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These notes provide an introduction to perturbation theory and coupled-cluster theory for
ground-state electron correlation. For general reference on this subject, see e.g. Refs. [11,2].

1 Review of the many-body problem

1.1 The Hamiltonian and the many-body wave function

We consider a N-electron system (atom, molecule, solid) in the Born-Oppenheimer and non-
relativistic approximations. The electronic Hamiltonian in the position representation is, in

atomic units,
N N N

1 1
H(I‘l,rg,...,I‘N):Zh(ri)+§ZZm, (1)
i i iFj
where h(r;) = —(1/2)VZ +vne(r;) is the one-electron contribution composed of the kinetic-energy
operator and of the nuclei-electron interaction vne(r;) = — ), Zo/|ri — Ra| (where R, and Z,

are the positions and charges of the nuclei). The stationary electronic states are determined by
the time-independent Schridinger equation

H(I’l, Iro, ...,I‘N)\I/(Xl,XQ, ...,XN) = E\P(Xl,XQ, ...,XN), (2)

where ¥(x1, X2, ..., X) is a wave function written with space-spin coordinates x; = (r;, 0;) (with
r; € R? and o; =1 or |) which is antisymmetric with respect to the exchange of two coordinates,
and E is the associated energy. Using Dirac notations, the Schrédinger equation (2) can be
rewritten in a convenient representation-independent formalism nuclei-electron interaction

H|U) = E|T). (3)

We are interested in calculating an approximation for the wave function ¥ and the associated
energy E of a specific state, most often the ground-state wave function ¥, and the ground-state
energy Fjy.

1.2 The Hartree-Fock approximation

The Hartree-Fock (HF) method! consists in approximating the ground-state wave function
as a single Slater determinant, ¥y ~ g,

x1(x1)  xa(x1) XN (X1)
(I)O(X17X27~--;XN):\/;7' Xl(:XQ> XQ(:XQ) XNEXQ) 7 ()
xi(xn) xe(xn) -0 xn(xw)

where y;(x) are orthonormal spin orbitals. The HF total electronic energy, Fup = (®o|H|®),
can be expressed in terms of integrals over these spin orbitals, using Slater’s rules for calculating
expectation values over Slater determinants,

occ occ

Eur = (®o|H|®0) = > " haa + % > (abl|ab), (5)
a a,b

'We present here the unrestricted Hartree-Fock (UHF) method, in which the spatial part of the 1- and |-spin
orbitals are allowed to be different, which generally leads to the breaking of §2 symmetry. By contrast, the
restricted Hartree-Fock (RHF) method imposes 52 symmetry by constraining the spatial part of the 1- and |-spin
orbitals to be the same.



where the sums over a and b are over occupied spin orbitals. In this expression, h,, are the
one-electron integrals

%:/wﬁ@mmmm (6)

and (ab|lab) = (ablab) — (ablba) are the antisymmetrized two-electron integrals (in physicists’

notation) where
X X X X
(Kl = // s 7 (x1) x5 (x2) xk (x1) xa( 2). (7)

[r2 — 1]

The spin orbitals are determined by minimizing the HF energy subject to the normalization
constraints

?)?r; {EHF {Xa} Zga Xa‘Xa } y (8>

where g, are the orbital energies playing the role of Lagrange multipliers for the normalization
constraints. This minimization leads to the HF eigenvalue equations

F(x)xi(x) = eixi(x), 9)

which determine both the occupied and virtual spin orbitals y;(x) and associated orbital energies
;. In these equations, f(x) is the one-electron HF Hamiltonian (or often called simply Fock
Hamiltonian)

f(x) = h(r) + vir(x), (10)
where vgp(x) is the one-electron HF potential operator

occ

vnr(x Z Ja( (%), (11)
composed of a Coulomb (or Hartree) operator written as

Ja(xl):/deXZ(X2)X“(X2), (12)

r2 — 11

and an exchange (or Fock) operator whose action on a spin orbital y;(x1) is given by

.&wnmnaﬁi%“mwmmm» (13)

[r2 — 1]

The HF potential vgr(x) is a one-electron mean-field potential approximating the effect of
the two-electron interaction (1/2) va Zf\; ;1/|ri — rj|. In other words, the HF approximation
only accounts for the electron-electron interaction in an averaged, mean-field way. The effect
of the electron-electron interaction beyond the HF approximation is called electron correlation.
The difference between the exact ground-state total energy Ey and the HF total energy Fyp is
called the correlation energy

E. = Ey — Eyr. (14)

Even though FE. is usually a small percentage of the total energy, it very often makes a large and
crucial contribution to energy differences (such as reaction energies, reaction barrier heights, ...)
which are the quantities of chemical interest. It is therefore important to go beyond the HF
approximation and calculate the value of the correlation energy, which is the goal of the post-HF
methods.



