80. Coupled-Cluster Methods in
Quantum Chemistry

We here provide a short introduction to diagrams, which will be used in exercise 80.2.
Diagrams provide an easy and visual way to derive algebraic expressions of matrix ele-
ments in second quantization. Different types of diagrams exist (Feynman, Goldstone,
etc.). We will here use a diagrammatic representation suitable for coupled-cluster theory,
the antisymmetrized Brandow diagrams. We start by a short recapitulation of the theory
the diagrams are based upon, before proceeding to the Brandow diagrams.

Background theory

We will be working in the particle-hole formalism with the HF state |Uyp) = |0) as
vacuum, rather than the true vacuum state |vac). The quasi particles (QPs) consist of
particles and holes, where particles correspond to electrons in virtual orbitals and holes
correspond to the absence of electrons in occupied HF orbitals. In this picture, the HF
state is a vacuum in the sense of having no particles and no holes. The elementary
operator for the creation of an electron in a virtual orbital af corresponds to a creation
of a particle b}, and annihilation of an electron in an occupied orbital a; to a creation
of a hole bj Similarly, annihilation of an electron in a virtual orbital a, and creation of
an electron in an occupied orbital a} correspond to annihilation of particles and holes, b,
and b;, respectively. It then follows that

bp|0) = (0[], = 0, (80.1)

for all QPs p € {i,a}. All operators in second quantization involve a string of elementary
operators. At the same time, we can express any state that corresponds to some Slater
determinant as a string of creation operators ... blb;b}; acting on |0).

Therefore, we can rewrite integrals involving two states and an operator string O into
a vacuum expectation value (VEV) as (0[bibyb, ... O ... blbIb1]0). The VEV vanishes due
to Eq. (80.1) if all creation operators are to the left of the annihilation operators. They
are then said to be in normal order, for example, (0\b2b1bbbc|0> = 0. Usually, such strings
contain an even number of elementary operators (which we assume in the following) but
are not in normal order to begin with. They can, however, be recast into normal-ordered
form which then makes the evaluation of the VEV very simple. For this rearrangement,
we could use the anti-commutator relations directly, i.e., by permuting two operators in
a string by bpbj; = —b:flbp + 0pg, until all operators are in normal order. For example, we
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can recast the string Y = b,b,bfb! into its normal-ordered form:
Y = blblbyby — 8grblby + 0,prblby + Ggsblby — Spsblby + Ggr0ps — Oprdys. (80.2)

The important point to note is that for the VEV, (0]Y'|0), only the last two terms con-
tribute, as all other terms contain strings of creation and annihilation operators in normal
order. In our example, the VEV is thus simply given by (0|Y'|0) = 04,0ps — 0prdgs. Re-
casting strings into normal-ordered form in this way is, however, quite tedious. A simpler
way to obtain that same expression is by use of Wick’s theorem. A full introduction to
Wick’s theorem is given in chapter 9, but we still give a brief recapitulation here since
it is central to the understanding of the diagrams. We start by recalling the concept of
contractions. A contraction between two elementary operators ¢, and dy is defined as

0 if ¢,d, already in normal order
éﬁq = cpdq — {cpdq} = { v

0pq if cpdg not in normal order

where the curly brackets indicate normal ordering, under which permutation of two oper-
ators gives a sign change. If the operators are already in normal order, the contrac-
tion trivially vanishes. Otherwise, it follows from the anticommutator-relations that

—
bpbl = bpbl — {bpbl} = bybl + blib, = 6pq. Note the subtle difference in wording: For
X =byb}

normal ordering of X : {X} = {bpb(T]} = —b;bp
normal-ordered form of X : X = —blby +0pg = {X} + 6pq

Wick’s theorem now states that we can obtain the normal-ordered form of any operator
string Y by summing the string in normal ordering, {Y'}, with all single, double, etc.
contractions of Y also in normal ordering

Y= (v}+ S {Y )+ Z{'?IH... (80.3)

single double

Comparing Wick’s theorem to our result in Eq. (80.2), we see that the first term corre-
sponds to the normal ordering of the string Y, {bpbqbibl}, the next four terms are the
singly-contracted terms, and the last two the doubly-contracted terms. As a contraction
removes two elementary operators to yield either zero or a d,4, the result from the fully
contracted terms is either zero or a product of Kronecker deltas. For the VEV, therefore,
we don’t even need the full expression of Y in normal-ordered form but instead only need
to evaluate the fully contracted terms.

