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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

(F. Coester, 1958; F. Coester and H. Kiimmel, 1960; J. Cizek, 1966,1969; J. Cizek and J. Paldus, 1971)
(A)
o) =T ), T = § ka

Ty|@) =) th|®F), o= th|0F), Tad= > t|®H), ete.

i i>j>k
i a>=b a>=b>c
a,b,. .. * * ..
L :} L - - :} : - = j .
.'Jl :: :: - » ] - = -
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
a=2 T=T+T CCSD nt (n2n?) <« iterative N°
ma =3 T=T,+T, +Ty CCSDT g (n3n3) « iterative N8
nin

my =4 T=T14+To +T54+Ty CCSDTQ 8 (ninl) « iterative N1



Standard CC Equations
(J. Gizek, 1966)

We do not minimize

E[V] = (W[H|W)/(¥|¥) = (@|(" He") o),

which is a nonterminating series in T'. We transform and project the Schrodinger

equation.
Hel|®) = Eyel|®)
e THe' @) = Eye el |®) = Ey |®)
H|®) = Ey|®), H=e¢THe" =(He' e
H is a finite series in T, for pairwise interactions,

H =H + [HT]+ 3[[H,T],T]| + §l[[H.T], T],T] + 54 [[[[H, 1], T], T],T]

kp-kh —— (@102 (Hv T’-*”) ®) =0, k=1...,my4

1112, .1

Eo = (@|H|2) + (@ (Hxe™") |9) = (0|H|®) + r:@l[H.M{T1+Tz+.—é-rﬁ]c|¢:l
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Linked cluster (diagram) theorem (Brueckner, 1955; Goldstone, 1957)

( U* = (RyW)*®( + renormalization terms
_ K L
o [(ROW) Linked (DO ’ (k B l’ 2’ o ‘)’
MBPTR
AEHD — (@o|W (ReW )F|dg) + renormalization terms
k .
\. - <(DO‘ [W(RUW) Lonnected ‘(DU> ’ (k - l’ 2’ o )

Connected cluster theorem (Hubbard, 1957; Hugenholtz, 1957)

U=eld, T=> ) {(RW)}c
k=1 C

C < connected diagrams (including EPV terms)
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ARGUMENTS IN FAVOR OF THE CC THEORY

) Size-extensivity of the resulting approximations (no loss of
accuracy occurs when the system is made larger)

) Separability or size consistency if the reference state separates

correctly
C_AB D
N

V'

<

Hyp - Hs + Hp
T=Tag —Ta+Ty, [Ta.Te]=0

elB

gtan — Ta
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) Size-extensivity of the resulting approximations (no loss of
accuracy occurs when the system is made larger)

) Separability or size consistency if the reference state separates
correctly

J Fastest convergence toward the exact, full ClI, limit

100 ccsoT _.E%SDTQ
e
o _~NBPT(6) CISDTQ
i MBPT(4)e-"7 |
S "l 4/ CCSD
9 'I
2
w854 ;
5 j _.-m CISDT
e ¥ §  CloD
8 i = . ---o--- MBPT (2) - (6)
75 ~m- Cl SD-SDTQ
g *—CC 8D -S8DTQ
704 MBPT(2)
Taken from R.J. Bartlett T T L T T 1

and M. Musial, Rev. Mod. 5 8 7 8 9 10 11
Phys., 2007 -



ARGUMENTS IN FAVOR OF THE CC THEORY
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ARGUMENTS IN FAVOR OF THE CC THEORY
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ARGUMENTS IN FAVOR OF THE CC THEORY

) Size-extensivity of the resulting approximations (no loss of

accuracy occurs when the system is made larger)

) Separability or size consistency if the reference state separates

correctly

J Fastest convergence toward the exact, full ClI, limit

CIS = CI(1p-1h) —
CISD = CI(2p-2h) —»
CISDT = CI(3p-3h) —
CISDTQ = Cl(4p-4h) -

|1.I.r:; — .|:]¥+ Cr4+Cs + - }llil} — 5“1-14—“1-24—---'@;

Cl expansion CcC ex}Sansion
N _
T = _
k=1
C,=T
Cp =T, + 3(T1)?
Ca=Ty + T2+ 5(T1)*

Cy

Ty +

L) + TV + H(T)Te + (1), exc.

=P CCSDT

Ty < 175



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)

Uk) = Re| Vo),  |To) = |®)

T = Tl + TZ + -, RH — RH,{I + Rﬁ',npen-. RH,npen — RH,I + RH,Z + -
Example: EOMCC

(K. Emrich, 1981; J. Geertsen, M. Rittby, and R.J. Bartlett, 1989; J.F. Stanton and R.J. Bartlett, 1993)

In the exact theory,

@RH,DPFH}F"@ — @ [H"'nr,upen RH npen]l'I':' - '-‘-'HRH

= (Hye' )o, wx = Ex —Ey, Rk.open = R — Ri.o.

In approximate methods,

T ~ TH?—ZT RHER{A}—ZRH.“ (my < N)

=i}

Basic approximation: EOMCCSD B
ma=2:T=T14+Ths ﬁCEHD_( HES Hsp )

Rk = Riko+ Rix1 + R Hps Hopp
Higher-order methods: EOMCCSDT, EOMCCSDTQ, etc.



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

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

State  Full C* | EOM-CCSD® EOM-CCSDT® EOM-CCSDTQ!
11, 1.385 +0.090 +0.034 +0.001
'A, 2.293 +2.054 +0.407 +0.024
13 5.602 +0.197 +0.113 +0.013
1, 4.494 +1.708 +0.088 —0.007

errors
relative

== .o tull Cl
(eV)

State EOMCCSD EOMCCSDT EOMCCSDTQ Experiment
atx- 0.95 0.66 0.65 0.74
A°ZA 3.33 3.02 3.00 2.88
B 2x- 441, . 3.27 3.27 3.23
C2x* 5.29] ©rrors 4.07 4.04 3.94
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KEY CHALLENGE: How to incorporate T,, and R, components with n > 2,

needed to achieve a quantitative description, without running into prohibitive
computational costs of CCSDT, CCSDTQ, and similar schemes?

TRADITIONAL SOLUTION: Noniterative corrections of the CCSD(T) type, iterative
CCSDT-n and similar approximations, and their linear-response CCSDR3, CCS3,
etc. counterparts (replace iterative N® and N1°steps of CCSDT and CCSDTQ by
iterative N° plus noniterative N7 or N°, or iterative N7 or N° operations)

¢ lterative perturbative methods: CCSDT-n, CCSDTQ-n, etc.

Example: CCSDT-1 equations — n'n, (A7)
(| [HN(1+ T+ To+ Y2+ T+ TvTy + 1TH))c|@) = 0
(@FIHN(A+Ti+ To+ 375 + 157 + TiTo + T3 + 3T + 3T0T2 + £T1)|c|®) = 0
T1®) = RS (VwTs)c|®)

¢ Mon-iterative perturbative methods: CCSD(T), CCSD(TQ¢), CCSDT(Q¢),
etc.

Example: CCSD(T) method — iterative n-n,, (A"} plus non-iterative nn

(N') - .
E{{.GG-‘!DU}} _ E{':,GGSD} + BT

EM = (@|(T] + 23 (VwT2)c|®)



KEY CHALLENGE: How to incorporate T,, and R, components with n > 2,
needed to achieve a quantitative description, without running into prohibitive
computational costs of CCSDT, CCSDTQ, and similar schemes?

