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Abstract

Development of new methods based on coupled cluster theory

Recently, the electron correlation theories going beyond the Hartree-Fock approximation
are used to discuss the properties of atoms or molecules and chemical reactions
qualitatively and quantitatively. These theories are roughly classified into the configuration
interaction (CIl) theory, many-body perturbation theory (MBPT), and coupled cluster (CC)
theory. Each theory has its advantages and disadvantages. Among these, the CC theory is
superior to the others from some viewpoints: (1) its computational cost is relatively small and,
(2) its computational results are size-extensive and numerically stable. Therefore the CC
theory is widely used in chemical researches. In particular, CCSD (CC singles and doubles)
is applied to many chemical systems as an accurate and economical method. If more highly
accurate computational results are required, CCSD(T) which perturbationally corrects the
CCSD result through the three electron excitations, can be employed. However, even using
these methods, unphysical results are sometimes obtained if the reference function (zeroth
order wave function) is not a good approximation to the exact wave function. In such a case,
one has to incorporate the three and/or four electron excitations self-consistently (not
perturbatively) in order to avoid the unphysical description. However, the inclusion of triples
and quadruples requires huge computational cost of steep scaling (as the 8 to 10" power of
the number of electrons). Therefore, the application of these methods are limited only to
small molecules with at most about 20 electrons even using contemporary computers. On

this background, we have tried to develop the theories that satisfy the following conditions:



including electron correlation (beyond the HF approximation)
applicable to larger systems and basis sets

theoretically simple

yields accurate potential energy surface (PES)

accurate independent of the systems to be calculated

(Applicable even to quasi-degenerate or non-localized systems)

(1) Coupled cluster methods using the singular value decomposition (SVD)

The singular value decomposition (SVD) is useful matrix decomposition method for
various purposes. It is applied to the genome analysis, image compression and internet
search engines and so on in order to extract important components from huge information.
We have succeeded in the reduction of the computational costs without losing numerical
accuracy by applying the SVD for the reduction of the degree of freedom of the cluster
amplitudes. The procedure is as follows: (1) we construct an approximate wave function
from the second-order or third-order many-body perturbation (MBPT(2) or MBPT(3)) wave
functions, which we can obtain much more easily than the CC wave functions, (2)
decompose the matrix constructed of the cluster amplitudes of the approximate wave
function into singular values and vectors (SVD procedure) and extract the “important”
excitations according to the singular values to describe the electron correlation, (3) solve the
CC amplitude equations which are reduced the degree of the freedom with respect to the
selected excitations. The degree of freedom in this "compressed® CC equations is
significantly smaller than the usual. We call this method the 'compressed CC'. To evaluate
the efficiency of this method, we implemented computer programs for the compress CCD,

CCSD and CCSDT-1, and performed preliminary calculations on some molecules. We



showed that the compressed CC is useful not only for the reduction of the computational
costs, such as disk space, memory requirement, and CPU time, but also for the reproduction

of the standard CC results in high accuracy.

(2) Tailored CC (TCC) method; Coupled cluster method with the amplitudes extracted from
the ClI wave function

The correlation energy is defined as the difference between the full Cl and Hartree-Fock
energies. According to the nature of the correlation, it can be classified into the non-dynamic
and dynamic energies. In general, the Cl method can treat the former and the CC method
covers the latter. In this study, we developed the CC method combined with the Cl method,
to take the advantages of both the methods. This method is named as Tailored CC (TCC).
The computational procedure of the TCC consists of two calculation steps. First, we perform
the CI calculation. The wave function which is produced in CI calculation is expected to well
describe the non-dynamic correlation well. The CI coefficients are used to construct the
corresponding cluster amplitudes according to the relation between the CI and CC
expansions. Second, we solve the CC equations to incorporate the dynamic correlation with
the cluster amplitudes obtained in previous step fixed. When the reference function is not
adequate for the exact wave function (as in the case of quasi-degenerate systems), the
conventional CC method often fail in describing the potential energy surface (PES) even
qualitatively. The reason is that the low-lying excitations responsible to the non-dynamic
correlation are not adequately treated. In contrast, the TCC can avoid this problem and treat
the quasi-degenerate systems more steadily. We calculated several molecular PECs with
the TCC and showed that the TCC yields improved PECs both qualitatively and

quantitatively, compared with those obtained with the conventional CC method.



In the research of Ph.D course, | have developed an ab-initio program package
QUEMTA which can compute standard HF, CAS(complete active space)SCF, Cl and CC

calculations. The compressed CC and TCC have now also implemented in QUEMTA.
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(Potential energy surface; PES)

Coupled Cluster; CC

CcC

size-extensivity
cC

CcC

10

10



Cl
V., V
2 3 45
cC 3 45 CC
CC
CC (compressed CC)
5
CC
6
fortran90 ab-initio
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CC

Cl
N1 N4 N
H=;(—EV?—;T:J+ ,-<j?-,- (2-1)
Schrédinger
HY = EY (2-2)
Y E N M
Z, A a1 A Iy
i J Atomic
Unit a.u.
(2-1)
Molecular Orbital MO 2
H :thquq+lz<pq||rs>quTsr (2-3)
pq 4 pars
p.q,... MO
MO
(2-1) MO
MO Atomic Orbital AO
1 AO AO
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(2-3)

. 1., & Z
= o ) -39 - 52 o (0 24
(pq||rs> = IdXJdXz(P; (X1)(P; (Xz)r/ji1 [¢r (X’I)(ps (Xz)_¢r (Xz)(Ps (X1)] (2-5)
X (r,s)
MO
0, (x) =, (r)o(s) (2-6)
(2.3)
Cl Cl
(MO) Hartree-Fock
Restricted HF: RHF Hartree-Fock Unrestricted HF: UHF
RHF
UHF RHF
UHF RHF
CcC
RHF
Potential Energy Surface: PES
RHF

UHF
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UHF

CcC
RHF
Y P,
Q
W=Qo, (2-7)
CC Q
Q=exp(T) (2-8)
Y. .=e"d, (2-9)
e’ exponential ansatz T
Hartree-Fock HF
HF
MO HF
T=T +T,+T, +.. (2-10)
T,=> tali (2-11)
T, ( 7 Z tatbt ji Zt‘*"eﬁ/bT (2-12)
251 4 207
T, = (3' 5 a%:k ti°a'b'c'kji = 31—63%( tica'ib’ jo'k (2-13)
a,b,c,. HF i, Jj,K,-...
m
= m—')abcmqkmt;fc atib® jc'k... (2-14)
£
N N
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CcC

Vm+20m

CC

singles and doubles CCSDT CC singles, doubles, and triples
cc (2-9)
Schrédinger (2-2)
He™ |®,) = Ee” |®,)

(projection) (D, |6

(Dy|eTHe|®,) =E

abc--- -T
(o5 |e

abc---
(o5

e He' |®,)=0
(2-11,12,13,14)
(2-16,17) CC e THe
H
H=eTHe"

Campbell-Baker-Hausdorff

e THe = H+[H,T]+%[[H,T],T]+%[[[H,T],T],T]+...
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Hausdorff 2 (2-3)

p,q-- T e ab:- T
[T.T]=0 [H,T]#0
(2-19) 1 (
2 )
[p'q.a'i]=p'qa’i-a'ip'q

=p' (8, —aTq)i -a' (6, - p*i)q (2-20)

=5,p'i-p'a’qi-6,a'qg+a'p'iq

2 4
[p'q.a'i]=06,p'i-05,a'q (2-21)
p'q"+q'p"' =0 (2-22)
pqg +qp =0 (2-23)
p'q +q p' =0, (2-24)
(2-21) p.q-- 1 0
2
Kronecker
4
(2-19) 4

H=H+[HT] +%[[H,T],T:| +%[[[H,T],T},T] +%[[[[H,T],T],T],T] (2-25)

T
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§2.4

Hausdorff CCSD (2-16) (2-17)

working equation

82.3 Normal ordered

working equation (2-16,17)