In short: To evaluate an integral between two states and some string of elementary oper-
ators we want to rewrite the integrals into VEVs because they are easily evaluated. The
strings of elementary operators need to be recast into normal-ordered form and for the
VEV, only the fully contracted terms need to be considered.
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Brandow diagrams

Turning to the problem at hand, we recall that the Hamilton operator of an N-electron
system in normal ordered form is given as

1
H = FEuyr + Z frq {a;ﬂaq} + 1 Z(pq“rs){aTaTa ar} (80.4)
rq pqrs

Eyr is the (scalar) Hartree-Fock energy, fny the one-electron (Fock) operator, and Wy
the two-electron operator. The coupled cluster (CC) energy and amplitude equations are
derived by inserting the ansatz for the CC wave function ¥ = ¢ |0) into the Schrodinger
equation, multiplication from the left with e~ and projection onto the reference and
I-fold excited determinants (®;|, respectively:

(Ole”THeT10) = E (80.6)
(®rle"THe''|0) = 0. (80.7)

T is the cluster operator, with T' =Ty + T + --- + Ty, where T}y = ) . t¢ ala;, Ty =

I ijb tf]b aba] a;, etc. From the BCH expansion we get

e THe' = H+[H,T)+ — [[H T),T] +. (80.8)
Wicks theorem now tells us that we can recast all commutators as

[H,T)=HT —TH = {HT} + Y {H,_‘T}+---—{TH}— 3 {T'_I'{}—... (80.9)

single single

As {HT} = {TH} and as all contractions where T is left of H vanish (the string T'H is
already in normal order), we see that only terms can contribute where H is left of T" and
where H and T have at least one contraction, symbolized as (HT). (’¢’ for ’connected’).
The BCH expansion then becomes

e THe" = H+ (HT). + %((HT)CT)C +... (80.10)
= (Hexp(T))e. (80.11)

Inserting the Hamiltonian of Eq. (80.4), the definition of the cluster operator, as well as
the expansion in (80.11) into the CC amplitude and energy equations, we could, by the
use of Wicks theorem, as outlined above, arrive at algebraic expressions for Egs. (80.6)
and (80.7) by rewriting them into VEVs and forming the fully contracted terms between
the different strings of QP creation and annihilation operators. A great number of these
terms will, however, turn out to be equivalent or zero and it is easy to make mistakes
manipulating the indices in the operator strings. With diagrams, the goal is to do these
contractions in a visual way and to only consider such contractions that will be both
non-redundant and non-zero.

In short, the procedure consists of the following four steps

1. write down the relevant equations
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2. write down the diagrams and excitation level of all involved operators
3. contract diagrams to desired excitation level and number and type of external lines
4. convert diagrams to algebraic expressions

We will outline this procedure taking CCD as an example.

Step 1

In CCD we truncate the cluster operator to T' = T,. The energy and amplitude equations
are given by

E = (0[(H exp(T2))c|0)

= (0] H|0) + (0|(HT).|0) + %(O\(HTQ)CTQMO) T (80.12)

= Bige + (01f10) + O1Wn[0) + (O1(fxT2)el0) + O[(WNT2)el0) + .. (80.13)
0 = (@F|(H exp(T2))c|0)

= (B H|0) + (B (HT)J0) + 5 (@5F1(HT:).To)cl0) + .. (50.14)

= (D[ fn|0) + (DLW |0) + (D] (fnT2)e|0) + ... (80.15)

where for the amplitude equations we only project onto doubly excited determinants
(@F71.

Step 2

In diagrams, conceptually, operators are represented by a symbol and a number of lines
attached to that operator symbol, namely one line per operator in the string. The symbols
for the operators are chosen as horizontal lines: the components of the Hamiltonian are
represented by dotted lines and the cluster operators by solid lines. The distinction
between particles and holes is made via direction (arrows) on the lines. Furthermore,
the distinction between QP creation and annihilation is made by placing the lines above
and below the operator symbol, respectively. More specifically, the lines are connected
to vertices: for a k-electron operator, there are k vertices in its diagram, each with one
incoming and one outgoing line. The rules to remember are:

a) lines from above represent particle/hole creation operators

=

lines from below particle/hole annihilation operators

o

o,

arrows pointing downwards represent holes

)
)
) arrows pointing upwards represent particles
)
e)

each vertex can only have one incoming and one outgoing line (one arrow pointing
towards it and one pointing away from it)

f) two diagrams are equivalent by pair-wise interchange(s) of two incoming or two
outgoing lines between vertices that belong to the same operator
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g) excitation level: 3(# of lines from above — # lines from below)

We are now ready to write down all diagrams for the Hamiltonian and the T cluster
operator, where the latter can be expressed as

_ 1 ab T )
T, = zZZtualabaﬂz
ij ab

+2

with the algebraic expression in the top row, the diagram in the middle row, and the
excitation level in the bottom row. FEyp is simply a scalar, with excitation level 0, and
has no diagrammatic representation. Turning to the one-electron part of the Hamiltonian,
it can be expressed as

