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Abstract

The thesis starts from mathematically introducing the ab-initio theoretical
chemistry, beginning with the energy and variation of a Slater determinant,
then the Hartree-Fock and Coupled Cluster theory. In the second chapter
the methodological background of the project is introduced, starting from
the detailed description of Traditional Coupled Cluster method and the Vari-
ational Coupled Cluster one, then introducing the early methods developed
by my group: Linked Pair Functional method, Orbital-Optimized Quasi-
Variational Coupled Cluster method and possible improvement. The rest of
the thesis gives the detail of my research that is improvement made to the
current Quasi-Variational Coupled Cluster method.
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Chapter 1

The ab-initio theoretical
chemistry methods|1]

In the seventeenth century, Isaac Newton from United Kingdom developed
classical mechanics. When the experiment is carried out in the microfield,
the situation becomes very different. In the twentieth century, quantum
mechanics was developed to predict the properties of very small particles
such as electrons or atoms. Quantum chemistry applies quantum mechanics
to the field of chemistry[2].

1.1 Schroedinger equation

The system in Quantum chemistry is described by wavefunction W. The
physical quantity observable is the square of the absolute value of ¥, which
equals to the product of ¥ and its complex conjugate:

|U|? = o T (1.1)

namely, probability density.
The wavefunction can be written as the product of the spatial function and
a function of time,

W(x,t) = f(t)y(x) (1.2)



in which the one-dimensional case is presented.
The time-dependent Schroedinger equation in one-dimensional case is:

ChoV(z,t) B 0P(x,t)
i ot  2m  0a?
where the partial derivative of the wavefunction is:

OU(x,t)  df(t)

+ V(z)U(x,t)

o a YW@

2 T 2
0 \I(;;Q,t) ft )d w< )
substituting into the equation, we get,

2
O ) - I T Ly
hol df( ) B h2 1 d*)(x)
TT® At T g 42 V@ ()

Because the left hand side of the equation is a function of t while right hand
side is that of x, they should both be a constant, which can be denoted as
E:

holodf(t)
i f(t) dt

df(t)y  iE

10 (1.4)
—1 Bt

The exponential function Ae % is a solution to this equation. Generally,

the constant coefficient A can be included in the spatial function ¥ (x) as

it multiplies f(t) eventually in ¥(z,t). The time function f(¢) is therefore
—iBt

e h

The right hand side of this derived time dependent Schroedinger equation

is,

2 72
TV | Vw)eta) = Bl (15)
This is the time independent Schroedinger equation for one-dimensional par-
ticle with mass m. Generally, the E is considered to be the energy of the
system.
The time dependent wavefunction W(z,t) is therefore,

—iBt

U(z,t)=e n () (1.6)




Substitute this into the expression of the probability density above, we get

—zEt

T = (6 a %ZJ( )%e
iBt  —iBt

=eh e h Y(x)Y(z)= |¢(5U)|2

Because the probability density does not change with time, such state which
can be separated into the product of time and spatial function is called
stationary state.

1.2 Born-Oppenheimer approximation

The Hamiltonian operator for many particle system is,
S Zo Zge'? Doy 2
H=3 —fovatd D =0= -2 3 4 +2 J Vi
o a B>a a i
12
YD e (1)

i j>1

where «,f are nuclei indices and i,j are electron indices. The first term is
the nuclei kinetic energy and the fourth one electron kinetic energy, which
describe the motion of the particles. The second term is the potential energy
of nuclei and the fifth one is that of electrons, which describe the repulsion
between particles, in which r,g is the distance between nuclei and r;; is that
between electrons. The third term is the potential energy between electrons
and nuclei describing the attraction between them, in which the r,; is the
distance between nuclei and electrons.

The full Hamiltonian operator can be simplified by certain approximation.
By assuming that the configuration of nuclei is unchanged during the motion
of the electron, or more simply speaking that the nuclei are fixed relative to
the electron, the kinetic energy terms would become zero, and the potential
energy term describing the repulsion between nuclei would become constant
as rqa is fixed.

The original Schroedinger equation can be separated into the one only with
respect to electron, on the basis that the wavefunction (7, 7;) depends
on the coordinates of nuclei and electrons.

(ﬁel + VNN)¢el = Uwel (18)

U = E, + Vnn is the electronic energy including internuclear repulsion,
because it can be proved that subtracting a constant from Hamiltonian



operator would not affect the wavefunction but only decrease each eigenvalue
by a number. The Schroedinger equation can therefore be simplified to the
pure electronic one

I:Ielwel = Eelwel (19)

This approximation which separates the motion of electrons from that of
nuclei is called Born-Oppenheimer approximation, it is very fundamental to
quantum chemistry[3].

Hartree-Fock method is usually the starting point of the approximation
to the electronic structure of the molecule. More advanced method can
be made based on the Hartree-Fock wavefunction by adding higher order
approximation to it.

The bra-ket notation used for representing wavefunction and its complex
conjugate and their expectation value is defined as,

(x|¥) = /x\If dx = V(x) (1.10)

(V|z) = /\I/*ac de = VU(x)* (1.11)
(U|H|D) :/\p*ﬁqm (1.12)
(| W) :/\y*wT (1.13)

where ’ket’ of right angle bracket stands for the wavefunction while 'bra’ of
left angle bracket denotes the complex conjugate of it. When they close up,
it represents the integral over all electron coordinates.

1.3 The energy of a Slater determinant

Each electron is described by an orbital. The one-electron functions of a
molecule are thus Molecular Orbitals(MO), which are the product of a spa-
tial orbital and a spin function(a or ), also known as spin-orbitals, which
may be taken as orthonormal. In the Hartree-Fock model, the total wave-
function is given as a product of orbitals. The overall wavefunction must be
antisymmetric that is changing the sign with respect to interchanging any
two orbitals, which is achieved by arranging orbitals in a Slater Determi-
nant. The columns of a Slater determinant are single-electron wavefunctions
that are orbitals, and the electron indices coordinate is along the rows. For

10



the case of N orbitals and N electrons, it is expressed as,

o1(1)  ¢2(1) -+ on(1)
1 $1(2)  ¢2(2) -+ on(2)

VN! : : :
1(N) ¢2(N) -+ ¢n(N)

(1.14)

where (¢;|¢;) = 0;; that is the orthonormal condition.

The expected set of orbitals is determined by Variational Principle. The
Variational Principle states that the approximate wavefunction always has
an energy higher than or equal to the exact Schroedinger equation energy,
only for the wavefunction being exact Schroedinger equation function holds
the equality. Therefore, the set of orbitals becomes expected one when it
gives the lowest energy under the restriction of the wavefunction being a
single Slater determinant.

The norm of a wavefunction is (¥|¥), for a normalized wavefunction
(¥|W) = 1. The energy of a wavefunction is the expectation value of a
Hamiltonian operator H,, divided by the norm of the wavefunction,

A
(W|w)
therefore the energy of a normalized wavefunction is (U|H,|®).

The Hamiltonian operator H. could be written in atomic units as the
sum of the kinetic energy operator T. describing the motion of electrons,
the nuclear-nuclear repulsion operator V,,, the nuclear-electron repulsion
operator Vie and the electron-electron repulsion operator Vee, which describe
the potential energy of the system.

Ho =T, + Vi + Ve + Ve (1.15)
where,
Nelec
~ 1~ 9
Te - — §VZ
7
Nnucl Nnucl
> Za Zb
Vnn -
2 & iR R
. Nnucl Nelec Za
Vie = — = N
a i ’Ra - 7’1’



Nelec Nelec 1

Vee = Z 7 — 7|

iog>i 0t

The electron operators could be rewritten as one electron Hamiltonian
operator h; and two electron operator g;;,

Nyucl
1 Z,
hi=—-V?— e
2 Z R — 7|
R 1
9ij = 5=,
MRGEE
Nelec Netec Nelec
H, = Z h; + Z Zgij+vnn (1.16)
i i g>i

The antisymmetrizing operator A used for expressing the Slater deter-
minant in a way suitable for deriving the energy is,

N-1
A 1 n 1 . . R
A= =N (-1)P= =1 Byj+ Py — ..)
VNI = VN

where P containing p as a parameter, permutes the orbital indices after
it. The different order permutation operators include whole-electron inter-
actions in each level, for example P;j, permutes orbitals {ijk} to {jki} or
{kij}. A

The antisymmetrizing operator A commutes with the Hamiltonian op-
erator H ,

AH =HA

The Slater determinant could be expressed as the antisymmetrizing oper-

ator A acting on the product of the diagonal elements II of the determinant,

I = ¢1(1)p2(2) - - - on(N)
O = A(¢1(1)¢2(2) - oy (N)) = Al

12



The energy of a Slater determinant is the expectation value of the Hamil-
tonian operator H,,
A
(@)
(O|He|®)
= (AIl|H,|ALIL)
VN I(I1| H,| AIT)

:'>> I

-1

= > (~1)(U|H|PI)

p=0
N-1 Nelec Nelec Nelec
)P (1] Z hi+ DD Gij+ Ve PII)
p:O T g>t
N-1 Netec
=) (=1)x]] Z hi| PIT)
p=0 :
N-1 Nelec Nelec N-1
DR DY iyl PO + Z )P (1| V| PIT)
p=0 i >t
N—1 Nele
= Z )P (I1| hs| PII)
p=0 1

N—1 Nejec Nelec

N—-1
* Z > > (CDP(HIgy P + ZO 1)PV,,,, (IT| PIT) (1.17)
s

T J>1

For the expectation value of the one-electron Hamiltonian operator h;,
only the identity operator 1 within P will give the non-zero contribution.

(TR ITT) = (d1(1)$2(2) - - dn(N) | hilpr (1) $2(2) - - - o (N))
= (i (1) i 9s (1)) (92(2)[$2(2)) - - - (S (V)b (V)
= (i ()| hi| i (3)) = hy

For the expectation value of g;;, the identity operator 1 within P will
give,

(1| §;;|11T)
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=(P1(1) -+ (i) -+ B;(4) - - - ON(N)GislPr (1) - - - (i) - - - 5 (4) - - - dN(IV))
= (04(1)0j(1)19ij10:(2) 05 (7)) (D1(1)|$1(1)) - - - (pn (N)|dn (N))
= (9i())9;(1)19i510: (1) b5 (4)) = Jij

the Py permuting two orbitals within P will give

N N
— (11135 ZZPMTD

k 1>k

N N )
== ) ([|gi; | PuT)

k I>k

when j > 7, only the orbital indices i=k and j=I will the result be non-zero,
= —(o1(1) -+ (@) - 95 (5) - - ON(N)|Gijld1(1) -+ D (i) - -+ Bi(4) - - - o (N))
= —(0i(1)9;(7)19i51 5 ()9 (7)) (1(1)[¢1(1)) - - - {(dn (N)|Pn (V)
= —(0i(1)9;(7)19i1¢3 (1) i (4)) = =K
The expectation value of Vi is a constant with respect to the integral

over the electron coordinates.
The energy of a Slater determinant could therefore be derived as,

Nelec Nelec Nelec
i i g>i

The second term in the energy expression could become sum over full
range of i and j,

Nelec Nelec Nelec

E = Z hi—l-% Z Z(Jij—Kz’j)-l-Vnn (1.19)
7 A J

The energy could be re-expressed in terms of Coulomb operator J; and
exchange operator K; in order to conveniently derive the variation of the
energy,

Jil#5(5)) = (i(i)1i16:(0)1 b5 ()
Kilp;(3)) = (i(9)|di515 (1)) s (7))

14



Nelec

E = Z<¢i(i)|hi|¢i(i)>

Netec Nelec

+5 ZZ (b5 (1) ild3 () — (63 Kil5(5))) + Vi (1.20)

Under the definition of the combination of the operators, we can find
that

(85 (D)1 il b3 (1)) = (033 Kil5 () = (b5 (DI — Kl (5)
therefore, the energy could be expressed as,

Nelec Netec Nelec

E= quz )il i i) ZZ@ )i = Kil6;(7) + Vo (1.21)

1.4 The variation of the energy of a Slater deter-
minant

The variation of the energy with respect to orbital change is,

Nclcc

OB = 3 ((56:()hili(i)) + (94(0)lhulda()))

+5 ZZ (00:(0)]J; — Kl (0)) + (0] J; — K;106(0))

(05 ()i — Kl (7)) + ()| Ji — Kil6i(4))) (1.22)

By altering the order of sum and relating i and j, the third element is
same as the first one in the second term. So is the fourth element as the

15



second one. The expression could therefore be combined as,

Nelec

OE = Z ((66i ()| 1| i (3)) + (i (i) il 6i (3)))

Nelec Nelec

+ZZ (06i(0)|; = K;|0i(0)) + (6:(D) J; — K;1064(1)))

Nelec Nelec

O = ((06i(0) i + Z (J; — K;)|6i())

Nelec

+(@i(D)lhi + Z K;)|0¢i(i))) (1.23)
Nelee . .
where h; + > (J; — Kj) is defined as the Fock operator Fj,
J
Nelec A .
SE =Y ((06:(i)| B3] 6i(4)) + (i (i)| Fil6i(0))) (1.24)

i

The orbital set should keep orthonormal during the variation. It is
achieved by using the Lagrange multipliers A;;. The Lagrange function L
containing them will keep stationary with respect to a small change of the
orbital §¢ at its local minimum,

N
L=E=Y X;(¢il;) — ;) (1.25)
]
N
SL=0E =Y Nij({5¢ild;) + (dild¢;)) = 0 (1.26)
]
Substituting the variation of energy 0 F into the stationary expression,
we obtain that

Nelec
> (06i(0)|Fil i 4)) + (i (1) 3|00 (4)))

i

N
=" N (661l 5) + (il66;)) (1.27)
ij
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There is a kind of relationship between the expectation value and its
complex conjugate,

(i (D) | Es|06i(4)) = (5 (9) | Fil s (4))*
(9il695) = (6¢5]9i)"
the stationary expression therefore becomes,
Nelec

D (D)3 i (D)) + (59 (i) Filgi(i)")

—Z (50l 65) + (5051)") (1.28)

It seems that the variation (¢1(z)| and (¢;(7)|* should cancel themselves
with their counterparts on the right hand side of the equation,
Nelec N
> (06i(0)|Fili(i)) = > (5¢ile;)
i iJ
Nelec N
>0 Filoi(i)" =D Xij{0e;10:)*
i ij
Taking the complex conjugate of the second equation and subtracting it
from the first one, we can obtain that

Nelec Nelec
D Bau@IES:(0)) = D (5u(0)I Filou(i))
N
:Z/\ia‘<5¢i|¢a Z/\ (0051i) (1.29)

the left hand side of the equation is zero, and because Zx\%(é(bj\@) =
ji

Z A}i(00i|¢j), we can eventually obtain that

N
> (ij = X5 (0l ;) (1.30)
ij
It seems that the coefficient \;; — /\*» must be zero. Therefore the Her-
mitian conjugate relation is found Wlthm Lagrange multipliers A;; = A}, 1.e
Aij is Hermitian matrix element.