A. 2 Normal product

Il
o

plo)
normal order normal order
normal product
A=pg'rst (2-22,23,24)
Normal order

A=pq'rs' =6,,rs" —q'prst
=0,,0,-0,,8'r-56.q'"p+q"ps'r (2-26)

pqrs

=05,,0,-0,,8'r-6.q'p+05,.9'r—q's"pr

pq-rs

5 Kronecker 2,34
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(014]0)=8,,8, (0]0)-5,(0'r[0) 5. (0]a"6[0)
+0,,(0|q"r|0)—(0|q"s"pr|0) (2-27)
=0_0

pqrs
Normal order

Kronecker A

{@]=0ft. |o,)=u"|0) 1 A

(0,|A|@,) = (0|tAu’ |0) = (0| B|0) (2-28)

A B

normal product

(0|B|0) = 6,8,,0,s +5,8,:8,, ~0,0,,0,5 —55,,0 (2-29)

tu~pq~rs tg~ ps~ru tg~pu~rs ts~pq~ru

Normal product

B. (contraction) Wick

Normal ordered

Kronecker
(contraction)
(original order) = (normal order) + (contraction) (2-30)
2 AB
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AB=AB-{AB} (2-31)

Normal order 2
4
pq =pg—{pg}, =0 (2-32)
p'qt = p'qt -{p'q"} =0 (2-33)
p'q=piq- {p'q} =0 (2-34)
pq’ = pq’ - {pa'} =pq"-q'p=0, (2-35)
ABC---XYZ

ABC---XYZ ={ABC---XYZ} + 3 {ABC--XYZ} + Y {ABC---XYZ} +- (2-36)

singles doubles

singles, doubles... 1 2 .. (2-36)
Wick
A=pqtrst

A= {pq*rs*}v + {Ers*} + {pq*rs*} + {pq*r\?’f} + {Er?f} (2-37)

(2-35) pqt
A=—-q's'pr-6,,s'r+6,q4'r-5.q'p+5,0, (2-38)

(2-26)

{ABCD} = {EBC} (2-39)
{ABCD} = —{TCBD} (2-40)

20



Wick (2-36) normal order

normal order

(fully contracted)

>

(9,|A|@,) = (0|tAu’ |0) = (0|B|0) (2-41)

B Wick

(O|B|0> —TpqrsTu +fpgtrsTut +ToqTrsTu’ +ogTrstu
=0,0.0.+06,0.0 -0,0 0.-0.0 0

tu~pqgrs tg~ ps~ru tq ™~ purs ts~pq~ru

(2-42)

(2-29)

Wick normal product

{ABC--} {XYZ-)
—{ABC--XYZ--} + Y {ABC--XYZ--} + 3 {ABC--XYZ-+} +-- (2-43)

singles doubles
Wick (generalized Wick's theorem)
normal product normal product
(2-43) 3
C. (particle) (hole)
cc |0) N )
|®,) normal
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product Wick

|®o) 10)
1 (hole state)
1 (particle state) i
at (particle)
quasi-particle
operator g-operator,;
i",a
i,a'
normal product
pq' =5,
ij=itj-{itj} =i'j-jit =8, (2-44)
ab' = ab' - {ab*}v —ab' -b'a=9, (2-45)
2
jiT=a'b=0 (2-46)
- Kronecker

ita=ita-ai' =6, =0

a'=aj'-jla=0,=0

(2-47)

D. Normal ordered

(2-3) 2
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1
H =2 hp'a+5 2 (pal[rs)p'q'sr
Pq

pars

normal product 1
p'q={p'q}+p'q (2-48)
2 (2-44) it
5, 1
2 1aP'q =3 he {PTa}+ 201, (2-49)
pg pq i
2 2 ptqtsr

(2-44)

pfqfsr = {quTsr} + {mr} + {pTﬁr} + {,bTTfsr} + {pTW}
+{p*@}+{p*’q*s‘r}
={p'q'sr}-6,.0,,{q'r}+5,,6,{p'r}+5,.5,{q"s}-6,,6,{p's|
~5,,.5,.0, +0,..0,0,,

p.qel —ps —qr p.qel = pr

(2-50)
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1 1
T2 pallrs)pta’sr =23 (palrs){p'q'sr|

pars pars

~ 3 S (ialla'r)+ 5 (il p'r)

iqr ipr

+ 2iallis){a's} -5 X (piis) ']

iqs ips

3 Sl 5 Sl

)

:%Z(pq”rs){quTsr}

pars

- pl|ai){pa} + 5 3 pillai) ')

ipq ipq
1 T 1 s
+ 2 (pllia){p'ay -5 X (pillia){p"qj
ipq pq

G il )

-2 2 pallrs){pia’sr)

pars

+ 3 (iplia){p'a}+ 5 (i)

ipq i

(2-51)

normal product

H=Zi‘,hﬁ+%Z(ijllij>+2[hpq+Z(ip||iq>}{p*q} +%Z(pq||rs>{p*q*sr} (2-52)

if pq pqrs
1 2 Hartree-Fock 3 normal product  Fcok
1
H = (@, |[H|®q)+ X1, {pTa} +5 > (pallrs){pq’sr} (2-53)
Pq pars
1 2 F, YV
H =(®, |H|®,)+F, +V, (2-54)
N  normal order normal ordered
Hy =Fy +Vy =H—(®|H|®,) (2-55)
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(normal ordered Hamiltonian) = (original Hamiltonian) — (HF energy; Eq.)  (2-56)

H, (2-16,17)
(|6 THyE" [ ®,) = (P, |Hy |®,) = E - Eger =E,, (2-57)
(D36 THyET [@g) = (D5 |y | @) = 0 (2-58)
Ecorr
§2.4 CCSD
normal product  Wick CC working equation
CCsD T=T+T, 2
normal ordered
= 1 1
Hn =H, +[HN,T1]+[HN,T2]+§[[HN,T1],T1]+E[[HN,T2],T2]+[[HN,T1],T2]+-.- (2-59)
(2-25) CC Hausdorff 4
(2-59) 2
(2-57,58)
(2-59) 2
[HN’T1]:[FN+VN’T1]:FNT1_T1FN+VNT1_T1VN (2-60)
T normal order
T =2t {a'i} (2-61)
(2-60) 1
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FT,=> > ft {p*q}{a*i} (2-62)

pq ai
Wick (2-43) normal product
{p*q}{a*i} = {p*qa*i} + {p*qa*i} + {pT cgi} + {p* q?i}
(2-63)
= {p*qa*i} +5, {qa*} +8,, {p*i} +5,08,,
(2-60) 2
{a"i}{p'q} ={a"ip'q} (2-64)
Rl =T = X 2t (6, {ga'}+8,, {pi}+ 5p,.5qa)
P (2-65)
p ia p ia ia
(uncontracted term) RHF
Brillouin MO Fock
HNTm
T H, (2-59) Housdorff
HNTm
(2-59) Housdorff
Hn = (Hy +H,T, +H,T, +%HNT12 +H,TT, JF%HNTZ2
+%HNT13 +%HNT1T22 +%HNT12T2 +%HNT23 (2-66)
1 s ] 3 1 22 1 3 1 4
+§HNT1 +€HNT1 T, +ZHNT1 T, +EHNT1T2 +zHNT2 )e
c (contraction)

” ”

connected
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normal ordered (2-57)
E oo = (®o|Hy |®;) (2-66)
normal ordered (2-57) Slater rule 2

Eccso = <<D0 |ﬁ| q>o>

1 (2-67)
= (@, |(HN +Hy T, +HyT, +§HNT12J |®,)
normal order |q>0>
(fully contracted)
(2-55) 1 2 (2-67)
ECCSD = <<Do |(FNT1 + VNTz + VNT12 )C |¢o> (2-68)
1 (2-65)
(cDo |(FNT1)C |(Do> = Zf/at,a = Ecesp (2-69)
Hartree-Fock Brillouin
2 3 1
1. .
(Po(AT: )| ®o) = 3 2.(i[ab)” = Ecoso (2-70)
1. .
(D, |(VNT12 ) |®,) = Esz” ||ab)tt? = Eqcep (2-71)
ija
(pql|rs) =—(pql|rs) =—(ap||rs) = (qp||sr) (2-72)
ty =—t;" =7 =t (2-73)
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(N N
Eocso = 21t 4 3 (i[ab)s? +1 > (i [ab)ct!
ia 4l'jab 2/'jab
CCSD T, T,
CC

