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MANY-PARTICLE SCHRODINGER EQUATION
NUCLEAR PHYSICS: THE NUCLEAR SCHR ODINGER EQUATION

H,U,(X)=E,V,(X)

N N N
Hp=Z+Vo+Va(+777) = 3 z(x)+ Y valxi %)+ > vs(x,%5,%:)(+777)
pz i=1 i }j: 1 i ey - k=1
z(x;) = 5 ‘i, va(X;, X;) =7 (Argonne v15, CD Bonn, Idaho-A, etc.), or NLO. NZLO.
v3(X;, X, X ) =7 (Tucson-Melbourne, Urbana IX, etc.) N°LO, etc.

QUANTUM CHEMISTRY: THE ELECTRONIC SCHR ODINGER EQUATION
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ALGEBRAIC APPROACH
(IN CHEMISTRY, MOLECULAR ORBITAL THEORY)

{p(x), r=12,...} =V, dimV =0

lII[-Kle .o e-:':-_ni.-',] - E . {'-r]___r,«,,- lIII‘]...I‘N [Kl gou o E}:-_?".-'.]

F1=e TN

-

Ur, (X1) -0 Ur (XN)

Yy (X1) - Py (X)

In practice: dimV < oo

MOLECULAR ELECTRONIC STRUCTURE:

Molecular orbital (MO) basis set (usually, linear c =~ ombination of atomic orbitals (LCAQO) obtained with
Hartree-Fock or MCSCF). Examples of AO basis sets: 6  -311G++(2df,2pd), cc-pvDZ, MIDI, aug-cc-
pVTZ.

NUCLEAR STRUCTURE:

Example: Harmonic-oscillator (HO) basis set.



The key to successful description of atoms, molecul
systems, and nuclei is an accurate determination of

Energy (hartree)

es, condensed matter
the MANY-PARTICLE

CORRELATION EFFECTS. INDEPENDENT-PARTICLE-MODEL
APPROXIMATIONS, such as the Hartree-Fock method,

ELECTRONIC STRUCTURE:

-198.4

-198.5 -

-198.6 |

-198.7 +

-198.8 -

-198.9 ¢

-199.0

-199.1

Bond breaking in F ,

—— RHF

—— UHF

—— CCSDT (practically exact) |

2.0 3.0 20 5.0 6.0
Rc_. (bohr)

ARE INADEQUATE

NUCLEAR STRUCTURE:
Binding energy of “He

(4 shells)
Method Energy (MeV)
(Posc |H'[Pogc ) -7.211
(Pye|H' | P ) -10.520
CCSD -21.978
CR-CCSD(T) -23.524
Full Shell Model | -23.484
(Full CI)




Many-particle correlation problem in atoms, molecul es, nuclei,
and other many-body systems is extremely complex ...

Dimensions of the full CI spaces for many-electron systems

Number of correlated electrons

Orbitals 6 8 10 12
20 379> 10 580> 10° 526 x 10 300 x 10°
30 456 % 108 172 x 10%  4.04 x 10 62.5 x 107
100 6.73 % 10°  3.20 % 10  9.94 % 10 2.16 x 10'7
Dimensions of the full shell model spaces for nucle i
Nucleus | 4 shells| 7 shells
“He 4E4 9EG6
5B 4ES8 5E13
12C 6E11l 4E19
160 3E14 9E24

Full CI = Full Shell Model (=exact solution of the  Schrddinger equation in a finite
basis set) has a FACTORIAL scaling with the system size (“N! catastrophe” )

APPROXIMATE METHODS THAT PROVIDE AN ACCURATE DESCRI PTION OF MANY -
PARTICLE CORRELATION EFFECTS WITH RELATIVELY LOW CO STS ARE NEEDED



COUPLED-CLUSTER (CC) FORMALISMS

SINGLE-REFERENCE (SR) CC MULTI-REFERENCE (MR) CC

(single reference determinant) (multiple references; ground and
«Ground -state CC excited states)

*Excited -state CC, EOMCC,
response CC, SAC -ClI Fock -space or valence -

*Bi-variational CC, ECC universal MRCC

: Hilbert -space or state -
Renormalized CC, CR -CC universal MRCC

«State -selective or state -specific
MRCC (several formulations)

Genuine;

EXTERNALLY -CORRECTED CC ACTIVE-SPACE CC or EOMCC
(mix SRCC or MRCC with non -CC (mix SRCC/EOMCC with elements of
wave functions) MRCC)

GENERALIZED CC (???)

(single - or multi -determinantal reference, generalized form of the cluster operator
adjusted to the Hamiltonian, virtually exact, but n ot well under stood)
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R R,.+ BetdRmtied dRigctly meXdIIE(SSiMSQE@N@IﬂGWCSDM QCSDTAQ, étc

R R R R A e et o CCTSUMRC] S0Rpi2n
T,, T,, SUMRTGSD(2) CRISUMRCENBG IE/REE ,éliy;}m)r,rwéﬁ@(m&mn%etc.}
R R MiFgleshary apatiesoshtnlbsaptvarraeiPreth piscS S BICH TP, etc.)
T,, T, Brilfenm0 meEEMAT SeRsereR IS HNBnE BHeatpy B AQ) CRBN Ip(Z atc
R, R, R, gquCC(%‘W"\,’t&Q(Z,z.3.)é¥'|E/t%(%aé)a€E&re orble=> active-space EOMCI
p P P
methods [EOMCCSDt, EA/IP-EOMCCSDt,
SAC-CI(4p-3h){N ,N,JSAC-CI(4h-3pXN, ,N, }, etc.]

R,,R,, T;, T,,... from momem expansios= CR-EOMCCSD(T), CR-EOMCC(2,3]
CR-EOMCC(2,4), MEBOMCC(2,3) MM-EOMCC(2,4), et .




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)

o) =" @), T = zﬂ

Ty|@) =) t|®), Td=Y t5|®%), Tad=Y  ti®), ete.

i i>j>k
i a = b a>b>c
ﬂ.,b, * - - =
L ] j L - i j : & - j *
b U - : = .
1p-1h, singles (S) 2p-2h, doubles (D) 3p-3h, triples (T)

m, = N = exact they, m, <N = approximaibns

may = 2 T=T1+1T% CCSD nin}
my = 3 T = T-l + Tg + T3 CCSDT ﬂgﬂ,i
My = 4 T = T-l + Tg + T3 + T4 CCSDTQ ﬂ4ﬂﬂ

To reduce prohibitive computer costs of CCSDT, CCSD  TQ, etc., one
usually approximates T 5, T,, etc. This can be done through, e.g., non-
iterative corrections to CCSD energies , asinthe CCSD(T), CCSD(TQ),
CR-CC(2,3), CR-CC(2,4), CCSD(2), etc. approximations.




Standard CC Equations
(3. Gizek, 1966)

We do not minimize

E[V] = (W[H|W)/(¥]¥) = (@] He") ),

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

equation.
HeT|®) = Ey el |®)
e THe'|1®) = Eye el |®) = Ep |®)
H|®) = Ey|®), H=e¢ THe' =(He')e
H is a finite series in T for pairwise interactions,

H =H+[H,T]+ 3[[H. T T])+ §l[[H T, T],T] + 54[[[[H,T],T],T],T]

Kp-kh ——p (P a192-- i (HN::T“”) @) =0, k=1....,my4

11121 o

Eo = (B|H|®) + (@] (HNETH])EI ) = (O|H|®) + (®| [HN(Ty + T2 + 3T1)] . |®)




Iterative full methods: full CCSD, full CCSDT, full CCSDTQ, etc.

CCSD equations (one- and two-body terms in the Hamiltonian) — »-n. (A")
(B |(Hne T2 )e|®) = (8| [Hn(14+ Ty + Tz + 517 + TiTe + 5T7)|c|®) =0

(BL|(Hne" T2)e|®) = (B|[Hn(1+ Ty + T + 3T7 + TvTo + §T7
+313 + 31Tz + 5 T1)]c|®) =0

Iterative perturbative methods: CCSDT-n, CCSDTQ-n, etc.

-

Example: CCSDT-1 equations — n'n, (A7)
(B HN(+Ti+ To+ AT2+ T + VT + 1TH))c|®) = 0
(B HN(L+ T+ To+ 3T+ 107 + T T + 373 4 173 + 3T0T + AT1)c|®) = 0
7|®) = R§Y (VaTe)c )

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

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

(NT)
E{CCSDT)) _ p(CCsD) | pr)

EM = (8(T5) + Zs)!(VaTe)c|®)



Arguments in favor of CC: Separability or size consistency
(provided that the reference state separates correc  tly)

C_AB D
PN

<

Hyg = Hy + Hgy
T=Tag —Ta+Ta, [Ta,Te]=0

fas EIJ'LEIH

E
(Wap) = e 28 |B,p) = e' 2| By )e'd|Pg) = [T, )|Ty)
Eap = (®ap|Hag|Pan) = (B4 |Ha|UA) (Bp|Ug) + (Op|Hg|Up){D4|Ta) = Es + En



Arguments in favor of CC: CC vs. ClI

|1.I.r} — .|:] +C14+Co+ - :|.|.1.} _ E’Ii+’_f'z+---|,i,J}
Cl expansion CC expansion

| N (— 1)k
T:ln(lJrC):Z 2

k=1

Ok

CIS = Cl(1p-1h) —»| C1 =T}

CISD =CI(2p-2h) —»| Cp =T, + L(T})?