TRADITIONAL SOLUTION: Noniterative corrections of the CCSD(T) type, iterative
CCSDT-n and similar approximations, and their linear-response CCSDR3, CCS3,
etc. counterparts (replace iterative N® and N1°steps of CCSDT and CCSDTQ by
iterative N° plus noniterative N7 or N°, or iterative N7 or N° operations)

« Trimethylene biradical -

S 1102

i 1.100
cCcsh &y
-108.60 - . CCSDM) hy e
o CCSDITay) @ . 16.1° %,
—-108.70 | ~ CCEOTIG) .-"- ; | ™ 120.8° ¢ 121.6° 1.081
L FIJ" EI N drr H2 H2 H5
E -108.80 | * CCSDT Al - e e
E CCSD(T) MRCI
= -108.90 Vib mode [1/cm] Vib mode [1/cm]
= 1 411.2i 1 139.2i
E -108.00 - 2 157.1i 2 61.1
- 3 168.1 3 277.9
-108.10 - _ 4 237.6 4 361.3
- 5 336.6 5 372.5
-109.20 | N2 S
. %AV Err 89.3
-108.30 L - i i i ; oo
15 20 25 30 35 40 45 CASSCF: 330.01, 314.5i

Ry, (bohr) MCQDPT2: 131.7i



BETTER SOLUTION: MOMENT ENERGY EXPANSIONS

[original ideas: K. Kowalski and P. Piecuch, 2000 (ground states); 2001 (excited states)]
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BETTER SOLUTION: MOMENT ENERGY EXPANSIONS

[original ideas: K. Kowalski and P. Piecuch, 2000 (ground states); 2001 (excited states)]

Instead of conventional E, = <CD‘ H ehtlt CD>, use
T(A)
(F[He' |@) -

A[Y]= 5 <= \|MCC functional
<\P ‘ € (D> (K.Kowalski and P. Piecuch, 2000)

T =T +--+T,)

exact, independent of
A[Y,]=E, <= truncation m, defining T®
(wfe e T H e @) (wyle™ (e He™)| @)
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BETTER SOLUTION: MOMENT ENERGY EXPANSIONS

[original ideas: K. Kowalski and P. Piecuch, 2000 (ground states); 2001 (excited states)]

Instead of conventional E, = <CD‘ H ehtlt CD>, use
(¥|H e |@) -
A[Y]= 5 == \|MCC functional

(¥

> (K.Kowalski and P. Piecuch, 2000)
(A) _
(T =T++T,)

exact, independent of
AlY,]=E, < truncation m, defining T®
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BETTER SOLUTION: MOMENT ENERGY EXPANSIONS

[original ideas: K. Kowalski and P. Piecuch, 2000 (ground states); 2001 (excited states)]

Instead of conventional E, = <CD‘ H ehtlt CD>, use
(¥|He"|0) -
A[Y] = _ < \|MCC functional

(¥

> (K.Kowalski and P. Piecuch, 2000)
(A) _
(T =T++T,)

exact, independent of
AlY,]=E, < truncation m, defining T®

(ol e H e o) _ (oo™ fe

E A A
e o) (ole””

_T1(A)

H T(A)
D)

)

N
EHCIED VD I Ll G o5 (HeT™). [0}

n=1 |, <<l ,ay<---<a, < 1

_ QBil,...in (m )
T(A) l T(A) l 0,a,,..an A
<LPO ‘e (He )C ‘(D> — E(A) i 5(A) (moments of

<\PO ‘eT(A) ‘CD> 0 0 CC equations)

E, =



BIORTHOGONAL MOMENT EXPANSIONS

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

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

N
Instead of ‘CD><CD‘+Z Z

n:]. |1< . ‘<in ,a1<' . '<an

P ><q)al..:an

Iy Iy

- ppp g (FolHE ) (e Uime™). o)
0 0 TA) T(A)
(Fole" | @) (Fole" [@)

before exploiting the resolution of identity, introduce the ansatz:

N
(Fol=(@Lee ™ Li=2 L (®[L]®)=1
n=0




BIORTHOGONAL MOMENT EXPANSIONS

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

N
Instead of ‘(D><CD‘+Z Z

n:]. |1< . ‘<in ,a1<' . '<an

iy

) (@

e, = AL )= el e’ @) (¥,

™" l (He™"). |®)

(Fole"™

P) (Wole™ |@)

before exploiting the resolution of identity, introduce the ansatz:

N
(Fol=(@Lee ™ Li=2 L (®[L]®)=1
n=0

®|Le T e (He™ ), | @)
<(D‘ Loe_T(A)eT(A) ‘(I)>

!




BIORTHOGONAL MOMENT EXPANSIONS

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

N
Instead of ‘(D><CD‘+Z Z

n:]. |1< . ‘<in ,a1<' . '<an

P ><q)gl..:an

Iy Iy

e o) (e b (He™), o)
(Fole™ @) (F[e™ |@)
before exploiting the resolution of identity, introlgluce the ansatz:
(Wol=(@[Le™, L= Ly, (®[L|0)=
(@] e e o)
~ T ole e o)

Eo = A[LPO] =




BIORTHOGONAL MOMENT EXPANSIONS

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

N
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n=1 i <-<i,, g <-<a,

R TR

T (e o) (¥ole"™ |@)
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BIORTHOGONAL MOMENT EXPANSIONS

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

N
Instead of ‘CD><CD‘+Z Z

n=1 i <-<i,, g <-<a,
R TR
T (e o) (¥ole"™ |@)
before exploiting the resolution of identity, introduce the ansatz:
(W, =(D|Le™", L, = Z;Lo,n, (®| L, |®) =1
n .
L .@( e Jel®)_ ()1, 4 (HE™), @) i
(D‘ I—O@‘ ) I defining T®W g

‘(D><(D‘+ ) Z q)zf::i:“><®f;{::i?n
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BIORTHOGONAL MOMENT EXPANSIONS

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

N
Instead of ‘CD><CD‘+Z Z ‘q)il-::i:n ><q’§1.ilif”

n:]. |1< . ‘<in ,a1<' . '<an

(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 i
(@|Lie ™ e (He™ )| @) (O]l 4 (HE™), [0}
T ol e ) J D

BIORTHOGONAL MMCC
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MOMENT ENERGY EXPANSIONS FOR GROUND AND EXCITED STATES
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MOMENT ENERGY EXPANSIONS FOR GROUND AND EXCITED STATES
B, = (U, |HRDT|3) ) (W, | RV | 0)

() =g _ g@
0N =E, - E

Z Z M|Oﬂ k(ma) M,

n=ma+1 k=my+1

e(ma)| @)/ (W, RDe™™ | @)

M,u,n(mA) - Z mi;,lafna ( )
11 <+ <ip
ap < ---<anp

ML (ma) = (@80 | (HDRD) o)

U@l ...Qn 11...7

.. a}anain .

© gy l
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MOMENT ENERGY EXPANSIONS FOR GROUND AND EXCITED STATES

(A) (A) A) A
E, = (U, |HRMe" " |®)/(U,|R[Ve | D) sV =E,—EM
(A)
o = Z Z (W, |Cri(mia) Mg (ma)|®) /(W RV e D)
n=ma+1 k=my4+1
My (ma) = Z MiLin, (ma) a® - aa;, -, l
. oy CR-CCSD(T), CR-CCSD(TQ),
Lty CR-EOMCCSD(T), etc.
~ CR-CC(2,3), CR-CC(2,4), CR-
M, (ma) = (@800 (HREY) ) coucced I
(W] = (B Le ™
Na,. Na.,
0V = N (DL Myp(ma)|@) = > Z (o L ()
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MOMENT ENERGY EXPANSIONS FOR GROUND AND EXCITED STATES

(A) (A)

E, = (U, |HRMe" " |®)/(U,|R[Ve | D) sV =E,—EM

(A)
o = Z Z U, Crg(ma) My (ma)|®)/ (U, RV |D)
n=ma+1 k=my+1
Myn(m.a) = Z M, (ma) a® - -aa, - a, l

i< < CR-CCSD(T), CR-CCSD(TQ),
a1 < - < an CR-EOMCCSD(T), etc.

P1.in ai...an | 77 (A) p(A) CR-CC(2,3), CR-CC(2,4), CR-
m yA1...0n (mA) <(I)7,1 an ’(H R!_L )"D> EOMCC(2,3), etc.
(U,| = (D|Z, o= T

Na,

0V = N (DL Myp(ma)|@) = > Z ) G

[yt .. ?', ;Lal a (?TLA)
n=m+1

n=ma+1 ;

ai < < an




BIORTHOGONAL MOMENT EXPANSIONS: CR-CC(m,,m

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

mB
a,,..a i,..0
Smams) = D D Wi 0, (m)

n=m,+1 i,<-<ip
a,<-<ap

'k
5,23 = ) @B,
i<J<k
a<b<c

'k
5,2H= ) @B,

i<j<k
a<b<c
abcd ijkl
+ Z fuukl(z)%u,abcd(z)
<j<k<l
a<b<c<d

Kkl
L,3H= ) emdEml (3)

I<j<k<l
a<b<c<d

| CR-CC(2,3)

CR-EOMCC(2,3)

| CR-CC(2,4)

CR-EOMCC(2,4)

| CR-CC(3,4)

CR-EOMCC(3,4)

5) HERARCHY



Example: CR-CC(2,3), T correction to CCSD
iterative n2n* (N®) + noniterative nn % (N’); CCTYP=CR-CCL in GAMESS