17



1.5 Hartree-Fock theory

The set of Hartree-Fock equation [4, 5] may be written as,

E,¢4(3) ZAU@ (1.31)

the unitary transformation can be done to the orbital set ¢ so that the
coefficients \;; on the right hand side can become diagonal, i.e. A;; = 0
when ¢ # j and A;; = ¢;. The transformed orbitals are called Canonical
Molecular orbitals denoted as ¢/,

E¢i(i) = Nid, = e, (1.32)

The elements within the set of orbitals ¢’ are dependant to each other when
the equations are solved, they are called self-consistent field orbitals.

The electron-electron repulsion is treated in a mean-field approximation
due to the use of single Slater determinant.

The energy of a molecule with N electrons described by a Slater deter-
minant is,

Nelec Netec Nelec

En = Z hi + = Z Z ij — zg + Vo (1-33)

Now we ionize an electron from orbital k, suppose all the orbitals are
remaining unchanged, the energy of the rest system is,

Nelec Nelec Nelec
Exn1=)» hi+s Z > (Jij = Kij) + Vo (1.34)
i#£k z;ék j#k

The ionization energy is,

Nelec Nelec
Ey—Eno1=h + 3 % (g — Kkj) + 5 ; (Jir — Kix) (1.35)
J (2

There is symmetrical relationship within the Coulomb integral matrix ele-
ments Jij,

i = (006 Dlim—=; !@() i (7))

= (0(1)9i ()| =—=7195(7)9:(2)) = Jii

\JI

18



So is Kij = K]z
The second term in the ionization energy is therefore equal to the third
one,

Nelec
Ex —En1=hp+ Y (Ji — Ki) (1.36)
itk

which equals to the expectation value of the Fock operator that is the energy
of the orbital,

En — Ex_1 = (¢p(k)|Fi|on(k)) = e (1.37)

This is the Koopman’s theorem stating that the ionization energy is
that of the ionized orbital €, based on the ’frozen Molecular orbital’ ap-
proximation supposing that the orbitals are remaining unchanged during
the process.

In the same way, the electron affinity is obtained as the energy of the
kth unoccupied orbital in the neutral molecule, which becomes part of its
relative anion after the process,

EN+1 - EN = €k (138)

1.5.1 the Hartree-Fock equations made of atomic orbitals

According to the LCAO principle, Molecular Orbitals(MO) can be expanded
as the linear combination of atomic orbitals, denoted as :

= CaiXa (1.39)

The set of Hartree Fock equations therefore becomes
Fi Z CaiXa = € Z CaiXa (1.40)
e (0%

This equation is not stable unless for a complete basis set, however it can
be compensated by projecting onto another atomic orbital.

Pre-multiply another atomic orbital x4 then take the integral over the whole
coordinates space, we get the Roothan-Hall equation expressed by matrix:

(FC)l = SCEl (1.41)

19



where F and S are Fock matrix and overlap matrix:

Fop = (XalF|X8)Sas = (XalXs) (1.42)

Because there are Npqqs, number of basis functions, possible xg to pre-
multiply, there are Np,s;s equations existing simultaneously.
The Fock matrix element Fgz is,

(Xalhi +Z K;)Ixp) = (Xalhilxg) + Y (xaldj = Kjlxs)
J
= (Xalhilxs) + Y _((xa®;ldlxs¢5) — (Xa®jld1biX5))
J
= (xalhilxg) + D> ey i ((Xaxylalxsxs) — (Xax4ldlxsxs)  (1.43)
J e
where ) ¢, cs; is called density matrix, denoted as D.s, and two-electron

J
integrals following it describe the electron-electron repulsion.
The energy of a Slater determinant can be expressed in term of atomic
orbitals as:

> (dilhilgi) + 5> ((dioslaldids) — (didslaldidi)) + Vi

% %
=D caicpilxalhilxs)
i af

F3 Y)Y caicgi g s ((Xaxy|G1XaxX) — (XaXy1d1X6X8)) + Vin (1.44)
i aB ~o

in which the density matrices Dyg = E Cai i and D5 = E Cyj Csj can be

defined. The energy can therefore be expressed in term of dens1ty matrices
as

1 ) )
> Daghas+ 35D D Dap Drs((xaxy|91xsxs) — (Xaxy181XsX5)) + Vo
af afB o
(1.45)

The one-electron integral can be expanded using the definition of h; operator:

(albibes) = [ X492 - 3 [ X0l

(i)d7; (1.46)
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1.6 Coupled Cluster theory|[59]

Coupled Cluster method was invited initially by Cizek and Faldus in the
1960s[6, 7, 8], it has become an effective tool in approximately solving elec-
tronic Schroedinger equation and predicting molecular properties, which is
computationally affordable as well. Hurley presented the Coupled-Cluster
Doubles(CCD) equations in a more easily-understandable way after it was
invited[9]. Monkhorst then developed the general coupled cluster response
theory which is used for calculating molecular properties[10]. In the 1970s,
the software implementation was started by Pople[11] and Bartlett[12] with
spin-orbital Coupled Cluster Doubles(CCD) program. After then, Purvis
and Bartlett developed the method including Singles excitation(CCSD) and
have it implemented in a computer program[13]. A lot of exploration on
the efficient Coupled Cluster code has been achieved after then[from refer-
ence [13] to [19]], inclusion of higher order excitations has also been devel-
oped|[from reference[20] to [39]]. The equations are tried to spin-adapted
into open-shell case, as well[from reference [40] to [47]].

1.6.1 the mathematical framework

Coupled Cluster theory tries including any type of correction, which is Sin-
gle excitation, Double or Triple... with unlimited order that is square and
cubic and so on to the reference wavefunction. It attempts to overcome the
mean-field description of Hartree-Fock on the electron-electron repulsion, by
including higher excitation to the original wavefunction.

The excitation operator T is defined as,

T:T1+T2+."+TNEISC

where
Nelec virt

T1®y = Z Z e e

Netec Netee Nvirt Nyirt

LI 9D I 9D S

i j>t a  b>a

in which the coefficients t?,tzj are called Single, Double excitation ampli-
tudes. The Configuration Interaction(CI) wavefunction is,

Per = (i-l—’j_')q)o = (i—i—Tl +T2+"'+TNEIQC)(I)O (1.47)
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The Coupled Cluster excitation operator is,

A 1., 1. .
T 2 —m3 L 7’{5
f =14 T+ 1%+ 517 + _Z T

Substitute the 7' with the full expression, expand what obtained, collect
the terms with same order together, we can express the excitation operator
as,

A A A 1. A PN 1.
6T=1+T1+(T2+§T12)+(T3+T2T1+6T13)
1

4
5T+ (1.48)

o A A 1~ 1. -
+(Ty + T3T1 + §T22 + §TzT12 +

The Schroedinger equation with Coupled Cluster wavefunction could
therefore be written as,

HeToy = Be, (1.49)

The energy of Coupled Cluster wavefunction could be determined as the
expectation value of the Hamiltonian operator H,

5 (Yool H|Wec) _ (" @o|He" @) (1.50)
(WeelVee) (eT®geT ®g)

The standard Coupled Cluster theory projects the Schroedinger equation
onto the Slater determinant,

(Do|He™ | @) = (Bo| e’ @) = E(Pole” Do) (1.51)

As the Slater determinants are orthonormal to each other, only the integral
of the identity term on the right-hand side of the equation will give the
non-zero contribution, the equation therefore becomes,

E = (0o HeT | D) (1.52)

After expanding the Coupled Cluster excitation operator eT, the order
terminates at 2 that is 75 or T12 .

. A
Ecc = (PolH(1+T1 + T2 + §T12)|‘1’0>
= (Po|H|®Po) + (o|HT1[Po) + (Po|HT>|P0) + §<‘I’0’HT12|‘1)0> (1.53)
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Substituting Ty and T into Ecc, we derive the expression as,

Nelec Nyirt Netec Nelec Nvirt Nvirt

FEcc = Eo+ Z Z D H|DE) + > 3N > "t (Do H |2

i j>t a b>a

elec Nelec Nvire Nvir
+5 ZI: Zl: Zt thatb o H|9LP)

(1.54)

According to the Brillouin’s theorem, the first matrix element (®o| H|®?) is
zero and the last one (®g|H \@f;’> is about two-electron integrals,

clcc clcc Nv1rt Nv1rt

Bco=Eo+ Y Y>>t (didsleats) — (Gidsldesa))

i j>t a b>a

clcc clcc Nv1rt Nv1rt

+5 Z Z Z Zt“t*’ (G161 0ats) — (6i0;1000a))  (1.55)

The amplitudes could be determined by making similarity transforma-
tion on the Schroedinger equation, that is multiplying e~7 on both sides of
the equation,

e_TI:IeTQDO = e_TEeTQ>0 (1.56)

It is supposed that e~T will cancel with eT. After projecting the expres-
sion onto the complex conjugate of the Slater determinant ®§, we obtain
that

E = (®ole T HeT | @) (1.57)

which is same as the energy obtained in standard Coupled Cluster theory.
By projecting the similarity transformed Coupled Cluster Schroedinger
equation onto the excited Slater determinant,

(@¢e"THeT|®g) = Ecc(®F|Po) = 0 (1.58)
(@) T HeT|®g) = 0 (1.59)
(@ele T HeT |Bg) = 0 (1.60)

we can obtain the equations for the amplitudes.
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Chapter 2

Variational Coupled
Cluster(VCC) method and

its approximation

Hartree-Fock method adapts single Slater determinant as the system wave-
function which is used for describing the ground state electronic structure
of the system.

Traditional Coupled Cluster method adds higher order corrections to the
single determinant of Hartree-Fock, which holds the important methodolog-
ical properties rigorous extensivity meaning correct scaling of the energy
with respect to system size, and exactness which has the energy equivalent
to the Full Configuration Interaction(FCI) when the excitation operator T'
is complete.

When more than one Slater determinant become important in describing
the electronic structure of the molecule, single Slater determinant is limited
in reflecting the electronic correlation, which is called the ‘static correla-
tion effect’. The cluster operator 7' in Traditional Coupled Cluster based
methods are usually truncated to single and double levels, which encounter
difficulty when such effect becomes dominant[58]. The higher level exci-
tation such as Triple can be added to the methods to try overcoming the
problem.

Advanced Coupled Cluster methods have been raised such as Quadratic
Coupled Cluster(QCC) method[66], Improved Coupled Cluster(ICC)
method[67] and Variational Coupled Cluster(VCC) method[68]. VCC has
been demonstrated in prior studies[69, 75] to outperform other methods; it
holds the upper bound property that the energy is always higher than the
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Full Configuration Interaction(FCI) one[56].

James Robinson has developed approximate Variational Coupled Cluster
methods[56], which keeps the upper bound property of the Variational one
and holds the same computational complexity as the Traditional one. The
developed methods have the important methodological property of rigorous
extensivity with respect to system size, and exactness of the energy on the
isolated two-electron subsystem.

2.1 Traditional Coupled Cluster method[59]

Following the Coupled Cluster theory in Chapter 1, Tradtional Coupled
Cluster method is based on making Similarity transformation to the elec-
tronic Hamiltonian operator,

H= e_TerT

then projecting the Schroedinger equation onto the ground or excited state
Slater determinant,

(®ole T HET|®y) = Eroc (2.1)
(@9)e T HeT |®g) = 0 (2.2)
(@ |e T HeT @) = 0 (2.3)

where the energy Ercc equation is independent from the rest ones determin-
ing the cluster amplitudes. The similarity transformed Hamiltonian operator
could be expressed in terms of the commutators of Hamiltonian operator H
with excitation operator T,

TN = I+ [T+ [T )+ 10,7, 71,7
+%[[[[ﬁ,:ﬁ],f],f},f]+~- (2.4)

which is called Hausdorff expansion.
The Hamiltonian operator in second quantized form could be expressed
as,

=3 hpcheq+ > (0pballordn)ch ch e cr
pq

pars

where Ry, = (¢p|hi|d,) is the matrix element of the one-electron hamiltonian
operator h; in the electronic Hamiltonian, (¢ppdq||drods) = (PpdqlPrds) —
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(Ppdg|dsr) is the two-bar notation of the two-electron integral, p, ¢, r, s are
the general orbital indices which could either be occupied or virual ones.
The positive commutator of the creation and annihilation operators ¢f,c¢
is[65]:
[Cps Cqlt = epeqg+cqep =0

[CL,C:”_A,_ = cL cj] + cjl c;, =0

(e, cqls = ¢} eq + cqch = 0
These are the ‘fermion commutation rules’.