CISDT = CI(3p-3h) —=»| C3 =Ty + TuTs + 1(T1)?

CISDTQ = Cl(4p-4h) »| C4=|Ty H 3(T2)* + ThTs + 3(Th)*T2 + 55 (Th)*, etc.

= CCSDT

Ty < 1T;

CCSDT ~ CISDTQ
CC up to 3p-3h excitations in T ~ Cl up to 4p-4h excitationsin C



Arguments in favor of CC: Linked and connected clus ter theorems

Linked cluster (diagram) theorem (Brueckner, 1955;
Goldstone, 1957; Hubbard, 1957,1958; Hugenholtz, 19 57)

4 ok ko : ~ -
AL (RoW ) ¥y + renormalization terms
-~k - L \
= (R D, (k=1,2,000,
[1‘ U £ Jlinked 0 ( o /
MBPT <
AERHD = (Dy|W Ry Wk Do) + renormalization terms
i s | 9 k - ! 1 ¢ E
= {Dql |TW IR } D) e 20
\. <IUi I: { {BUI / connected i IU) ’ (;{ l)’ ’

Connected cluster theorem (Hubbard, 1957,1958)

U=eld, T= i > {(RW)*}e

k=1 C
C < connected diagrams (including EPV terms)

CC THEORY LEADS TO SIZE-EXTENSIVE APPROXIMATIONS




Arguments in favor of CC: CC vs. MBPT

AECCSD = AE(® + AE®) + AE{D  + -
CCSD ~ MBPT(4)[SDQ] = MP4(SDQ)

AECSSDT — AR ¢ AE® £ AEW + AED) 4. ..
CCSDT > MBPT(4)[SDTQ] = MBPT(4) = MP4



COUPLED-CLUSTER METHODS PROVIDE THE EXCELLENT COMPROMISE
BETWEEN HIGH ACCURACY AND RELATIVELY LOW COMPUTER C OST ...

Equilibrium bond length (in A) and harmonic vibrational frequency (in em—?!) of Ny

Method Te (e Scaling

DZP basis set, 32 orbitals, 2 lowest orbitals frozen

CISD 1.1123 2444 n’n. (iterative)

CISDT 1.1158 2409 =’ ,f: (iterative)

CISDTQ 1.1264 2296 mnin® (iterative) + A1V

MBPT(2)=MP2 1.1400 2105 nZn: (noniterative)

MBPT(3)=MP3 11126 2480 mn:.n, (noniterative)

MBPT(4)=MP4 11355 2145 nlni (noniterative)

CCSD 1.1210 2352 mnZing (iterative)

CCSD(T) 1.1269 2287 n>n. (iterative)+n’n> (noniterative) + N®+ N7
CCSDT-1 1.1275 2280 ,j ® (iterative) + N7

CCSDT 1.1265 2294 nln) (iterative) + N°©

aug-cc-pV TZ basis set, 92 orbitals, 2 lowest orbitals frozen

CCSD(T) 1.1040 2340
Experiment 1.0977 2359




EXAMPLES OF SINGLE -REFERENCE CC METHODS THAT ARE
PARTICULARLY USEFUL

CCSD - basic CC method; recovers bulk, often >90%, of the correlation energy;

also needed to define a posteriori T 5 corrections
(CCSD) — = (ref) (CCSD;
E =E™+AE

g(ccs) Zfat + > VT rho=tho+tit) —tit!

i<j,a<b

CCSD(T) — CCSD plus correction dueto T 5, ‘gold standard’ of quantum chemistry;

CR-CC(2,3) — CCSD plus correctiondue to T 5, ‘black -box’ extension of CCSD(T) to single

bond breaking and biradicals ; recover >99 % of the correlation energy (‘chemica | accuracy’)

E(CR-CC(2,3)): E (ref)_|_ AE (CR-CC(2,3)): E (I’ef)_l_ E (CCSD)+5E(2,3)

SEI = N el

iI<j<k,a<b<c
CR-CC(2,3) CCSD(T)
e = <¢\<1+A1 +A)AC9)| i) /Dl 03 = (O[T, Vy) oo +(TJVN>C]\ a>:;-‘:'f>/ D
= (DA, o0 +(AFL ) o +(AH LN ] o) Dl
DI = E©OSD) — (| H'| ) = —gH_n(CCSD) Dl =& +& +& —&, —&, —€,




Example: The DBH24 Representative Benchmark Suite f

Heavy-Atom
Transfer

Nucleophilic
Substitution

Unimolecular and
Association

Hydrogen Transfer

(J. Zheng, Y. Zhao, and D.G. Truhlar, J. Chem. Theo ry Comput., 2007)

Thermochemical Kinetics

Database Reaction Ve yra
H = N,O — OH + N3 18.14 §3.22

HATBHSG H+CIH—+HCI+H 18.00 18.00
CH; + FCl — CHsF +C1 743 6L.01
Cl . CH3Cl— CICH,. . Cl 13,61 13.481

NHSBHG F- CH3Cl = FCH;. . Cl 289 2862
OH" + CH5E — HOCH; + F- 2.78 17.33
H-+ N, — HN, 14.60 10.72

UABHS6 H= CoHy ~ CH3CHy 172 41.75
HCN — HNC 48.16 3311
OH + CH; — CHj + Hy0 6.7 19.6

HTBHs H+-OH—~0+H, 17 131
H + HyS = H, + HS 36 17.3

or

(kcal/mol)



Performance of various CC methods and basis sets fo
benchmark suite for

thermochemical

kinetics

(reported as errors relative to benchmark values in kcal/mol)

r the DBH24

HATBH6 NSBH6 UABH6 HTBH6 DBH24
Method MSE MUE MSE MUE MSE MUE MSE MUE MUE
MG3S
CCsD 443 443 203 2.03 1.58 1.58 262 2.62 2.67
CCSD(T) 1.06 1.37 —-0.25 0.04 0.53 0.53 1.04 1.10 0.95
CR-CC(2,3), A 1.63 1.76 0.03 0.75 0.76 0.76 1.23 1.23 1.12
CR-CC(2,3). B 1.85 1.91 0.22 0.63 0.80 0.80 1.29 1.29 .16
CR-CC(23), C 1.28 1.49 -0.17 0.83 0.66 0.66 1.08 1.10 1.02
CR-CC(23),D 1.20 1.49 —0.18 0.83 0.65 0.65 1.08 1.10 1.02
ang-ce-pVTZ
CCSD 354 3.54 1.66 1.66 1.03 1.11 1.72 1.72 2.01
CCSD(T) 0.01 0.91 -0.67 0.68 -0.06 0.40 -0.04 0.57 0.64
CR-CC(23), A 0.58 1.20 -0.30 0.44 0.17 047 0.15 0.62 0.68
CR-CC(23), B 0.80 1.32 -0.20 0.35 0.19 0.49 0.23 0.65 0.70
CR-CC{(2,3), C 046 .13 -0.70 0.77 0.16 0.48 0.11 0.64 0.75
CR-CC(23),D 046 .13 -0.71 0.77 0.15 0.48 0.11 0.64 0.75
aug-cc-pV(T+d)Z
CCSD 341 341 1.82 1.82 1.03 1.11 1.69 1.69 2.01
CCSD(T) -0.13 0.67 -0.53 0.62 -0.06 0.40 -0.06 0.54 0.56
CR-CC{(2,3), A 045 0.88 -0.24 0.39 0.17 047 0.13 0.60 0.58
CR-CC(2,3), B 0.67 1.00 -0.05 0.30 0.19 0.49 0.20 0.63 0.61
CR-CC(2,3), C 0.30 0.80 -0.53 0.60 0.16 0.48 0.09 0.62 0.62
CR-CC(2,3),D 0.31 0.80 -0.54 0.60 0.15 0.48 0.09 0.62 0.62

(J. Zheng, J.R. Gour, J.J. Lutz, M. Wloch, P. Piecuc

h and D.G. Truhlar, J. Chem. Phys., 2008)



CCL =
CR-CC(2,3)

Reactions relevant to gas -phase chemistry of SIiC

(Y. Ge, M.S. Gordon, and P. Piecuch, J. Chem. Phys.