N = beab{a:;ab} + Zfz‘j{a;raj} + Zfia{aj-aa} + qui{azai}
a (¥ ar at

A

0 0 -1 +1

Il
X
+

The Fock operator is represented by a dotted line with one vertex to the left, and with
a cross to the right to specify that it is not an actual vertex. As can be seen, there is
a clear link between the algebraic expressions and the diagrams. The excitation levels
can also be easily rationalized: the first two with excitation level 0 are rotations among
virtual or occupied orbitals, respectively, the third excitation level -1 diagram is a single
de-excitation, and the fourth excitation level 1 diagram is a single excitation
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In the same way, the two-electron operator is expressed as

~

Wy = il (ablled){afafasac} + (ijllkl){alafaiar} A(ial [bj){alafa;ap}
+  2ai|lbc){alalaca} + 2<ij\\ka>{aja}aaak}
+

+

! 2(ab||ci){a}a}aiac}
2(ialjk){alafara;} + (abllij){afaja;ai}  + (ijllab){alalasan} ]

A

0 0 0

A A

-1 -1 +1

oY Y
A A

+1 +2

where Einstein summation is assumed for the algebraic expressions. Splitting the sum
over the general indices p,q,r, s in Eq. (80.4) into occupied 4, j, k,! and virtual a,b, ¢, d
indices gives 16 terms. By exploiting the anti-symmetry as well as the rules to permute
operators inside the brackets for normal ordering (sign change), we arrive at the nine
terms with corresponding factors as given above. We can also understand the factors
from the perspective of equivalent diagrams according to rule f): for instance, diagram 3
can be drawn in four different ways

AN LY e
Vo \v A A

and therefore gives a factor of four.

Similarly, diagrams four to seven have two equivalent diagrammatic representations, as
they all have an equivalent mirror image giving a factor of two. Diagrams one, two, eight
and nine are unique. You do not have to remember these factors, rather, all factors, i.e.,
coming from the operator definitions, the expansion in Eq. (80.11), as well as factors,
permutations and signs in equivalent diagrams are included when following the rules given
under step 4.

+
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Step 3

Two operators are contracted by ’joining lines’. If we have the product AB of two operators
A and B and want to consider their contractions, we will draw the diagram for A on the
top and the one for B below. Meaningful (non-vanishing) contractions are then the ones
where we connect lines that are below A (QP annihilation) and above B (QP creation)
and that point in the same direction. We know from Wicks theorem, that only the
fully contracted term can contribute to a VEV. Therefore, in principle, all lines should
be connected. This is true for the CC energy equations. However, for the amplitude
equations in Eq. (80.15), there is a string of operators we have not yet accounted for.
The doubly excited determinant (®¢?| can be expressed as (O|a§a}abaa, which would
correspond to a diagram with four lines pointing down and therefore an excitation level
of -2. We are, however, not going to draw this diagram but instead just keep in mind
that we will need four open lines pointing up in our final diagrams for the amplitude
equations, namely a(‘;azajai to connect to <‘1>§L;’| to from the remaining contractions for
the VEV. In other words, the desired excitation level of the final diagrams is +2.

We will now outline how to contract the diagrams by a few example terms from the CCD
amplitude equations, Eq. (80.15), and leave it to exercise 80.2 to work out the remaining
terms. First, we consider the the integral

(B (FNT2)c0). (80.17)

The ket side has excitation level 0 and the bra side has excitation level +2 (doubly excited
determinant). Thus, the only allowed contractions must have an overall excitation level
+2 (bringing either the ket side to +2 when working to the right, or the bra side to 0
when working to the left). Since the T5 cluster operator has excitation level 42, we get
non-vanishing terms only for the two fx diagrams with excitation level 0. We will here
consider the first of these, giving

(80.18)

Notice that 1) we have a contraction between the cluster operator T and the one-electron
component fy of the Hamiltonian, denoted an internal line, over the free index ¢, giving
a full summation over this particle index, 2) we have four open lines from above, two
particle and two hole creations, to give excitation level +2, 3) the indices of the open
lines match the fixed indices on the bra side, thus no summation here, and 4) the first
continuous line starts with ¢ and ends with a and the second starts with j and ends with
b. Also notice that contraction of the particle creation line from the first vertex of the
T5 operator instead of on the second vertex gives an equivalent diagram, and can thus be
disregarded. We will come back to the rules for the algebraic expressions under step 4,
but for now let us consider a few more examples.