CCSDTQ 3

B. CCSD

abc:--
(o5

H, |®,) =0 (2-58)

CCSD

t7; <¢IE FIN|¢0> =0

t2; (@5 |Hy|®,) =0

(ket) (bra)

@
o7

= <CD0 |iTa = <<D0 |{i*a}
(ol ba (o0

Wick
working equation

T.,T,
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+chatc kata +kaatc Zf‘-:ktac kaatcd __kaltcla

kcd kcd
—Zf:tfta ZV“t t + vajtk t =D vitettt + > vt
Kl ked kicd kicd (2-77)
_ kl tatcd V::/ t,dth
= 0

v;” +P(ab) Zf"t;" —P(/]')ij"t,i" Zv"’tab Zngt,jd +P(ij)P(ab) ngbtf;c
P(ij Zvj]"tf (ab) Zv“’ta

> P(il)P(ab) > vetict” + ZVféf,f"ta"

klcd

—%P(ab)vaj,tj”t"d __P(u)zvggt;btw

kled kled

+;P ab) ZVk'tatb —P(ij)Zva"tCtd +P(ij)P(ab) ka"t t;

cd™i “j
P(ab) ch"t,ft,’f +P(ij)Zf"t, ts’ —P(if ka’t°tab+P ab z\/fgtgt;’b
ke

P(ab)Zvjft;’tj;C+P ij)P ab)Zvﬁc’t,tj’;

ked klc

—P(ij)ng’tftab——P (ab) vagt;jt;d
klc ked

PG P(@) T vt + PP (ab) T it

ked klc

—P(if) D vttt —P(ab) Y vits o1 41 P (i) vattite

cd ki I =i cd™i “j
klcd klcd klcd
1
ab) Y vatit’te + P(ij)P(ab) > vatit, tad
4 ( % / if ( ) % cd®i (2-78)
+1P(U)P(ab)2v§;t, titity
4 kled
=0
P(pq) P q
P(pq)qu = Xog = Xop (2-79)
vy Fock 2
fP=h,+ Z(pi”qi) (2-80)
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Ve =(pq||rs) (2-81)

CCSD working equation
Wick working
equation
CcC Feynman-like
C.
CCSD
(2-77,78) (residual) R,B,R,j.’b
T, (2-77) R? 2 3
PRAEDNA I (AW AR WA A GRS 14 (2-82)
c k c#a k=i
T, (2-78) R;’b 2 3
P(ab) X167 ~P (i) X
c k
— (fbb 4 f: _ f}j _ fii )t;b + Zl;fcbt;c _ Zf;at’}l?c _ kZ;lc/‘kt;b + kz;fikt;(b (2-83)
C# c#a #J #I
— (g, +&, € —& )t
RHF
(2-73) HF Fock
Fock
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pa pab
R*,R:

RHF CCSD
t=R/(e -€,)
1 = I?,j.’"’/(e, +e,-€,—¢,)
R R ( Fock )
R, R
CC
CCsD Purvis

cc ccsD (2-77,78)

TCE Tensor Contraction Engine

CcC
Intermediate Quantities
(2-77)
S - L - SV - Y vt
k ke klcd klcd

X = T+ SR+ S v

led led

(2-86)=- X/t
k
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(2-86)
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§2.5 CCSD

CCsD

CCSDT

o*v?®

CCSDT

CCSDT-1  CCSDT

T,

(e

Fock

working equation

o*v? o’v?®

TCCSDT = T1 + Tz + Ts

I, T,

(HyexplT, +T, +T,]), W) =0

32
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(2-87)

(2-57,74)

CCsDTQ o*v*

(2-89)

(2-90)



(W |(Hy expIT, + T, + T,]), |Wie ) = 0 (2-91)
(W (AT + H(T, + 7)), |Wie ) = 0 (2-92)
F  Fock CCSDT-1b T,
(2-91)
(W |(Hy (expIT, + T,1+T,))_ | W ) = 0 (2-93)
CCSDT-1a
T, CCSDT-1b T, T, T,
CCSDT-1 CCSDT-1b
T, (2-92)
(Wire | (RT, +Hy explT, + T,]), |Wie ) =0 (2-94)
CCSDT-3 L T
CCSDT-2 2-1
CCSDT-1a 3 tie
CCSDT-1a
ov?®
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2-1 CC

T, T, T

CcCcsD (Hyexp[T, +T,]), (Hy exp[T, +T,]),
CCSDT-1a (Hyexp[T,+T, + T3])C (Hy exp[T, + T,1+ H,T, )C (FyT, +H,\ T, )C
CCSDT-1b  (Hyex[T,+T,+T1).  (HyexplT,+T, +T,]), (FT, + H\T,),

CCSDT-1c  (Hyexpll,+T,+T1),  (Hyexpll,+T,+T1). (AT, +H,T,+VTT,),
CC3 (HyexplT, + T, +T,]), (HyexplT, +T, +T,]), (R T, +Hy exp[T]T,),

CCSDT-2  (Hyexp[T,+T,+T]),  (Hyexp[T,+T,+T,]), (FuT; +Hy explT,]),

CCSDT-3  (Hyexpll,+T,+T1),  (Hyexpll,+T,+T1).  (FT,+HyexplT, +T,]),

CCSDT  (HyexplT,+T,+T,]).  (HyexplT,+T,+T,]), (HyexplT, +T, +T,]),

: (W] x|w)=0 X
H,=F,+V, N Normal order c (connected)
B.
T, (Many
body perturbation theory; MBPT) CCsD

CCSD(T) CCSD[T] CCSD+T[CCSD] CCSD(TQ;)
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CCSD(T) cCSD
CCSD MBPT 4 3
5 13
Eccsom = Ecosp + Er + Egy (4-95)
EM - 31—6%“ abel?) pebetael?) (4-96)
B = 3 3 vt (@-97)
Dz° D =f, +f, +f, —f, ~F, — 1,
fare(2)
teee® = #{P(iIU)P(a/bc)[; Vit — Zvj;t;" ﬂ (4-98)
T, T, CCSD P(p/qr)
P.q.r
P(p/r) X,y = Xoo = X = Xy + Xy + Xpo = X (2-99)
CCSD(T) T, 3
4 3
CCSDIT]
Ecesom = Ecoso +EX (4-100)
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§2.6

CCsD working equation
RHF
(2-77,78)
f=ﬁ=?
=t ="
t RHF
a
Fock
RHF CCSDT-3
cC

MOLPRO Q-CHEM
working equation

CC 3 4

CC

§2.5 CCSD

CC
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(2-74)

(4-101)

~

B RHF

Noga
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Reviews in Computational Chemistry; Volume 14, Ed. Kenny B. Lipkowitz and Donald B.
Boyd ,Wiley-VCH (1999), T. D. Crawford and H. F. Schaefer Ill

Electron correlation in molecules. In Methods in Computational Chemistry Vol. I.
Electron Correlation in Atoms and Molecules. Ed. S. Wilson, Plenum Press, New York
(1987), pp.117-250, M. Urban, |. Cernusak, V. Kello, J. Noga

Modern Electronic Structure Theory (Advanced Series in Physical Chemistry, Vol 1), Ed.
D. Yarkony, World Scientific Publishing Company (1995), pp.1047-1131, R. J. Bartlett
Molecular Electronic-Structure Theory, T. Helgaker, P. Jargensen, J. Olsen, John Wiley
& Sons (2000)

Atomic Many-Body Theory (Springer Series on Atoms and Plasmas Vol 3), J. Morrison,

I. Lindgren, Springer-Verlag (1982)
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3 0; T,

Singular Value Decomposition Approach for Approximate Coupled Cluster Method

Tomoko Kinoshita, Osamu Hino, Rodney J. Bartlett, J. Chem. Phys., 119, 7756 (2003)

83.1

DNA,

(Coupled Cluster; CC) [1]

(Configuration Interaction; ClI)

cC
2
cC [2-4]
cc 2]
cC [9-11] (atomic orbital; AO)
[5-8] (molecular orbital; MO)
[12] cC
[13]
cC
[14,15] [16]
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[17] [18]

Cl

2 Cholesky
[19-21]
1992

(density matrix renormalization group; DMRG)[22]

