) _6397 —351 —292 —177  —1417 Cl{(6p-6h) 0360 0658 0832 0900 0936
Full CI —9.091 -3920 -2279 —1725 —1417 Fgg'} EI —0.118 0402 0825 0900 0936 P R _ E O M C C S D (3 h 2 )
S'li“‘ (%) 0.0362 0.4023 0.8015 0.8010 0.0287 ( 0.0193 02640 07443 0.859 09077 p
Ni (1/2)"
EOMCC(2p-1h) —3868 —2671 —2080 —1721 —1476 EOMCC(2p-1h) 1259 1494 1639 1739 1813
EOMCC(3p-2h) —4.295 —2871 —2.186 —L783 —1516 EOMCC(3p-2h) 0.669 1.071 1.366 1.562 1.694
Cl2p-2) -2602 2192 -840 -LS8 1389 (o),0p) 1279 1451 1592 1699 1781
t:zf’j:; Tyer AT e ST I aepse) 1000 1218 1426 1588  1.706

- P : e - : : Cl(4p4h) 0763 1021 1312 1530 1676

Cl(6p-6h) —6.534 —3.768 —2493 —1918 1588 P i 0395 0739 1211 1499 1665
Full CI1 —9.391 —4.151 —2.511 —1.921 —1.588 Flﬁ]!z:lh ) 0'(‘]50 0'434 1.134 1.496 1.665
s§76) 00335 04062 07802 08774 09182 pe - - : : :

ST 00293 02561 06577 08049 08701
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Ab initio coupled-cluster and configuration interaction calculations for 0O
using the Vi oy interaction

Robert Roth”
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(Received 30 May 2008 revised manuscript received 7 November 2008; published 21 May 2009) 120l @ rend -_-?.-_-' & |
IT-Cl{4p4h) . i—? —
Using the ground-state energy of 180 obtained with the realistic Vicoum interaction as a test case, we present _130 L TT-Cl(4p4h)+MRD i

a comprehensive comparison of different configuration interaction (CI) and coupled-cluster (CC) methods,
analyzing the intrinsic advantages and limitations of each of the approaches. In particular, we use the importance-
truncated (IT) CI and no-core shell model (NCSM) schemes with up to 4-particle-4-hole (4p4h) excitations, with
and without the Davidson extensivity corrections, as well as the size extensive CC methods with a complete
treatment of one- and two-body clusters (CCSD) and a noniterative treatment of connected three-body clusters
via the completely renormalized correction to the CCSD energy defining the CR-CC(2,3) approach, which are
all capable of handling larger systems with dozens of explicitly correlated fermions. We discuss the impact of
the center-of-mass contaminations, the choice of the single-particle basis, and size-extensivity on the resulting
energies. When the IT-CI and IT-NCSM methods include the 4p4h excitations and when the CC calculations

include the 1plh, 2p2h, and 3p3h clusters, as in the CR-CC(2,3) approach, we observe an excellent agreement ccsp - ~H
among the different methodologies, particularly when the Davidson extensivity corrections are added to the IT-CI J30| CRCCERY) L ——|
energies and the effects of the connected three-body clusters are accounted for in the CC calculations. This shows o f f f f —
that despite their individual limitations, the IT-CI, IT-NCSM, and CC methods can provide precise and consistent
ab initio nuclear structure predictions. Furthermore, the IT-CL, IT-NCSM, and CC ground-state energy values g0l |
obtained for '°0 are in reasonable agreement with the experimental value, providing further evidence that the
Vucom two-body interaction may allow for a good description of binding energies for heavier nuclei and that all = 100 - |
of the methods used in this studv account for most of the relevant particle correlation effects. §
Physics Letters B 679 (2009) 334-339 ; S110k — /
N \ -.'.'.-'-"I‘ﬁ
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Center-of-mass problem in truncated configuration interaction
and coupled-cluster calculations
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The problem of center-of-mass (CM) contaminations in cb initio nuclear structure calculations using
configuration interaction (Cl) and coupled-cluster (CC) approaches is analyzed. A rigorous and quantitative
scheme for diagnosing the CM contamination of intrinsic observables is proposed and applied to ground-
state calcularions for *He and '%0. The CI and CC calcularions for '°0 based on model spaces defined via a
truncation of the single-particle basis lead to sizable CM contaminations, while the importance-truncated
no-core shell model based on the Nmach$2 space is virtually free of CM contaminations.

PACS: 2009 Elsevier BV. All rights reserved.
21.60.De

problem in CC




NN+3IN-induced NN+3N full
T

6o =, - 60} =,
A 2 A\ o
B -80 - /5
PHYSICAL REVIEW C 88, 054319 (2013) W ® T/
=1 L% T om
Extension of coupled-cluster theory with a noniterative treatment of connected triply excited § -124 .f} g
clusters to three-body Hamiltonians s & z i'
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We generalize the coupled-cluster (CC) approach with singles, doubles, and the noniterative treatment of triples o [fm'] o [fm]
termed ACCSD(T) to Hamiltonians containing three-body interactions. The resulting method and the underlying _
CC approach with singles and doubles only (CCSD) are applied to the medium-mass closed-shell nuclei '°0, 20, 50 NI $N-induced T NNTINfull
and *Ca. By comparing the results of CCSD and ACCSD(T) calculations with explicit treatment of three-nucleon o0l _‘\_ P 100 -\__ r
interactions to those obtained using an approximate treatment in which they are included effectively via the zero-, (c) S d /"
one-, and two-body components of the Hamiltonian in normal-ordered form, we quantify the contributions of the -150~ 40 '50~ 240 =

T

(a0

residual three-body interactions neglected in the approximate treatment. We find these residual normal-ordered z
three-body contributions negligible for the ACCSD(T) method, although they can become significant in the -

lower-level CCSD approach, particularly when the nucleon-nucleon interactions are soft. §'154' tg g -l64 ]
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[Renorm. Hamiltonian (V,,,, «» Vucom: G-matrix, etc.)]
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I

[ Sorting 1- and 2-body integrals of H J

CCSD (ground state) EOMCCSD (excited states)

r-amplitude equations

t-amplitude equations
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[Bare Hamiltonian (N3LO, Argonne V18, etc.)]

) ) 1 ) PR-EOMCCSD (A-1)
[Renorm. Hamiltonian (V,,,, «» Vucom: G-matrix, etc.)] 1h, 2h-1p, & 3h-2p r-amplitude egs.

l_' PA-EOMCCSD (A+1)
[ Center of mass corrections (Hg = H;,,+SH.) ] 1p, 2p-1h, & 3p-2h r-amplitude eqs.

I

[ Sorting 1- and 2-body integrals of H ]

(A—> A-1, A+1)

CCSD (ground state) EOMCCSD (excited states)
t-amplitude equations r-amplitude equations

Properties Triples and
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A equations energy amplitude energy

corrections equations corrections

| |

CR-CCSD(T), CR-EOMCCSD(T),
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Effective Hamiltonian for heavier PR-EOMCCSD (A-1)
nuclei (e.g., GXPF1A) 1h, 2h-1p, & 3h-2p r-amplitude eqgs.

PA-EOMCCSD (A+1)
\ J 1p, 2p-1h, & 3p-2h r-amplitude eqs.

I

[ Sorting 1- and 2-body integrals of H ]

(A—> A-1, A+1)

CCSD (ground state) EOMCCSD (excited states)
t-amplitude equations r-amplitude equations

Properties Triples and

Properties quadruple |- and r- gquadruples
A equations energy amplitude energy

corrections equations corrections

| |

CR-CCSD(T), CR-EOMCCSD(T),
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