Let us continue by considering the third term of Eq. (80.11) for the one-electron part

In '
§<¢.;17b ((fNT2)(’T2)c‘O> (8019)

Since both T3 operators have excitation levels +2, giving a total of +4, we cannot reach
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the desired excitation level of +2 as the fy operator has a minimum excitation level of
-1 such that this term does not contribute.
We now turn to the two-electron component Wy, starting with

(B |(WNTy)c|0). (80.20)

Again, T» has excitation level +2, so we can only match it with the Wy diagrams of
excitation level 0. For the first Wy diagram of excitation level 0 we get

(80.21)

The final example we give here is the integral involving the third term of the BCH
expansion, Eq. (80.11), for the two-electron part of the Hamiltonian, namely
1
§<<I);ij ((WNT2)(’T2)F|O> (8022)
Since the joint excitation level of the two T5 operators is +4, the only non-vanishing term
is with the Wy diagram of excitation level -2. This term gives a total of four possible
contractions, and we give only one of them as an example here

, (80.23)

with the other three left for exercise 80.2. One important thing to notice here, is that we
need at least one contraction with each of the two cluster operators to give non-vanishing
contributions.

Step 4

We have now outlined how to contract the diagrams, and are ready for the final step,
namely to translate the diagrams into algebraic expressions. This is achieved with the
following set of rules

A) assign indices. For the open lines (corresponding to the indices on the bra side), 4
should be connected to a, j should be connected to b, etc.

B) sum over indices of the internal lines (lines connecting two operators, the contrac-
tions)

C) assign matrix elements: Fock matrix fouin = (out|f|in), anti-symmetrized two-
electron integrals (outjoutsl|inying), cluster amplitudes ¢y "Lo"", etc., with ’ing’
and 'outy’ the incoming and outgoing lines on vertex k

D) factor: m equivalent internal lines give factor 1/n!, and m equivalent operators
connected in the same way give factor 1/m!
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E) sign: (—1)™mentmeor | with nyne p the number of internal hole lines and nyeop as the
numer of loops. A loop is set of lines that begins and ends at a given vertex.

F) P(pq) =1— qu: for unique external lines (p, ¢ of the same type but at different
operators)

with Iqu the permutation operator exchanging the two indices p and ¢. Using these
rules, we can convert the diagrams of Egs. (80.18), (80.21) and (80.23) into the algebraic
expressions

P(ab) > fuctls, (80.24)

where we have to include P(ab), since we have two unique external particle lines in
Eq. (80.18),

1 Ci
5 D_lablled)ty, (80.25)
cd

where the factor 1/2 is included since we have two equivalent internal lines in Eq. (80.21),
and finally
1 s ac
§P(ZJ)P(ab)ZZ(lszHcd)tiktﬁ, (80.26)
cd ki
where we include both P(ij) and P(ab) since both the external particle and hole lines are
unique, as they are connected to different T operators, and where the factor 1/2 arises
since we have two equivalent operators (the T5’s) connected in the same way.
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Exercise 80.1 : Essentials of CC theory
(Review of the material)

a) What is the choice of the cluster operator in the CCSD ansatz and which excited
determinants are considered and not considered in the wave function?

b) Discuss the differences between CCSD, CISD, and FCI wave functions and explain the
terms “disconnected” and “connected” excitations.

¢) Why are the CC amplitudes determined via projection techniques and not via the
variation principle?

d) Describe the various steps and approximations required to obtain the so-called CCSD(T)
approach. Discuss also the computational requirements of CCSD(T) and estimate for var-
ious cases (different numbers of electrons and basis functions) how much more expensive
a CCSD(T) calculation is in comparison to CCSD.
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Exercise 80.2 : CC equations and diagrams
(medium difficulty)

Work out (in a systematic manner!) all diagrams for the CCD (for the more advanced,
CCSD) amplitude equations and give the corresponding algebraic expression.

Hint: for CCSD there are 3 diagrams for the energy, 14 diagrams for the singles equations
and 31 diagrams for the doubles equations.

Solution 80.2
The CCD case

The equations to be considered are
E = (0| (H exp(T)),[0); 0= (2| (H exp(T)),]0),
with

1
2!

1

(H exp(T)), = H+(HT), + 3!

(HT?),+ o (HT?), +...