H-SiH3
~289.56
-289.58 -
-289.60
-289.62
-289.64
-289.66 - X
-289.68
-289.70
-289.72

-288.74 o -
14 19 24 29 34 39 44

R {angstrom)

R QR KX

E (hartree)

2 - CCL % FCI

H3Si-SiH3
-578.20
-578.22 - A HOTEAXXABIEFSD
-578.24
-578.26

-578.28 s

E (hartree)
“

-578.30 F

CCL  x FCIL
-578.32 ¢, ex

~578.34 .
2.2 2.7 3.2 3.7 4.2 47 52 57 62 87 7.2

R {angstrom)

CI-CHZ
-496.64 -

P T S S
X
&

-496.66
-496.68 "

~436.70

~486.72 -

{hattree)

W 49674 -

< CCL » FCL

-496.76 Xy

1.8 23 28 33 38 43 48 53 58
R (angstrom)

H3C-SiH3
-328.45 R
M
-328.48 X
328,50 - s
-328.52 I

-328.54 - s

E (hartree)

-328.56 ¢ mCCL o FCI
32858 o

-328.60 %
18 23 28 33 I8 43 48 53 58

R {(angstrom)

RN R R R
Lo

E (hartree)
<.

X L s FCL

12 L7 22 27 32 37 42
R (angstrom}

Ci-Ct

-918.94

SRYEEEEFE

-918.95

-918.96

-518.97

E {hartree)

+CCL » FCI

%
-918.99 g
2.2 3.2 4.2 5.2 6.2

R {angstrom}

H-CH3

-39.80

-30.82

-39.84

-39.86

-39.88

-39.90 b

-36.92 |

-35.94 x

-39.96 .

-39.98 A

-40.00 4

-40.02 , . .

1 15 2 25 3 3.5
R {angstrom)

E (hartree)

e CCL x FCE

CI-SiH3

-746.40
SRERERRCOCT B AR

-746.42 o

&

-746.44

-746.46 L

{hartree)

746,48 4
- #- CCL & FCI
-746.50

o
746,52 ©
2.2 27 3.2 37 42 47 52 57 6.2 6.7

R {angstrom)

E(CC) - E(FCI) (mh) E(CC) - E(FCI) (mh) E(CC) - E(FCI) (mh)

E(CC) - E(FCT) (mh)

1
o

&
o

o
o

&
5

3

, 2007)

H-SiH3
liiii_;.;;ifﬁﬁ;;:‘ 2 yad
—cCCL ©E
- ccsp
= CCSD(T)

& CR-CCSD(T)

1.4 1.9 2.4 2.9 3.4 3.9 44

g
o

0.0

-8.0

R (angstrom)

H3Si-SiH3

iisaseetds
+=CCL

= CCSD.

x CCSD(T)

s CR-CCSD(T)

22 2.7 3.2 3.7 42 47 52 57 6.2 6.7 7.2

R (angstrom)

CI-CH3
ccL
- - - ccsb
- x CCSD(T)
s - 4 CR-CCSD(T)

-8.0
18 23 28 33 38 43 48 53 58
R (angstrom)
H3C-SiH3
8.0
4.0
oloiing,aﬂﬁﬁ,i:j»ffuAEAAAAA
- ccL kT
b - ccsb P oy oy
x CCsSD(T)
s CR-CCSD(T)
-8.0

18 23 28 33 38 43 48 53 58
R (angstrom)

H-CI
8.0
-~
< R
E 40 R
a o
o e = = T s A A 8 A & A A A A a
L oo XFias 2 8 5 o — el
w x
i +~CCL x
N x
g 40 - ccsp o
= x CCSD(T) <
2 CR-CCSD(T) *x
-8.0
12 17 22 27 32 37 42
R (angstrom)
ci-cl .
- CCsD
16.0 x CCSD(T)
T 120 = CR-CCSD(T)
E -7
o 0.0 P "x 00— o000
w x
40 X x
o XxXxXxxxxxxxx
g 8o
I~
w -12.0
-16.0
2.2 2.7 32 3.7 42 47 52 57 62 6.7
R (angstrom)
H-CH3
8.0
-~
=
E 40
~
=
E 5555 3
5 ——3
T oo e
' —>-CCL
g-a,o - ccsb
= x CCSD(T)
a CR-CCSD(T)
-8.0
1 15 2 2.5 3 3.5
R (angstrom)
CI-SiH3 oL
160 - ccsb
. x CCsD(T)
£ 120 5
£ » CR-CCSD(T)
E s0
40
o
& 0.0
w
v 4.0
O o0 "
g *x
i -12.0 S 3 T
-16.0

22 2.7 32 3.7 42 47 52 57 62 6.7
R (angstrom)



Example: Thermal Stereomutations of Cyclopropane

(A. Kinal, P. Piecuch, M.J. McGuire, and M. Wioch, i

n preparation)

H3
D, D
1.100 %~
> <D D> /\ 1.081 (11_ '110%5) 1.495
trans-1 trans-1' (11.'(?8887) [1.102] ] (11;'306) MRCI
. 5 [1.091] D [T532]] (CR-CCSD(T))
— | e w6 CR-CC(2,3)A
D D '
cis1 cis-1 (ﬂ?gg) H4 121.8 1081 [CCSD(T)]
5 « [105.8] (1122129((5)’) (1.087)
>A< - . >A< 2 (1208 °[1088]
b b b @1.c1-cocom 0.0°(0.0°) 0.0°(0.0] _ _ _
ransd ast Biscacze= 000000l Trimethylene biradical (TS1)
vib mode MRCI (Isborn et al., 2004) CR-CCSD(T) CR-CC(2,3) CCSD(T)
1 139 129 122i A11i
2 61 147 161 157i
3 278 334 340 168
4 361 362 358 238
21 3361 3282 3270 3255
Av. %ETT. 4.2 4.1 9.4
MRCI(Q) CR-CCSD(T) Experiment
1
AH jeon 59.7 67.8 63.6 + 0.5

CR-CC(2,3) : 63.3 kcal/mol



THE HNOO CONTROVERSY

LBSW: P. Ling, A.l. Boldyrev, J. Simons, and C.A. Wight,  “Laser Photolysis of Matrix-Isolated Methyl
Nitrate: Experimental and Theoretical Characterizat  ion of the Infrared Spectrum of Imine
Peroxide (HNOO),” J. Am. Chem. Soc. 120, 12327 (1998).

LGDS: S.L. Laursen, J.E. Grace Jr., R.L. DeKock, and S.A.  Spronk, “Reaction of NH (X) with Oxygen in
a Solid Xenon Matrix: Formation and Infrared Spectr ~ um of Imine Peroxide, HNOO,” J. Am.
Chem. Soc. 120, 12583 (1998).

H

)

Fundamental Frequency | Exp: LBSW | Exp.LGDS | CCSD(T)| CR-CCSD(T)| CCSD(TQ) | CCSDT-3(Q)
v, (NH stretch) 3287.7 3165.5 3189 3198 3188 3188
v, (HNO bend) not observed 1485.5 1492 1509 1494 1499
v, (NO stretch) 1381.6 1092.3 1147 1116 1123 1126
v, (OO stretch) 843.2 1054.5 1042 1078 1047 1071
v, (NOO bend) 670.1| not observed 650 653 650 650
v, (torsion) 790.7 764.0 764 777 757 757

R.L. DeKock, M.J. McGuire, P. Piecuch, W.D. ALLEN, H.F. SCHAEFER llI, K. Kowalski, S.A. Kucharski, M. Musiat, A.R.
Bonner, S.A. Spronk, D.B. Lawson, and S.L. Laursen, J. Phys. Chem. A (2004)



CAN WE EXTEND CC METHODS TO LARGE MOLECULAR SYSTEMS ?

CODE PARALLELIZATION
Example: CCSD(T) or CR -CC(2,3): CPU time scaling: N’

In order to triple the system size without increasing the CPU time one needs 3’ = 2187
processors (assuming perfect scalability)

PARALLELIZATION ALONE IS NOT SUFFICIENT (!)

ONE MUST ATTACK INTRINSIC POWER SCALING LAWS CAUSED, IN
PARTICULAR, BY THE USE OF DELOCALIZED MOLECULAR ORBITALS.

HINT:
ELECTRON CORRELATIONS IN NON-METALLIC SYSTEMS ARE LOCAL

!