Cl
Cl
Cl
[23-26]
Cl [27-30]
(Singular value decomposition;
SVD) cC
§3.2
[16,17] §3.3 cC
§3.4

CC
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§3.2

m n (m<n) r
A
A=USVT’
U mxm u
m U

,
.
A=>u,s,v;

k=1

AD I
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{ue}

S mxm



§3.3 CcC T.

cc T,

CC

§3.3(a) §3.3(b)

h-h( - ; hole-hole)

p-h(

A. p-p;h-h

CCD

CCD

CC(compressed CC)

p-p;h-h

particle-hole)

- (particle-particle ladder type)

e ab---

@Eﬁerviﬁb _ z<ab|r1‘21 |Cd>t;d

cd

V2
At P tpt
Ch=>Via'b
ab

41

CcC

;particle-particle)

p-p;h-h
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W(W < 0?) v
(3-10)
T2
CCD
(3-14)
CC

) P
TV
(2-17) ccb
) )0 -
= 1EE A
- 1$%e (3-10)
4 A=1 =1
|‘“|A>=é,§2\, |WHF>: (Al=12-W) .
E:<LPHF|(/LI':"f2 )c|w > o
t’A cC (3-9)
" o* o<V
o*v?
(3-6)
w
& oy (3-13)
c=1
(AC) = V;* (ablod) v .
abed
o* 0"
V¢o® +Vv20*
(3-14)
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AO
(MO
v:o* o*
(apX)T2
OZ x V2
2
(3-18)

D Ve (ablcd) V!

abcd

= z V:bVCCd Z C/JanbCAcCUd <HV|AO>

abcd UVAC (3-1 5)
=y [2 Cuacvbvab}{z CACCO[,VC"}QNMU)
uvAo [ ab cd
= > ViV (uv|Ao)
UVAC
Cpa’va’
4
CCD
(3-7,8)
U v
T2
(i,j) (ab) super-index
@I, =USV’ (3-16a)
(a”x)t;j"’ = zu,;’spv’; (3-16b)
CCD
|LPCCD> =(1+T, )| HF>
3-17
| > t"”"aTijl| > (17)
ab/j
CCD (3-7,8) (3-16Db)
@I o) =Wy > > (Uf ji)se(Vipa'b®)| W )
a"”” (3-18)
= |LPHF> +ZZSPC;AP |qJHF>
P=1
w o?
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(apx) L'PCCD> =(1 4@ T2 )|l.|JHF> = |L|JHF> + |X>

|x) =

_ %Z @0 (2 (a1 bt |[vac)] A [ji| Wy )]
abij

Zb: eIt aTh' ji| Wy )

Y |

_ (apx) ¢ab(apx)ab
Py = 2,
ab

p=UDU", |u,)= ZUU JilWe)
(3-8) (3-22)
|Up) = Ap | We)
p/b y = Z (apx)t?b(apx)tfd
ab;c if i
-

p'=VD'V', |v,)= Zb“Va’ZaTb’r |vac)

|vp.) = Cf |vac)

o)
Wi, Wy,o W, X p r
|Ve)
Z\/E“’P )Alve)
(3-18,19,20,23,26,27)
Sp =W,
P)

(3-19)

(3-20)

(3-21)

(3-22)

(3-23)

(3-24)

(3-25)

(3-26)

(3-27)

(3-28)



Sp
45, = (Plx)
wo(=52) |x) |P)
O’ 2P>W w,
=5l - S5 6 )
w
Ry (3.5)
R =§:W’ W S
AT Siwe 3
(3-30)
Py =W =ClA [V )i (Al=12:W)
(3-11)
2
o<V 0?
2
et 1SS iA
e
W =V?
cc

45

(3-7.8)

(3-29)

(3-30)

(3-31)

(3-32)

(3-33)

(3-34)
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B. p-h

1
X, Q
X, = 2. Qali (3-35)
CCD
(Wg |( He™ ) ¥, )=0 (3-36)
- 1 ov A
2 = tPQXPXQ (3-37)
453
W) = X Xo| Wi s (P.Q=12:-,0V) (3-38)
to cC (3-36)
T2 (apX)T2
Q°
oV x0oV
eIT, =QSQ’ (3-39a)
ov
o =3 QsQy (3-39b)
P=1
(1)7’2
1 (3-35) CCD
apx, 1 . .
e )LPCCD> = |LPHF> +ZWZU;D(Q23T’)SP(QZbT./)|qJHF>
19v . . (3-40)
- |wHF>+ZZst,,XP |Wie )
P=1
(1-19) X (3-40)

x) = %; @It atibtj|We )
Jo (3-41)
= Z;SPXPXP |LPHF>
CCD X
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(x

o) q"ch> = <X|X>

1 apx) $ab(apx) 4ci Ct a
= % z (ap: )tijb( p: )tk/d <L|Jkld LIJijb>
I?IZCd
1S ey (3-42)
abij
1 ai \bj
:Z;;;‘SPSQQP Q
aoly
P
Q7
2 QQ =5, (3-43)
(3-42) 2 s2 X
)A(P)A(P|LPHF> OV>P>W
SP
1% -~ -
|X>2123pxpxp ‘“HF> (3-44)
P=1
W p-p;h-h
1 3 4
1)? 1V W .
(gj Zt;':cafbfcf/qi:(aj > toor Xp X Xr (3-45a)
* abcijk H PQR
1)? 1\ w N
(m] > t;kbcafbfcfdwkji:(mj D togrs Xp X X X (3-45b)
: abcdijkl . PQRS
83.4
CcC 2
(1)
(2) (1)
CcC 2
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CCD

1 ccsD
CcCcsD T, §3.2
T, T, CC
T,=> tra'i (3-46)
A A ) . 1LY I
. :Zggtfc; , ) :Z;;tmxpxo (3-47)
cC
(W |(He™™ ) W) =0 (3-48)
W) =0 (el ) =0 @49
(3-47)  (3-49) p-p, h-h p-h
T, (apx)Tz 2 Maller Plesset
(MP2) 2 MBPT(2) o,
(gab _ <ab|r1’21 |U> (3-50)
Tog+e -, ¢,
3-1 [33-36]
p-p:h-h CCSD(a) p-h CCSD(b)
A. p-p;h-h
p-p;h-h CcCcsD CCSD (full CCSD)
10 Dunning cc-pvVDZ cc-pVTZ[32]
3-2 T
ov: o O*/v?
p-p:h-h CCSD  CCSD 2mE,,
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MBPT(2) CCSD 15mE, Ne HF MBPT(2)
CCsD
CCsD
Ne HF H,O, NH3, CH,4
cC full CC
H,O cc-pvVDZ
cc-pVTZ 6.93% 0.69% cc-pVTZ 10
cc-pVTZ cc-pvDZ
MBPT(2) CCSD
3-1 HF (Potential Energy Curve;
PEC) R R, MBPT(2) PEC x
H-F 3 (Rue=3.0Ry) hump p-p, h-h
CCsD ()
CCSD MBPT(2)
R,
HF 3-2
w full CCSD CCSsD .
o Double Zeta(DZ) 5
7
R, =1 W =0?=25 VZ?=49
S full CCSD mE,
full CCSD
w =17 full CCSD 1mE, R,=1 0?
W =0?
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W <Q?
W =17 " w! =99.9917%
p=1"P
3-3 Ne cc-pvVDZ cc-pVTZ ccpVQZ
(1)
(2)
3-4 Ne, aug-cc-pVDZ
3.091 [37]
02=10> V?=18? 50 99.98%
2 25 2
-421.20mHy/-424.49mH;, U

Hartree-Fock

B. p-h

50

CC

W >17

Ne

97.10%



p-h p-p;h-h
3-2 3-1 p-h CCSD(b)
wW?/0%v? 3-3 CCSD(b)
W =25
R, =99.9% CCSD(b1)
CCSD(b2) CCSD(b1) W =25 =0’
CCSD(a) CCSD(b2)
w CCSD(b1) full CCSD
5mEy, R,=99.9%
CCSD(b2) 2mE,
CCSD
3-5 HF CCSD full CCSD
full CCSD
CCSD
full CCSD 3-3
3-1 HF PEC p-h W =25
CCSD(b1); p-h p-p;h-h
p-p;h-h
p-p;h-h p-h
full CCSD
p-p;h-h p-h p-h
p-p;h-h p-p;h-h
W =0? 1
p-h w ov
full CCSD
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p-p;h-h