For example, the commutator of creation and annihilation operators se-
quence in the one-electron part of the Hamiltonian operator H, c]TD cq With
that in the single excitation operator Tl, cz ¢; 1s therefore derived as:

[c;g g Chei] = c;fj cqochei —cl e c;f, Cq
= cLéaqci — ¢ dipcq (2.5)

The number of creation and annihilation operators is decreased in the result,
where the general indices ones c;), cq coming from the Hamiltonian operator
H are reduced in number by one.

As the Hamiltonian operator H contains at most four creation or anni-
hAilation operators, the HausdAorﬂ? expansion composed of the commutator of

H with excitation operator 1" is terminated at the fourth order:

+*[[HI:I7T]’T]7T]7T] (2'6)

We can then derive the energy Ercc and cluster amplitudes equations
based on terminated similarity transformed Hamiltonian operator e~ He™ .

2.2 Variational Coupled Cluster method[59]

The energy functional of Variational Coupled Cluster(VCC) method is,

(Pol(eT) He|y)
(Dol (e) el | @)
(| H|v)

BTN 27
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which is found minimum with respect to the cluster amplitudes, based on
the variational principle.
The numerator of Eycc could be expanded as,

. 1 . . PO R
(<I>|(1+TT+§(TT)2+...)H(1+T+§T2+...)|<I>>

as the power of T becomes higher it will not terminate. The power series
makes the expression much more complex than Traditional Coupled Cluster
method.

Different methods based on Variational Coupled Cluster one has been
raised. The Unitary Coupled Cluster(UCC) method researched by Hoffmann
and Simons[60, 61] replaces the excitation operator T with 7'— T't. The ex-
pectation value Coupled Cluster(XCC) method of Bartlett and Noga[62]
where power series in VCC is truncated based on perturbation theory. The
extended Coupled Cluster method(ECCM) developed by Arponen and
Bishop [63, 64] adapted a modified energy functional including an exponen-

tiated de-excitation operator similar to (e)T.

2.3 The approximation to the Variational Coupled
Cluster method[48, 57|

In my project an accurate approximation to the Variational coupled cluster
method is explored[48, 57].

There are a lot of attempts made by other authors to approximate the
Variational Coupled Cluster method, the simplest of which is to truncate the
power series in the ground state energy expression to 1 + T, and substitute
it in the energy expression. It will lead to the Variational Configuration
Interaction(VCI) which is known not to be extensive for a truncated cluster
operator,

(ol (1 + THH(1 + T)|®0)
V= ol 7)1+ 7)) 29

Due to the presence of uncancelled unlinked terms, the calculated energies
do not scale correctly with the system size.

The CEPA(0) method substitutes the truncation into another form of
the VCC energy composed of linked diagram terms below is not exact, which
does not agree with Full Configuration Interaction, even when the cluster
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operator is complete.

Evee = (@o|(e") T HeT' |®0) Linked (2.9)
Ecgpa = (Po|(1 + TT)ﬁ(l + T)|(I)O>Linked (2.10)

The problem could be understood more generally. In the expongntial
parameterization, the unlinked term in the numerator (®ol(e T HET| D)
cancels exactly with the denominator (®g|(e )TeT|<I>0> while the truncation
made the cancellation fails and the unlinked term which is unphysical re-
mains. So the vatiational Configuration Interaction loses the property of
extensivity and the unlinked term remains in the CEPA(0) expression made
the approximation not exact.

2.4 Linked Pair Functional method[55]

The theoretical method that underpins the approximation in my project is
the Linked pair functional(LPF) or LPFD because of the double excitations
being the only nature of the theory.

In LPFD, the exponential parameterization is replaced by the closed-
form geometric series of cluster amplitudes, these series are tuned so that
certain Variational coupled cluster doubles(VCCD) terms are reproduced
exactly through all orders.

The energy functional of the theory is like that of CEPA(0) mentioned
above,

Evpp = (H) 4+ 2(HyT) + ((TT(H — (H)),T) (2.11)

where the transformed cluster operator q'f is defined as,

qT|(I>O 224(] z] (I)ab

ij ab
. . 1
T = U D, = 3 (U T
kl
qUp = 05y + ¢Su A
Ay = Mgy + 5 (1= A (@G — St — &} + 6imp)
1 o
= Ml 5 (1= )1 = 7)1~ 7)o
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where 7;; permutes i and j in the term following it.
In the expression we find the transformed cluster amplitudes are finally
defined by the density matrix:

g . . 1.
Ny = (®o|T ey ¢ c} CIT"I’0> = Z 575;]1) ot
ab

) . . 1 .
ny = (@0l Tle; [ TI®o) = 3 3~ Stib o4k
ab k

The parameter P, and 45, are determined uniquely by the requirement
of the exactness of the method, here it means the equivalence to Configu-
ration Interaction with double excitations(CID), in the limiting case of two
electrons,

qP u = =
¢Su=1
Through the series of a power of matrix for g=1 or q=2,

quPu — (1 +qSuA)un — 1+unqSuA+

[\l

LPFD generates VCCD-like terms to infinite order in cluster amplitudes,
and the particular VCCD terms captured in the approximation along with
their weighting are controlled by the value of parameter \.

In the approximation of Variational Coupled Cluster Doubles(VCCD)
method, the terms of O(T?) is the lowest order in which the LPFD differs.
The contributing terms are given in the graph[ Table I in reference [57]:
Linked O(T*) contributions to VCCD, where n = 3T,3 T2, where e and
hh label the two spin-orbitals occupied and unoccupied in the reference
wavefunction, respectively.],

The VCCD possesses an internal mathematical structure that, in the
limiting case of two electrons, results the mutual cancellation of the terms
through all orders of cluster amplitudes.

In the terms of O(T?), the following relationship holds:

A+D=0
B+2C =0

where A,B,C,D are the indices of the contributing terms.
The O(T3) terms A+B+C+D in the VCCD could thus be approximated
with parameter \ by,

A+B+C+D=(1-XNB/2-\C
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2.5 Orbital optimized Quasi variational Coupled
Cluster (OQVCCD) method[48, 57]

The current direct approximation to the Variational Coupled Cluster
method(VCC) is the recently proposed Orbital-optimized Quasi-variational
Coupled Cluster Doubles (OQVCCD) method. It is recognized that an
infinite-order approximation scheme is what is required. In the method, the
predicted ground-state energy is defined to be the variational minimum of
the following CEPA(0)-like functional:

Eoqveep = (H) 4 2(H oTo) + (1 T3 (H — (H)) 1T3) (2.12)

with respect to both the double amplitudes and the orbitals.
The renormalized cluster operator is defined through,

. 1 .. 1
(Do|@o) => "3 1 (Tl cjeheil®o) =D 10Tl ®a)
ab ij ab ij
where the renormalized cluster amplitudes are as follows,

ij 1 crij
Ty =23 5 (1= 1) (AU

C

1 i ok
F2Y 7 5 (1= 7)) (58U T
k
1
107 (U]
kl

S L) ) (U ST
k c

where the U matrices are,

AUI;z = 51? + ang

BU} =65+ )

Ui = 80 + el

U = 3%+ anl
(2.13)
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in which the density matrices are defined as,

oMy = <TT chT ZZ tzjc t?j
bn;' C] 'L Z Z Qtab t]k

N

1
anl (T Cr clc T> Qtfljb t“b

dng} = <T]LcJ c;g CaC; T Z Z tik t]k

2.5.1 the calculation on small molecules

The potential energy curve of BH is calculated using different methods with
basis set cc-pVQZ. The benchmark curve is the Multi-Reference Configura-
tion Interaction(MRCI). Because multiple configurations are needed to con-
struct the wavefunction of MRCI, the Complete Active Space Self-Consistent
Field(CASSCF) is pre-calculated to generate enough excited Slater Deter-
minant for MRCI. The traditional Coupled Cluster based methods: CCSD,
BCCD are performed compared with OQVCCD.

As shown in the Figure 2.1, CCSD, BCCD perform similarly with OQVCCD.
However, the inclusion of (T) makes CCSD(T) appear unphysical maximum.
This is because (T) keeps singular when highest occupied and lowest unoc-
cupied become degenerate. BCCD(T), using transformed orbitals, behaves
well together with OQVCCD(T).

Figure 2.2 is the potential energy curve of the bond stretching experi-
ment on HF molecule. The Traditional Coupled Cluster(TCC) based meth-
ods: CCSD, BCCD are runned together with the ones including perturbative
triples correction (T). The benchmark calculation is MRCI containing mul-
tiple Slater Determinants as reference wavefunction. The OQVCCD method
is performed together with its triple excitation version OQVCCD(T). The
basis set is aug-cc-pVQZ.
This calculation is designed for demonstrating the performance of differ-
ent electron correlation methods in the system containing such effect. The
Traditional Coupled Cluster(TCC) based methods CCSD, BCCD perform
similarly with OQVCCD. However, the inclusion of (T) correction makes
CCSD(T) generate unphysical maximum, while BCCD(T) and
OQVCCD(T) show exactness in the long range bond stretching.

The traditional coupled cluster based methods are performed on the
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Figure 2.1: the potential energy curve of BH
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Figure 2.2: the potential energy curve of the bond stretching experiment on
HF molecule
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Figure 2.3: the potential energy curve of the bond stretching experiment on
SisH4 molecule

bond stretching experiment of SigH4. There is no benchmark calculation in
this experiment as the Multi-Reference Configuration Interaction(MRCI) is
too computational expensive to carry out. The triple correction made the
CCSD and BCCD show unphysical maximum at the dissociation area where
the correlation effect is strong.

2.6 O(T") terms correction to Quasi-Variational
Coupled Cluster(QVCC) method[48]

The current QVCCD method underestimates the bond length of small
molecules at their equilibrium geometry and overestimates their
spectroscopic constants[56], this is where the inclusion of 7% terms expected
to improve.

In the Table 2.1 illustrated, the calculations are extrapolated based on small
basis set. The empirical results are those coming from experiment, which
could be considered as benchmark values. The OQVCCD method overesti-
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Table 2.1: Comparison of equilibrium bond lengths and spectroscopic con-
stants for some diatomic molecules. Basis set: cc-pVQZ, with correction
energy r~3-extrapolated using cc-pVTZ and cc-pVQZ[56]

System | Method | R. / Angstrom | we/em™! | wexe/em™!
HF CCSD 0.913 4203.5 89.1
OAVCCD 0.913 4209.2 86.8
oQVvVCCD 0.913 4210.7 87.2
Empirical 0.917 4138.3 89.9
Fy CCSD 1.389 1020.5 8.5
OAVCCD 1.386 1034.9 8.2
oQvVCeCDh 1.386 1030.3 8.6
Empirical 1.412 916.6 11.2
N, CCSD 1.092 2445.3 12.8
OAVCCD 1.091 2456.4 12.6
0OQVCCD 1.090 2461.0 12.5
Empirical 1.098 2358.6 14.3

mates the spectroscopic constant we in those small molecules whereas CCSD
performs better.

The lowest-order discrepancy between Quasi-variational Coupled Clus-
ter Doubles(QVCCD) method and Variational Coupled Cluster Doubles
(VCCD) method occurs at the terms of 7% order. Although the term
<T 2T HT 2)Linked is accounted for exactly in Quasi- method, the term
(%)2<(T21-)2ﬁT22>Linked is not.

It has already been established, however, that the one-electron 7 order
terms, are complete in Quasi- method, and the omitted terms are therefore
associated only with the two-electron part of the Hamiltonian(the fluctua-
tion potential in the Moller-Plesset partitioning).

The individual diagram contribution may be grouped according to
whether they involve the all-internal orbitals integrals, (ij||kl), the two-
internal-two-external ones integrals, (ial|jb), or the all-external integrals,
(ab||cd).

The sum of the omitted 7% order terms involving the set of all-internal
integrals (ij||kl) is denoted as «, the sum of the terms involving the set of
two-internal-two-external integrals (ia||jb) as § and that involving the set
of all-external integrals (ab||cd) as 7.

Suppose all those terms omitted by the Quasi- method at T* order are
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added directly to the energy expression, the modified functional is expressed
as:

A~ A~

EQVCCD = <I‘i’> + 2<ﬁ2T2> + <1T2T(H — (FI>) 1T2> +a+p + 7y (2.14)

which is still minimized with respect to the double excitation amplitudes tz)
and the orbitals.
The «, 3, v terms consisting only of linked diagram vanish independently at
the limitation of 2 electrons or 2 holes. Therefore the inclusion of these terms
keeps the methodological property of current QVCCD method. However,
the computational complexity of the v term scales as O(v%) which exceed
that of CCSD(T) like methods.

a term is what my project should explore in order to approximate the
Variational Coupled Cluster Doubles(VCCD) method in 7% order, the detail
of each term is listed in the Table 2.2 below,

1
az5(31+BQ+D1+D2)+M1+M2+M3

B term is also relatively high in computational cost at least O(0%v3). The
expected energy functional contains only o term of O(o*v?) computational
complexity at the moment. Because of the erroneous asymptotics of M1, it
is replaced by M3 as they are same at the limitation of 2-electrons or 2-holes.