USE LOCALIZED ORBITALS AND LIMIT EXCITATIONS TO LOC AL ORBITAL
DOMAINS THAT (HOPEFULLY) DO NOT GROW WITH THE SYSTE M SIZE

g

LOCAL CORRELATION METHODS AND LINEAR SCALING ALGORITHMS



LINEAR SCALING LOCAL CORRELATION CC METHODS:
CLUSTER-IN-MOLECULE (CIM) CCSD, CCSD(T), AND CR -CC(2,3) APPROACHES

[W. Li, P. Piecuch, and J.R. Gour, AIP Proceedings, 2009; W. Li, P. Piecuch, J.R. Gour, and S. Li, J. Chem. Phys., 2 009;
W. Li, P. Piecuch, and J.R. Gour, Prog. Theor. Chem. Phys., 2009; W. Li and P. Piecuch, J. Phys. Chem. A, 2010 (x2)]

CHanez: 6-31G(d)

CCSD Itgrations/oPU heuon Eneraytf o f2,3§3{'5;p‘?e%(/%,,%lﬁ?ﬂsgat'0r Energy/H

DN | Ny | | CIm cmMm | .~ . el o4 of
o ‘“8i|{)|’""" tewg! 17 | (level 27 ‘““&;‘,‘M"’“‘ (levelN? | | Dubsystems
canonical C

72062 Ceveina || - deweigd| | -1.77180

G| 203 (6.5) | (OO | (10042%)

OO OO O O =2 A O3 = o~

-2.28932 -2.35724 || -2.35779 -2.35811

(88%800)| 43:0(4.8) || (B8R | (108H3ds)

37 | 183|(lexerd2d1 (levey20’32
8. 33(0.7) | B@P9YO

49243 =2.29168 | -2.2888¢

413 |/3.1(0.4)| B@skaY

A

A L -~ N I " A d

o = -
@ $ N+ @ Ocg N |10

ems.ﬁsfa.gﬁsyo 242 85758 57.0-(5.2) | 2208498.8) -2 9858
(4101 27295 /N AN )A&g\&ﬂ;t}b;(o AAAAA coo/aAnNll 2002 110N 1QJ/CLE
73 1363l . 7| T.3.42639] -34 1353040 || 353167
B5' %23 86 (U0) | 5396501 | U89862) +11-1 (5-2)] 2412678 ) -4.43817
B0 83|| 9.9 (0.6) | 498%6382 | [2956951|| 101.1 (5.1)| 4998202.0)| -4.20466

8 The numbers in parentheses represent the Tatidinsashtampittiecoaleldtitorentagihe fagmstrety the
Subbgsienoscim leveval df ofiehe Ul helogpi§) 0. @hdlpel)-06.08; levieha] 20) 0 @hdpd)02 02



LINEAR SCALING LOCAL CORRELATION CC METHODS:
CLUSTER-IN-MOLECULE (CIM) CCSD, CCSD(T), AND CR -CC(2,3) APPROACHES

2009; W. Li, P. Piecuch, J.R. Gour, and S. Li, J. Chem. Phys., 2 009;

[W. Li, P. Piecuch, and J.R. Gour, AIP Proceedings,
W. Li, P. Piecuch, and J.R. Gour,

Prog . Theor. Chem. Phys., 2009; W. Li and P. Piecuch, J. Phys.

Cn H2n+27 6'316(d)

Number of carbon atoms (1)

[
=
=
=
=
L
=
-

Chem. A, 2010 (x2)]
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,d » % » v I,
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e | ‘ 4 2 so000 b ! e -
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3 © ’
(: e xe¥ U ,; “&
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Number of carbon atoms (n)




Energy (hartree)

LINEAR SCALING LOCAL CORRELATION CC METHODS:
CLUSTER-IN-MOLECULE (CIM) CCSD, CCSD(T), AND CR -CC(2,3) APPROACHES

[W. Li, P. Piecuch, and J.R. Gour, AIP Proceedings, 2009; W. Li, P. Piecuch, J.R. Gour, and S. Li, J. Chem. Phys., 2 009;
W. Li, P. Piecuch, and J.R. Gour, Prog. Theor. Chem. Phys., 2009; W. Li and P. Piecuch, J. Phys. Chem. A, 2010 (x2)]

Cn I_|2n+2 , 6-31G (d)

o m
1 L] L] L) 1] ) T T T 1 (o] L] T 1 1 1
@ £ =
\. (a) ool  NPE=1.866 mH(b){ oo} NPE=0.371 mH (c) {
AR \ Canonical CR-CC(2,3) -—e— 7 £ M 8 £ ”
CIM-CR-CC(2.3) (level 1) - = e S = - it
\ CIM-CR-CC(2,3) (level 2) A 8;_0'5 L _ 8;-0‘5 N . i
i = & N o
| 2 9 NPE=0.725 mH . S | NPE=0.588 mH
4712 b . $) AN o
\ w-1.0 F B - w-1.0 F b
. 9 g
l‘ S.15 : . S 5} _ 4
\ / 8 CIM-CR-CC(2,3) (level 1) o CIM-CR-CC(2,3) (Jevel 1') -
4713 p | 4 - o CIM-CR-CC(2.3) (level 2) & » CIM-CR-CC(2.3) (level 2') 4
& & E
o B-20F e ©-20 | J
C12H26—’ C11H23+CH3 5 _Cle_26_.’ .C1LH2.3+.CI_.I3 . 5 _ C.12H26,_’_C11|'|_23TC_|'|3,
1.0 1.5 2.0 2.5 3.0 w 1.0 1.5 2.0 2.5 3.0 w 1.0 1.5 2.0 2.5 3.0

R(C1-C5)/Ro(C4-Cy) R(C4-C3)/R4(C4-Cy) R(C4-C3)/IR¢(C4-Cyp)



Relative energy (kcal/mol)

8.0

6.0

4.0

2.0

0.0

Canonical CCSD —e—
CIM-CCSD (level 1) —=
CIM-CCSD (level 2) —2—
CIM-CCSD (level 3) —&—

1 2 3 4 5 6 7 8 9 10
Structure of (H,0)44

Canonical CCSD: 1758-1870 min

CIM CCSD level 1: 30-70 min; 2-9 min/subsystem

CIM CCSD level 2: 54-153 min; 5-17 min/subsystem
CIM CCSD level 3: 204-474 min; 21-89 min/subsystem

80}
/_5
£
S 60F
=
>
=
2 40
@
@
=z
E #
2 20r / Canonical CCSD —a—
/ CIM-CCSD (level 1) =
J CIM-CCSD {level 2) ~—a—
00 F ¢ CIM-CCSD (level 3)
L L L L 1 I M 1 ' ,

1 2 3 4 5 8 7 8 9 10
Structure of (H,O)44

Canonical CCSD: 4045-4265 min

CIM CCSD level 1: 45-99 min; 3-10 min/subsystem
CIM CCSD level 2: 74-229 min; 5-19 min/subsystem
CIM CCSD level 3: 324-724 min; 28-67 min/subsystem




0.0 kcal/mol
28.0 kcal/mol M

50.7 kcal/‘i‘nol

The SIMOMM model of Si,:H,; QM region
embedded in an SiHy, MM cluster. The region
inside the red box represents the QM cluster.
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7_,5;.4 kcal/m(‘j{
6.2 kcal/mol*,

SEEIM( - 0)-CR-CC(2,3)/6{311G(d)
CCSB(T)/6-31G(d) ;

% 3.5 kcal/mol

*,0.0 kcal/mol; *, 3.8 kcal/mol
8.0 kcal/mof  —
() Back-bond (Si3-Si6)

Back-bond (Si1-Si6)
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DIFFUSION OF ATOMIC OXYGEN ON THE

Si(100) SURFACE
[P. Arora, W. Li, P. Piecuch, J.W. Evans, M. Albao, and M.S.
Gordon, J. Phys. Chem. C, 2010]




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. Mukherje e, 1979; H. Nakatsuji and K. Hirao, 1978; K. Emrich , 1981)

Ui) = R| Do), [Wo) = ¢72)
T = T] + TE +---, RH — RH,{I + RH,npen-, RH,upen — RH,] + RH,E +---

Example: EOMCC

In the exact theory,

@RH,GPEH}FPI' - @ [H"'J,upeﬂ RH upen]l‘il:l — '-"-"HRH

= (Hye' o, wix = Ex —Ey, Rk.open = Ri — Rk .p.

In approximate methods,
T~ TA) = ZT Ry ~ R = ZRH.n (my < N)
n=0

Basic approximation: EOMCCSD

ma=2:T=T,4+Ths fIGGED _ H 55 fI sSD
Ri = Hxo+ Rix1 + R o Hps Hpp

Higher-order iterative methods: EOMCCSDT, EOMCCSDTQ), etc., or non-
iterative corrections, suchas CR-EOMCCSD(T), CR-EOMCC(2,3), etc.



Particle (Electron) Attached and Particle Removed (  lonized) EOMCC Methods

Mp Mp
|‘I'LNi1}} = RLNﬂ”‘I'G}a RLNJFU - Z R, (nt1)p—nhs RLN_I) - Z Ry (nt1)n—np
n=>0 n=>0

Particle Attaching (EA or PA)
R.u,lp — Z Tal@ﬂ)} Ru,zp—lh = Z Tail(ba:?}, etc.