Consider the excitation levels of the diagrams to be evaluated:
— Energy expression:
the total excitation level (projection on references) needs to be zero
— Amplitude equation:
the total excitation level (projection on doubles) needs to be two
Consider the number of open lines in the diagrams to be evaluated
— Energy expression:
no open lines, closed diagrams

— Amplitude equation:
four open lines, two pointing upwards and two coming from above

(80.27)

(80.28)

Get complete list of diagrams for 75 and H together with their excitation rank (see

below)
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cluster operator \/ v excitation rank 2

Hamiltonian Eiic excitation rank 0

. > ________ > ________ g

LA ) excitation rank -1
excitation rank 1 both excitation rank 0

LY Nl Nf Ny e

excitation rank 2 both excitation rank 1 both excitation rank 0
excitation rank 0 both excitation rank -1 excitation rank -2
Energy total excitation level 0, no open lines

contributions from

H closed contribution,
excitation rank 0 =3 Eyp
(HTy), T, has excitation rank 2 /\ /\
=>

—~ H contribution must

have excitation rank -2 / Y f E ¢

1l
note T must sit below H W

Y% (H T,2), (T,)? has excitation rank 4 {: {:

=~  H contribution must no contribution
have excitation rank -4 =~ possible

the same holds for all other contributions to the energy
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total excitation level 2,
four open pointing/coming from above

amplitude equations

contributions from
H excitation rank 2 =

(HTy), T, has excitation rank 2

H contribution must

=>
have excitation rank 0

connections are unique,
as all lings from H below
the vertices need to be connected

note that it does not matter to which lines of T the lines from H are connected, all these
possibilities are equivalent to cach other and only one of them should be considered

(HT,), T, has excitation rank 4

H contribution must

=>
have excitation rank -2

AT

connections are not unique,
the following options exit
3 lines (up,up.down) to first and 1 line(down) to second T,
3 lines (up.down,down) to first and 1 line(up) to second T,
2 lines (down,down) to first and 2 line(up, up) to second T,
2 lines (up,down) to first and 2 line(up, down) to second T,

4 lines to first and none to second T is not connected!

C W
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(HT,), T, has excitation rank 6

no contribution

=~ H contribution must ;
possible

have excitation rank -4

final result

CC energy: O 0

algebraic expressions

1 fors 4 pah
CC energy: 1.2 2 (idllabjeg]
ij ab
. T U - A v - . <ot AN O, Yn e = NS NS *
CC equations: ‘\/ \/ 5/ 3:
£ (e1)) 0 faatad
(ab]li) P_(ab) Y factiy Z o
straightorward ) \/
applicationiof ~ , No.of . X oL o ]
rules & f I y
1 - 1 ! gt f > (i P_(ah fmbl|e Y $ae
- (mnl|ij)t2 - {ab||efit P_(ij)P_(ab) Z Z {mbl|ejitis
make sure that 2 % it 2 Z{: i m e

1 connects to a i
and j connectstob (Y \ w
1 )
1 | T o b A ] '-.3‘-'r fm',
~P_(ab) E E {mn||efit #57 5 P-(i7) § E {mn|lef)t;, mj
2 (F ; || b = mn e f

ma i
mn |__r
only diagram with P e
equivalent operators \\M/ A/ { b ? W/
ik 1 T : ST
Z Z{m” ||.;(,fff o 51’_.. (1) P_{ab) Z Z {mn||efitee f_J{_

mn ef mn ef

note that this is the

| -




1057

The CCSD case
e The equations to be considered are
E = (0[(H exp(Ti +T3)).[0)

0 (@7 (H exp(Th +12)),|0)
0 (| (H exp(Ty + T2)),.|0)

C
with
1 1

(H exp(T)), = H+ (HT), + 5 (HT?) + 5 (A %) +... (80.29)

o Consider the excitation levels of the diagrams to be evaluated:

— Energy expression:

the total excitation level (projection on references) needs to be zero
— Singles equation:

the total excitation level (projection on singles) needs to be one

— Doubles equation:
the total excitation level (projection on doubles) needs to be two

e Consider the number of open lines in the diagrams to be evaluated

— Energy expression:
no open lines, closed diagrams

— Singles equation:
two open lines, one pointing upwards and one coming from above

— Singles equation:
four open lines, two pointing upwards and two coming from above

o Get complete list of diagrams for T3, T> and H together with their excitation rank,
as shown in the following. Note that we add comments concerning contractions
such as, e.g. (2,1,1), meaning two contractions to first 7', and one to second and
third. Sometimes, in the following, we also provide information about the arrow
direction of the contraction: 'u’ means upwards and ’d’ downwards.
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Hamiltonian

V.V

excitation rank 2

excitation rank 0

cluster operator

. > ________ > ________ g

excitation rank 1

excitation rank 1 \/ \’\/ excitation rank 2

excitation rank 0

) excitation rank -1
both excitation rank 0

both excitation rank 1 both excitation rank 0

N </\ """" < NA

both excitation rank -1 excitation rank -2

Energy
contributions from

H

(H Tl)c

total excitation level 0, no open lines

closed contribution,
excitation rank 0 =3

T, has excitation rank 1

? i ==
=~ H contribution must
have excitation rank -1

and must not have lines above "
the operator symbol v
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(HTy),