Ey(2.3) = ES0) +(D|LM,(2)| @) = E;“ + > 00 M2’ (2) | = (0| (Hye 1) . |@)

abc
ih<j<k,a<b<c




Example: CR-CC(2,3), T correction to CCSD
iterative n2n* (N®) + noniterative nn % (N’); CCTYP=CR-CCL in GAMESS

Ey(23) = Eg™ +(@ LM (2)| @) = Eg™ + - > VM5 (2) | b= (@] (Hne™ ) |2)

abc
ih<j<k,a<b<c

(CCSD) —(CCSD)

T-To o TiH T Ty +T
—e 2Hel+2:(He1+2)C
| ~ L(CCSD) + L3, EO ~ EéCCSD)

(CCSD) abc\ ,Imn (CCSD) yijk
‘(Duk >€ def E ¢

<®nH
<®nH
@LE=THT of)+ 3 (o

I<m<n,d<e<f
—(CCSD)
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(CCSD) ‘

®$>:Eﬂk

abc?

abc

ijk
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_ <CD‘L(CCSD) H
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Example: CR-CC(2,3), T correction to CCSD
iterative n2n* (N®) + noniterative nn % (N’); CCTYP=CR-CCL in GAMESS

Ey(23) =B +(®[LM, () @) =B +

2 LM

ih<j<k,a<b<c

5 (2)

(@ILH = Eyf

—(CCSD)

(@|LH
<(D ‘ L(CCSD) H

—(CCSD) ‘

abc

‘CD;"]EC> E, ¢

abc?

> (@i

I<m<n,d<e<f

abc

_ <CD‘L(CCSD) H

—(CCsD)

H

(CCSD)‘

q)ﬁic>/( EéCCSD) _<(D;s}ic

S.A. Kucharski and R.J. Bartlett;

| cr-cc(2,3)]

A.G. Taube and R.J. Bartlett; J.F.
Stanton and T.D. Crawford

CCSD(2);=CR-CC(2,3),A or B; CCSD(T),; R-CCSD(T), CR-CCSD(T), LR-CCSD(T)

i

S.R. Gwaltney and M. Head-Gordon; S. Hirata et al.

J

CCSD(T)

J

CCSDI[T]

abc Imn
(Dijk >€ def

)

<= (0| (Hne" ") [2)

]
¥

_ (HeT1+T2 )C

(CCSD)‘

E(CCSD)fljk

1 (ccsp) _ = (ccsp)

abc

O3 )

K. Kowalski and P. Piecuch

K. Raghavachari, G.W. Trucks, J.A. Pople,
and M. Head-Gordon

M. Urban, J. Noga, S.J. Cole, and R.J. Bartlett




CR-CC(2,3) [in GAMESS: CCTYP = CR-CCL]: the most accurate non-iterative triples
correction to CCSD. Example: potential energy curve of OH".

Ro-n
Method 0.77 0.87 092 0.96966° 1.0 1.07 1.27 1.50 1.75 2.00 2.25 2.50 3.00
Full CI -75.468511 75518758 -75.528442 -75.531783 -75.530756 -75.526756 -75.497668 -75.461721 -75.430711 -75.408175 -75.392615 -75.382311 -75.371727
CCSD 2,087 2.356 2.524 2714 2931 3.172 4424 6.508 9.487 12958 16674 20410  26.865
CCSDT 0.464 0.530 0562 0504 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 Q}.Tl[l) 0.752 0.794 0.938 0.931 0.278 -2.025 -1.905  -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 5.301 5.827
o
CR-CCSD(T) e  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
1 — —
CR-CC(2,3) ' ' ' ' ' ' ' '
~199.16 |- 1
_____ ©
-199.18 - e—o CCSD 1
= CCSDT
B—8& CR-CCSD(T)
~195.20 + &—=a CR-CCSD(T), g
Another g Coem
=
example ... £ [ | e y CR-CCSD()
; - : 2
£ 1924 f A Forrrr——— v
T F./lcc-pVTZ |
\A\A"J‘».
-199.28 - ?‘-'--w---___7_____ - 1
CCSD(T) N
-199.30 - : ' : : : -
10 20 30 40 50 60 70 8.0

R (Angstrom)



CR-CC(2,3) = CCSD(T)

E,(2,3) = E{“P)

2 Lane

i< j<k,a<b<c

M " (2)




CR-CC(2,3) = CCSD(T)

abc
i< j<k,a<b<c

E)(23) ="+ D LM (2)
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CR-CC(2,3)= CCSD(T)

E)(23) ="+ D LMl (2)

abc
I < J<k,a<b<c

i abc (CCSD) abc
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CR-CC(2,3) = CCSD(T)

E)(23) ="+ D LMl (2)

abc
i< j<k,a<b<c

(CCSD) ‘

(D> —> <(Dié}ic (\/NTZ)C‘CD>

M5 (2) = (@5 |H

(3) (4) (2)

) (CCsD) (CCSD) abc i
03 = (DL H; )DC+<®<>DC+(L@SD>H )| @5 )/ D

(T1+ VN ) DC (TZ+ VN )C




CR-CC(2,3)= CCSD(T)

E)(23) ="+ D LMl (2)

abc
I < J<k,a<b<c
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Ijk _

abc

CR-CC(2,3) = CCSD[T]=CCSD+T

E)(23) ="+ D LMl (2)

abc
I < J<k,a<b<c

(CCSD) ‘
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Functional

BDE (with ZPE),
kcal/mol, 6-31G(d) / 6-
311++G(d,p)

BHandHLYP (50% HF) 1.2/-2.2
MPW1K (42.8 % HF) 8.9/6.0
MO06-2X (54 % HF) 13.5/9.2
MPW1PW91 (25 % HF) 18.1/16.1
B3LYP (20 % HF) 17.8/15.9
B3LYP+D3 (20 % HF) 21.2/24.7
MO6-HF (27 % HF) 27.4/126.2
TPSSh (10 % HF) 24.5/23.0
®B97X-D (22 % HF) 26.8/24.8
BLYP 25.7/24.8
TPSS 29.1/28.1
MPWPW091 30.3/29.7
MO6-L 31.3/29.8
BP86 30.6/30.0
BP86+D3 35.2/39.7
B97-D 35.1/34.8
CIM-CR-CC(2,3)/CCSD 39.8/37.8
Experiment 37+£3,36x4
CASSCF(11,10), CASPT2(11,10) 15.1,53.8

@
Q
=
[
e
o
O
£
-

LARGE SYSTEMS (LOCAL CC):
CIM-CR-CC(2,3) STUDY OF Co-C BOND

DISSOCIATON IN METHYLCOBALAMIN

[P.M. Koztowski, M. Kumar, P. Piecuch, W. Li, N.P.
Bauman, J.A. Hansen, P. Lodowski, and M. Jaworska,
J. Chem. Theory Comput. 8, 1870 (2012)]
[In GAMESS:
CIMTYP =
GSECIM]

Structural
model: 58
atoms; 234
electrons.

TPSS
B3LYP + D2
MO6
wB97X-D
BLYP
B3LYP + D3
TPSSh
OLYP
MPW1PW91
B3LYP
MO086-2X
MPW1K
BHandHLYP wmr:

Co-C BDE [kcal/mol]



ADIABATIC EXCITATIONS IN CH, CNC, C,N (TRIPLES CORRECTIONS TO EOMCCSD)

[IN GAMESS: CCTYP = CR-EOM, CR-EOML] CH [Piecuch, Gour, Wioch, 1JQC (2009)]

State Theory E/Hartree T./eV REL State Theory E/Hartree Te/eV REL

B 2Y~ EOMCCSD -38.228 924 4.241 1.79 C ?¥+t EOMCCSD -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-EOMC(C(2,3).C -38.272 744 3.123 CR-EOMC(C(2,3).C -38.238 514 4.055
CR-EOMCC(2,3),D -38.272 498 3.130 CR-EOMCC(2,3).D -38.238 118 4.065

Experiment d 3.23 Experiment® 3.94




ADIABATIC EXCITATIONS IN CH, CNC, C,N (TRIPLES CORRECTIONS TO EOMCCSD)

[IN GAMESS: CCTYP = CR-EOM, CR-EOML] CH [Piecuch, Gour, Wioch, 1JQC (2009)]

State Theory E/Hartree T./eV REL State Theory E/Hartree Te/eV REL

B 22~ |EOMCCSD (> 1eVerror) -38.228 924 4.241 1.79 C ?¥+ EOMCCSD (>1eVerror) -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-EOMC(C(2,3).C -38.272 744 3.123 CR-EOMC(C(2,3).C -38.238 514 4.055
CR-EOMCC(2,3),D -38.272 498 3.130 CR-EOMCC(2,3).D -38.238 118 4.065