(L < b
J
a,b,. .. * .
- j - - - - j - -
by Ty o - 2 : : : : : = :
Particle Removing (IP or PR)
Rp:._.lh- = Z Tili)i}, R;.L,E.’L—lp — Z Tz'?blti)i; ) etc.
i i<
b
a, b, . .
L] :l} L L ] [ ] j L ]
by Jywee : : : : : % :

Solve the Eigenvalue Problem
_ N N1y
(Hh’_.opcn RIIH + ’I)(_‘_‘|‘I’> = LLJL - }R.L + 'I|‘I’>_.

z‘I T a5 '24' r 4% 1{_.'-\?] .J:-‘\r_. \ C N — 0 rf\r‘:l
U.JI*W_FJ’I _— j;’;l*\'+l'] — E\ . wl 1) Ei_.\ 1) ELY
Lt T o L 7 0



Vertical excitation energies of CH and C, (in eV) [K. Kowalski and P. Piecuch, 2001, 2002]

System 5State Full CI EOMCCSD CC3 EOMCCSDT

CHT 2'ST 8549 0.560 0230 0074
3'8T 13525 0.055 0.016 0.001
4 18+ 17.217 0.099 0.026 -0.002
11 3.230 0.031 0.012 -0.003
2 M1 14127 0.327 0219 0.060
1A 6.964 0924 0.318 0.040
21A  16.833 0.856 0261 -0.038

Ca 1M1, 1385  0.090 -0.068 0.034

1A 2293 2054 0.859 0.407
1 IEf 5.602  0.197 -0.047 0.113
11, 4494 1.708 0.496 0.088

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

State EOMCCSD EOMCCSDT EOMCCSDTQ Experiment

atx- 0.95 0.66 0.65 0.74
A 2A 3.33 3.02 3.00 2.88
B 2x- 4.41 3.27 3.27 3.23

cx? 5.29 4.07 4.04 3.94




Excited states of ozone: adiabatic excitation energies T, (Tg)

State  EOMCCSD CR-EOMCCSD(T) MRDCI CASPT2 Expt.
214¢ 10.018 3.649 2.50 3.45-4.02
(9.951) (3.582) Huggins band
2147 9500 4.437 3.61
(9.433) (4.370)
1'B, 4871 4.520 4.34 3.87 4.13-6.20
(3.84)  Hartley band
11B;, 2.288 2.174 1.82 1.67 1.46-2.82, 2.05
(1.65)  Chappuis band
114, 1.668 1.615 1.44 1.20 1.46-2.82, 1.58
(1.598) (1.545) (1.10)  Chappuis band

(K. Kowalski and P. Piecuch, J. Chem. Phys., 2004)




Properties (including density matrices)

Uy ) = Rye' |D)
T=T1+T'}-|'—"'I RF:RH{I‘I"RH,GPEH-, RH,npen=RH,1+RH,3+"'
{Eﬁppen Rﬁppen}ﬂlli'} — W RH |'i' r [E—N,npen'. RH,upen]lii'} — "-"-"HRH

5 =T 5 g
Hy =¢ "Hye = (Hne )o, wk =Ex —Es, Rrkopen = Br — Rr.o.

(Vx| = (®|Lrxe™"
(®| Ly Rpe|®) = b e

Ly = ﬁH,H T LH,{:F-EI:'.H LH,ann — LH,I + LH.'E T

@H Hﬁ',npﬂn = WK ':@

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

Hy|®) = AEo|®), (B|(1+A) Hy = AEy(®|(1+ A)



Expectation values, transition matrix elements

(Vg |O T gi) = (B|LgORy:|D),
O=e"0e =(Be')e

1-RDMs

VK, K') = (UglaPa |V g ) = (®|LgaPa, R | ),

aPa, =¢ " aPa, e’
2-RDMs
P K K') = (Vg |aPa%a.a, |V ) = (®|LgpaPaia,a, Ry |$),

aPaia,a, = e  (aPa%a,a, ) e’

For example,

{wﬁlelwﬁ'} - H;E- ﬁ{‘ﬁr! Hj}:l e = Egap'ﬂq
yic(xx') =Y YA K, K)[ibp (x)]" 1 (x')



[Fram P. Piecuch, V. Spirko, and J. Paldus, Pol. J. Chem. T2 (75), 1635 (1998)]

Dipole Moment Function of Ammonia

The vibrational transition moments {v}'; 0, 0|ji-|v}; 0,0} of **NHj (in Debye).

vy v, Exp. CISD CASSCF® Fitl  CCSD LRCCSD - FitT
0+ 0— 1.47147(6) 1536 1.6563 1471 1.473 0.002
0t 17 0.236(4) 0258 0236 0237 0.245 0.008
0t 2= 0011 0.007 0.002 0.000 0.004 0.004
0- 1+ 0248(7) 0269 0239 0247 0.254 0.007
0- 2t 0.02261(21) 0.027 0006 0019 0.024 0.005
1T 2~ 0.28(10) 0313 0335 0287 0.296 0.009
1- 2+ 0.557 0.442 0.525 0.532 0.007
2+ 2- 102(18) 099 1122 0948  0.954 0.006




Effective Hamiltonian for heavier
nuclei (e.g., GXPF1A)

/

|

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

CCSD (ground state)
t-amplitude equations

f ) (I'riples and

Properties guadruples
A\ equations energy
L ) \corrections

|

CR-CC(2,3), CR-CC(2,4)

{ CR-CCSD(T),

PR-EOMCCSD (A-1)
1h, 2h-1p, & 3h-2p r -amplitude eqgs .

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

(A= A-1, A+l)

EOMCCSD (excited states)
r-amplitude equations

[Properties ) ﬂl’riples and

|- and r- guadruples
amplitude energy

_equations ) (corrections

|

[ CR-EOMCCSD(T), }

CR-CC(2,3), CR-CC(2,4)




'He fitd =10 R} =15 RO =20 K2 =25 H2 =30

Comparison of Shell s samoar im0 28200 8162 2710 25880
Model and Coup|ed_ CesD 24606 -28.027 -28.033  -26.917  -25.308

CR-CCSD(T) = -24.822 -2R1560 -ZR1Ls 0 -27.101 -25.766

CIUSter ReSUItS for the 5 MS Shell Model® -26.484 28336 -27.228  -25.900  -24.702
Total Binding Energies cesD 66 -1

01 27015 -25.439  -23.735

C‘-R-C‘-E‘.SD{T}g -26.365 -28.279 S27ATh 95,817 -24.602
of 4He and 16O

6MS  Shell Model®  -26.604  -27.526  -26.180  -25.053  -24.147
(Argonne V8') CCSD 95860 27195 25903 24330  -22.755
CR-CC(2,3)=>CR-CCSD(T),  -26.306  -27.460  -26.134  -24.967  -24.077
] ] T MBS Shell Model® -25 120
(M. Wtoch, P. Piecuch, M. Horoi, M.
- . E B e QoF E=
Hiorth-Jensen, unpublished) CCsD 05833 26256  -24.802  -23.385  -21.857
CR-CCSD(T)z  -26.447  -26.574  -25.147  -24.261  -23.762
150) RY=10 R =14 AQ=16 #Q =18 HQ =20
AMS  Shell Model® ss aes s aes ssr  1he coupled-cluster
CCsD aaads -165841 -16567 60785 -1szsr - @pproach accurately
CR-CCSD(T)»  -143502 -165.106 -165211 -160.744 153406 reproduces the very
5MS  Shell Models 132 -1505  -149.6  -143 136 expensive full shell model
CCsD S137.950  -151.900 -148.607 -141.997 -133.333 :
| results at a fraction of a
CR-COSD(T)y  -138107 -152.507 -149.626 -143.600 -136.338
6MS  Shell Model? 1129 142 41385 o134 1126 cost.
CCsD 150582 -148.854  -130.943  -130.049 -122.801

CR-CCSD(T)« -149.329  -149.42  -141.591 -133.716  -126.716




Ground and Excited States of %0 (Idaho-A, N3LO, G-matrix)

I I
100 .

e CCSD
-105- = CR-CCSD(T)|T

M. Wioch, D.J. Dean,

_]]{,; —— ' _ J.R. Gour, M. Hjorth-
EG E,, =120MeV | Jensen, K. Kowalski, T.
' Papenbrock, and P.

Piecuch, Phys. Rev.
Lett., 2005.