As the introduction of the QVCCD method above, the explicit mathe-
matical formulae of those discrepant terms in « and their partial derivative
with respect to the cluster amplitudes, namely gradient, are what needs to
be derived in my project in order to improve the current method.
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Table 2.2: Linked O(T*) contributions to VCCD involving the all-internal
2-electron integrals, {(ij||kl)}, along with fraction of the term captured by

QVCCDI43].
Diagram  (4)%((T3)*H13)1, Term 2 Electrons 2 Holes QVCCD Fraction

A W — (i [k THTE an? —(eellee)ampanl LR TN TIT) 1
B1 H )l‘ ~ LGl b —2eelle)(TITo)(TITy) =S|kt arkl 3
B2 H‘l‘ — 5G|kl afmnt,  —2(eelle)(TIT)(TITa) il kL)l ol :
c E@ﬁ LGk ar k- eellee) (TITo)(TIT) -+ TETEN T T) 1
D1 . = . LR TET S +(eel|ee) ang 3Ly e, i i
D2 ‘ N ‘ 3RO TLTER" alfy, +(eellee) g anl + 5 (iK1 nfm b, 3
M1 M 5] kL) i ! Heellee) (T To) (TI ) +4i5] kL) ik ! 0
M2 +5 g Kl ankt —(ee]lee) arf (i)l 0} 0
M3 @@ +5 (iR it ik (eellee) (TITo) (T ) + 3| nl 0
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Chapter 3

The Formulae of O(T%) Terms
to Quasi- Variational

Coupled Cluster(QVCCQC)
Method and its Software
Implementation

3.0.1 the definition of closed shell double excitations
operator[50)]

The double excitations operator Tg, in closed-shell form, is defined as:

T= 522> T Fai By

wa jb

in which the Eai, Ebj are the usual spin-coupled one-particle excitation
operators:

Eai = 52 ¢ + E:rl C;

in which the tilde means the a spin and the overbar means the 3 spin. Gen-
erally, in the closed-shell expression, a,b,c,d refer to the virtual (external)
orbitals in the reference wavefunction, i,j,k,l refer to the occupied (internal)
ones, which are all doubly occupied spatial orbitals in the reference wave-
function.

When the double excitations operator Ty acts on the reference ground-state
configuration |®g), it will generate combinations of the double excitations
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configurations |§>§’;’ ):
TQ‘(DO 1 ZZTU (I)ab

The symmetry relation of the double excitations cluster amplitudes Ti{; =

T}" can be justified as follows: Because the range of sum is over the full
range of ia pair and jb,

2 ZZTabEm Eb]|q)0 2 ZZT(Z;EZU az|(1>0>
ia

Relying on the deﬁnltlon of the operator and its linear property; we can
expand the double spin-coupled excitations operator as,

Eqi Eyj®o = Eqi(9! + 95) = Em@b + i@t = @ab + 0+ 08 4 o
and Ebj Eaiq)o can be expanded in the same way,
Eyj Eyi®g = @“” + <I>‘“’ + q> by @“b

which equals to E’ai Equ)o. In fact, this process can be expressed in a more
advanced way as the commutator equals to zero: [Eg, Ebj] = 0.

Because the order of the indices can be altered in the sum, the definition
above can therefore be rewritten as:

QZZT b Bui iy |20) = 222  Eai Ey;|®0)
ia ia

ji _ g
Therefore, T;, =T .

3.1 Spin-adaption

In most equations, the orbitals are one-electron functions[26], which are
product of spin functions « or 3, they are called spin-orbital. The working
equations software implemented are only composed of spatial part of spin-
orbital, which is doubly occupied.

Therefore, the original expressions need to be transformed into the spatial
orbital form in order to have them implemented into Molpro software. This
process is called spin-adaption or spin-free formulation.

If spin-orbital I is of « spin, I = 7 where 4 is the spatial index of orbital
I. If Tis of 8 spin, I = i. This is the fundamental mathematical principle
that underpins the transformation of the expression from spin-orbital form
to spatial-orbital form.
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3.1.1 the relationship between spin and spatial forms of clus-
ter amplitudes

The relationship between the cluster amplitudes of spin-orbital and spatial-
orbital forms in their double excitations operators is derived as follows.
The double excitations operator 15 is

Spin Vir Occ

o1 J 7 .t _ 1J .t 1

Ty =3 E tApcycpcyer = E g tABCA CpCcCr
IJAB A>BI>J

in spin-orbital form.
It could be written as

=3 ZZT” 1 ¢+ ¢ cl)(cz ¢ + chj)
at

in the open-shell form.
The cluster operator 75 can be expanded as follows in the spin-orbital form:

Vir Occ __
ZZ JB cbc]cZ —I-t cJr chjcz—i-t cJr CZCJ cz—i-t cJr clcjcZ
a>b i>7
+tl~]bcl CZ 5]‘ c; + t;jgél 52 Cj El)
in the spatial-orbital form, it can be expanded as:

Tg =3 ZZ bc G cbcj +TY bc Ci cbc] —l—Tbc G cbc] +TY bc G ch])
ij ab
By re-ordering the creation and annihilation operators, splitting the full
range sum in the spatial expansion above, then comparing with the relevant
terms in the spin form, we can get the spin-adaption relationship of cluster
amplitudes between the spin-orbital and spatial-orbital form:

t = 5 (Lo = Ty = Ty + T3a) 3.1)
7 g
15 =17 3.2)

(

(
= (T + T3 (33
=t (3.4)

(

(

] — 1 TJZ TZJ

tgb 9 ( ab ba)

1 ]
taB - thE
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By applying the symmetry relation in the double excitations amplitudes
derived in the last subsection, we can obtain the concise expressions:

th =2 =T34 — T, (3.7)
ts =t = Tap (3.8)
th=tr=-Tp (3.9)

3.1.2 the spin-adaption relation of two-electron integrals

The two-electron integral, in two-bar notation (IJ||KL) = (IJ|KL) —
(IJ|LK), is an essential part of the energy terms, which is originally coming
from the Hamiltonian operator. The angle bracket notation is called ‘phys-
ical notation’: (IJ|KL) = f¢1(i)¢J(j)]ﬁ%ﬁ]qﬁK(i)(bL(j)dﬁdF}. It can also
be expressed in Chemical notation (IK|JL) in which the electron indices
are same on both sides of the bar:

(UKL = [ 6106l 100)61)

Considering different spin cases of two-electron integral (IJ||KL), we get
the spin-adaption relation as,
(#71|kL) = (lkl) — (@11k) = (ij|k) — (ij]lk) (3.10)
Or, in chemical notation as:(ik|jl) — (il|jk)

(w7llkl) = (@71k1) — (uglik) = (ij|kl) — (ij|ik) = (2]]|k]) 3.11)
() = (ilkD) — lTR) = (ijlkd) 3.12)
Or, in chemical notation as:(ik|jl)
(@1|kD) = (@lkD) — (@1Ik) = (ij|kl) = (i7][kD) 3.13)
(IR = (ElRL) — 71Tk = —(ijlik) 3.14)
Or, in the chemical notation as: — (il|jk)
(tlIkl) = @3lkT) — @ltk) = —(ijltk) = (27]|KD) (3.15)

3.1.3 the spin-adaption of density matrices

The energy terms are composed of density matrices, which are made of
cluster amplitudes.
The expression of the g density matrix in M2 is,

i = (Thescheac Ty = tHS 15
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the spin-adaption of which is,

~8 ik 4be ik ,be
L= thtﬁ + the t],i

ik ik ik L ik ik
—ZZ (Toe = Tia) (T =T + 3 3 T Ty
k c
7k ,bé 7k ,be
= tae b + toetoy
_ k ik k ik jk Jk
oy 33 m —  - )
k c
ik 1bé ik b
d’la] t%é t,’i + t:zc tﬂi

_ ZZ Tzk Tzk‘ Tjk+ZZTzk Tjk _Tjk)

tlk tbC + tlk tbC

ac ]k
_ ZZTZk T.Yk T]k _|_ ZZ Tzk Tzk TJk
b
d’?aj = d’]éj
ik .bé
— gk g2

—ZZ ~Ti) (=T
=ZZTz§T£“

1k 4be
= 342

e
k c

_ b
day = dlaj

The & density matrix in M3 is,

i = (TTCKCLCTJC}T> = ZZ L7 448
A B
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(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)



The spin-adaption of & is,

Cnl?i - Z Z Qtl]b tkl

= Z Z WTH — T (3.25)
anz Z Z 2tjz]b tZ? T Z Z Qtwb Z?

= Z Z T TH (3.26)
07711]1 B Z Z 275271; 2 + ZZ 275;]1) Z?

_— Z S i T (3.27)

a b

anl ZZ QtZ]th?—i_ZZ Qt;jb Z?

= s (3.28)
Iy = ; a Qt;jbtkl T ZZ Qt;jb Z?

= a7 (3.29)
MWL

= (3.30)

The relatlonshlp between the density matrices is used so as to express cnkl,

At = oy = Iy = I (3:31)

3.2 the energy functional of 7% terms

The energy functional of QVCCD method is
Eqveen = (H) +2(H oTy) + (11§ (H — (H))1T5)

1
+§(B1 + By + Dy + D2) + My + 2M5 (3.32)
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with the additional M2, M3, B1, B2, D1, D2 T* terms.
Their explicit energy expressions are explored so as to be added to the
original QVCCD energy functional.
3.2.1 The energy expression of M2 term
The spin-orbital expression of M2 is,
+5 (LKLY a7 ani'ss

Considering different spin possibility of the spin-orbital expression of M2,
we can split it into ten possibilities,

M2;, $(0|1kD) an’ =M2z,%<77”7fl_>d'7§§df7?g (3.33)
M2, L(@]lk >cma] Mzm,2<m|kz>m§;3m§£ (3.34)

M2, 4 (37]| k1) dna = M2y, 3 @1 kD) anl (3.35)
M2;;, L@kl anf migzMzm,g<zj||kz>dn@mﬂ; (3.36)
M2y, 3 @1[FD) s an™ = M 2455, S @11 anls an® (3.37)

The energy expression of M2 in spatial-orbital form, which is the sum of all
spin possibilities, is:

Z((lkbl) - (Z”]k)) Z(dnaj d'y + dnzz] dﬂal)
ijkl ab
+y - lejkzcm i+ ikl )

ijkl
+Z ik|50) Z 7 (3.38)

ijkl

3.2.2 The energy expression of M3 term
The spin-orbital expression of M3 term is,

1
Z +§<IJ||KL> Z A AN
IJKL MN

The M3 term could be splitted into ten spin possibilities,
For I,.L € o, M,N € o, K, J € a, the term denoted as M3; is,

Z+ (71| k1) Zcmm sk (3.39)

ijkl
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For I,L € o, M,N € «a, K, J € 3, the term denoted as M 3;; is,
| Al E
Z+§<U\|kl> Z I iy

ijkl m,n

For I,.L € a, M,N € 8, K,J € «, the term denoted as M 3;;; is,
1 - s
Z+§<U‘|kl>z cninr% cni%n

ijkl m,n

For I,L € a, M,N € 3, K,J € (8, the term denoted as M3;, is,

2 +%<€7W_“~> Sl akm

ijkl m,n

Forlea,Lep, MeB,Nea, Kea,lJepf,
the term denoted as M3, is,

>+l Y- o iy

ijkl m,n

Forlepg,Lea, Mea, Nej, Kegj,JeEa,
the term denoted as M 3,; which equals to M3, is,

1 = v 7.
Z +§<Z]| ’kl> Z cﬁ% an%n
ijkl m,n

M3, = M3,

ForI,Le B, M,N € a, K,J € a,
the term denoted as M 3,;; which equals to M3;, is,
1, T
DS alkD Y i gy
ijkl m,n

M3vii = M3zv
For I,L € 8, M,N € a, K,J € 3, the term denoted as M 3;;, is,
1. o
Z +§<Z]Hkl> Z cn%lnlz cnf’i;p
ijkl m,n

M3iip = M3
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(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)



For I,L € 8, M,N € 38, K, J € «, the term denoted as M3;, is,
Z+ (71| k1) Z i kI (3.50)

ijkl
M3m = M3; (3.51)

For I,L € 8, M,N € 3, K,J € (3, the term denoted as M3, is,

Z+ (@] k1) Z aih aE(3.52)

ijkl
M3m = M3; (3.53)

Therefore,

1
Z +§<IJ||KL> Z A AN
IJKL MN

could be written abbreviatively as:

M3; + M3;; + M3, + M3, + M3,
+M3y; + M3yi; + M3 + M3ip + M3,
= 2(M3; + M3;; + M3 + M3,, + M3,) (3.54)

The terms with same two-bar notation can be combined together so that
the M3 term becomes:

2(M3; + M3;;) +2M3, + 2(M3;; + M3,y)
= 3 ST — (i) (el o+ el k)

ijkl m,n
+ Z Z(U’kl anm anm
ijkl m,n
+ Z Z Z]|lk anm Cnfign + Cn:;a Cnn] ) (355)
igkl mn

3.3 The partial derivative of the energy functional

3.3.1 the partial derivative of the density matrices

Since the energy expression is composed of density matrices, in order to
explore the partial derivative of the energy functional, that of the density
matrices should be explored first.
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In order to explore the residual of M2, we must know the partial derivative
of its component 4 with respect to the cluster amplitudes 17",

oanyy _ A((Tik—Tik) (T)F —TIN)+Tik TIY)
BTQ?" BTQ?”