Experiment d 3.23 Experiment® 3.94




ADIABATIC EXCITATIONS IN CH, CNC, C,N (TRIPLES CORRECTIONS TO EOMCCSD)

[In GAMESS: CCTYP = CR-EOM, CR-EOML] CH [Piecuch, Gour, Wioch, IJQC (2009)]

State Theory E/Hartree T./eV REL State Theory E/Hartree Te/eV REL

B 22~ |EOMCCSD (> 1eVerror) -38.228 924 4.241 1.79 C ?¥+ EOMCCSD (>1eVerror) -38.194 213 5.185 1.87
EOMCCSDT? -38.267 435 3.273 (<0.1 eV error) 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-EOMC(C(2,3).C -38.272 744 3.123 CR-EOMC(C(2,3).C -38.238 514 4.055
CR-EOMCC(2,3),D -38.272 498 3.130 CR-EOMCC(2,3).D -38.238 118 4.065

Experiment d 3.23 Experiment® 3.94




ADIABATIC EXCITATIONS IN CH, CNC, C,N (TRIPLES CORRECTIONS TO EOMCCSD)

[In GAMESS: CCTYP = CR-EOM, CR-EOML] CH [Piecuch, Gour, Wioch, IJQC (2009)]

State Theory E/Hartree T./eV REL State Theory E/Hartree Te/eV REL

B 22~ |EOMCCSD (> 1eVerror) -38.228 924 4.241 1.79 C ?¥+ EOMCCSD (> 1eVerror) -38.194 213 5.185 1.87
EOMCCSDT? -38.267 435 3.273 (<0.1 eV error) 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 (~0.1eVerror) 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) -38.272 744 3.123 CR-EOMCC(2, 3) -38.238 514 4.055
CR-EOMCC(2;: -38.272 498 3.130 (<0.1 eV error) CR-EOMCC(2,: -38.238 118 4.065

Experiment? 3.23 Experiment® 3.94




ADIABATIC EXCITATIONS IN CH, CNC, C,N (TRIPLES CORRECTIONS TO EOMCCSD)

[IN GAMESS: CCTYP = CR-EOM, CR-EOML] CH [Piecuch, Gour, Wioch, 1JQC (2009)]
State Theory E/Hartree T./eV REL State Theory E/Hartree Te/eV REL
B 22~ |EOMCCSD (> 1eVerror) -38.228 924 4.241 1.79 C ?¥+ EOMCCSD (>1eVerror) -38.194 213 5.185 1.87
EOMCCSDT? -38.267 435 3.273 (<0.1 eV error) 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 (~0.1eV error) 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 238,255 709 3.569 CR-EOMCC(2,3),B 138,222 634 4.469
CR-EOMC(C(2,3).C -38.272 744 3.123 CR-EOMC(C(2,3).C -38.238 514 4.055
CR-EOMCC(2,3),D -38.272 498 3.130 (<0.1eV error) CR-EOMCC(2,3),D -38.238 118 4.065
Experimentd 3.23 Experiment® 3.94
ONC, CN Do e v o e
EA-EOMCCSD CR-EOMCC(2,3)
Molecule State  REL (2p-1h) (3p-2h) (3p-2h){4} EOMCCSD CR-EOMCCSD(T),ID A B C D  Experiment?
CNC A2A, 1.099 T7.206 4.105 4.085 4.291 4.339 4.400 4.397 4.395 4.395 3.761
B2%f 1.979 7.639 4.718 4.704 7.123 4.675 5.432 5.595 4.582 4.599 4.315
CaoN A2A 1.090 6.190  3.055 3.028 3.191 3.344 3.377 3.368 3.389 3.388 2.636
B2%~ 1.856 T7.856 3.677 3.648 5.514 3.351 4.018 4.160 3.091 3.110 2.779

C 2SSt 1.897 6.722  3.809 3.788 6.358 4.023 4.741 4.901 3.799 3.824 3.306




ADIABATIC EXCITATIONS IN CH, CNC, C,N (TRIPLES CORRECTIONS TO EOMCCSD)

[In GAMESS: CCTYP = CR-EOM, CR-EOML] CH [Piecuch, Gour, Wioch, IJQC (2009)]
State Theory E/Hartree T./eV REL State  Theory E/Hartree Te/eV REL
B 2~ |EOMCCSD (> 1eVerror) -38.228 924 4.241 1.79 C 2x+ EOMCCSD (> 1eVerror) -38.194 213 5.185 1.87
EOMCCSDT® -38.267 435 3.273 (<0.1 eV error) 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 (~0.1eV error) 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-EOMC(C(2,3).C -38.272 744 3.123 CR-EOMC(C(2,3).C -38.238 514 4.055
CR-EOMCC(2,3),D -38.272 498 3.130 (<0.1 eV error) CR-EOMCC(2,3),D -38.238 118 4.065
Experiment? 3.23 Experiment® 3.94
ONG, N o st o S o P o
EA-EOMCCSD CR-EOMCC(2,3)
Molecule State  REL (2p-1h) (3p-2h) (3p-2h){4} EOMCCSD CR-EOMCCSD(T),ID A B C D Experiment”
CNC A2A, 1.099 T7.206 4.105 4.085 4.291 4.339 4.400 4.397 4.395 4.395 3.761
B2%F 1.979 7.639 4.718 4.704 7.123 4.675 5.432 5.595 4.582] 4.599 4.315
CaN A2A  1.090 6.190  3.055 3.028 3.191 3.344 3.377 3.368 3.389 3.388 2.636
B2%~ 1.856 7.856 3.677 3.648 5.514 3.351 4.018 4.160 3.091| 3.110 2.779

C 2yt 1.897 6.722  3.809 3.788 6.358 4.023 4.741 4.901 3.799| 3.824 3.306




CR-CC and CR-EOMCC
in huclear structure ...
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Coupled Cluster Calculations of Ground and Excited States of Nuclei

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

lDepamuenr of Chemistry, Michigan State University, East Lansing, Michigan 458824, USA
zPhysics 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

t act digoopalization of the Hamiltgaian in the 3 model space_showsathat the quantum
che irBpire couplcal d?’oﬁiﬁm scrition of ground and
ifed Mates ued Th&ke! orrcdefioh cl¥ects b il ster singles and

doubles level. Triples, treated noniteratively, provide the virtually exact description.

'.
TABLE L Thelnd—nmeaﬁedstru c‘w]ree excigagion energies of “He calculated using

the oscillator (Osc) and Hartree-Fock (HF) basis states. Units the oscillator basis states (in MéV). 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 ~23.484 EOMCCSD, CR-EOMCCSD(T)

vs truncated and full ClI



week ending
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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
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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.
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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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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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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 L

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) vs
truncated and full ClI
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Ab initio coupled-cluster and configuration interaction calculations for 0O
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Using the ground-state energy of 180 obtained with the realistic Vicoum interaction as a test case, we present
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
among the different methodologies, particularly when the Davidson extensivity corrections are added to the IT-CI
energies and the effects of the connected three-body clusters are accounted for in the CC calculations. This shows
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
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
of the methods used in this studv account for most of the relevant particle correlation effects.
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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.

2009 Elsevier BV. All rights reserved.
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Ab initio path to heavy nuclei:
CCSD and CR-CC(2,3) resuilts for the A = 16 — 132 nuclei
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Fig. 5. (Color online.) Ground-state energies from CR-CC(2,3) for (a) the NN + 3N-induced Hamiltonian starting from the N*LO and N?LO-optimized NN interaction and (c) the
NN + 3N-full Hamiltonian with A3y =400 MeV/c and A3y = 350 MeV/c. The boxes represent the spread of the results from « =0.04 fm* to @ =0.08 fm?, and the tip
points into the direction of smaller values of «. Also shown are the contributions of the CR-CC(2,3) triples correction to the (b) NN+ 3N-induced and (d) NN + 3N-full results.
All results employ i§2 =24 MeV and 3N interactions with E3 . = 18 in NO2B approximation and full inclusion of the 3N interaction in CCSD up to E3max = 12. Black bars
denote energies taken from [37,40].