VM),

(H TITE)C

as for CCD => [

(T,)* has excitation rank 2

—~ H contribution must
have excitation rank -2 ==

T,T, has excitation rank 3

H contribution must
have excitation rank -3 =~

= no contribution

possible

the same holds for all other contributions to the energy

singles equations

contributions from

(HT,)),

two contractions nceded
but not possible

and no line below the vertex/vertices

total excitation level 1,
two open lines pointing up/coming from above

¢xcitation rank 1

T, has excitation rank 1 B

H contribution must
have excitation rank 0 A

==

; ; 2]
connections are unique, \
as all lings from H below =
the vertices need to be connected
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(HTy), T, has excitation rank 2

=~ H contribution must
have excitation rank -1

172 (HT?), T,? has excitation rank 2 - “

—~ H contribution must [y
have excitation rank -1

(HT,T)), T,T, has excitation rank 3

=~ H contribution must
have excitation rank -2

contraction possibilities
2 x(3,1) (types: udu, d and udd, u)
1 x(2,2) (type: ud, ud)

131 (HT;?),. T, has excitation rank 3

=~ H contribution must
have excitation rank -2

one contraction possibilities: (2,1,1)
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doubles equations

contributions from:

H

(H Tl)c
N
AV
N\
\/

total excitation level 2,
four open lines pointing up/coming from above
excitation rank 2 ==

excitation rank of H must be 1

T has excitation rank 1 =

connections are unigue I8

1/2(H T,2),

one (1.2) and two (2.1) contractions

T,? has excitation rank 2 => excitation rank of H must be 0

no contributions

+ those on next slide

two (1,1) contractions
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(HT,T)), continuation

\
= -
rs - X
no contraction
one (1,1,1) contraction possible
1/2(HTY). T2 has excitation rank 4 => excitation rank of H must be -2

Y

\/ \\!_.r 4 =

as for CCD, two (3,1) contractions and two (2,2) contractions =

1/2(HT,T ), T,T,* has excitationrank 4 —.. excitation rank of H must be -2

two (1,1.2) and three (2,1,1) contractions § - .

+ those on next slide
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1/2 (HT,T,2), continuation

Yal HT %), T,* has excitation rank 4 =

NN NS N Al A\ —
one contraction (1.1.1.1)
= atotal of 3 diagrams for the energy, 14 diagrams for the singles equation
and 31 diagrams for the doubles equation
final set of diagrams
x X I A )
CC energy: | . . | : | .
3 ; . \ Y i
singles equations: \ \ N
/ e T T = SN ©
Voiiox T 0
N TR
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final set of diagrams

doubles equations:

final set of diagrams, cont‘d
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final set of diagrams, cont‘d

e . - ~ L e N /
\ N N 3
h o - ", - " -~ w Py
5 'y »
ML NN A N NN PN
Nt N N R NN N
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Exercise 80.3 : CC theory and spin contamination
(advanced, more difficult)

CC theory in its standard formulation provides only spin eigenfunctions in the case of
closed-shell systems, while open-shell treatments suffer from spin contamination. This
observation can be explained by analyzing the commutator [S2, T).

a) Show that [S2,T] = 0 implies that the CC wave function is a spin eigenfunction
provided that the reference determinant is a spin eigenfunction.

b) What are the commutator with S? for a simple excitation operator such as al_a;,
(notation pa denotes a spatial orbital with index p combined with an « spin function)
and for the generators of the unitary group, Ef =" _ al_a;,?

Hint: The operator S? is a two-electron operator and actually best used in the form
S?=5,8 +82-8,. (80.30)
In second quantization the corresponding operators are given as
1
Sy = Za;aapﬁ; S_ = Zalﬁam; S, = B Z(a;aam - G,Lﬁapg). (80.31)
P P P

To reduce the amount of work, consider the commutators with S_, S;, and S..

c¢) Show that in the closed-shell case the cluster operator (with the given relationships
between the amplitudes) can be rewritten in terms of Ef.

d) Discuss how a standard open-shell CC treatment could be modified in order to obtain
a properly spin-adapted CC wavefunction. Discuss the consequences in particular with
respect to the normal-ordered representation of products of cluster operators.