=2 Z Z(5ae5cf6im5kn Tbjck + Télz 5be5cf5jm5kn)
k c

=7 (Bacerbimdn Tl + Ti¥ Seedy8jmn)
k c

- Z Z((;ceéaféimékn Tgck + Tcl(’: 5b660f6jm6kn)
k c

+ 3 (BcebapSimOun T2y + Tok Geedyf8jmin)
k c

= 2(BacOim Ty} + T3} 0hedjm)

— (SacOim Ty + T bps0jm)
— (BapOim T + T840 jm)
+ (6af6imTejl? + Teigébféjm) (356)
oay,  Oang; (3.57)
ory AT '
Oat; _, SucOerSimron T1E + TiE 83060780
aTen}m = ;;( aelcfOimOkn 4y, + ac YbeVcfOim kn)
- Z Z(éaeécféimékn chbk + Té’; 5ce(sbféjmélm)
k c
- Z Z((Sce(saf(simdkn Tgck + T&’f 5bedcf5jm6kn)
k c
= 2(BacOim Ty} + T3t Ohedjm)
- (5a65imT;£ + TéZ(sbf(sjm)
- (5af51mT[Zen + Tézébe(sjm) (358)
Qang; _ Dany; (3.59)
oy oI '
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ca~ch

o1 N oryr
= Z Z(éiméknéceéaf chbk + Tcztlzc 5jm((5.’<:n(sce((5bf)
k c

Oans,  O(THTIF

= SimOaf T2 + TS O (3.60)
Qarly Dl

= 3.61
oy~ oIy (3.61)

3.3.2 the partial derivative of the energy expression

The partial derivative of the energy expression is used for constructing resid-
ual vector V', which updates the cluster amplitudes in each iteration based
on first order perturbation theory[50]:
g VY
T = — i (3.62)
€+ € — € —€;

where € is the eigenvalue of Fock operator.
The partial derivative of the energy expression of M2 with respect to
T s,
oalt o
.. .. i kb
> _(Gglkt) = Gilt) Y (S s + a7 e
ijkl ab ef ef

a,méé - Y

7 ooal kb Ol

Ty @l + e
e

y Odlg; i O
- Z@JW“) Z(ﬁTT}" dg, t daz 8Te’?"

kb al
8Te7?” b @ 8Tg?”

)

al

.. 8d77§§ al kb 86[’7:
+ > i1k D (o iy + e ) (3.63)
ijkl ab ef ef

which could be simplified using the relationship within the two-electron in-
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tegrals as:

adn%é =
2 “((ikl|jl) — (il|jk)) S a1
ikl ab el
o 0af
+2> " ((ik|jl) — (illjk)) aTmi a1
ijkl ab
dalky
+2) " —(illjk) 3Tmi g,
igkl ab
dalke 4
+2) " —(il|jk) aTmi a5
igkl ab
o kb
+2' 3 (ik|1) a;nnfi iy (3.64)
igkl

After substituting the partial derivative of g, expanding the expression,
eliminating the delta terms, we can obtain the explicit expression of the
partial derivative of M2 with respect to %",

23 ((amlt) — (illgm)) > (@TE = Th)

ijl b
+2 %«ikmw — (iljmk)) ;@Ta ~Tf)
2 Z.l(“m‘ﬂ) — (illjm)) ?ng ) !
—2;Z<<z’k:|mn — (il|mk)) ;m’f" TL)
+2Zl:((imljl) (illjm)) ZTZZ‘%
+2;]l<<ikrm1> — (il|mk)) ZT’“”dﬂ—f
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+22 (il]gm) Z 2Tjn —Tj")cmib

ijgl b
+2 Z (almk) Z 2Tf}1 - Tk;‘)dn?g
ikl a
j l
2" ~(ljm) Y (T = T3 ar}
ijl b

—22 (il|mk) ZT’“” Tk”)cmff
ikl
—i—QZ zl\jmz b(m%

ijl
+2 Z —(al|mk) Z Thn d'7~f
ikl a

+QZ (im|j1) Z 2Tg}1 - T}g)dnfé
ijl

+2) " (ik|ml) Z Tk gl
ikl
—22 (im]j1) ZTbjen A

ijl

—2) (ik|ml) Z Tk:dngf (3.65)

ikl

Based on the experience in the previous work of M2, the above explicit
expression could be further simplified using the relationship within two-
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electron integrals and density matrices g,

43 ((mlit) = (itljm)) > (@T3 = T8 anfy

il b
—4> “((imlj1) — (il|jm)) Z(T”" - TJ")amib
ijl

+4> " ((imljl) — (il|jm)) ZT,)W%

il

+4> " —(il|jm) ZQTJ”—TJ”) elf
b

ijl

—42 (il|gm) ZTJ”—TJ") szl

ijl b

l

+4Z (il|jm) ZTb‘msz
ijl b

+4Z im|jl) Z 2T]" T}g)dnd

ijl b

—4 Z(zm\jl Zngdrpb (3.66)

ijl

By making contraction between two-electron integrals and density matrices,
we can write the expression in the form having lower computational cost in
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the software implementation,

42 @Tyr — ) S (imljt) — (illjm))
il

_42 (T = T3 S ((imljt) — (il jm)) ]
il

+4ZT3" Z ((im|j1) — (il\jm))(mf;l
il

+4Z 2007 — TS —(illjm) ar

il
_42 (T =13 S ~(itljm) ]

il

+4 ZT” Z (il]gm) Cmf;l

il

+4Z 2TJ” = TH) > (imll) and)

il

—427’5@”2 zm]jl)dmb (3.67)

il
Defining > ((ik|jl) — (z'l|jl<:))an7g~)l~ as intermediate quantity 1 Hjxqp,
il

> ((ik|jl) — (il]jk:))dr)?g as intermediate quantity oHjgap, > —(il|jk) ;ll as
il il
intermediate quantity 3Hjiqp, Y —(il|jk) I as intermediate quantity
B il
aHgap, Y (ik] jl)afn%l as intermediate quantity 5Hiqp. The final expression
il
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suitable for software implementation is therefore,
4 Z QT = TH) 1 Hjmes — 4> (T3 = T') 1Hjmpo
jb
+4> 19 s Hjm
jb

+4 Z QT = ThH) sHjmes — 4> (To' = T2") sHjmo
b
+4> T 4 Hjm
b
+4 Z 2171 = T9) 5 Hjmer — 4 Y Tor' 5 Hjm gt (3.68)
b

3.4 Contravariant Configuration

The Slater determinant generated by the double excitations operator T in
the spatial orbital form ]fb%’) holds the inner product as following[49]:

(PL|D5]) = 40ac0padindii + 400adued ki — 26acbaditdik — 20ne0aa0ik 01

The ‘contravariant’ transformation is performed on the double excitations
configuration space {tb?]b} in order to have the orthogonality relation[50, 51]:

) = 1207} + %)

(P47 P5) = SacObadindji + Gaadbedadjn
the normalization relation of which is a special case of the above equation,
(DL|DI) = 1+ Gapdi
The adoption of the ‘Contravariant Configuration’ will raise certain effect

on the relevant expectation values of certain physical variables. Taking the
matrix element of the double excitations operator 75 as an example:

T2|(I)0> ! ZZTZJ (I)ab

(D3| To|@o) = § ZZT(% (2%
ke
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By substituting the orthogonality relation into the expression, applying the

symmetry relation T} = Tb]; , we find that:

(D3| Ty| Do) = 4T — 217,

We can also expand the matrix element made from contravariant configura-
tion in the same way:
= op .
(B2 (Th|00) = T
The transformation in same pattern as the one done on the double exci-
tations configuration space {@fjb} can be done here: T is substituted by
(2T + T3 o o
A(G(2T5 + Ty)) — 2(5(2T7, + T3))
_ ity
- Tab
It lets the expectation value(the matrix element) made from the original
double excitations configuration equal to the one made from contravariant
configuration.
The technical job in my project focuses on calculating the derivative of the
energy functional, and its software implementation. In order to be consis-
tent with the calculation made by contravariant configuration, the derived
gradient is transformed from G}, to £(2G", +G7). Since the transformation
halves the overall magnitude, we need to pre-multiply a factor of 2 to cancel
this side effect.
In the software implementation of CCSD method in the Molpro program[50],
the residual is defined as,
Vi = (®FI(H — B)
(1+T1+ T+ %Tf + T + %Tf + T3+ %TQQ + %Tffg + %Tfl)@w

(3.69)

which is expected to be zero at the convergence. The range of the indices is

i > j,Va,b.
After substituting the expression of the contravariant component @%b into
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the equation, it becomes:

Vo = (329 + @50)|(H — E)

(1+ Ty + Ty + %Tf + T Ty + %713 + T3+ %Tg + %Tfiﬁ + %Tfl)|<b0>
(3.70)
= (0% (H E)
(1+T1+T2+%T12+T1T2+%T5’+T1T3+%T22+ 1T1T2+ )"I)0>
+§ (@97 |(L ( - E)
A+T1+Th+ T1 + 1Ty + 3,T1 + W15 + 1T2 + Tng + 4,T1 | Do)
(3.71)

Because the gradients derived in my project supposed the wavefunction to
be normal, and in Molpro source file ccmp2.F it becomes part of Vaig in the
software implementation. I need to have it in this form in order to merge
with the rest of the program, which is used for making a bi-orthogonal pre-
condition for DIIS extrapolation[52, 15]:

Vil = 5265 + Gl (3.72)

3.4.1 the simple model of ‘contravariant’ transformation

The simplest closed-shell energy expression of Coupled-Cluster based
method could be written as

E=> Kgj2T9—1T%) (3.73)

ijab

where K;jb is the external exchange integral (ij|ab) and Téi the cluster am-
plitudes.

The partial derivative of the energy expression with respect to a cluster
amplitude T g}" would be

aTmn Z b251m5yn5ae5bf 5jm5m5ae5bf)

ijab
of — K" (3.74)
If the external exchange integral K ;Jb in this energy expression is substituted

by 2K — K%

ab’

E' =Y (2K} — K (21 — T7)) (3.75)

ijab
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the partial derivative with respect to Tg}m would then become:

oL’ ij ji
oy > (2K — K33) (20imdndacdss — Ojmdindacder)
ijab

= 4K — 2K — 2K + K = 5K — 4K (3.76)

The effect of the ’Contravariant’ transformation introduced above can be
seen by having,

L. OE  OF
aT oIy

= (203K — 4K + (SR — 4K")) + 2
= 2K — K1 (3.77)

) * 2

which exactly restores to 3327%".
On the contrary, if the set of two-electron integral {Kffb} in % is replaced
by {2K} — K2} }, it would become

22K — KI') — (2K — K') = DK(F" — AK[f" (3.78)
which turns into 8%%.

ef

The actual O(T*) energy terms are much more complicated than the sim-
plest example above, which is a linear combination of the set of cluster

amplitudes {T,7}. The relationship demonstrated above does not hold for
the QVCCD O(T*) energy functional.

3.4.2 the transformation made in the current QVCCD pro-
gram

The QVCCD method implemented in ITF code by Joshua Black transforms
the V” matrices storing electron integral to 2V” V]Z Although the old
Molpro shares the same energy functional with ITF one made from V ma-
trices and transformed cluster amplitudes [53]:

E= Y 2Vigoths+ > 1Vibths (3.79)
IJAB IJAB

2VAL = (®o| H|DL) (3.80)

VAL = (@ TT(H — (H)|®%) (3.81)
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there is no such transformed V matrices intermediate quantity defined in
the execution file ccmp2.F, which updates the energy in each iteration. It is
surprisingly that the outcomes of those two programmes agree. The relevant
subroutines are thus explored to find out the reason.

The subroutine tracem2 calculating the trace of the product of matrices in
the file, carries out the product of V and T+

trij = (2—6;5) Y _Tua Vol (3.82)
trji = (2= 6i;) Y Tt V)2 (3.83)
ab

An extra step was found after that command line calling tracem?2 subroutine.
It assigned the energy by 2trij — trji, which actually equals to
(2= 655) D 2T53 Vil — (2= 85 Z Tap Via
ab
=(2-0;) ) Ta} 2v;z ~Via) (3.84)
ab
There is symmetry relation within V matrices. For 2‘7, which is the external
exchange integrals (ij|ba) = (ji|ab), therefore oV? =5 V.
As a result, when the above equation applies on oV, it becomes

— 685 ZT” 2,V —o V) (3.85)

then sum over ¢ > j, would have the same effect as the intermediate process
Joshua did in his code. Because as long as the function is symmetrized, the
full range sum over the ¢, j pair would become

B(i,j) = ALDFAGD — p(j j)

(3.86)
> B(i,j) =Y B(i,j)+ B(i,i)+ Y _B(i,j) = > _ B(i, ) * 2+ B(i, )
ij i<j i>j i>j
(3.87)
which equals to > (2 — 0;5)B(i,j) = B(i,1) + > 2B(i, j).
i>] >
Because the external exchange integral
(ijlaby = [ ¢i(1 |T1 TQ‘ ¢a(1)Pp(2)dr1drs is same in the form as the all-
internal 1ntegral (2]]kl> illustrated in the above section. I need to do the
same transformation to the two-electron integrals in my project in order to
merge with the current QVCCD method in the old Molpro program.
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3.5 Numerical means applied during the software
implementation

3.5.1 Newton-Raphson method

Newton-Raphson method is based on the Taylor expansion of a function. It
is designed for finding the root of a function, at which its value is zero.