AUTOMERIZATION OF
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Various CC energies (in millihartree) relative to full CCSDT (in hartree),
cc-pVDZ basis set

Reactant TS Ba(li(rgzlr/z(e)ilg);ht
CCSD 26.827 47.979 20.9
CCSD(T) 1.123 14.198 15.8
CR-CC(2,3) 0.848 14.636 16.3
CCSDT -154.244157 -154.232002 7.6

[J. Shen and P. Piecuch, J. Chem. Phys, 2012]
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Various CC energies (in millihartree) relative to full CCSDT (in hartree),
cc-pVDZ basis set

T, andT, Reactant TS Ba(:;:lr/z(e)ilg);ht
decoupled from T, || cCcsD 26.827 47.979 20.9
b CCSD(T) 1.123 14.198 15.8
CR-CC(2,3) 0.848 14.636 16.3
CCSDT -154.244157 -154.232002 7.6

[J. Shen and P. Piecuch, J. Chem. Phys, 2012]



ALTERNATIVE SOLUTION: ACTIVE-SPACE CC/EOMCC APROACHES FOR
CCSDt, CCSDtq, EOMCCSDt, etc.)

[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,...)

Unoccupied (a,b,c,...)

Active Unoccupied (A,B,C,...)

Active Occupied (I,J,K,...) ® :

Core (i, },k,...) ® ®

Occupied (i, j,k,...)

TCCSDY) =T 4+ T, +¢t,, TEOSDD =T 4+ T +¢t,+¢, etc

. Ijk ~abC _ IJkl bCD
t3 = Z tabCElo;k' t, = Z tabCDEIC]lkl

I>j>k I>]>k>1

a>b>C a>b>C>D

Method CPU Time Scaling
CCSDt/EOMCCSDt N_N.n2n

CCSDtq/EOMCCSDtq NN 2n2?n*



EXAMPLE: Bond breaking in F,

(K. Kowalski and P. Piecuch, Chem. Phys. Lett., 2001,
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EXAMPLE: Bond breaking in F,

(K. Kowalski and P. Piecuch, Chem. Phys. Lett., 2001,
P. Piecuch et al., Chem. Phys. Lett., 2006)

Potential energy curves for F,/cc-pVDZ. Differences with CCSDT (in millihartree)

Method 0.75R, R, L.25R, L3R, L75R, 2R, 3R, A
CCSDT —198.922138  -199.102796  —199.085272  -199.065882  —199.059433  —199.058201 ~ —199.058511  —199.038586
CCSD 4.504 0.485 19.917 3244 41.184 43.638 49.425 49.816
CCSD(TY* 0.102 0.248 -0.503 =571 -15.133 -23.59 -33.700 -39.348
CR-CCSD(T* 0.709 1.799 4.482 7408 8.636 8.660 7460 6.350
LR-CCSD(T)" 0.540 1.260 2.801 3.601 2465 0.693 -2.8%9 -4518
CCSD(2)y* 0.460 .398 3.098 5,984 6.637 6.357 4.976 3.893
CR-CC(2,3) -0.289 -0.240 0.707 1733 1971 1.862 1.643 1613

CCSDt* 2,677 2.297 1.907 1.720 1.730 1.789 1.839 .39




EXAMPLE: Bond breaking in F,

(K. Kowalski and P. Piecuch, Chem. Phys. Lett., 2001,
P. Piecuch et al., Chem. Phys. Lett., 2006)

Potential energy curves for F,/cc-pVDZ. Differences with CCSDT (in millihartree)

Method 0.75R, R, L.25R, L3R, L75R, 2R, 3R, A NPE
CCSDT —198.922138  -199.102796  —199.085272  -199.065882  —199.059433  —199.058201 ~ —199.058511  —199.038586

CCSD 4.504 0.485 19.917 3244 41.184 43.638 49.425 £9816  45.312
CCSD(TY* 0.102 0.248 -0.503 =571 -15.133 -23.59 -33.700 -39.348  39.596
CR-CCSD(T* 0.709 1.799 4.482 7408 8.636 8.660 7460 635 7.951
LR-CCSD(T)" 0.540 1.260 2.801 3.601 2465 0.693 -2.8%9 -4518  8.119
CCSD(2)y* 0.460 .398 3.098 5,984 6.637 6.357 4.976 3895 6.177
CR-CC(2,3) -0.289 -0.240 0.707 1733 1971 1.862 1.643 1613 |2.260

CCSDt* 2,677 2.297 1.907 1.720 1.730 1.789 1.839 1.891 ]0.957




AUTOMERIZATION OF
CYCLOBUTADIENE
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__________

h N TN

Various CC energies (in millihartree) relative to full CCSDT (in hartree),
cc-pVDZ basis set

T, andT, Reactant TS Ba(r:;:lr/z(e)ilg);ht
decoupled from T; || ccsD 26.827 47.979 20.9
b CCSD(T) 1.123 14.198 15.8
CR-CC(2,3) 0.848 14.636 16.3
CCSDt 20.786 20.274 7.3
CCSDT -154.244157 -154.232002 7.6

[J. Shen and P. Piecuch, J. Chem. Phys, 2012]



AUTOMERIZATION OF
CYCLOBUTADIENE
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__________

h N TN

Various CC energies (in millihartree) relative to full CCSDT (in hartree),
cc-pVDZ basis set

T, andT, Reactant TS Ba(r:;:lr/z(e)ilg);ht
decoupled from T; || ccsD 26.827 47.979 20.9
L CCSD(T) 1.123 14.198 15.8
CR-CC(2,3) 0.848 14.636 16.3
r CCSDt 20.786 20.274 7.3
CCSDT -154.244157 -154.232002 7.6

t; misses some
dynamical
correlations

[J. Shen and P. Piecuch, J. Chem. Phys, 2012]



BEST SOLUTION: CC(P;Q) MOMENT EXPANSIONS

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

(P+Q) _ = (P) .
E =E,"+0,(P;Q)

7,



BEST SOLUTION: CC(P;Q) MOMENT EXPANSIONS

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

(P+Q) _ = (P) .
E, "~ =E,"+0,(P;Q)

CC (u=0) or EOMCC (un > 0)
energy obtained in the P space J((P)



BEST SOLUTION: CC(P;Q) MOMENT EXPANSIONS

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

(P+Q) _ = (P) .
E, "~ =E,"+0,(P;Q)

CC (u=0) or EOMCC (u>0) Correction due to correlation effects
energy obtained in the P space 3(®)  captured by the Q space H((©



BEST SOLUTION: CC(P;Q) MOMENT EXPANSIONS

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

(P+Q) _ = (P) .
E, "~ =E,"+0,(P;Q)

CC (u=0) or EOMCC (u>0) Correction due to correlation effects
energy obtained in the P space 3(®)  captured by the Q space H((©

EPQ =EP 1§,(P,Q), 8,(P:Q)= > 0,k (P) M, x(P)

By ) e Q)
rank(|® ) <min(N}") =(Q))
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BEST SOLUTION: CC(P;Q) MOMENT EXPANSIONS

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

(P+Q) _ = (P) .
E, "~ =E,"+0,(P;Q)

CC (u=0) or EOMCC (u>0) Correction due to correlation effects
energy obtained in the P space 3(®)  captured by the Q space H((©

EPQ =EP 1 §,(P:Q), 6,(P:Q) = > by (P) My (P)
P )
moments of CC/EOMCC equations ra,nk“@h-}}gmin(wﬁpﬁ =@Q)

M,k (P) = (2 [(HPRP)[0)D AP = T HT = (HT) e
b, k(P)= (tI:-|L£PJE(P}|~:I)K}/D”EK(P), D, x(P) = ELP} _ <¢K|E(P}|@K>




BEST SOLUTION: CC(P;Q) MOMENT EXPANSIONS

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

(P+Q) _ = (P) .
E, "~ =E,"+0,(P;Q)

CC (u=0) or EOMCC (u>0) Correction due to correlation effects
energy obtained in the P space 3(®)  captured by the Q space H((©



BEST SOLUTION: CC(P;Q) MOMENT EXPANSIONS

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

(P+Q) _ = (P) .
E =E,"+0,(P;Q)

7,

CC (u=0) or EOMCC (u>0) Correction due to correlation effects
energy obtained in the P space 3(®)  captured by the Q space H((?

Examples:
» P space: singly and doubly excited determinants (CCSD)
» Q space: triply excited determinants

CR-CC(2,3)




BEST SOLUTION: CC(P;Q) MOMENT EXPANSIONS

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

(P+Q) _ (P) .
E =E,"+0,(P;Q)

Y7

CC (u=0) or EOMCC (u>0) Correction due to correlation effects
energy obtained in the P space 3(®)  captured by the Q space H((?