Solution 80.3

a. A CC wave function is a spin eigenfunction (i.e., eigenfunction of S2, the case of S.
is trivial and not discussed) when the following eigenvalue equation holds

5% exp(T)[0) = (s + 1) exp(T)|0)
With the assumption that the reference determinant is a spin eigenfunction
5210) = s(s +1)0)

and that the commutator
[$%,T] =0

vanishes®, it follows that the CC wave function is a spin eigenfunction:
52 exp(T)|0) = exp(T)5?|0) = exp(T)s(s + 1)|0) = s(s + 1) exp(T)|0)

*This implies [52,exp(T)] =0
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b. The spin operator S can be rewritten as (see standard textbooks of quantum
chemistry) as

1
5% = 5 (S4S_+85.8.)+82=8,5 +5%-85..
The second-quantized form of these erators is given as:

Sy =D ahatps; S =) ajgapa; S:=53 (%a“m - a;ﬂapﬁ)
p p p

To be evaluated are now the commutators of these operators with

w\>~

al Gia, alﬁam7 and E? = af a0 + azﬁaiﬁ

It suffices to compute the commutators of amam with Sy, S_ and S, and infer
from this the other commutators. The commutators can be computed using the
anticommutator relations, but the best way is probably to use Wick’s theorem, as
discussed in Chapter 9 (hint: use normal ordering with respect to the real vacuum
and realize that only contracted contributions survive in the commutator). This
yields:

[S+7 Cl a’la} = Z (a;aapﬁalaa‘ia - alaaiaa;aapﬁ)
p
1 1
= Z (N(a;aa,’vﬁagaaia) - N(alaaiua;aapﬁ))
p
= _alaa’iﬂ?

Continuing in the same manner we find

[S,,agaam] = Z (a;Bapaajmam — agaama;gﬁapa)
p
— .
= Z (N(a;ﬁapaalaam) - N(afmamalﬁamn
P
= aiﬂam

In the final commutator with S, it suffices to consider the « part of S, since the
part obviously commutes:

[S27 aaaza} = 5 E a;aapaaj;aaia - alaaiaalaapa)

1
= 5 Z ( apaapaalaam) - N(alaamafmapa))
= 0.

Proceeding in analogous manner we find

{S+, ﬁazﬂ] =al ais [S_, Bazg] = —aiﬁam [Sz,alﬁaw} =0,
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as well as

[S.Efl=0 [S_,E]=0 [S; E]]=0.

From the results obtained so far, it already follows that E¢ commutes with S2, while
for the individual excitation operators the (actually non-vanishing) commutator
with S;.5_ needs to be evaluated as well (to be skipped)

[S+S_,a am} = S [S_,a am] [S_Ha a,a} S_

= = Z ( apaapﬂalﬁam) — N(alaama;ﬁamn #0

c. The task is to rewrite the closed-shell cluster operator (CCSD case) in terms of the
generators of the unitary group. We proceed by limiting summations to indices of
spatial orbitals only, and writing out explicitly all spin combinations.

e In the case of singles, we use
ac __ af
e =175,

allowing us to define
T =t =t

We therefore have

Tl = Z Z (tﬁ(gaaaala + t7,6 aﬁalﬂ)
Z Z e ( al aia+a ﬁaw) SN T1eE!
a i

e In the case ouf doubles, we use

ba __ ;apbp aabB __ ,bBac __ bBaa __ aabf
tzagjg tz[‘}]ﬁ“ tza]ﬁ t; jBia T tla]B tjﬁia
and
taaba _ taabﬁ _ 4baap, taosz _ sbaap
iaja T Yiagf iajB iajf T Vjaif
We now define
Tab _ jaabf
iy Tiagp
The T5 operator is expanded as
—_ b Bbs bB
L = - Z Z (tfggg :fwzabuajaala + t?gm TﬁaZﬁajBaiﬁ + t;‘l(?jﬁ “Laaztgajﬁaia
a,b 1,5
Bb T bp apBb
+ t(zlajg Zﬂabanﬁa’a + t;lﬁaja jlaalz,l?ajaalﬁ + tzﬁjs aﬁagaajaazﬁ)

Rewritten in terms of T-amplitudes defined above, we obtain

1 ab e ab _ b
L= 33 (T8 = Ti)alaal,aja0ia + (T = Th)al sal 0 0000
a,b 1,5

ab T
Ty amabﬂaﬂ;am T aaﬁ%a“]ﬂaw

+ Tabaaaa25a1aalﬁ Tba ﬁaltaa]aaw)
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We now regroup terms and reorder creation/annihilation operators to obtain

T, = - Z Z Tab ( aaabaajaawé + aaﬁagﬁa’]ﬂalﬁ + aaaagﬁajﬂaw‘ + a’ba Zﬂalﬂaja)

a,b 1,5

+ = Z Z Tba (abaaaaaaaam + abﬁ“iﬁ%ﬂ“fﬁ +aj,a Zﬂaaﬁam + afmaztgazﬂaaa )

a,b 1,5

This factorizes to give

1
o= 3D T (ehatia + alsain) (alasa + alass)

a,b 1,5

1 a
+ 1 Z ZTb (aaaaza + ab6a15> (a;‘maja + aiﬁa]ﬂ) ,

a,b 1,5

and can therefore be rewritten in terms of generators of the unitary group

= ST S S T = LS S T B

ab 4,5 ab i,j ab i,j

This means that in the closed-shell case, the cluster operator can be written
in terms of the generators, and the CC wave function is the spin adapted.