83.5

CC

CC

CCSD

p-p;h-h CC

CC

full CCSD

CC
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CCSD
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Cl

(Equation of Motion; EOM CC

DMRG

Beran Head-Gordon
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HF H.O NH; CH,4
Ry (bohr) 1.733 1.809 1.913 2.050
Z/HXH (degree) 104.52 106.67 109.47
(X=F, O,N, C)
3-2 MBPT(2) CCSD(a)
Ne HF H.O NH3 CH4
cc-pvVDZ
Hartree-Fock -12848.88 -100019.41 -76026.79 -56195.62 -40198.61
MP2 -187.57 -203.78 -203.97 -188.96 -163.92
-188.95 -206.87 -211.83 -204.00 -186.64
CCsD -190.86 -208.75 -213.29 -204.95 -187.15
W ( ) 25 (30.86) 25 (12.76) 25 (6.93) 25 (4.34) 25 (2.97)
cc-pVTZ
Hartree-Fock -12853.19 -100067.71 -76057.16 -56217.84 -40213.45
MP2 -277.29 -284.97 -275.08 -249.96 -214.53
-276.87 -284.62 -279.29 -262.28 -236.06
CCsD -278.95 -286.88 -280.83 -262.64 -235.23
W ( ) 25 (4.00) 25 (1.64) 25(0.69) 25 (0.56) 25 (0.38)
; mEy %
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3-3 MBPT(2) CCSD(b)
Ne HF H,O NH; CH,4

cc-pvVDZ

CCSD(b1) -191.92 -210.25 -215.57 -207.37 -188.93

W ( 25 (30.86) 25 (12.76) 25 (6.93) 25 (4.34) 25 (2.97)

CCSD(b2) -191.74 -210.07 -214.17 -205.89 -188.40

W ( 24 (28.44) 28 (16.00) 32 (11.35) 37 (9.51) 41 (8.00)

CCsD -190.86 -208.75 -213.29 -204.95 -187.15
cc-pVTZ

CCSD(b1) -278.03 -285.60 -278.43 -261.48 -230.94

W ( 25 (4.00) 25 (1.64) 25 ( 0.69) 25 (0.56) 25 (0.38)

CCSD(b2) -279.96 -287.88 -281.69 -263.92 -236.86

W ( 50 (16.00) 55 (7.96) 88 (11.03) 71 (4.49) 79 (3.80)

CCsD -278.95 -286.88 -280.83 -262.64 -235.23
: mE;, %

CCSD(b) W =25 CCSD(b1) R,=99.9%

CCSD(b2)
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Energy /Hartree

3-1 HF

-99.90r
Re=1.733 bohr
-99.95¢ *
-100.00f
-100.05F
-100.10f —e— Full CI
—— RHF
—— MP2
—8— CCSD
100,151 —A— cmp. CCSD(a) (W=25)
e —%— cmp. CCSD(b) (W=25)
0.5‘ - .1.0. - .1.5. - .2.0. — .2.5. - .3.0. - .3.5. - ‘4.0
RIR,
JEn ()
; DZ

R, =1.733 bohr
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E.mp-Eccsp /mHartree
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4 (1 Ty

Singular Value Decomposition Applied to the Compression of T3 Amplitude for the Coupled
Cluster Method

Osamu Hino, Tomoko Kinoshita, Rodney J. Bartlett, J. Chem. Phys., 121, 1206 (2004)

84.1
CCSD [1-5]
3 (triple;T)
4 (quadruple;Q)
CCSD(T)[6,71 CCSD 3
CCSsD
CCSD(T)
[8,9] N, CCSD(T)
[8] T, T,
T, oV® T, o*v*
CCSDT-n(n=1,2,3)[10-13] T, T,
CCSsDT [14,15]
o*V? T, o*v®
CCSDTQ-1 [16] 4 T,

CCSDT CCSDTQ  [17,18]
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CCSD(T) CCSDT(Q)[16]
T, T,
State Specific(SS) CC[19-24]
CCSDtq[25,26] reduced multi-reference(RM) CC[27]

5

CC (28]
[29] ClI [30-32]
T, cc
§3.3(a) p-p h-h

(working equation)

§3.3(b) p-h
§4.2
T, CcCcsDT
W) = ©XPIT, + T, + T, ]| Wt ) (4-1)
T, => ta"i (4-2)
Q:%Zﬁdﬁﬁ (4-3)

abij
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CCSDT

F Fock

T3 = 31_6 z t;fcaTbTCTkji (4-4)

abcijk

a,b,c~~
(QHexpIT, +T, +T,]| W) =0 (4-5)
1 2 3 §2.5
CCSDT-n(n=1,2,3)
2-1 CCSDT-1
<q_,ia (HeXp[T1 +T, +T3])C|kIJHF> =0 (4-6)
<qujab (Hexp[T1 +T,+ T3])C |kIJHF> =0 (4-7)
(W (T, + H(T, 7)), [ W) = 0 (4-8)
CCSDT-1b (4-7)
(W |(H(explT, + T+ T,)), [Wie ) = 0 (4-9)
CCSDT-1a
CCSDT-1b T T, T
Ty (4-8)
(W |(FT, + Hexp[T, + T,]), | %, ) =0 (4-10)
CCSDT-3
p-h §3.3(b)
X, =2 Qa'i (4-11)
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Q. T,

. 1 IR
Ty =_ZtPQRXPXQXR (4-12)
36 far
K(£0V)
CCSDTA1 T, (4-8)
D;* (=€, +¢;+¢,-€,-€,-€, ), D7 (=¢;-¢,), D, D; (normal ordered)
VN
(U 040t T)), ) = D w13
= (D7 +D; +D; )t;°
(residual) R7*
Rire = (Ware |(Vy (14 T3)), [ W) (4-14)
QIQyQ a,b,c,i,j k P,QR
ZDPP Par T ZDQQ PQR +ZDRR PQR’ "5 (4-15)
P
Reor = <qJPQR |(VN(1 +T5)), |qJHF> (4-16)
LPF’QR = Zabch Qa’ijQquJ/;bc DXX’
DPP' = Zabcyk ’aQalQal (4-17)
DXX' Qf(l
Dpp: = DppOpp: (4-18)
(4-13)

66



(Dpp +Dog + Dag ) toor = Reor (4-19)

(4-17,18)
ov*
T2
CCSDT-1 1/30?v2
T,

reduced linear equation(RLE)[33]

CCSDT-n(n=

Q7

&)

CCSDT

{q1 ,qz’...’qK}

CCSDT-1 Rz
g% T,
K® ~ 0?2
T,
DIIS[34]
1,2,3) CCSDT
p-h
2
OV x 0?2
ov ) .
bt = S QAU (4-20)
P=1
K(<OV)
g

67



Sp T, 1
W) = W)+ x) (4-21)
|X) =1 X0)+ [ Xa) +] X5) (4-22)
[X) = X:0)+X2)+ |x3>
:Z(apX)tiaaTi|Lp > Z(apx)taba ibt | > Z(apx)tabcafiijCTk|qJHF> (4-23)
abij ab/j
3 X
(Xs] %) = (s x)
4
=[%j Z (aPX)tabC(aPX)tﬁ; <q_;lg75r;‘ LIJIjakbC>
1 (apx)tabc 4 24
a abc " ( ) )
ijk
— (%] ZZZS SQQaIch ijdIUef ;mn
abc P
ijk
¥
P
Qr Uz
2 Q7 =5, (4-25)
2 UPUG" =65 (4-26)
abij
(4-24) s? 3 %)
Xp Xp Xo|Wie ) oV:=P>K
Sp
1IVE o oo e
|X3> = (5] ZSPXPXPXP LPHF> (4-27)
Ly



PP’