Examples:
» P space: singly and doubly excited determinants (CCSD)

» Q space: triply excited determinants
CR-CC(2,3)
> P space: singly and doubly excited determinants (CCSD)
> Q space: triply and quadruply excited determinants

CR-CC(2,4)




BEST SOLUTION: CC(P;Q) MOMENT EXPANSIONS

[J. Shen and P. Piecuch, Chem. Phys., 2012; J. Chem. Phys., 2012; J. Chem. Theory Comput., 2012]
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CC (u=0) or EOMCC (u>0) Correction due to correlation effects
energy obtained in the P space 3(®)  captured by the Q space H((?

Examples:

» P space: singles, doubles, and a subset of triples defined via active orbitals,
as in CCSDt
» Q space: remaining triples not captured by CCSDt

CC(t;3)




BEST SOLUTION: CC(P;Q) MOMENT EXPANSIONS

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

(P+Q) _ (P) .
E, "~ =E, " +0,(P;Q)

CC (u=0) or EOMCC (u>0) Correction due to correlation effects
energy obtained in the P space 3(®)  captured by the Q space H((?

Examples:
» P space: singles, doubles, and a subset of triples defined via active orbitals,

as in CCSDt
» Q space: remaining triples not captured by CCSDt
CC(t;3)
> P space: singles, doubles, and a subset of triples and quadruples defined
via active orbitals, as in CCSDtq
» Q space: remaining triples and quadruples not captured by CCSDtq

CC(t,q;3,4)




AUTOMERIZATION OF CYCLOBUTADIENE
[J. Shen and P. Piecuch, J. Chem. Phys. 136, 144104 (2012)]
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Various CC energies (in millihartree) relative to
full CCSDT (in hartree), cc-pVDZ

Reactant TS
CCSDT -154.244157 -154.232002
CCSD 26.827 47.979
CCSD(T) 1.123 14.198
CR-CC(2,3) 0.848 14.636
CCSDt(l) 20.786 20.274
CCSD(T)-h(I) -0.371 -4.548
CC(t;3)(D) -0.137 0.071

Barrier heights (in kcal/mol) —»

2.

Method

ce-pVDZ ce-pVTZ

CCsDh

CcCsD(T)

CR-C(C(2.3)

CCSDt(I)

CCSD(T)-h(I)

CC(t:3)(I)
mmmdp CCSDT
ACCSD(T)®
TCCSD?
TCCSD(T)
CAS-BCCC4P
CASPT2P
SUCCSsDe
MkCCSD*
RMRCCSD*
SUCCSD(T)e
RMRCCSD(T)*
SUCCSD /mesct®
MkCCSD /mescf®
RMRCCSD /mesct®
SUCCSD(T)/mescf®
RMRCCSD(T)/mesct®
2D-MRCCSD(T)4
BWCCSD(a.c.)®
BWCCSD(i.c.)®
BWCCSD(T)(a.c.)®
BWCCSD(T)(i.c.)®
MkCCSD*
MkCCSD(T)*®
AQCC/SS-CASSCF!
AQCC/SA-2-CASSCF!
DIP-EOM-CCSD*
SS-EOM-CCSD/[+2]#&
Experimental range®

AZPVE!

20.9 22.6
15.8 138.1
16.3 18.6
7.3 9.5
5.0 6.3
7.8 10.0
7.6 10.6
16.8 19.2
94 12.9
4.6 7.0
7.6 8.7
3.4 3.8
7.0 8.7
7.8 9.6
10.4 13.0
4.8 5.9
7.2 9.5
7.2 8.9
7.9 9.7
9.5 11.4
5.7 7.2
5.9 7.5
6.6

6.5 7.6
6.2 7.4
6.1 7.0
5.7 6.3
7.8 9.1
7.8 8.9
7.7 8.9
7.3 8.4
8.3 10.7
3.3 9.5

1.6-10
-2.5




AUTOMERIZATION OF CYCLOBUTADIENE
[J. Shen and P. Piecuch, J. Chem. Phys. 136, 144104 (2012)]
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Various CC energies (in millihartree) relative to
full CCSDT (in hartree), cc-pVDZ

Reactant TS
CCSDT -154.244157 -154.232002
CCSD 26.827 47.979
CCSD(T) 1.123 14.198
CR-CC(2,3) 0.848 14.636
CCSDt(l) 20.786 20.274
CCSD(T)-h(I) -0.371 -4.548
CC(t;3)(D) -0.137 0.071

Barrier heights (in kcal/mol) —»

Method

ce-pVDZ ce-pVTZ

AZPVE!

CCSD 20.9 22.6
CCSD(T) 15.8 18.1
CR-CC(2.3) 16.3 18.6
CCSDt(I) 7.3 9.5
CCSD(T)-h(I) 5.0 6.3
CC(t:3)(I) 7.8 10.0
mmmp CCSDT 7.6 10.6
ACCSD(T)® 16.8 19.2
TCCSD* 9.4 12.9
TCCSD(T)? 4.6 7.0
CAS-BCCC4P 7.6 8.7
CASPT2P 3.4 3.8
SUCCSD* 7.0 8.7
MkCCSD* 7.8 9.6
RMRCCSD® 10.4 13.0
SUCCSD(T)e 4.8 5.9
RMRCCSD(T)* 7.2 9.5
SUCCSD /mesct® 7.2 3.9
MkCCSD /mescf® 7.9 9.7
RMRCCSD /mesct® 9.5 11.4
SUCCSD(T)/mescf® 5.7 7.2
RMRCCSD(T)/mesct® 5.9 7.5
2D-MRCCSD(T)4 6.6
BWCCSD(a.c.)® 6.5 7.6
BWCCSD(i.c.)¢ 6.2 7.4
BWCCSD(T)(a.c.)® 6.1 7.0
BWCCSD(T)(i.c.)® 5.7 6.8
MkCCSD* 7.8 9.1
MkCCSD(T)* 7.8 8.9
AQCC/SS-CASSCF! 7.7 8.9
AQCC/SA-2-CASSCF! 7.3 8.4
DIP-EOM-CCSD? 8.3 10.7
SS-EOM-CCSD[+2]# 8.3 9.5
Experimental range® 1.6-10

-2.5




AUTOMERIZATION OF CYCLOBUTADIENE
[J. Shen and P. Piecuch, J. Chem. Phys. 136, 144104 (2012)]
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Barrier heights (in kcal/mol) —»
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CCSD(T) 15.8 18.1
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2D-MRCCSD(T)4 6.6
BWCCSD(a.c.)® 6.5 7.6
BWCCSD(i.c.)¢ 6.2 7.4
BWCCSD(T)(a.c.)® 6.1 7.0
BWCCSD(T)(i.c.)® 5.7 6.8
MkCCSD* 7.8 9.1
MkCCSD(T)* 7.8 8.9
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full CCSDT (in hartree), cc-pVDZ

Reactant TS
ccsDT -154.244157 | -154.232002
CCSD 26.827 47.979
CCSD(T) 1.123 14.198
CR-CC(2.3) 0.848 14.636

[ccspq) 20.786 20.274]

CCSD(T)-h(1) 0.371 -4.548
cC(t3)() 0.137 0.071

Barrier heights (in kcal/mol) —»

Method

ce-pVDZ ce-pVTZ

CCSD 20.9 22.6
CCSD(T) 15.8 18.1
CR-CC(2.3) 16.3 18.6
CCSDt() 7.3 9.5
CCSD(T)-h(I) 5.0 6.8
LCC(t:3) (1) 7.8 10.0
) CCSDT 7.6 10.6
ACCSD(T)® 16.8 19.2
TCCSD? 9.4 12.9
TCCSD(T)? 4.6 7.0
CAS-BCCC4P 7.6 8.7
CASPT2P 3.4 3.8
SUCCSDs 7.0 8.7
MkCCSD* 7.8 9.6
RMRCCSD* 10.4 13.0
SUCCSD(T)e 4.8 5.9
RMRCCSD(T)* 7.2 9.5
SUCCSD /mesct® 7.2 3.9
MkCCSD /mescf® 7.9 9.7
RMRCCSD /mesct® 9.5 11.4
SUCCSD(T)/mescf® 5.7 7.2
RMRCCSD(T)/mesct® 5.9 7.5
2D-MRCCSD(T)4 6.6
BWCCSD(a.c.)® 6.5 7.6
BWCCSD(i.c.)¢ 6.2 7.4
BWCCSD(T)(a.c.)® 6.1 7.0
BWCCSD(T)(i.c.)® 5.7 6.8
MkCCSD* 7.8 9.1
MkCCSD(T)* 7.8 8.9
AQCC/SS-CASSCF! 7.7 8.9
AQCC/SA-2-CASSCF! 7.3 8.4
DIP-EOM-CCSD*® 8.3 10.7
SS-EOM-CCSD/[+2]#& 3.3 9.5
Experimental range® 1.6-10
AZPVE! -2.5