115 -

E (MeV)

~1204 : .
E__=—120.5 MeV

-125F =

2 . 1 : 1 . |
]3(]4 6 8 infty

Number of oscillator shells, N

Ground State

Idaho-A Binding Energy, No Coulomb: -7.46 MeV/nucle on (CCSD), -7.53 MeV/nucleon (CR-CCSD(T))
Approx. Coulomb: +0.7 MeV/nucleon

Idaho-A + Approx. Coulomb: -6.8 MeV/nucleon

N3LO (with Coulomb): -7.0 MeV/nucleon

Experiment: -8.0 MeV/nucleon (approx. -1 MeV due to three-body interations and, pe  rhaps,
remaining center-of-mass contaminations)

J=3- Excited State
Idaho-A Excitation Energy: 11.3 MeV (EOMCCSD)
12.0 MeV (CR-EOMCCSD(T))
Experiment: 6.12 MeV (5-6 MeV difference due to three-body interactions a  nd, to some extent,
remaining center-of-mass contaminations)




Ground-state properties of

Form factor

L:\

_4
Z10
=2

10

L L L L L L L L
—— N=35, c.o.m. corrected
— — . N=6, c.o.m. corrected
- =+ N=7, c.o.m. uncorrected |

0.30

1 2 3 4

q(fm’)

0.20

p(r) (fm ™)

0.00

L L L L l 1T 11

Ll Ll Ll L] I L] L] L] L] I L] L] ¥ ¥ I ¥ ¥ Ll Ll I Ll L] L] L]
— N=5.r_ =245 fm
N=6,r_=2.50 fm

rms

" — N:?‘_ r =2.51fm

rms

(b)

=

_.
k-3
|
e
Lh

160, Idaho-A

M. Wioch, D.J. Dean,
J.R. Gour, M. Hjorth-
Jensen, K. Kowalski, T.
Papenbrock, and P.
Piecuch, Phys. Rev.
Lett., 2005.

Exp.: 2.73+£0.025 fm
CCSD: 2.51 fm



Ground and Excited States of Valence Nuclei Around 10O with Various

Potentials
(J.R. Gour, P. Piecuch, M. Hjorth-Jensen, M. Wioch,

Binding Energy per Nucleon (MeV)

Interaction
Nucleus N3LO CD-Bonn Vig Expt
50 6.158  6.643 4.789 7.464
15N 6.339  6.810 4.957 7.699
50 6.951 7.444 5.469 7.976
170 6.722 7.201 5.214 7.751
F 6.559  7.048 5.059 7.542

Excitation Energies (MeV)

Interaction

Excited state N3LO CD-Bonn Visz Expt

O (3/2); 6.264 7.351 4.452 6.176
N (3/2)] 6.318 7.443  4.499 6.323
)T 5675 6.406 3.946 5.084
"0 (1/2)F  -0.025 0.311 -0.390 0.870
© 5.801 6.677 4.163 5.000
T 0428 0.805 0.062 0.495

and D.J. Dean, Phys. Rev. C, 2006)

The non-local N3LO and CD-
Bonn interactions give much
stronger binding than the local
Argonne Vg interaction.

The different binding energies
and spin-orbit splittings indicate
that different potentials require
different 3-body interactions.
Excitation energies of the A=15
systems obtained with N3LO are
excellent.

The relative binding energies of
these nuclei for the various
potentials are in good agreement
with each other and with
experiment.



Return to 3- state of 1°O
(J.R. Gour, P. Piecuch, M. Hjorth-Jensen, M. Wioch, and D.J. Dean, Phys. Rev. C, 2006)

1d5/2

—&®— 1p,
—0-000— 1n.;

—88— 1s,



Return to 3- state of 1°O
(J.R. Gour, P. Piecuch, M. Hjorth-Jensen, M. Wioch, and D.J. Dean, Phys. Rev. C, 2006)

o 1d,

T Ae=¢g, —¢&, =E@)-E(gs.)
1py,

—0-0080— 1p.;

—e0— 15,

= The 3 state is dominated by a single excitation from thelp,,, level to
the 1d;,, level. Thus, the energy difference between these shells
gives a zero-order estimate of the excitation energy of the 3 state.



Return to 3- state of 1°O
(J.R. Gour, P. Piecuch, M. Hjorth-Jensen, M. Wioch, and D.J. Dean, Phys. Rev. C, 2006)

€., =BE(**0)- BE(*'O)

o 1d,
T Ae=¢g, —¢&, =E@)-E(gs.)

1p
1/2\ glpu
—00-08— 1.,

=BE(**0)- BE(*0)

—e0— 15,

= The 3 state is dominated by a single excitation from thelp,,, level to
the 1d;,, level. Thus, the energy difference between these shells
gives a zero-order estimate of the excitation energy of the 3 state.

m Using the experimental and CC binding energies of the valence
systems around 100 to determine this energy gap gives 11.5 and
15.8 MeV, respectively.



Inclusion of NNN interactions: “He
(proof -of -principle) BE
(G. Hagen, T. Papenbrock , D.J. Dean, A. Schwenk , A. — _245_ \"\
Nogga, M. Wtoch, and P. Piecuch, Phys. Rev. C, 2007) %) * N—>o CCSD(T): -28.24 MeV
~ 25
7 : .
H=T+ Vigwi(A) + V3n(A) Z 26
(derived from - : '\\Q
Argonne V,,) (based on the 27F ~. .
18 leading chiral 3NF) g -28.20(5) MeV, e>§a}ct (3NI_: chamglwvx[tp :
1 _28;T:1/2, J=1/2, positive parity) w3
Hy = T@ > Apgrlistwyaalala,d.a, et . : -
T pgrstu N
} ] i 1 1
10°F  ®2-body only -
0-body 3NF 1-body 3NF : E
§ | : l . | - = l AT A “-— \\\ 0-body 3NF -
Hy = 2 ) (ijKIlijk) + 5 > (ipllija)aga) — 107¢ o000 :
ijk 1jpg ;"; ‘”i\l~body 3NF
o \\
1 . . At At A A A~ E‘m -2 - \\\
g 2 tipallirs)(aa,a.4.) + o, o 10 Eestimated wiples conections Ny,
ipqrs I fj__ _ \.\2—b0dy ANF 1
2-body 3NF  residual 3NF ]0_3:_ |
h : aal A’l” i, : residual BN;.
_ e AT ATATA & A s esidus 3
1, = 6 Z {pgr||stu){a pc;lqa,.aua,a\g} il | | (}Jr |
) | )

Pgrstu

(5)



Ground State of 10 Using V | coum

(R. Roth, J.R. Gour, and P. Piecuch, Phys. Rev. C, 2009)

e Comparison of the CR -CC(2,3) and IT-Cl(4p-4h)+MRD results with the
Hartree -Fock basis for various model spaces

Open symbols:
IT-Cl(4p-4h)+MRD

Closed symboils:
CR-CC(2,3)

15 20 25 30 35 40
70 [MeV]




[MeV] "

IFE

Ground State of 10 Using V | coum

(R. Roth, J.R. Gour, and P. Piecuch, Phys. Rev. C, 2009)

Analysis of the effect of Hartree -Fock vs. harmonic oscillator basis

functions with the CC and IT -Cl(4p-4h) approaches

-80

6 shells

-90

-100

-110

6 shells

W) = exp(Ty + Th)|Pg) m|
exp(12)[®)), [ D)) = exp(1 1)|<I>u>|

—120 4 | I I I I | I I I I

"HQ [MeV]™

Blue: CCSD - HO

Red: CR-CC(2,3) —

Green: IT-Cl(4p-4h) —

Violet: IT-Cl(4p-4h) — HF

Light Blue: IT-Cl(4p-4h)+MRD - HF

15 20 25 30

35

15 20 25 30 35

"HQ [MeV]™

Blue: CR-CC(2,3) -
Red: CR-CC(2,3) —
Green: IT-Cl(4p-4h)+MRD — HF



Ground State of 10 Using V | com

(R. Roth, J.R. Gour, and P. Piecuch, Phys. Rev. C, 2009)

® IT-NCSM(4p-4h)
-60 | # IT-NCSM(4p-4h)+MRD ]
-+ NCswm
> -80} T
D)
Z
=100 1
-120 F )
-130 + 2 MeV
1 1 ] 1 ] L . 1 . 1 _ 1 1 1 (80-825 MeV
0 2 4 6 8 ]\}0 1214 16 18 20 or hucleon

Experiment:. -127.619 MeV. CBS-CR-CC(2,3) rough estimate: ( -141) - (-131) MeV
(7.976 MeV per nucleon) (8.2-8. 8 MeV per nucleon)



Center -of-Mass (CM) Problem in Truncated CC and CI
calculations: Ground States of “He and %O Using V com
(R. Roth, J.R. Gour, and P. Piecuch, Phys. Lett. B, 2009)

In the exact theory (equivalent to full Cl in infin  ite basis set), the total wave function

of the nucleus factorizes,
Il{j> — met> & Iwam>

The same is true in NCSM calculations, but no longe  r generally true in truncated CC
and ClI calculations (even when basis set is infinit  ely large).

The Lawson prescription for suppressing the CM cont aminations

Hﬁ = Hint ‘|‘)8 Hem.

Hypy=U —1Tm)+V =0T+ 1V, Tine = ﬁ qu;(p? - pj)3

Hem = LPZ T A XH

cm cm iﬁgl
2mA 2 2




Some popular beliefs:

*The effect of the CM contaminations varies as 1/A, so the proble mis
limited to light nuclei.

*CC methods, accounting for higher -order correlation effects beyond
a Cl model space truncated at the same excitation| evel via prod ucts
of cluster operators, have smaller CM contamination s than the
analogous Cl methods.

*The smallness of the expectation value of  H_, for sufficiently large 8
guarantees the decoupling of the CM and intrinsic d egrees of
freedom.

*The expectation value of H_,, at B=0 provides a quantitative measure
of the impact of CM contamination on intrinsic obse rvables.