(4-20)

ai
Q

ab _ (2) gacd(2) gbed
PP =Y Pttt

ikl Jkl
cdkl

oV . .
,Dijab — ZSPQSIQII;/
P=1
Q7 (4-20)
(4-28)
CCSDT-1
CCSDT-1

MPBT(n) T,

ov . .
e =Y s0r0
P=1

CASSCF, MRCI, Valence Bond (VB)

CCSDT-1

SS-CC

CC

69

MCSCF

(4-28)

(4-29)

o*v*

(4-30)

state selective(SS) CC



CCsDT
K SS-CC

(active orbital)

§4.3
CCSDT-1a CCSDT-1b T,
(4-10) T, T, T,
cC
T,=> trai (4-31)
Zta"aTbT (4-32)
ab//
T, - 3—16mR o Xo X X, (4-33)
cC
(wr (Hewﬁfs ) W) =0 (4-34)
(W |(He™ ™) |y ) =0 (4-35)
(Woor|(FTy + H(T, +T,)) |Wie) =0 (4-36)
MBPT(2) @, (4-28)
[47-49) 4-1
4-2 7 CCSD CCSD(T) CCSDT-1a
CCSDT-1b CCSDT-1a CCSDT1b
Dunning cc-pvDZ cc-pVTZ[46] 1 K
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K® =a0%*? a=0.2 (4-37)
4-2 CCSDT-1  CCSDT-1
0.399mE, CCSDT-1  CCSDT-1
4-3 cC 1
CPU (clock time) CCsD 1
CCSD< CCSDT-1a<
CCSDT-1b<CCSDT-1a<CCSDT-1b CCSDT-1
CCsD CCSDT-n
4-4
T, T,.T,
CCSDT-1
4-2 MBPT(2) 2 @7,
4-5
CCSDT-1 CCSDT-1
5.271mE, @T,
4-1 N,
CCSDT-1b CCSDT-1b
Double Zeta(DZ)[50] 1 oV =91 @7,
() K<17 0.3mE
@7, o 52 1

71



4-2.3,4 HF, H,O, N, (Potential Energy Curve; PEC)
1,2,3
H.O 2 1 Dz Cl
ref. 51 MOLPRO[52] CCSDT-1
a=0.5 4-2 HF PEC
(R, =1.733 bohr) 1
CCsD CCSD(T)
PEC R =2.5R, hump
CCSDT-1b A CCSDT Cl o
CCSDT-1b  x CCSDT-1b
R,  -0.37TmEj
(R4 =4.5R,=7.799 bohr) -1.13mEj,
4-3 1 H,O PEC H-O-H 104.52°
O-H
R, =1.809 bohr CCSD(T) PEC Ry, =2.0R,
CCSDT-1b CCSD(T)
Roy =2.2R, hump  CCSDT
CCSDT-1b PEC hump
CCSDT-1b  CCSDT Ry 23.5R,
CCSDT-1b cc Cl
CCSDT-1b CCSDT-1b CCSDT PEC
cC cC
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CcC

CCSDT-1 T,
’ 'CCSDT-1
T3
tae = Ri° I D° (4-38)
T3
1 T,
CCSDT-1
CCSDT-1
2 3
4
3 N2 4-4
Run R, =2.074 bohr Cl
of
10 12 MR-SDCI
CCSD(T) CCSDT-1b CCSDT
PEC Ryy >2.0R,
CCSDT-1b MR-SDCI
hump
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CcC

CCSDT-1 CCSD(T)
§4.4
3
cc T,

1

ccsDT CCSDT-1

CCSDT-1

CCSDT-1
1 CCSD
CCSDT-1
PEC CCSD CCSD(T)
PEC CCSDT-1  CCSDT hump

CCSDT-1 Cl PEC

74



4-1

H.0 CHq4 N2 co F»
(bohr) 1.809 2.050 2.074 2.132 2.668
(degree) 104.52 109.47
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4-2 T, CCSDT-1

Ne H20 CH4 Nz CcO Ar F2

cc-pvVDZ
CCSD -190.861 -213.290 -165.503 -313.041 -298.067 -156.362 -406.392
CCSD(T) -191.917 -216.346 -167.810 -324.971 -308.779 -157.660 -415.481
CCSDT -191.945 -216.505 -168.015 -325.039 -309.232 -157.738 -415.747
comp-la -192.149 -216.487 -167.887 -326.496 -310.254 -157.976 -415.320
comp-1b -192.154 -216.488 -167.892 -326.501 -310.230 -157.977 -415.275
full-1a -191.987 -216.415 -167.898 -325.480 -310.130 -157.656 -415.587

full-1b  -191.992 -216.416 -167.902 -325.488 -310.119 -157.656 -415.552

cc-pVTZ
CCSD -278.952 -280.834 -251.436 -397.508 -382.848 -253.226 -550.165
CCSD(T) -283.269 -288.604 -255.972 -416.366 -400.101 -260.307 -568.471
CCSDT -283.278 -288.674 -256.111 -417.302 -400.316 -260.606 -569.521
comp-1la -283.417 -289.291 -256.268 -418.164 -402.020 -261.954 -568.614
comp-1b  -283.423 -289.293 -256.268 -418.178 -402.023 -261.952 -568.579
full-1a -283.433 -288.886 -256.080 -417.337 -401.757 -260.421 -569.003

full-ib -283.437 -288.887 -256.080 -417.355 -401.765 -260.421 -568.979

; MEn
‘comp-1a’ CCSDT-1a 'comp-1b' CCSDT-1b ‘full-1a’" CCSDT-1a ‘'full-1b'
CCSDT-1b cc-pvVDZ Hartree-Fock Ne, H,O, CH4, Ny, CO,
Ar, F; -128488.776, -76026.795, -37960.860, -108954.153, -112749.292,
-526799.865, -198685.670 cc-pVTZ -128531.862, -76057.163, -38067.012,

-108983.507, -112780.355, -526813.134, -198752.043
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4-3 CC

Ne H,O CH,4 N2 CO Ar F2
cc-pvVDZ  0.048 0.484 2.167 2.082 1.865 0.117 2.037
CCsD 1.000 1.000 1.000 1.000 1.000 1.000 1.000
comp-ia  1.409 1.201 1.448 1.163 1.121 1.326 1.781
comp-1b 1.172 1.107 1.293 1.197 1.180 1.364 1.274
full-1a 2.529 4.295 5.373 4.327 4.827 5.822 6.174
full-1b 2.689 4.168 6.245 4.723 5.237 7.470 6.462
cc-pVTZ 0.957 22.667 99.307 28.671 28.109 6.498 49.750
CCsD 1.000 1.000 1.000 1.000 1.000 1.000 1.000
comp-la  1.471 1.014 1.036 1.141 1.199 1.390 1.110
comp-1b  1.589 0.959 1.131 1.143 1.294 1.444 1.147
full-1a 6.183 3.966 5.756 12.098 12.152 6.368 14.069
full-1b 6.400 4.033 6.499 12.670 11.570 8.000 15.066

;o 1
; Toshiba Dynabook G4/510PME; 996MHz Intel Pentium llI
CCsD CCsD
‘comp-1a' CCSDT-1a 'comp-1b'
CCSDT-1b ‘'full-1a' CCSDT-1a ‘full-1b' CCSDT-1b
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4-4

Ne H,O CH,4 N2 CO Ar F2

cc-pvVDZ
OXV2A(T,) 2025 9025 21025 21609 21609 6561 29241
K ( g ) 343 1728 4096 4096 4096 1728 5832
OV (T,) 91125 857375 3048625 3176523 3176523 531441 5000211

cc-pVTZ
OV2A(T,) 15625 70225 164025 137641 137641 50625 210681
K ( g ) 4096 13824 32768 29791 29791 15625 39304
OV (T,) 1953125 18609625 66430125 51064811 51064811 11390625 96702597
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4.5 0T, CCSDT-1
Ne H,O CH, N, co Ar F,

cc-pvVDZ
CCSD -190.861 -213.290 -165.503 -313.041 -298.067 -156.362 -406.392
CCSD(T) -191.917 -216.346 -167.810 -324.971 -308.779 -157.660 -415.481
CCSDT  -191.945 -216.505 -168.015 -325.039 -309.232 -157.738 -415.747
comp-la  -192.148 -214.117 -166.207 -318.191 -301.556 -157.810 -408.893
comp-1b  -192.163 -214.116 -166.210 -318.194 -301.578 -157.810 -408.848
full-1a -191.987 -216.415 -167.898 -325.480 -310.130 -157.656 -415.587
full-1b -191.992 -216.416 -167.902 -325.488 -310.119 -157.656 -415.552
cc-pVTZ
CCSD -278.952 -280.834 -251.436 -397.508 -382.848 -253.226 -550.165
CCSD(T) -283.269 -288.604 -255.972 -416.366 -400.101 -260.307 -568.471
CCSDT  -283.278 -288.674 -256.111 -417.302 -400.316 -260.606 -569.521
comp-la  -282.528 -285.015 -253.032 -407.031 -391.064 -255.362 -555.893
comp-1b  -282.533 -285.027 -253.033 -407.058 -391.100 -255.362 -555.899
full-1a -283.433 -288.886 -256.080 -417.337 -401.757 -260.421 -569.003
full-1b -283.437 -288.887 -256.080 -417.355 -401.765 -260.421 -568.979