The Conrotatory
and Disrotatory
Isomerization
Pathways of
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butane to Butadiene
(enthalpiesat 0 K in
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The Conrotatory
and Disrotatory
Isomerization
Pathways of
Bicyclo[1.1.0]-

butane to Butadiene

(enthalpiesat 0 K i
kcal/mol)

con_TS dis TS g-but gt TS t-but
CCSD(T)? 40.4 21.8 -25.1 -22.3 -28.0
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The Conrotatory

and Disrotator con_TS dis TS g-but gt TS t-but
Isomerization y CCSD(T)? 40.4 21.8 -25.1 -22.3 -28.0
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The Conrotator ,
and Disrotator y con_TS dis TS g-but gt TS t-but
Isomerization y CCSD(T)? 40.4 21.8 -25.1 -22.3 -28.0
Pathways of CR-CC(2,3)2 41.1 66.1 -24.9 -22.1 -27.9
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The CC(t;3), CC(t,q;3), CC(t,q;3,4), etc. hierarchy works well, but it requires
choosing user- and system-dependent active orbitals to select the dominant T,
and R, components with n > 2 prior to the determination of CC(P;Q)
corrections, i.e., it is not a black-box methodology.
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% Is there an automated way of determining P spaces reflecting on the nature

of states being calculated, while using corrections §,(P;Q) to capture the
remaining correlations of interest?

% Can this be done such that the resulting electronic energies rapidly
converge to their high-level (CCSDT, CCSDTQ, etc.) parents, even when
higher—-than—two-body clusters become large, at the small fraction of the
computational effort and with an ease of a black-box computation?



The CC(t;3), CC(t,q;3), CC(t,q;3,4), etc. hierarchy works well, but it requires

choosing user- and system-dependent active orbitals to select the dominant T,

and R, components with n > 2 prior to the determination of CC(P;Q)

corrections, i.e., it is not a black-box methodology.

QUESTIONS:

% Is there an automated way of determining P spaces reflecting on the nature
of states being calculated, while using corrections §,(P;Q) to capture the

remaining correlations of interest?

/

% Can this be done such that the resulting electronic energies rapidly
converge to their high-level (CCSDT, CCSDTQ, etc.) parents, even when
higher—-than—two-body clusters become large, at the small fraction of the
computational effort and with an ease of a black-box computation?

Both questions have positive answers if we fuse
DETERMINISTIC CC(P;Q) METHODOLOGY
with
STOCHASTIC ClI AND CC MONTE CARLDO.

[J.E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017)]



Jorge Emiliano Deustua Dr. Jun Shen
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CIQMC (FCIQMC, CISDT-MC, CISDTQ-MC, etc.)

c,|¥,) forS=E,
D))=+ oo  forS>E,
0 for S < E,

lim|¥ (7)) =lime ">

T—>0 T—>0

\

|\P(7)> :Co(7)|q)o>+zc}< (T)|CDK>

o @) =—(H KK — S)CK (r)- Z Hy.C (7)

ot L(zK)

IfS — E,, lim 0 (7) =0 and we obtain ) H, c, () = E,c, ()
L

oo O



CIQMC (FCIQMC, CISDT-MC, CISDTQ-MC, etc.)
WALKER POPULATION DYNAMICS

C () ~ Ny =D 5,6¢x » S, =*1

anz(-T) =—(H KK — S)CK (7)- Z Hy.C (r)

L(zK)
birth and death / \spawning

Cy(t+A7)=[1-(H, —S)A7]c, (r) c (r+A7r)=cC, (r)—AT Z H,.c (7)
L(=K)
1. Place a certain number of walkers on a reference determinant (or
determinants) and set S at some value above E,.

2. In every time step, attempt
I. spawning: spawn walkers at different determinants.
lIl. birth or death: create or destroy walkers at a given determinant.

lii. annihilation: eliminate pairs of oppositely signed walkers at a given
determinant.

3. Once a critical (or sufficiently large) number of walkers is reached, start
applying energy shifts in S to stabilize walker population and reach
convergence.



CIQMC (FCIQMC, CISDT-MC, CISDTQ-MC, etc.)
WALKER POPULATION DYNAMICS

C () ~ Ny =D 5,6¢x » S, =*1

a‘“‘gf’ = (He —S)ee ()= 3 Hyo(0)

L(zK)
birth and death / \spawning

Ck(r+A7)=[1-(H« —S)A7]C (7) c (v+A7)=C(7)—-AT Z H.c (7)

L(=K)

@) |os,) |©p,)  |®n) |©q,)  |®py)
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CIQMC (FCIQMC, CISDT-MC, CISDTQ-MC, etc.)
WALKER POPULATION DYNAMICS
Ce(r)~ Ny =>58, , s, =1

) (M=) () T Hatu ()

L(zK)
birth and death / \spawning
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L(=K)
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CCMC (CCSDT-MC, CCSDTQ-MC, etc.)

In CCMC, instead of sampling determinants by walkers, one samples the
space of excitation amplitudes (amplitudes of “excitors™) by excitor particles
(“excips”).



To accelerate convergence, one can use the initiator CIQMC (i-CIQMC) and
CCMC (i-CCMC) approaches, where only those determinants or excitors
that acquire a walker/excip population exceeding a preset value n_ are
allowed to spawn new walkers onto empty determinants/excitors. One can
start iI-CIQMC and i-CCMC simulations by placing a certain, sufficiently
large, number of walkers/excips on the reference determinant (in our case,
the RHF state).
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certain number of walkers or excips on the reference determinant.

2. Extract a list of the most important determinants or cluster amplitude types

relevant to the CC theory of interest (triples for CCSDT; triples and quadruples for

CCSDTQ, etc.) from the CIQMC or CCMC propagation at a given time 1 to define the

P space for CC(P) calculations as follows:

= if the target approach is CCSDT, the P space is defined as all singles, all doubles,
and a subset of triples having at least n; (e.g., one) positive or negative
walkers/excips on them.

= if the target approach is CCSDTQ, the P space is defined as all singles, all
doubles, and a subset of triples and quadruples having at least n; (e.g., one)
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1. Start a CIQMC (e.g., i-CIQMC) or CCMC (e.g., i-CCMC) propagation by placing a
certain number of walkers or excips on the reference determinant.

2. Extract a list of the most important determinants or cluster amplitude types

relevant to the CC theory of interest (triples for CCSDT; triples and quadruples for

CCSDTQ, etc.) from the CIQMC or CCMC propagation at a given time 1 to define the

P space for CC(P) calculations as follows:

= if the target approach is CCSDT, the P space is defined as all singles, all doubles,
and a subset of triples having at least n; (e.g., one) positive or negative
walkers/excips on them.

= if the target approach is CCSDTQ, the P space is defined as all singles, all
doubles, and a subset of triples and quadruples having at least n; (e.g., one)
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P space for CC(P) calculations as follows:

= if the target approach is CCSDT, the P space is defined as all singles, all doubles,
and a subset of triples having at least n; (e.g., one) positive or negative
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= if the target approach is CCSDTQ, the P space is defined as all singles, all
doubles, and a subset of triples and quadruples having at least n; (e.g., one)
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3. Solve the CC(P) equations.

if the target approach is CCSDT, use T(P()P)= T,+T, +T3('\?|\CA)C) (MC)

= if the target approach is CCSDTQ, use T =T +T,+T;7 7 +T,
etc.

[J.E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017)]
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RECOVERING CCSDT ENERGETICS FOR F,/cc-pVDZ
MONTE CARLO APPROACH = i-FCIQMC (At = 0.0001 a.u., n, = 3)
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MONTE CARLO APPROACH = i-FCIQMC (At = 0.0001 a.u., n, = 3)
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[J.E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017)]



Developing a Stochastic CC(P;Q) Approach

1. Start a CIQMC (e.g., i-CIQMC) or CCMC (e.g., i-CCMC) propagation by placing a
certain number of walkers or excips on the reference determinant.

2. Extract a list of the most important determinants or cluster amplitude types

relevant to the CC theory of interest (triples for CCSDT; triples and quadruples for

CCSDTQ, etc.) from the CIQMC or CCMC propagation at a given time 1 to define the

P space for CC(P) calculations as follows:

= if the target approach is CCSDT, the P space is defined as all singles, all doubles,
and a subset of triples having at least n; (e.g., one) positive or negative
walkers/excips on them.