If in the neighbour area of a point a, a function f(x) has its definition on
derivative to n — 1 order, and on point a it has nth order derivative, the
function in this neighbour area |z — a|(d can be expanded as

f@) = f(a) + f(@)(@ —a) + $ " (@)@ —a)’ + ... + H [T (a)(x — a)"
(3.88)

This is the Taylor expansion for single variable function f(x).

The one-dimensional Newton-Raphson method only considers the first-order
derivative of the function, and the expression is linear with respect to the
variable

f) = f(a) + f'(a)(z — a) (3.89)

suppose z is the root tried to find,z : f(x) =
)

(
0= f(a)+ f'(

a)(x —a)

f(a)

~ f'(a)
The algorithm needs to have the value of function f(x) and its first derivative
at point a, then determine the approximate value of x. Note that this
expression is an approximation, as it neglects its higher order terms. It
takes the initial guessed x as the input of next iteration, and calculates
its function and derivative value, then determine the following approximate
root value. The algorithm runs iteratively until it converges.
The Taylor expansion can be applied to multi-variable functions, and the
multi-dimensional Newton-Raphson formula can be written as,

€r =

flxy +0xy, 9 + 02, ... ,xN + 02N) = f(21,22,...,ZN)

N
_,_Z8f($1’$2”"’xN)éxi+O(5x2) (3.90)

o0x;
i=1 v

in which the higher order terms can be neglected.
Although the formula cannot be applied directly on the energy functional of
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QVCCD method as the energy minimum is what explored, this formula can
still be applied to find the point at which the gradient is zero. The second-
order derivative of the energy functional is approximated by the difference of
eigenvalues of Fock matrix. It becomes the working equation for the current
CCSD programme in Molpro[50],

]
Vab

€at € —€ — €

AT = (3.91)
in which Vaig is the residual matrix formed by gradient and Tjg is the variables

of the energy functional, cluster amplitudes. The programme runs iteratively
until the residual vanishes.

3.5.2 Numerical differentiation

Numerical differentiation finds the derivative of a function numerically,
through dividing the difference of the function value by the difference of the
variable values. According to the mathematical definition of derivative of a
function, the simplest numerical differentiation can be expressed as:

flx+h) - f(x)
h

when the function f(x) is known and h, namely, stepsize is set manually as
a small number.

Numerical differentiation can be performed when the explicit derivative ex-
pression is not available, for example, only the graph of a function is pro-
vided. In my project, it acts as a tool to check whether the explicit derivative
expression, namely, analytical derivative is correct or not.

The formula involving more points on the curve provides a more accurate
result. For example, the two point formula is

fle+h) - flx—h)
2h
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The formula involving more points can be found through the combination
of Taylor expansion series[76][77, 78]:

Fla+20) = f(@) + £/ ()20 + 3" @) + = 1O (w)2h)?
o @M+ 5O @)@+ (3.92)

flath) = f(@) + f@h+ 3@ + S fO@h 4+ o f O @)t
+$f(5)(a;)h5+... (3.93)

Flo = B) = f(@) + F/@)(h) + 3 @) (R + ¢ FO ) (~h)?
o @R+ 2O @)h) 4 (3.94)

1

flz = 2h) = f(z) + f'(x)(=2h) + o f"(2)(=2h)" + gf(g) (z)(~2h)°

+if(4)(x)(—2h)4 + 2O (@) (—2m) 4. (3.95)

By subtracting f(z — 2h) from f(z + 2h) and f(x — h) from f(x + h), the
second and fourth order derivative terms would vanish, then multiply the
latter combination by a factor of -8 and add them together, we get:

(f(x +2h) = f(z —2h)) = 8(f(x + h) = f(z — h)) = —12f'(x)h + o(h°)

oy = U2 S =2 B ) =S

(3.96)

This is the four point formula for numerical differentiation, in which the er-
ror is the fourth power of the stepsize. It is considered to be very accurate.
The storage of the cluster amplitudes in Molpro is not full, only T:}" (m <
n) is stored in double excitation amplitudes, for the m<n cases the coun-
terpart T}lem is visited.

Therefore, there is problem when the numeric differentiation is carried out:
because the variation of T7%" (m>n) will cause the change on Tr™ as well,

the variation of the energy expression made of T will be incorrect as a result.
The actual situation of numerical differentiation in Molpro is:

E(T7" + AT, TP + AT) — E(T/", TEm)
AT

for (m>n)
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Mathematically it equals to,

0E  OE +O(T*Q) for (m>n)
ormm ©orpm T AT O

Because 8?‘% is not necessarily equalling to 8?%, the analytic partial
fe ef

derivative with respect to 6"}" needs to plus its transposed counterpart

with respect to T}T so as to compare with the numeric one.
For m = n, the numeric differentiation results match the analytical one
directly because the cluster amplitudes are stored independently.

3.5.3 the merging problem with the old Molpro program

The code of T* terms are combined with the current QVCCD one and
are eventually built on CCSD program in Molpro[50]. The vector used to
update the cluster amplitudes in each iteration is called the residual which
is expected to vanish at the convergence.

Vi =102G8 +Gh) (i>)) (3.97)

The Giﬁ) is named gradient which is made of original partial derivative with

respect to the cluster amplitudes. The current G’Z} in the program can be
symmetrized:

oE | OFE
i ora a1y
szb = b 5 b (3.98)
so that o8 , on
.. 8TJ74 8T” ..
Gj = e Tk — g (3.99)

There is a way of updating the energy functional relying on the first-order
derivative using Newton-Rhapson method.

oE
oTy

Enew(T) = Eou(T) + Y —— AT (3.100)

ijab
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If the symmetrised gradient Gijb is used as the derivative, as long as ATgZ =
AT

ab’
Exew(T) ~ Eow(T) + ) GL AT, = Eou(T) + )Y Gy ATy
ijab i>j ab
+Y Y GLATL+ Y GL AT+ > Gi ATy, + Giiy ATy,
1<j ab i a>b i a<b
= Eou(T)+2) Y GI AT +2> > Gl AT + Gl AT},
i>7 ab i a>b
= Bou-+ Y3 + o)A+ 30 Y (e + ) AT
i>7 3T§i 3T§2 s i oy, T”
1 0OF oF
- — VAT
2 ( ang * 8T(% ) aa
(3.101)

= Fou+Y. Y~ aTU [+ YYD AT

i>7 ab i<j ab ab a>b 1 ab

ok y OF
+ Z Z aTZZ ATZ;’ + 8T” AT”

a<b i ab

OF
= Eou +Z — AT

ijab 8T;{)

(3.102)

which equals to equation 3.100.

However, the current CCSD program does not update like this. As dis-
cussed in the previous subsection, it applies Newton-Raphson method on
the root-finding of the first-order derivative instead. Therefore, according
to equation 3.72, the symmetrisation will make the gradient not mathemat-
ically ideal as it is no longer the pure partial derivative.

The current QVCCD method assignes 8TE” to Gﬂ (i < j), which leaves

serious problem to its further development,b as it is not the normal gradient
used in equation 3.97.

Even if the program accepts this gradient, what actually runs in each itera-
tion would be

Jt
Via

€+ €, — € — €

AT} = (i < ) (3.103)

which actually create an update Ang until the residual V£ vanishes.
Because in Molpro the set of cluster amplitudes is stored incompletely relying
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on its internal symmetric relationship:

. T4 wheni>j
Ty =9 o0 .
T when i<j

ba’

The update, ATgZ (i<j), added onto the set of cluster amplitudes would
by coincidence be added to the correct place so that the full range of Té{;
doesn’t make mistake in further use.

However, the development of extra 7% gradient must be treated specially in
order to merge with the current QVCCD method.

OF : Ji ) OF
o1y needs to be added to the gradient G, (i<j), but not T added to

. ab
the gradient G, (i>j).
When i = j, the situation is more complicated because the cluster ampli-

tudes Téi is stored completely. The % would generate ATgZ and
add to T7;, which will not be correct as it needs to be added to T}, stored
independently. N

Therefore, the T gradient fob used to construct residual needs to be con-

structed specially from the mathematical partial derivative,

OF .
i (i< j) = 8Té’;',’ when i = j
ba = 88Tg'“ when i<j

3.6 Appendix: the working equations of M2, M3,
B1 and D1 terms

3.6.1 the expression of ,n density matrix

The expression of # density matrix has been derived above, that of gy is,

= S0 S eap

AB K
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The spin-adaption of 4 is,

7_ 1,7k ,ab 1,ik ,ab 1,7k qab
ZEDIOR =B DY A= S D PP (1

ab k ab k ab k
ik ik ik ik 1 ik ik
=D D 5Ty = Toa) (T = T) + 3D 5T Ty

ab k ab k
- "
YD BT (T
ab k

=2 D 3T - (T —Tp) + > Ty Ty

ab k ab k
There is relationship between the expressions of s and & terms,

vy = 2 (el + )

K
ol =0
by =0
DI TALED DY SELTED ) AL
ab k ab k ab k
= b77;:

(3.104)

(3.105)

(3.106)
(3.107)

(3.108)

In order to explore the residual of M3, we must know the partial derivative

of m density matrix with respect to the cluster amplitudes,

A ) .
i = Oimbin T4 + T2 Stmdin = Simbjn THE — T St
ef

Oay _ Oengg
8T:}” aTg}m

7
Odiyy
oIy

= SimOjn To} + Tk OkmOin

0ay _ Oar]
oT AT

8077?[ Kl pij
aT™mm = _5im6jn T e Tfe OkmOin
ef

a0
aTy Ty
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3.6.2 the partial derivative of M3 term

The partial derivative of M3 term with respect to Tep}] is,

.. .. 8c77ml; 807771]
S STk — ) i ok + alh

ijkl m,n
annrfz k acnnj
+ 8Tp}1 l n] + dl zm 8qu )
T Ok
22 Gl CT;zz '+ i 8T’;z )
ijkl m,n
i 9 nk
077 d n]
acﬁ acnn]
+ angL Cnn] + anm 6qu ) (3115)

after combining the equivalent elements in each term in the expression, it
could be simplified as(expression a):

acﬁ?n% krn 8077?7% km
ZZ Zj’kl Zj|lk>)(anq Cn?tj + anq Cngj)

ijkl m,n
77
+>_ > 2(ilk) gT;:z; i
igkl mmn
+ Z Z 7’.7’ 8qu Cnn] + anq Cnﬁj ) ( N )
ijkl m,n ef

Then substituting the partial derivatives of density matrices with actual
formulae, expanding the expression, eliminating the delta terms inside, we
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can get the explicit mathematical expression for the residual of M3 term:

S5 2((ijlka) — (ijlak)) T e
ijk m

35" 2wk — (pjltk) T2
jkl n

=3 2((ijlka) — (ijlak)) Tfe ok
ijk m

=305 2(pjlkl) — (pilik)) TR mkd
Jjkl n

=) " 2((ijlkq) — (iflqk)) T s
ijk m

=S50S 2((wilk) — (pjlik) TR i
jkl n

+> 0> 2ijlkg) TiF

ijk m
+Zkl:z (pjlkl) T2 T
.
—2122 (ijlqk) T i
i m
—ZkljZmuk gl
.
+ZJI;Z2 iglak) T ko
prre
+Zk;z2mllk gk
.
+Z;:Z2<ij!qk> T gk
ijk m
+zkl:z (o) T}
i

(3.117)

The contraction of two-electron integrals with density matrices are made
so as to decrease the number of loops in the software implementation to be
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carried on. Then we combine those terms with same contraction and get:

DAL =17 Y (Gilka) = Gislak))
ik

+22 = T7) Z(<Pj\kl>—(pj!lk>)cn~‘3

_ZQT}?Z (ijlkg) — (ijlak)) ot

]';,,
_ Z 277! Z ((pj|kL) — (pj|lk)) apmd

+Z2 ZJVWJ) akm
+ZZ Z (pjlkl) il
_ZQ —T7) Z(w\qk> e

jk
Z o} - 1) Z<pj|w> i

+22T}?Z ijlqk) ¢
+Z2Tfl2 (pjlik) ahd

We define the intermediate quantity H as:

Himn = > ((ig]k1) — (i|1k))

jk

2 Himn = Y ((i]kL) — (ij|Lk)) i

jk

Jk

aHimn = > _(ij|1k) mET

Jk

s Himn = Y _(ijllk) a7

Jk
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The compactest expression of the residual of M3 term could then be

expressed as:

Z ( ef _sz zqmp+z Tfe allqn

m

_ZQ

- Z 2Tfe 2Higqmp — Z 2Tfe 2Hpign
In

+ Z 2057 3 Higmp + Z 2177 3Hypign
In

Tfe Higmp Z 2(T, Tfe aHpign

+ 3 2T 5 Higmp + Z 2T s Hptgn (3.124)

im In

Combining those terms with same sum indices, we get the form suitable

for programming;:

2(2( é;‘n - T}Ten) 1H7qup - ZT}Ten QHiqmp

im
+2Tl;n 3H'Lqmp 2( ef - Tfe )4qump
+2Tfe 5Higmp)

+ Z Tf@ 1leqn - 2T}Lel 2leqn

+2T sHpign — 2(T0 — T aHpign
+2T}lel 5leqn) (3.125)

There is a smarter way of deriving the residual expression of M3 term
in which the contraction of two-electron integrals with density matrices is
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made immediately after the simplest expression of derivative(expression a):

> 2% C”“n ((ig kL) — (i]1k))

ilmn
N Z 5 cmm ((ig|kl) — (ij|lk)) 0775?
ilmn e Jk
+> .25 c”““ (i1} ey’
ilmn ef Jk
+3 -2 C}% D gtk ez’
ilmn ef ik
77 .. ki
b5 20 S oy (3.126)
ilmn ef Ik

Then substituting the partial derivative of density matrices, expanding the
expression, eliminating the delta terms, we can get the result in a smarter
way.