; MEy,
'comp-1a' CCSDT-1a 'comp-1b' CCSDT-1b ‘full-1a’ CCSDT-1a ‘full-1b'

CCSDT-1b
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4-1 N2 CCSDT-1b CCSDT-1b

4 i —o— comp-1b(T2) - full-1b
----¢--- comp-1b(T3) - full-1b

Energy Difference

;mEn ()
:DZ
‘comp-1b(T2)"  ®T, ’comp-1b(T3) @'T, full-1b

CCSDT-1b
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42 HF

-99.90

-99.95

-100.00

-100.05

Energy / Hartree

-100.10

-100.15

-100.20k .. . .

V=

P S S S W S U G U S S S S |

N S
NV
OG-0

—— FCI
—— CCSDT

—— CCSDT-1

—— CCSD(T)

—e— CCSD

—=— COMP.CCSDT-1

s En ( )

:DZ

'COMP.CCSDT-1’

R, =1.733 bohr

CCSDT-1b
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Cl



Energy / Hartree

4-3 H,0
-75.8F
...............................
| I.pf‘&m__ v
-75.9+ A ——4
P e
/{w > S
-76.0r+ /"
&
"‘/
® o FCI
p + CCSDT
-76.1- A CCSDT-1
P o CCSD(T)
X 4 ¢ CCSD
< x COMP.CCSDT-1
'76.21 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " 1 " " " " 1 " " " " 1
0.5 1.0 1.5 2.0 / 2.5 3.0 3.5 4.0
RIR,
s En ( )
; DZ
(£104.52°) O-H
O-H R, =1.809 bohr 'FCI’

'COMP.CCSDT-1’

CCSDT-1b
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4-4 N,

-108.80

-108.85

-108.90

-108.95

-109.00

Energy / Hartree

-109.05

-109.10

-109.15

—— CCSDT

—— CCSDT-1

—o— CCSD(T)

—— CCSD

—<— COMP.CCSDT-1
—o— MRCI

s En ( )
:DZ
N-N

CCSDT-1b

0 15 20
R/R

R, =2.074 bohr

4 1s frozen core
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5 Tailored CC ;

Coupled-Cluster method tailored by configuration interaction; The Double Exponential

Ansatz Method

Tomoko Kinoshita, Osamu Hino, Rodney J. Bartlett, J. Chem. Phys.,

85.1
cC [1-5] Cl

2 cC CCSD [6]

PES(Potential Energy Surface)

(Single Reference; SR) CCSD
PES
3 N2 [7,8]
PEC hump
cC 3 4
CCSDTQ[12-14] [15-20]
CCSDT cCcCsDbTQ
O*ve ~n'" O, V,n
ov®,0'v*
3

CCSD(T)[22-25] CCSD(TQ)[26]
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CCSD

[7]

CCSDT[9-11],

O%V°® ~nt



full CI(FCI)

PES
CC (Multi-reference; MR) CC
MR T CC
Valence Universal(VU) Fock-space CC [29]
State Universal(SU) Hilbert-space
CC [30]
PES
T CcC
(intruder state)
CC
T CC
exponential ansatz ansatz
full CI
|LPFCI>_|LPDEF>:efe§ kl'Jref>:e7:|l'lJo>’ (5-1)
ST Y, oy
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double exponential form (DEF) [27,32] Y, Hartree-Fock
S$=0 cc
T cc
S CC,CI,MBPT,MCSCF,
DEF Adamowicz State-selective state-specific(SS)

CC [32-40] Li, Paldus externally corrected (EC) CC [8,41-49] Bartlett, Piecuch

CCSDt, CCSDtq [50,51] Nooijen
CC/IPT [52] CC/PT
DEF CCSD Equation of Motion (EOM) CC
DEF CCsD
PES
§5.2 DEF
§5.3 HF, H20, N PEC
1 2 3 (Complete Active

Space; CAS) ClI

§5.2

A. Double Exponential Form(DEF)

(5-1) DEF C
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W, I,J,K,---L
AB,C,---D K, a,b,c,---,d
i, j, K1 a,b,c,---,d
(5-1) S
é:"1""\2"'“3"" +SAnS (5-2)
n, S (5-2)
. 1\?
. =(—J > ShEC.°ATBICT--DIL--KJI (5-3)
m!) asc.po
IUK---L
T S
7A'=A1+A2+A3+-~-+Ant, (5-4)
. 1\?
i {W) Dt datbret-d'l - kji (5-5)
. abc---d
ik
n T S,
T, T,
(inactive-inactive)
(active-inactive) (inactive-active)
Adamowicz SS-CC CASSCF
external
internal
SS-CCSD(TQ)[39]
Fe) g TR LTS 4T, (4T, (260 g, g
|LIJSS—CCSD(TQ)> = eT es LIJref> = ( ) ( )es s LIJref>
.f-(ex() .,:(ext) T (apc) 7 (abCD) (5-6)
— 1 2 3\ ljk 4 {10kl |LPCASSCF>
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(5-6) T, T, T,
CASSCF
LIJO
cc of [53]
e W V= 1+ EM)|w,, ). (5-7)
Bartlett  Piecuch CCSDt CCSDtqg [50,51] SS-CC
Hartree-Fock
Hartree-Fock CCSDtq
|chcsmq> = ol TR EIE |We) (5-8)
SS-CCSD(TQ) CCSDtq
Cl
(general CC) [54-56]
Paldus externally corrected(EC) CCSD [41-49]
3 (§§0),...)
T cc
EC-CCSD
[Whocoso) = ©" 6% 5 W) (5-9)
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S 8 MR-CI(SD)

reduced multi-reference (RMR) CC

Unrestricted HF(UHF)[44,45] MCSCF[46,47], MBPT[48], generalized

valence bond(GVB) [49]

N, PES
EC-CC cc SRS
Nooijen CC/PT [52] CCSD EOM-CC
| Wager) =€ 65 % |4 ) (5-10)
70 719 MBPT(2) cC
SRS (internal
states) (semi-internal states)
B. Tailored CC (TCC)
DEF Tailored CC (TCC)
CcC CcC (tailor)
full Cl(Complete active space Cl; CAS-CI)
TCC CC/IPT (5-10)) CC/PT
T CAS-CI
~ A(Q) ~
|L|JTCC> =e'e’ quef> =e' |L|JCAS—CI> ) (5-11)
S CAS-CI of HF
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MCSCF(Multi-configuration self consistent field)

DEF sO 7
S© CAS-CI
full-Cl
S© T
cC 30)
cc cl
TCC
Cl cC S©
SS-CCSD(TQ) CCSDtq
6,
cC
2 full CI
CAS-CI
CCSD Tailored CCSD CAS-CI
3
50), 40)
|LIJCAS—CI> ~ g% LIJHF> . (5-12)

Tailored CCSD(TCCSD)

. = 40). &0
T +T, S ' +S,
|LIJTCCSD>_e1Jrze1 :

w,). (5-13)
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SY CAS-CI

Worso) =(1+C,+C, +Cy +--4.C, )| Wer) -

cc Cl [59]
$ =6,
$, =6 - EF.
2
S,A(O) , SSB(O)

A(0) _ A
s =¢clc,,
AB(0) _ .AB A_.B A LB 2
Sy =Cy /Co _(C/ ¢, =C,6 )/Co ’
C, Cl

T,=> t'a'i; {ai} « CAS,

- Zt"""a*b*ﬂ {a.bi,j} « CAS.

ab/j

a ab
tr

v

(HeT”TZeS -5 )| ) =0; {ai} 2 CAS,

o

<qJHF |(Hef1+fze§1(0)+égm )C | LIJHF> =E.