Center -of-Mass Diagnostics
(R. Roth, J.R. Gour, and P. Piecuch, Phys. Lett. B, 2009)

Primary diagnostic: ﬁ(fﬂm} o <H§n§}ﬁ — <Hm>i} , Where

<Hi_m>,8 — Eﬁ — 6<H8:111.>ﬁ
[when the many-body state)  factoriz&gi;,)s = 0

Secondary diagnostic: <Hhm>};}‘ ,8 >0

[when the many-body stat¢)  factoriz(H.n)s| Vvanishe

INFORMATION, SINCE IT CAN ASSUME ANY POSITIVE VALUE FOR
FACTORIZABLE MANY -BODY STATES



A<Hint>ﬁ [MGV]

<Hcm >/3 [MGV]

Example: Ground State of

(R. Roth, J.R. Gour, and P. Piecuch, Phys. Lett. B,

4I I I I | T
| AHup //)f-i
| §§ -
1

0 -. E § 5 { @
1 5’ . <H

1 _E _
0.5 %’ N _
|%ee_o f t—q
i

B
Lesson 1: The smallness of

{ngﬁ‘ IS not sufficien

180 Using V com

2009)

IT-NCSM(seq) (o)
IT-CI(4p4h) (#)]

0
tto

claim that the CM and intrinsic motions decouple.



=0 B=10 |
Method  hQ  emy  (Hu) (Hw) AMHw) (Hw)  Lesson 2: The value of (HC_m)ﬁ:()‘

5 -103.62 0.5l 1.03 0.10
6  -110.14 _037 157 0.09 the deg_ree _Of CM
7 -115.03 |0.37 1.92 0.08 contaminations.
30 4 -87.65 ORI .28 0.18
5 98.67  1.47 1.56 0.18
6  -10424 125 1.84 0.16 _
7 -10843 130 217 o015 Lesson3: The CM
38 4 5862 124 2.43 0.34 contaminations may remain
> /4TS 261 187035 gypstantial for larger single-
6  -79.52  2.43 1.49 0.32 . .
7 8372 273 258 031 particle basis sets.
8 85.81  2.56 2.41 0.30
9 88.81  2.62 3.21 0.28
CR-CC(2,3) 22 4 -98.10 1.06 1.30 0.10 Lesson 4: The inclusion of
5 -108.12  2.60 1.45 0.11 , :
© 148l Log L0 013 higher o_rder correlation |
7 12021  2.29 effects via the exponential
30 4 -97.78 062 2.15 0.16 CC ansatz does not
> -l13.14 ] 538 1-9ﬂ 020 npecessarily reduce the CM
6 -11992 462 1.67 0.24 o g
7 12500 745 contaminations compared to
38 4 8416 1074 563 026 the analogous CI
5 -109.77  6.46 2.10 0.38 calculations.
6 -117.62  5.09 1.70 0.47
7 -126.16 14.51




Example: Ground State of
(R. Roth, J.R. Gour, and P. Piecuch, Phys. Lett. B, 2009)

5=0 5 =10
Method hQ  epee  Hipd)  (Haw) AHy)  (Hew)
IT-Cl(4pdh) 30 4 25992 3.638 0568  0.027
5 26809 1.149 0311  0.028

6 27412 2524 0190 0.017

7 27758 1978  0.113  0.017

8§  -28021 1.799 0.121  0.017

38 4 26313 3372 0641  0.030

5 27.184 0911 0464  0.040

6 -27.777 3234 0203  0.020

7 28055 2612 0213  0.021

8§  -28192 3254 0159 0.019

CCSD 30 4 25537 3.639 0699  0.038
5 26319 2465 0585 0.027

6  -26.887 2976 0493  0.024

38 4 25679 8158  1.069  0.046

5 26413 6346 0952 0.039

6 -27.035 8965 0924  0.023

CR-CC(2,3) 30 4 25995 4.049 0694  0.047
5 26867 2291  0.605  0.042

6  -27.536 3347 0556  0.039

38 4 26390 6282 0901  0.070

5 27261 3575 0810  0.073

6 27975 7.641 0766  0.058

4He Using V ycom

Lesson 5: The popular belief
that the CM contaminations
are suppressed as 1/Ais
guestionable; other factors,
such as the accuracy of a
given many-body method
relative to full Cl may

counteract a 1/A scaling

[e.q., for the 4-particle “He system,
the CR-CC(2,3) and IT-Cl(4p4h)
methods in the limit of an infinite
single-particle basis set lead to
virtually exact and factorized wave
functions in spite of the lightness of
4He; the same approaches are not
exact for the heavier 190, leading to
substantial CM contaminations]



Coupled-Cluster Calculations for °®Ni

 The calculations were performed within the pf shell, making it
possible to perform full Cl calculations for comparlson

2p1/2 : Unoccupied states:
: 2P40, 1fc ), 2P
2p3/2 3/2 5/2 1/2
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Coupled-Cluster Calculations for °®Ni

The calculations were performed within the pf shell, making it
possible to perform full Cl calculations for comparlson

2p1/25 Unoccupied states:
2Py, g 2Dy

.
wet®
e
------
s
e
wn®

e
.
a
a
L]
.....
a
-
a
e
-
-

1f Occupied states:
7/2} 1t

‘I
.
.
.
.
.
.

aa
.
L]
.......
“aa
“a
"

2nd Major Shell <=—=1p

1st Major Shell <= 1S 1s,,

m The gap AG was varied to test to the perfomance of the CC methods

m Calculations were performed using the GXPF1A effective
Hamiltonian, which is parameterized to fit experimental data for a
variety of nuclei in the A=47 to A=66 region




Coupled-Cluster Calculations for °®Ni

P

Lo

Energy (Mev)

Lo

Iterative N, non-iterative N’
lterative N1°

~10

-3 2 g 1 2 -3 -2 - @ 1 2 3

Gap shift (MeV} Gap shift (MeV)

M. Horoi, J. R. Gour, M. Wioch, M. D. Lodriguito, B . A. Brown, and P. Piecuch, Phys. Rev. Lett., 2007



Excitations in 2’Ni

AG 2 1 0 1 2

(5/2)" PA-EOMCCSD(2p-1h) 0.658 0.810 0.895 0.937 0.961
PA-EOMCCSD(3p-2h) 0.625 0.771 0.856 0.908 0.939 N7
CISD 0.808 0.856 0.897 0.927 0.948
CISDT 0.777 0.827 0.878 0.917 0.944
CISDTQ 0.688 0.776 0.852 0.904 0.937 N©
Full CI -0.12 0.402 0.825 0.900 0.936

(1/2)" PA-EOMCCSD(2p-1h) 1.250 1.494 1.639 1.730 1.813
PA-EOMCCSD(3p-2h) 0.669 1.071 1.366 1.562 1.694 N7
CISD 1.275 1.451 1.592 1.699 1.781
CISDT 1.005 1.218 1.426 1.588 1.706
CISDTQ 0.759 1.021 1.312 1.530 1.676  N©
Full CI 0.046 0.434 1.184 1.496 1.665

J. R. Gour, M. Horoi, P. Piecuch, B. A. Brown, Phys

. Rev. Lett. 2008




Single-reference CC methods can be very successful,
but there are situations where one has to use multeference approaches:

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

State Full I EOMOCCSD CR-EQMOCSDT)

X 1AL 43882330 43864004 43873110
1'EY 167 (8) 1.718 1.647
114 178 (DY)

LB 204(8) 2122 1.988
21EY 261 (D)

2TE 268 (D) G416 3.082
1l4)  289(s) 29032 2,700
2140 201(8) 2020 2 806
IEY 304 (D) 4.232 3.546
31E a08 (D) 4823 3.338
11Af 216(SD) 2003 3.358
2147 331 (D) 5271 3.601
4'E 348 (D) 4570 3.633
3140 364 (D) 4935 4.033
41EY 300 (D) 5286 3.954
34l 200 (SD) 4244 3.801
2TA7 412 (D) 5955 4.334

Av. errors (eV): 1.33 0.20



MULTI-REFERENCE COUPLED-CLUSTER FORMALISMS

L
»
L 2
&
L
>
)

Single-Reference
My = span {|9))
H|V) = E|W¥)

M = span {|¥}}
U: Mg — M
) =U|®)

U = eT|0)(®)

unoccupied

(a,b,...)

occupied
(i,7,--

)

B —
—— —
—9 *—9
*—8 *—8
—8 *—@

—9 —9

|

Multi-Reference

Mo = span{[®1), |P2),...,[Pu)}

®y1) — Mo +— |P2)

virtual (a, b,...)

active (A, B,...)
active (I,J,...)

core (i,j,...)

HIUg) = Egl¥g) (K =1,2,...,M)
M = span {|¥y), [Ts), ..., [Tar)}

. MD—}M
Ug) =Ulxk) =
[J=1

M

U(E cp,k|Pp))



BELOCH WAVE OPERATOR FORMALISM, GENUINE MRCC THEORIES

M M
xx) = P|Ug) = Zﬂp,ﬂi‘p}: P = Z|'I'P}{'I'P|

p=1

M M
V) =Ulyg)=U (Z FT,H|'I';;:}) = ZPT,HUl'I'p}

UlMo=(PLM)™ : Myg= M, UlLME=0

UP=1U, PU=P (intermediate normalization condition), U =U

UHU = HU (generalized Bloch equation)

He®|y ) = Ex|xx), H® = PHU = PHUP




Genuine MRCC Theories

Fock-space (valence-universal) methods - VUMRCC
(Mukherjee, Lindgren, Pal, Kutzelnigg, Kaldor, Meissner, Bartlett,
Stolarczyk, Monkhorst, and others) (1974/75 -)

v =P . MM 5 MM m=N,N-1,..)