3.6.3 the energy and partial derivative expression of B1 and
B2 terms
The spin-orbital expression of B1 term is,
1
> —UIIKL) Y iy m)
IJKL M

Considering the different spin possibilities of the set of two-bar integrals
and ¢, g density matrices, we can convert the current Bl expression into
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that with respect to spatial part of the orbital,

Forlea, Jea, K €a, L€ q,the relevant Bl term is,

1, -~ K m 1,,.. .. B m
>~ kD Y et it =Y —5(ilkt) — (idlIk)) D o, o0
ijkl m ijkl m
(3.127)
For I € a, J € B, K € a, L € 3, the relevant Bl term is,
I — kL m 1, .. i
> S kD Y et it =Y — 5kl Y et vl
ijkl m ijkl m
(3.128)
For I € a, J € 8, K € 8, L € a, the relevant Bl term is,

S IR S o = ) S ol

ijkl m ijkl m
(3.129)
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For I € 8, J € a, K € a, L € 3, the relevant Bl term is,

S R S o = S Sl Sl

ijkl m ijkl m
(3.130)
1. o
= —5{llkD Y i wiy”
ijkl m
(3.131)

For I € B, J € a, K € 3, L € a, the relevant Bl term is,

S S R S i = S~ Gk S

ijkl m ijkl m
(3.132)
1. - ———
=D —5{wllkD Y i vy
ijkl m
(3.133)

For I €8, J e B, K €f, Lep, the relevant Bl term is,
1 7.7 kl m 1 .. .. kl I
> 5 @R D i o =Y —5 (kL) — (ltk) D e, w0

ijkl m ijkl m
(3.134)
1 o~ T
= 5 (Wl D i, "
ijkl m
(3.135)

Looking at the different B1 terms carefully, we find that the third one
could be expressed as following using the relationship between & matrices,

1,.. it
> —§<Zj|lk> >kt
ijlk m

which in fact equals to the second one.
Therefore, the energy expression with respect to spatial-orbital, which
is the sum of all these possibilities is eventually,

S —(lkty — Gigltk)) S L g +2 57 —Gslkl) S ikl o (3.136)
ijkl m ijkl m
B2 has the same mathematical expression as B1 term and therefore hav-

ing the same expression of partial derivative with respect to T’ f }1 as BI1.
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In order to derive the residual of B1, we must know the partial derivative
of yn with respect to the cluster amplitude. The expression of the partial
derivative of yn term with respect to the cluster amplitudes could be ex-
pressed in that of the & term.

7 a%(cﬁ?fz + ¢ ;:g)

0 oy
8Tg}m 8T:}n
. aTeT}m 8T67?”

=" imOkn T2F + T25 0jmOkn — OimOkn Tl — TH 8jmkn
k
+(5zm5kn Tejjlf + Ted; 5]m5kn)
= " (20im0n Tf + 2125 8jmbrn — GimOkn The — Ti 8min)
k
= i T2} + 2070 jom — Oin The — T} 8jun (3.137)
Ayl

=0 3.138
aTg}m ( )
Au;
=0 3.139
8T67?" ( )

O,  Owk
o1 N o1

(3.140)

The partial derivative of B1 term with respect to the cluster amplitude
T ]‘3 is,

O —((ilkl) — (iglik)) S arld, ot +2 2 —(ijlkl) 32 ekl )

ijkl m ijkl m
Pq
oT, :
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= Z Z (ijlpa) — (ijlap)) onf"
Z Z ({pdlkl) — (pillk)) on?
+ Z T Z ijlpa) — (ijlap)) wy"

ZTfl Z (pi|kl) — (pjllk)) w?

+ZQTNZ ((i7|kl) — (ij]lk)) Cn%

1kl
+22T —({ip|kl) — (iplik)) ark,
ikl
ZT” — (i kL) — (ij|lk)) cnt
ikl
—ZT —((iplkl) — (ip|lk)) anak
ikl

+2Z Z (ijlpa) w}"
+QZ efz_ (pi|kl) o
i
+2Z 2170 — T99) S —(ij ki) arft

ikl

+2Z @I — i) S —(iplkl) ark, (3.141)

ikl

Define »_ —((ij|kl) — (ij|lk)) bnjfh as intermediate quantity 1 H;p, and
S —(<z’j|k:l)j— (ij|k)) ank as intermediate quantity o Hjpm, 32 —(ij|kl) g =
ikl j
Z —(1j|kl) bn]@ as intermediate quantity 3H;z, and Z —<Jij|kl) an% as in-
tfarmediate quantity 4Hj,,, we can express it in the Wa;klsuitable for software
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implementation,

Z( — T}7) 1 Hipgm + Z — T 1 Hypyg

m

2> T sHipgm +2 Y T2 sHpig

m kl
+23 190 — Ti) 4 Hjp + 23 (003 — T1) 4 Hy, (3.142)
i m
3.6.4 The D1 term
The spin-orbital expression of D1 is,
1
S Huairn) X Y e i
IJKL ABC M

which could be divided into different spatial-orbital possibilities,

ForIEa,JEa,KEa,LGa,AGa,B€a Cea, M e a, the D1 is:

Z (7] | k) ZZt’fgt;@; ggn

ijkl abc ™m
:Z ((ik|jl) — (il|jk)) > > (T (T — Tty
ijkl abc ™

(3.143)
ForIEa,JEa,KEa,LEa,AEa,BEa Cep, M e g, the D1 is:

Z (TIIRD S S ke ke

ijkl abc ™

((zk\jl (il 7k)) ZZ FOTmE bm

ijkl abc m

I

(3.144)
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ForIEa,Jeﬂ,KEa,Leﬁ,AEa,BGﬁ,CEa M € o, the D1 is:

Z (GIRD) S > thhe ke

ijkl abc m
= Z (ikl0) Y 0> TH(TE — Ty a2
ijkl abe m

(3.145)
ForIea,Jeﬁ,Kea,LEB,AEa,Beﬁ,CeB,Meﬁ,theDliS:

Z WllkD) Y > thiteh anke”

ijkl abc m
1, .. L
5 K Y S T
ijkl abc m

(3.146)

Forlea, Jef, Kea, Lep, Aep, Bea,Cea, Me g, the D1 is:

> §<mv%z‘> SO i i

ijkl abc ™m

Z (ik|jl) ZZ —Tm ;’éﬂ
15kl abc m

(3.147)
ForIEa,JGB,KE&,LG@,AG@,BE@CE@ M € «, the D1 is:

Z Z]Hkl Zztsé mi jC

igkl abc m
- Sl 3 S i )
ijkl abc ™

(3.148)
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For]Ea,JGﬁ,KGﬁ,LEa,AEa,BEB,CEB,MEﬁ,theDlis:

Z WIRD) Y >t ke

igkl abc m
= 3 i) 3 ST
ijkl abc ™

(3.149)
Forlea,Jeﬁ,Keﬁ,Lea,Aeﬁ,BEa Cea, Mep,the D1 is:

> Ll 3 Y i

ijkl abc ™
- L) Y Tt
ijkl abc m

(3.150)

ForIEﬁ,JEa,KGa,LEB,AEa Be,@’,Ceﬁ,MemtheDlis:

Z (77| k1) Z Zt’;gt% 7 = the eighth term

15kl abc m
(3.151)

ForIep, Jea, K €a, Leﬁ,AeB,Bea Cea, M e a, the D1 is:
Z (@7| k1) ZZtkltmz (mjc = the seventh term

ijkl abc ™
(3.152)

ForIe,B,JEa,Kea,Le,B,Aeﬁ,Bea C’e,@,Meﬁ,theDlis:

Z (@7| k1) Z Ztklbtf,‘fz d" = the sixth term

ijkl abc ™
(3.153)

ForIe[i’,Jea,KeB,LEOz A€ q, Beﬁ,Ceﬁ,MEa,theDlis:

Z zg||k;l22t’“tﬁg b — the fifth term

ijkl abc m
(3.154)

76



ForIEﬁ,JEa,KEB,LGa Aep, Bea, Cea, MEe a, the D1 is,

Z (7] |kl) Z Z tiétff;z ;’;” = the fourth term

ijkl abc m

(3.155)
ForIGB,JEa,KeB,Lea Aep, Bea, Ceﬂ,MeB,theDliS:

Z (@7]| k1) Z Z tiétf& a50" = the third term

ijkl abc m

(3.156)

ForIE,B,JE,B,KEB,LEB,AEﬂ,BGB,C’EQ,ME@,theDliS:

ki bri
Z 4 (7] |kl) Z Z tabtff; 4y’ = the second term

ijkl abc m

(3.157)
ForIeB,JGB,KGB,LGB,AGB,BGB,Ceﬂ,Meﬁ,theDlis,
Z @IRD Y Y thite ange”

17kl abc m
(3.158)

= the first term

Combining these possibilities together, we obtain the expression of D1
with respect to the spatial orbitals:

Z ((ik|51) = (illik)) Y > (T — T (Ta = Tty a2 + Tt i)
ijkl abc ™
+Z (iklil) S (TR — Ty b + T b
ijkl abc m

H(=TEY (=T )
£33l )2 ST =i af + (T e
ijkl
FTE (T b
(3.159)

Considering the relationship between different spatial D1 cases carefully,
we find that the sixth case could be rewritten as:

Z_, il|jk) ZZ TmZ Tm’) Cm%"

ijlk abc m
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=> 3 Lk oS mh - T wl

ijkl abc m

which equals to,

S Skl S ST T - T

ijkl abc m

which is the third case.

So are the seventh case replaced by the fourth one and the eighth case by
the fifth.

The compactest energy expression of D1 is therefore:

Z ((ik|jl) — (il|jk)) > > (T8 (T — T30y b+ T )
ijkl abe m
D (RGD) D D (TR (Tt = Tty " + THTL angy!
ijkl abc m

H(=TEY (-T2 ™)
(3.160)

The partial derivative of D1 with respect to Tep}] is,

ATH — T (T — Tmi>w§?+T3:idn§?>+

Z ((ik|31) — (al)jk)) ZZ 8T’§j?c

ijkl abc m
0 3 (k1) 30 ST (Te" = Ta)an + T e ange” + (= Toa) (= Ta2") )
77 abc

8ij‘3
(3.161)

The first term becomes,

O(Tap — Tia) b
Z ((ik|jl) — (il|jk)) ZZ %qu ol (Tmé — M) b e 5" )
ijkl abe m
T — Toe) ant”
oTy!
aTmz bm
(3.162)

(T — Tpa)(
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Making the contraction of (T — T}) with the two-electron integral,
175" - -+ with the density matrlces we can then define

ST —T) bm—FTmZ ) as the intermediate function H (i, a, j, b),
> 5 ((ik|jl) — (il|jk))(TK — Tba) as the intermediate function Hs(i,j,a,b).
kl

Substituting the partial derivative, expanding the expressions, we can obtain
the explicit expression of the first term after eliminating the delta terms.

Making the contraction of two-electron integral with Tfé..., Tme ... with
the density matrices within the energy expression itself before having differ-
entiation on it, we can rewrite the second term of the derivative of D1 after
rearranging the order of sum in certain terms:

Z Z(lkul anq Z Z Tmz Tml ]:1

ey
ZZb;Z Tj;;zmjc %(iklﬂ)Tfé
> Sk o7 >y
ZZb;Z T;TC’" >l
%;zk\yl TZI;’;‘I ZZ —T) T
ZE;ZZ ﬁ;ld”f EkljukUl)(—Tb’“;) (3.163)

We can therefore define > Y (T — Tm4) ;™ as the intermediate func-
tion Hs(i,a,j,b), Z(zkbl)ﬁ“g Caus the intermediate function Hy(i,j,a,b),
ZZTW 131” as t}]ile intermediate function Hs(i,a,j,b), > Z(—Tg’;i)m?g'%
an; the intermediate function Hg(i, a, j, b), %(z’k\jl)(—TIfj) :T:s tche intermedi-

ate function Hz(, j,a,b).