= if the target approach is CCSDTQ, the P space is defined as all singles, all
doubles, and a subset of triples and quadruples having at least n; (e.g., one)
positive or negative walkers/excips on them, etc.

3. Solve the CC(P) equations.

if the target approach is CCSDT, use T(P()P)= T,+T, +T3('\?|\CA)C) (MC)

= if the target approach is CCSDTQ, use T =T +T,+T;7 7 +T,
etc.

[J.E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017)]



Developing a Stochastic CC(P;Q) Approach

1. Start a CIQMC (e.g., i-CIQMC) or CCMC (e.g., i-CCMC) propagation by placing a
certain number of walkers or excips on the reference determinant.

2. Extract a list of the most important determinants or cluster amplitude types

relevant to the CC theory of interest (triples for CCSDT; triples and quadruples for

CCSDTQ, etc.) from the CIQMC or CCMC propagation at a given time 1 to define the

P space for CC(P) calculations as follows:

= if the target approach is CCSDT, the P space is defined as all singles, all doubles,
and a subset of triples having at least n; (e.g., one) positive or negative
walkers/excips on them.

= if the target approach is CCSDTQ, the P space is defined as all singles, all
doubles, and a subset of triples and quadruples having at least n; (e.g., one)
positive or negative walkers/excips on them, etc.

3. Solve the CC(P) equations.

= if the target approach is CCSDT, use T® =T, +T,+TMY

if the target approach is CCSDTQ, use T —T +T T(MC) +T, MO
etc.

4. Correct the CC(P) energy for the remaining triples (if the target approach is
CCSDT), triples and quadruples (if the target approach is CCSDTQ), etc. using the
non-iterative CC(P;Q) correction 8(P;Q).

[J.E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017)]
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RECOVERING CCSDT ENERGETICS FOR F,/cc-pVDZ
MONTE CARLO APPROACH = i-FCIQMC (At = 0.0001 a.u., n, = 3)
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RECOVERING CCSDT ENERGETICS FOR F,/cc-pVDZ
MONTE CARLO APPROACH = i-CISDTQ-MC (At = 0.0001 a.u., n, = 3)
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RECOVERING CCSDT ENERGETICS FOR F,/cc-pVDZ
MONTE CARLO APPROACH = i-CISDT-MC (At = 0.0001 a.u., n, = 3)
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RECOVERING CCSDT ENERGETICS FOR F,/cc-pVDZ
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RECOVERING CCSDT ENERGETICS FOR F,/cc-pVDZ
MONTE CARLO APPROACH = i-FCIQMC (At = 0.0001 a.u., n, = 3)

R=2R,

Errors relativp to CCSDT

I |
MC lter. | % of Triples CC(P) CC(P;Q)mp | CC(P;Q)en Wall Time (s)
in P space (mE,) (mE,) (mE,) CC(P;Q)
0 0 0 2 2

45.638 6.357 1.862
CCSD CCSD(2); CR-CC(2,3)
10,000 4 12.199 1.887 0.915 3 2 5
20,000 10 4.127 0.596 0.279 10 5 15
30,000 21 0.802 0.067 -0.009 28 13 41
40,000 35 0.456 0.036 -0.007 66 31 97
0 100 -199.058201 E,, 208

Errors relative to CCSDT
CCSD: 45.638 mE,
CCSD(T): -23.596 mE,,

[J.E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017)]



RECOVERING CCSDT ENERGETICS FOR F,/cc-pVDZ
MONTE CARLO APPROACH = i-CISDT-MC (At = 0.0001 a.u., n, = 3)

R=2R

e

Errors relativp to CCSDT

I |
MC lter. | % of Triples CC(P) CC(P;:Q)mp | CC(P;Q)en Wall Time (s)
in P space (mE,) (mE;) (mE;) CC(P:Q)
0 0 0 2 2

45.638 6.357 1.862
CCSD CCSD(2); CR-CC(2,3)
10,000 3 12.687 2.069 0.978 3 2 5
20,000 9 3.672 0.583 0.280 9 3 12
30,000 17 1.393 0.154 0.030 17 8 25
40,000 28 0.627 0.053 -0.005 32 16 48
0 100 -199.058201 E,. 208

Errors relative to CCSDT
CCSD: 45.638 mE,
CCSD(T): -23.596 mE,,

[J.E. Deustua, J. Shen, and P. Piecuch, in preparation]



RECOVERING CCSDT ENERGETICS FOR LARGER BASIS SETS
MONTE CARLO APPROACH = i-FCIQMC (At = 0.0001 a.u., n, = 3)
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[J.E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017)]
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RECOVERING CCSDT ENERGETICS FOR F,/aug-cc-pVTZ
MONTE CARLO APPROACH = i-FCIQMC (At = 0.0001 a.u., n, = 3)
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Errors relative to CCSDT
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[J.E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017)]



RECOVERING CCSDT ENERGETICS FOR
AUTOMERIZATION OF CYCLOBUTADIENE/cc-pVDZ
MONTE CARLO APPROACH = i-FCIQMC/i-CISDT-MC (At = 0.0001 a.u., n, = 3)

‘ ‘ :I /
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........

[J.E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017); in preparation]



RECOVERING CCSDT ENERGETICS FOR
AUTOMERIZATION OF CYCLOBUTADIENE/cc-pVDZ
MONTE CARLO APPROACH = i-FCIQMC/i-CISDT-MC (At = 0.0001 a.u., n, = 3)

Errors relati\{e to CCSDT

MC Iter. | % of Triples CC(P Qe CC(P; Q)E,\I Total Wall Time (hrs)
in P space (kcal/mol (kcal/mol - CC(P:Q)

0.4/0.4 0.4/0.4

CCSD(Z)T CR- CC(2,3)

40,000 15-22/14-18 1.5/3.5 1.7/3.5 1.0/0.3 1.9/1.4 2.9/1.7

50,000 31-41/26-34 0.5/1.1 0.6/1.2 3.1/0.7 5.9/4.3 9.0/5.0

60,000 51-61/43-51 0.0/0.8 0.1/0.9 11.6/1.4 13.6/9.8  25.2/11.2
0 100 7.6 kcal/mol 41.05

Errors relative to CCSDT
CCSD: 13.3 kcal/mol
CCSD(T): 8.2 kcal/mol

[J.E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017); in preparation]
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RECOVERING CCSDT ENERGETICS FOR
AUTOMERIZATION OF CYCLOBUTADIENE/cc-pVDZ
MC APPROACH = i-FCIQMC, i-CISDTQ-MC, i-CISDT-MC (At = 0.0001 a.u., n, = 3)
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RECOVERING CCSDTQ ENERGETICS FOR H,Ol/cc-pVDZ
MONTE CARLO APPROACH = - FCIQMC (At =0.0001 a.u., n, = 3)
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SUMMARY



SUMMARY

U By combining the stochastic CIQMC and CCMC methodologies with
the deterministic CC(P;Q) framework one can recover high-level CC
energetics based on the information extracted from the early stages
of CIQMC or CCMC propagations, even when electronic quasi-
degeneracies and higher—than—pair clusters become substantial.



SUMMARY

U By combining the stochastic CIQMC and CCMC methodologies with
the deterministic CC(P;Q) framework one can recover high-level CC
energetics based on the information extracted from the early stages
of CIQMC or CCMC propagations, even when electronic quasi-
degeneracies and higher—than—pair clusters become substantial.

O Paraphrasing the title of the original FCIQMC paper,

THE JOURNAL OF CHEMICAL PHYSICS 131, 054106 (2009)

Fermion Monte Carlo without fixed nodes: A game of life, death,
and annihilation in Slater determinant space

George H. Booth," Alex J. W. Thom,"? and Ali Alavi"?

]Deparrmem of Chemistry, University of Cambridge, Lensfield Road,

Cambridge CB2 1EW, United Kingdom

2D€parﬁ1wnt of Chemistry, University of California Berkeley, Berkeley, California 94720, USA

(Received 15 May 2009; accepted 13 July 2009; published online 4 August 2009)

the stochastic CC(P;Q) formalism is a “game of life, death, and
annihilation,” but based on our results one may avoid playing much
of it and yet know the outcome.



Citing the referee, who reviewed our paper submitted to Physical Review

Letters:

“This is the first work that I've seen where stochastic methods are used to

determine what is important, and then deterministic methods are used to

solve for the amplitudes of what is important. In this sense, the method is
completely original and OPENS A FULL NEW RESEARCH PARADIGM.
Just because of this, | think it should be published in PRL.”
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