For example, Lindgren’s ansatz: () = e° = N|e”]

Hilbert-space (state-universal) methods - SUMRCC

M
. . ()
The Jeziorski-Monkhorst ansatz: U = Z el |0, ) (D, (1981)
=1
| M (m)
Uk) =) cpre’ " |®p)
p=1

Piecuch, Paldus, and Jeziorski et al. spin-adapted SUMRCCSD

Meissner, Kucharski, and Bartlett et al. spin-orbital SUMRCCSD (1988-1995)



The X3B,(13B,)-A}A, (11A)and 1 A, —-2A, energy gaps in methylene (CH,)
Active orbitals : HOMO (3a,), LUMO (1b,); two active electrons

[Piecuch, Li, and Paldus, 1994; Piecuch and Landman, 2000, Kowalski and Piecuch, 2001]
Vertical excitation energies (eV), DZP (4s2pld/2slp ) basis set
Excitation SUMRCCSD Fuall CI

1*By = 114, 0.521 0.519
1'4;, =214, 4,623 4.506

The adiabatic singlet-triplet ( X 3B, — A A,) energy gap, 5s4p3d2flg/3s2pld basis

TorBO 9.473 kcal /mol (3315 cm™1)
ZPEs —0.363 kcal /mol (—127 em™1)
REs —0.044 kcal/mol (—15 cm™1)
BODC —0.114 kcal/mol (—40 cm™1)

Theoretical T 8.952 kcal/mol (3133 cm™ ) — 14 cm™!

Experimental Ty 8.992 + 0.014 kcal/mol (3147 +5 cm™ 1)
9.017 £+ 0.014 kcal/mol (3156 =5 cm—1)
9.043 £+ 0.057 kcal/mol (3165 + 20 l:m_l)




The singlet-triplet
(X 351 —-A 1A1)
separation in CH ,
in different
calculations
(kcal/mol)

Basis Method T BO
[554p3d2 flg/4s3p2d) CASSCF /50 C1 9.23
[554p3d2 fl1g/3s2pld] CASSCF/MR (1 9.27
[9sTp2d1 f /552p] CMR (1 9.8
SDTC MBPT(4) 11.46
SR CC5DT-1 10.10
[6s5pdd3 f2g1h/5s4p3d2f1g] UCCSD 10.30
RCCSD 10.08
|7 sbp3d4 fig/6s5pdd3 f] UCCsDh 10.27
RCCSD 10.05
[554p3d2 flg/3s2pld] SCF 24.79
SS/SUMRCCSD 9.47
experiment 9.37
.'IBl 1;41
55 CCsD 15713 sUCCsD 22611
(10607) (15142)
MR (1 217908 MR (1 158104




The SUMRCCSD method can provide nice results ... butt here are
problems, such as, for example,

eintruder multiple solutions; very hard to eliminate In genuine M RCC
methods. Among the solutions: the general model space SUMRCC
methods of Li and Paldus, the Brillouin -Wigner MRCC theory of
Hubaé, Pittner, Carsky, and co -workers, the state -selective MRCC
method of Mukherjee et al. (pursued by Mukherjee, E  vangelista,
Allen, Schaefer Ill, Gauss, and co -workers), the MRexpT approach of
Hanrath et al., and the active -space CC methods of Piecuch,
Adamowicz, and co -workers .

large inaccuracies produced by the use of inadequat e model
spaces, and, in some cases, neglect of higher -than-two -body
clusters. Among useful solutions: renormalized corrections to
SUMRCC energies due to higher -order excitations of Kowalski and
Piecuch (multi -reference analogs of CR -CCSD(T), etc.).

eexcessive number of cluster operators or amplitudes when larger
model spaces are used. The general model space SUMRCC
methods of Li and Paldus and the SUMRCCSD(1) approach of
Kowalski and Piecuch.



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

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

[Piecuch, Oliphant, and Adamowicz, 1993, Piecuch, Ku  charski, and Bartlett, 1998, Kowalski and Piecuch, 2001, Gour,
Piecuch, and Wioch, 2005, 2006]

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

unoccupied (a,b, ¢, d,...)

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

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

|1I’} — ET|¢}, T = Tint + T.Eﬂ, [Tint!ir-ext] —
[0y = T @iy, ) = ¢ (@) === (1+C™)| D) (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'fxt +Tﬂext + T-;xt( ﬂ-tig )

fiii_} ), RSOSD* — Rpeo + Rx1+ Ri2 + Ry sl abC )

TCOSDt — Ty 4 Ty + T5( .
Lk

~ IEIEE IEISD I_:IEt .
HECSDbt Hps Hpp Hps ., H = e T Hel = (HET)[;
His Hipp Hy

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

Because of the use of active orbitals , the numbers of t, q, ... excitations
are small fractions (a few %) of all T, Q, ... excitat ions.




Potential energy curves for F

—-199.00

EXAMPLE: Bond breakinginF

(K. Kowalski and P. Piecuch, Chem. Phys. Lett., 200 1;
P. Piecuch et al.,, Chem. Phys. Lett., 2005)

- occsom)

o CCSD(TQ,)

JlccpyRLdxbergnces with.CeSDT]

(in millihartree)

Method 0.75

R,

R

¢

|58,

15k,

LT5R,

R,

R, R,

CCSDT?
CCSD
CCSpTy
CR-CCSDITY'
LR-CCSDIT)"
CCSDy

- 198922138

4.504
0.102
0.709
0,340

0,460

~199.10279%
9.485
(.24
1.799
1.260
398

~199.083272

19.917
~{.503
4482
2801
3,098

~199.063882
3244
=371
7408
3.601
3,984

~199.059433

41184
~15.133
8,636
2465

6.037

~199.038
45.638
-23.596
8.660
0.693

0.357

201

~199.038311
49.425 49.816
-35.700 -39.348
7460 0.350
4318
3.893

~199.058386

(RCCLY -
CCSDE’

0.289

2,677

0,040

107

0.707
1,907

1733

720

L971
1730

1.862

789

L.613
891

889

—-199.10

3

Ky

|
ﬁ.r

2.0

3.0

4.0

R__. (bohr)

2.0

5.0




Energy (hartree)

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

State  Full 1 EOMCCSD CR-EOMCCSD(T) EOMCCSDt
~43.850 X 14 43832390 43 RA4004 43873110 -43. 870340
1'EY 167 (8) 1,718 1.647 1 658
114" 178 (D) 1877
11E 204 (8) 2122 1988 2031
—43.835 | 2IEY 281 (D) 2 AR
2TE 268 (D)  9.416 3.032 o708
114 289 (8) 2932 2700 2571
‘ . 2140 201 (8) 2029 2 R06 2037
—43.860 1 ; i —ceSsD GIEY 304 (D) 4.230 3,546 3115
' ,',}.-* —-—- CCSD(T) FUE 308 (D) 4823 3.338 3.247
. CCSDH) ' 14y 316(8D)  2.003 3.358 2.302
¥ i 214" 331 (D) 5271 2,601 2,430
TA3EES o i l 4'E 348 (D) 4570 3,633 9541
E‘Q{;‘I 314 364(D) 4935 4.033 3846
i 41EY 300 (D) 5286 3.954 4018
e 3'4) 200(3D) 4244 3.801 4112
40 50 60 70 80 90 100 247 412 (D) 5.905 4.334 4183

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



EXTERNALLY CORRECTED CC APPROACHES

An alternative to active -space CC or state -specific MRCC approaches
(J. Paldus, M. Takahashi, J. CiZek, P. Piecuch, X. Li, J. Planelles, et al.; L. Stolarczyk et al.)

(¢|CCSD+ (T ¢

(D¢?|CCSD +@Z§ﬁ¥£ﬁ&
E= (|| )+ )

In stdadzllyCOBected CEPEsveqnEest @quatsiomsdin  cogdspoogagdos on
profestithias) épHithexditedn G dimexaitscaetéenmsaco tstamdnextigcand;lgnd T,
from a non-CC wave function (for example, PUHF, as  in ACCSD of Piecuch,
Tobola, and Paldus, or small MRCI, as in RMRCC of P aldus and Li).
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DI[HWT,+ T, %T%)]C

“

Based on the observation: T,, T, extracted from full C| === F becomes exact.



Singlet-triplet (a X — X 3M) gap in BN/cc-pVxZ, x=D,T,Q,5

(unusally large and very difficult to balanceT,and T, effects)

(X. Li, J.R. Gour, J. Paldus, and P. Piecuch, Chem.

Phys. Lett., 2008)
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