Expanding the derivatives of those products, substituting the partial
derivatives of cluster amplitudes and density matrices with explicit expres-
sion, splitting the expression and eliminating the delta terms thereafter, we
can obtain the final expression of the second term.
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The final expression of the derivative of D1 which is that of the first term
plus that of second term is,

jg: 5 (Giplja) — Gialip) Ha(i, .. f)
_Z ((ipljq) — (iqljp))Hi(i, f. J,€)
+Z % Hy(g, . f,b) ZdﬂpHMJ»eb)

+ZZZZ Tmz Tmz 2Tc”;q _ ch )H2(Z,p, a, 6)

+ZZ (TE — TP (2TYF — T4) Hali, j, a, b)
ij ab

—ZZZZW“WIWJ%MWW>

—ZZ TE — TP (T)? — T2 Ha(i, j, a,b)

ij ab

+ZZ " Hy(q. . f.b)
+ZZZZTTM 2qu ch )H2(27p’a7 6)

+ Z > TR (2T} — TI) Ha(i, j, a,b)

1 ab

—ZZEZT%TWszp,a,ﬁ
—ZZT’" T”Hg (i,7,a,b)

ij ab
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+> (ipliq) Hs(i, e, . f)

ij
+szn]pH4qj fb Zj:zb:dn;?H4(Q7jaeﬂb)
+ZZZZW”WWMHWWMM@

+ZZW1W 279 — T4) Hu(i, j,a,b)

ij ab

_ZZZZW2WWWMWﬁ
—ZZ (T2 — TP4) T34 Hy(i, j,a,b)

i ab

+Z ipljq) Hs(i,e, j, f)
+ZZ a2 Ha(q,j, f,b)

+ZZZZTW 2qu T7) Ha(i,p, a,e)
S e e

ij ab

—ZZZZWWWmMmmﬁ
—ZZT’” T99 — TI9) Hy(i, §, a, b)

ij  ab
—Z (iplja) He(i, f. ], )
_ZZWPH'? Qa]ae b)

+ZZZZ ~Toe') Tie? He(i,p, a, f)
+ZZ —T¥,) T3 H(i, j, a,b) (3.164)

1y ab

The mathematical expression of D2 is equal to D1 and therefore their
residual are same.
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Chapter 4

Calculations and Discussions

4.1 the test of the method

4.1.1 Extensivity and Exactness

The current Quasi-Variational Coupled Cluster Doubles(QVCCD) method
possesses rigorous extensivity which means the energy scales correctly with
respect to the system size. The improved method of my project therefore
must keep this important methodological property.

The energy of single Helium atom and double ones separated infinitely
are calculated using improved method with cc-pVDZ basis set:

Energy
single Helium atom -2.8876 Hartree
double Helium atoms separated 100 Angstrom | -5.7752 Hartree

where the double energy is two times as large as the single one.

Hs containing only one occupied orbital is similar to the He atom, the
energy of which is calculated compared with that of two Hy separated in-
finitely using improved method,

Energy
the energy of Hy with cc-pVDZ basis set -0.9260 Hartree
the energy of two Hy separated 100 Angstrom | -1.8519 Hartree

the double relationship in which ensures the extensivity.

The current QVCCD method also possesses exactness at the limitation of
2 electrons or 2 holes, the energy at which agrees with that of Configuration
Interaction Doubles(CID). The additional terms of my project to the current
energy functional should therefore vanish on their own as designed at the
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index 1 | index 2 | index 3 | numerical derivative | analytic derivative
1 1 1 3.903E-004 3.903E-004
2 2 17 3.611E-004 3.611E-004
1 1 4 -5.698E-005 -5.698E-005
2 2 20 9.874E-005 9.874E-005
2 1 33 6.272E-004 6.272E-004

Table 4.1: the numerical differentiation test of M2 term on di-Helium
molecule, where aF — b is the way number a * 10~° presented in Fortran
program output

very beginning. As derived in last chapter, because of the equivalence in «
term, it becomes,

oa=DBl1+ D1+ M2+ 2M3

The two-electron limitation of B1 term is, —2(eé||e€) <T2TT2) (T;f&} which
is same as that of B2, that of M3 is +(e€||ee) <T2TT2)(T§T2> The limitation
of B1 4+ 2M 3, which is part of the additional « term, is 0.

The two-electron limitation of D1 term is expressed as, +(eé||e€) 4 anl
which is same as that of D2, that of M2 is —(eé||e€) 4nf on%. The limitation
of D1 4+ M2 which is the rest part of « is therefore 0[48].

The initial value of those energy diagrams is calculated using improved
method,

Ep1+2FEy3=0

Epi+Epe =0

which ensures the exactness of the improved method.

4.1.2 the numerical differentiation test

Every term in the energy expression, Msy,M3,B1 and D; are successfully
tested by means of the numerical differentiation described in last Chapter.
In Table 4.1, the index 1 is the first occupied orbital 7 in the cluster
amplitude T(% with respect to which the partial derivative is found, and the
index 2 is the second occupied orbital j. The index 3 is the composed index
made from the occupied ones 4,7 and virtual ones a,b, which uniquely relates
to a cluster amplitude. Asshown in the Table, the numerical derivative agree
with the analytical one.
Ny is a much larger molecule than Hes, in which hundreds of combinations
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index 1 | index 2 | index 3 | numerical derivative | analytic derivative
1 1 1 -1.431E-004 -1.431E-004
2 1 78 2.186E-004 2.186E-004
2 2 155 -7.168E-005 -7.168E-005
3 3 232 -2.261E-004 -2.261E-004
4 4 309 -2.261E-004 -2.261E-004

Table 4.2: the numerical differentiation test of M3 term on di-Nitrogen
molecule, where aF — b is the way number a % 107" presented in Fortran
program output

composed index | numerical derivative | analytic one | difference
1 1.739E-004 1.739E-004 | -4.342E-016
78 3.080E-004 3.080E-004 | 5.616E-017
155 1.055E-003 1.055E-003 | -1.064E-015
232 2.136E-004 2.136E-004 | 4.235E-016
309 2.136E-004 2.136E-004 | -2.470E-016

Table 4.3: the numerical differentiation test of Bl term on di-Nitrogen
molecule, where aF — b is the way number a * 107" presented in Fortran
program output

of four indices 7,7 and a,b are possible. It means that there are hundreds of
partial derivatives carried out by the software. Some of these combinations
are symmetric to each other, ie the orbitals are degenerate, for example,
the cluster amplitudes demonstrated in the last two rows of Table 4.2, with
respect to which the partial derivatives are same.

Table 4.3 is the partial derivative of B1 term with respect to the cluster
amplitudes in Ny molecule. As introduced in the last Chapter, because the
numerical differentiation is not mathematical due to the incomplete storage
of cluster amplitudes, the analytical result has to be transformed in order
to compare with the numerical one that is considered to be the benchmark.
The transformed results BaTEi; + ;ﬁi (i>7) agree with the numerical ones.

Table 4.4 is the comparis%bn on ]b)al term using CO9 molecule, which is a
larger system than Ns. As expected in the last Chapter, the error is reduced
to the fourth power of the stepsize which is at 1% 1076 level. The difference
presented in the Tables listed are all around this level.
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composed index | numerical derivative | analytic one | difference
1 -1.932E-004 -1.932E-004 | -3.433E-015
180 1.864E-004 1.864E-004 | 6.392E-015
359 -1.492E-004 -1.492E-004 | -1.684E-016
538 -3.335E-005 -3.335E-005 | 7.976E-016
717 -3.335E-005 -3.335E-005 | -1.921E-015

Table 4.4: the numerical differentiation test of D1 term on Carbon di-Oxide
molecule, where aF — b is the way number a * 10~° presented in Fortran
program output

4.1.3 energy variation test on QVCCD method

When the program converges, the energy of the molecule, as a function with
respect to cluster amplitudes, reaches minimum. The energy is therefore
numerically tested by being variated in its neighbour area to see whether it
is the minimum.

When a cluster amplitude is selected and variated a small amount, the
energy changed as a result should be higher than the equilibrium one because
the latter is expected to be the local minimum.

In the experiment, the special cluster amplitudes representing

T T4 T Tah (i # j,a # b) are selected, and a tiny amount is at first
added then subtracted from them, the energy changed are demonstrated
as a variable with repect to the variating cluster amplitudes. As shown
in the Figure 4.1.3, Figure 4.2, Figure 4.3, the energies with respect to
Ti,TH. Tah, (i # j,a # b) are all satisfactorily demonstrating themselves
to be the minimum. Although there is certain degree T?;  (a # b) in which
the result is not the expected quadratic plot shape(Figure 4.1.3), it can due
to the nature defect in Molpro, or simply because they are not dominant in

magnitude.

4.2 spectroscopic constants of small molecules

Certain calculations have been done to re-estimate the performance of the
methods on the equilibrium bond length and vibrational frequency of small
molecules, based on the existing work introduced in Table 2.1 in Chapter 2
section 6.

The experiment was done using the diatomic molecule curve fit command
in Molpro, which took a couple of points on the No potential energy curve
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Figure 4.1: the energy variation test on Heo, the unit of the energy is Hartree,
the equilibrium energy is -5.43174772
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Figure 4.2: the energy variation test on Heo, the unit of the energy is Hartree,
the equilibrium energy is -5.43174772
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Figure 4.4: the energy variation test on Heo, the unit of the energy is Hartree,
the equilibrium energy is -5.43174772
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Ny way of extrapolation vibrational frequency
CCSD(T) VTZ-VQZ extrapolation 2364.72
VQZ-V5Z extrapolation 2363.08
V5Z-V6Z extrapolation 2361.94
OQVCCD(T) VTZ-VQZ extrapolation 2382.05
VQZ-V5Z extrapolation 2379.93
V5Z-V6Z extrapolation 2379.28
QVCCD VTZ-VQZ extrapolation 2475.67
VQZ-V5Z extrapolation 2473.79
V5Z-V6Z extrapolation 2472.73
improved QVCCD VTZ-VQZ extrapolation 2457.74
improved OQVCCD VQZ-V5Z extrapolation 2444.75
improved OQVCCD(T) | V5Z-V6Z extrapolation 2364.37

Fo way of extrapolation vibrational frequency
(equilibrium bond length)
QVCCD VTZ-VQZ extrapolation 1058.35(1.3794)
0OQVCCD VTZ-VQZ extrapolation 1030.06(1.3862)
OQVCCD(T) VTZ-VQZ extrapolation 938.86(1.4082)

improved QVCCD

VTZ-VQZ extrapolation

1022.14(1.3866)

improved OQVCCD

VTZ-VQZ extrapolation

990.48(1.3944)

improved OQVCCD(T)

VTZ-VQZ extrapolation

889.63(1.4189)

Table 4.5: the calculation on Ny and Fa, the unit of the vibrational frequency

is em™1
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Figure 4.5: the points selected on the Ny potential energy curve used to
estimate the diatomic molecule property

and works out the vibrational frequency and other molecular property(such
as equilibrium bond length, energy) automatically, as demonstrated in Fig-
ure 4.5. The T* terms improved the current QVCCD method in a magnitude
expected, which is shown in the Table 4.5. The calculation is also done on
the Fy. The improved magnitude should reflect its accuracy [79].

4.3 the prospective work to the project

4.3.1 the defect in current QVCCD with 7% program
the reverse ordered residual

As described in subsection 3.5.3, the 7% terms are built onto the QVCCD
platform containing disaster remained. The gradient stored are in reverse
order to the convention in Molpro, which left enormous implicit effect in the
running of the rest of the program. For example, in the DIIS extrapolation,
the residual made of gradient are used to form the corresponding vector
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V[50],

V=> \Vm (4.1)
where ), are determined by minimizing
VIV =Y er(VITV) + 3 (7 o) (4.2)
i>j i

with restriction

d =1 (4.3)

Noone can guarantee that the reverse ordered residual V(™ will not make
any difference.

the simple inclusion of D2 and B2 term

The D2 and B2 terms described in Chapter 3 do not have the full partial
derivative expression developed, because their energy values are same as D1
and B1. Therefore, they are simply replaced by timing a factor of 2 in front
of D1 and B1 terms in both the energy and partial derivative expressions.
However, it can be seen from their expressions that the partial derivative
with respect to the cluster amplitudes are not equal to D1 and B1 although
their energy values are proved to be same. As a result, simply times a factor
of 2 on the partial derivative of D1 and B1 would be less mathematically
ideal.

It can ensure the partial derivative to be purely mathematical if the factor
of 2 is not imposed, but the D2 and B2 terms would be totally neglected.
Therefore, the full expression of D2 and B2 can be explored in the next
project.

4.3.2 the reduction of computational cost

The current program implements the working equation in a normal way of
programming design. It implements the product of two matrices which is

a special form of multi-variable functions, for example > > Tk Tgf, in a
k c
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multiple embedded loop:

DO i=1,N
DO j=1,N
DO a=1,v
DO b=1,v
DO c=1,v
DO k=1,N
sum = Télngck
ENDDO
ENDDO
ENDDO
ENDDO
ENDDO
ENDDO (4.4)

where N is the number of electrons and v is the number of virtual orbitals
in the system. It is nearly the most efficient algorithm on its own. Because
the execution of each variable needs at least one unit of time, if each loop
is iterated N times, the 6-fold loop would be executed N® times, which is
generally of lowest complexity in whatever way it is implemented.

As far as I have heard, when the number N that each loop is iterated is
a large number, for example 1000 or 10000, there is certain CPU branch
prediction algorithm which relates to the miss rate calculation of memory
cache[80, 81, 82]. It is of lower computational cost but far beyond basic way
of software implementation, which requires the association of hardware as
well.

There is internal subroutine stored in Molpro that does such matrix
multiplication in a more efficient way instead of using normal multiple loops,
which will greatly reduce the computational cost.

The current program involving 7% terms runs slowly and is only applicable
for small molecules, therefore, it is quite urgent that the code needs to be
updated using such intrinsic subroutines in Molpro.
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4.3.3 the orbital optimized version of the QVCCD method
involving 7" term

The current QVCCD method has the version containing orbital optimized,
which is described in Chapter 2. Now that the T* terms are ready to
QVCCD method, the orbital optimized version is what needs to be devel-
oped at the next stage. In fact, the current QVCCD method with T terms
can already run with the optimized orbital input from the current OQVCCD
method, which is also an effective way of including optimized orbitals just
using the existing developed methods.
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