TCC

§5.3
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(Hemfzes'gous‘;m ) |W,)=0; {a,b,i,j} < CAS.

=~

ol

CC

(5-14)

(5-15a)

(5-15b)

(5-16a)

(5-16b)

(5-17a)

(5-17b)

(5-18a)

(5-18b)

(5-19)



5-1,2,3 HF H,O N, PEC mE, 4-2,3,4

4-1 [60-63] Dunning
cc-pVDZ[64] TCCSD TCC
CAS-ClI CCSD CCSD(T) MR-CISD

MR-CISD  PES

MR-CISD PEC
TCC MR-CISD GAMESS[65]
TCC 3
(1) CAS-CI
(2)Cl s/, 5720
@)t7.t*{a,b,i,j} « CAS cc
(1 CAS-CI  MR-SDCI CASSCF
Ie IO (/e’lo)
CAS-CI
PEC (2k,2k) k
k
5-1 1 HF PEC TCCSD
CAS-CI (2,2) HOMO(Highest
occupied molecular orbital) LUMO(Lowest unoccupied orbital) MR-CISD
CASSCF CISD CASSCF (10,10)
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CCsD PEC
(Ry=50R,)  MR-CISD
24.40mE, CCSD(T) Ry =2.5R,
hump 5-1
3 CCSD TCCSD MR-CISD
« ) (G HF
MR-CISD  TCCSD 1.32mE,
MR-CISD CCSD 22.48mE,
TCCSD MR-CISD
HF full valence(8,5)
TCCSD (2,2)

5-2 H,O PEC TCC CAS-CI 3a; 1by
4a; 2b, (4,4) MR-CISD
(10,10) CCsD PEC R, =25R, hump

CCSD(T) R =2.0R,
TCCSD MR-CISD
TCCSD MR-CISD 5~8mE, 5-1
TCCSD 333.98mE;, MR-CISD 332.68mEy, TCCSD
O*v* MR-CISD O*V* x
(1.30mEp)
5-3 N, PEC 3 TCCSD
(6.6) o rr
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o* m* MR-CISD (14,10)

Ny cC
[7,8,28] CCSD full
Cl PEC
5-3 CCsD R =2.0R,
hump
CCSD(T)
TCCSD CCsD
5-1
TCCSD MR-CISD 8.60mE, HF  H)O
TCCSD cC
PEC
5-2 CCSD TCCSD MR-CISD
CPU TCCSD CCSD
MR-CISD
CcC
cC MBPT(2)
(
cC RLE[66] DIIS[67]
N, CCSD PEC
CAS-CI
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No( Ry =3.0R,) CCSD 19

1.0x10° E,
CAS-CI
10 MBPT(2)
CAS-ClI
cC
N, cc-pvDZ
CAS-CI MBPT(2)
§5.4
double exponential form (DEF)
DEF Tailored CC (TCC)
HF H,O N PEC TCCSD
CCsD
MR-CISD
CAS-CI
cC
cC CPU

CCsD TCC
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TCC

CAS-ClI

MR-CISD

TCC

CASSCF

CAS-CI

3
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CC

CAS-CI



5-1 (

HF H,0 N>

CCSD -100228.16 -76240.08 -109267.19

224.20 N/A? N/A?
TCCSD -100228.14 -76240.90 -109276.15
203.04 333.98 329.27
MR-CISD -100230.08 -76242.53 -109274.99
201.72 332.68 320.67

;mEp ()
2 hump

@ Davidson
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52 CPU ( )

HF H,0 N,
CCSD 0.222 0.432 1.00

TCCSD 0.247+0.045° 0.432+0.049%  1.130+0.124°

MRCISD 360° 660° 407°

® MR-CISD

; Linux PC (CPU: Xenon 2.8GHz, compiler: Intel Fortran Compiler 7.1)
CCSD CAS-CI CPU

(CASSCF ).
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Energy / Hartree

5-1 HF

-99.9+
-100.0F
-100.1F .
= CCSD(T)
o CAS-CI(2,2)
e MR-CISD
-100.2 o TCCSD(2,2)
_ a TCCSD(8,5)
Oi5. .. .leI .. .115. .. .ZiO. — .2i5. .. .3i0. .. .3i5. .. .410
R/Re
En ( )
; cc-pvVDZ

R, =1.733 bohr
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5-2 H)O

-75.7F
75.8F
©
g 75.9f
@
T
> -76.0}
o
)
c
L
761} + CCSD
s CCSD(T)
o CAS-CI(4,4)
e MR-CISD
7621 o TCCSD
05 '1io' 15 20 25 30 35 a0
RIR,
;s En( )
; cc-pvVDZ
(£104.52°) O-H
O-H R, =1.809 bohr
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5-3 Ny

-108.7F
-108.8}
g -108.9}
5
I
~ .109.0F
>
o
) +
0 -109.1} = CCSD(T)
o CAS-CI(6,6)
e MR-CISD
-109.2} o TCCSD
-109.3h . L o o L
0.5 1.0 1.5 2.0 2.5 3.0
R/R
s En (
; cc-pvVDZ

N-N

R, =2.074 bohr
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l.
1.
1.
V.
V.
CC
3 4 CC
CCSDT-1
PES
5 Tailored CC
CcC
(Tailored)

(Potential energy surface; PES)

CcC

CcC

CcC
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CCSsD 4
CcC
2
2
CC
CC
CcC
Cl



PEC Tailored CC

CcC

CcC

(density matrix renormalization group; DMRG)
DMRG

ab-initio QUEMTA
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Appendix Ab-initio A4S A QUEMTA (MEA#

BITRETOMREEL. Ab-initio EFILFHELZETTSHIOITSLERAFKE L. &
®D 704 S LlE QUEMTA (QUantum Electronic Molecular Theory Application) & & D+ 541,
fortran90 #E->TEM TS, RELHAREP THHH. REOFH A TEITAIRELGA T
LavER AL ITRL, ERHEFECOVTETOT S LEZERT BEICSEIZLEX
MEFLHOTHE, CTITHEFLEXHE, H<ETTOITIILJITSEICLEZLOTH

Y., BIRZEFL <R DTG,

xR A1 EHEATHRERTAIELRA Ty

e Pgrad  °UHF ‘0S °®damp 'NR %DIS "SvD 'svD Tcc

RHF v v v v
UHF v v v v
MP2 v
MCSCF v v v v
Cl
“Davidson v v
'diag v v
CCD v v v v v v v
CCsD v v v v v v v
CCSDT-1a v v v v v
CCSDT-1b v v v v v
CCSDT-3 v v v v v
"CCSDQ-1 v v v v
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S IRILF—

b TRILF—1 RS

CUHF A—2X

4 BA#k % (Open-shell) D&+

¢ damping

"Newton-Raphson %

IDIIS

" E#E CC (p-p;h-h 5E#E)

' E#E CC (p-h 2#E)

I Tailored CC (CAS-CI I & 5 57%)

¥ Davidson MR #E%IZ& B ClI 5E (SCI, SDCI,N EFFhiE Cl, CAS-CI)
' stf{biz& B ClIEHE (SCI, SDCI,N BFF#E Cl, CAS-CI)

MCCSD 24 EFEDHEHIEBERY ANT-FE

A YRS CLEDHRDERRBH

3-21G. 6-31G. DZ. °DZ_MP(H RF®D#). DZP-DUNNING. CC-PVDZ, CC-PCVDZ.
AUG-CC-PVDZ, CC-PVTZ, AUG-CC-PVTZ, CC-PVQZ. CC-PV5Z, "MYBASIS
®MOLPRO THUWTWLS HREFIZxT 5 DZ EIER#

P BERHMEIEREBAICBETES

B. 5
e BoysIT&kdAE (pEEFET. Cartesian D)
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