d. If one rewrites the cluster operator in terms of the generators of the unitary group,
a spin-adapted open-shell CC theory is possible (see Jansen & Schaefer, Paldus and
co-workers). However, the use of the generators requires that each spatial orbitalis
included for both spin case in the same way. While a singlu occupied orbital in the
doublet case is for the alpha spin case occupied and for the beta spin case virtual,
the use of the generators would then involve this orbital in the cluster operator for
both spin cases (!) as annihilation and creation operator. A consequence is that
different components of the cluster operator do no longer commute and that the
BCH expansion does not terminate after the quartic terms. Consequently such CC
theories are significantly more complicated and can usually only be implemented
using automatic-implementation techniques.
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Exercise 80.4 : Factorization and computational cost
(medium difficulty)

Show that the cost (in terms of number of operations) for evaluating

1
ijb =1 Z Z(mn\ \ef)tfftf,i’n for all 4, j, a, b combinations (80.32)
m,n e,f
is 2n%..N2, ., and thus only of the order N°. N denotes here the total number of orbitals,

Noce Stands for the number of occupied orbitals (indices i, j, m,n) and Ny denotes the
number of virtual orbitals (indices a, b, e, f).

Analyze in an analogous manner all quadratic terms in the CCD equations and show in
this way that the cost for a CCD calculation is indeed only of the order NS.
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Exercise 80.5 : The similarity-transformed Hamiltonian (Part I)
(medium difficulty)

The similarity-transformed Hamiltonian,
H=eTHye", (80.33)

is central to the conventional formulations of coupled cluster (CC) theory. Here Hy is
the normal-ordered Hamiltonian,

f{N = FN + VN
=D fralaba ) + - Z{ai, taa,}, (80.34)
pq pqrs

and the cluster operator contains excitation operators appropriate for the given level of
coupled cluster theory, e.g., for CCSD,

T="T+1,
= Zt {ala,} + = Zt {al ab a;}. (80.35)

zyab

While the Hamiltonian contains one- (Fiy) and two-body (Vi) operators, the similarity
transformation has the potential to introduce higher-body contributions.

While the power-series expansion of e’ truncates only at the number of electrons
(or, more precisely, at the number of occupied spin-orbitals), the commutator expansion
of H [the Campbell-Baker-Hausdorff (CBH)] expansion] truncates at the fourth-order
commutator, i.e,

et ] ] 1]« [f1] 1]
STCE!

because the Hamiltonian is a two-body operator at most, and provided that the cluster
operators commute, e.g.,

} ] , (80.36)

[T},T}} —0. (80.37)

(This commutator holds for conventional formulations of CC theory using RHF or UHF
reference determinants/orbitals. The formulation is much more complicated for ROHF
references where spin-adapted CC wave functions are sought.)

a) Show explicitly using only the anticommutation relations,
ala, +agal, = 6py, alal +alal =0, and a,a,+a,a,=0 (80.38)

that the commutator between the Fock operator, FN, and the single-excitation cluster

operator, 17,
[FN,Tl] ZZ Foat? [aba,, ala;] (80.39)



1072 Appendix 80. Coupled-Cluster Methods in Quantum Chemistry

reduces the number of general-orbital annihilation/creation operators (those that could
be either occupied or virtual orbitals) by one. (Note that normal ordering is not necessary
for this analysis, so you can ignore it here.)

b) Using the above result, the fact that the Hamiltonian is a two-body operator, and the
assumption that the cluter operators commute, explain why the CBH expansion of H
truncates at the quadruply nested commutator.
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Exercise 80.6 : The similarity-transformed Hamiltonian (Part II)
(medium difficulty)

While the normal-ordered Hamiltonian contains one- (Fy) and two-body (V) operators,
the similarity transformation has the potential to introduce higher-body contributions.

a) It is convenient in some specific CC formulations (such as CC2 and CC3) to make use

of the Tl-similarity-transformed Hamiltonian, viz.,

Hy, =e T hye”. (80.40)

Show, using either Wick’s theorem or diagrammatic techniques, that this transformation
leaves the normal-ordered Hamiltonian as a two-body operator at most.

b) Show, using either Wick’s theorem of diagrammatic techniques, that the CCSD similarity-
transformed Hamiltonian contains up to siz-body terms:

Heesp = e T2 Ay e, (80.41)