1.3 Straightforward configuration-interaction methods

The most straightforward post-HF method is the configuration-interaction (CI) method. In
this method, the wave function is expanded in the basis of the HF determinant ®, the single-
excited determinants @, the double-excited determinants ®77, and so on

occ vir occ vir

[Wer) = col®o) + DY cl®l) + > D cilen) + - (15)

a<br<s

The coefficients ¢ = (co, ¢}, ¢}y, ...) corresponding to the ground-state wave function are found

by minimizing the total CI energy (¥ci|H|¥cr) with the constraint of the normalization of the
wave function

min { (War | HVer) - (Vi Vo) } (16)
leading to the following eigenvalue equation
(olH|Do)  (®o|H|BL)  (@oHIEE) -\ [ co
(o [H|®o)  (Py |H|DG)  (PG[H|PG) - @ |_p| @

(@7 | H| Do) (TS| H|BT) (@ |H|@rs) - || as |- (1)

The eigenvector associated to the lowest eigenvalue corresponds to the ground state, whereas
the other eigenvectors correspond to excited states. If all levels of excitations are included (i.e.,
up to N-fold excitations for a N-electron system), then exact wave functions are obtained within
the underlying one-electron basis set used for expanding the orbitals. This is referred to as the
full configuration-interaction (FCI) method. In practice, FCI can only be performed for very
small systems with small basis sets. For most systems, one has to truncate the CI expansion
in Eq. (I5) at a given level of excitations for manageable calculations. This is referred to as
truncated CI. Often, only the single and double excitations are included in the expansion, leading
to the configuration-interaction singles doubles (CISD) method.

The truncated CI method has a serious shortcoming. Consider the size consistency property
that the total energy of a system composed of two non-interacting fragments A and B must be
the sum of the total energies of the separate fragments

E(A -+ B) = E(A) + E(B). (18)

This property is particularly important in chemistry since it is often concerned with systems
composed of fragments (atoms, molecules). It is of course satisfied for the exact total energy,
but not necessarily with approximate methods. A method which gives total energies satisfying
this property is said to be size-consistent. For example, the unrestricted HF method is size-
consistent but the restricted HF method is generally not. The FCI method is size-consistent,
but the truncated CI method has the important drawback of being generally not size-consistent.

We will now see two other post-HF approaches which have the advantage of being size-
consistent: perturbation theory and coupled-cluster theory.



2 Perturbation theory

This section provides a basic introduction to Mgller-Plesset perturbation theory. For a
historical perspective and recent research developments, see e.g. Ref. [3].

2.1 General Rayleigh—Schrodinger perturbation theory

We start by reviewing the general expressions of Rayleigh—Schrédinger perturbation theory.
Consider a Hamiltonian H* depending on a coupling constant A

H=HO 4 )\V, (19)

where H©® is a zeroth-order Hamiltonian operators and Vis a perturbation operator. These
two operators are chosen so that the “physical” Hamiltonian of interest corresponds to A = 1,
ie. H=H>'=HO 4V, By varying A from 0 to 1, we can thus go from the zeroth-order
Hamiltonian, H>Y = ©), to the physical Hamiltonian H>=1 = H. We will be ultimately
interested in the value A = 1.

The zeroth-order Hamiltonian H® is chosen such that its eigenstates ®,, and associated
eigenvalues EﬁLO) are known. They of course satisfy the eigenvalue equation

a9e,) =5V |0,), (20)

and the eigenstates are chosen to be orthonormal, i.e. (®,|®p) = dpm. We would like to
determine the eigenstates ¥\ and associated eigenvalues £ of the Hamiltonian H*

P 0)) = B, (21)

In the following, we will only consider the specific case of the determination of the ground
state ‘118 and its energy E())‘. We assume that the energy can be expanded in powers of A

E) = E” + AEN + NEP 4+ (22)

and, similarly, for the wave function \118

[w3) = 195”) + A[wg”) + W) + - (23)
Note that the zeroth-order wave function is just \If(()o) = ®y. We are free to choose the normal-

ization of U}. A convenient choice is the so-called intermediate normalization, i.e. (®o|¥})) = 1
for all A. Since the zeroth-order wave function is normalized as (®g|®p) = 1, it implies that

<<I>0]\I/[()i)) =0 for all 4 > 1, i.e. the wave-function correction at each order is orthogonal to the
zeroth-order wave function.

Inserting Eqs. (22)) and (23) into Eq. 1) gives
(BO V) (120) + X" + 22w) + )
= (B + A + 02D 4 ) (1) + A1 wf) + 2w + - ). (24)
Looking at this equation order by order in A, we obtain at zeroth order
HO|do) = By |20), (25)

which is just Eq. (20) for the ground state.



At first order, we obtain
V19) + VI20) = B y") + E5V|20). (26)

Projecting this equation on the bra state (®¢|, and using ($o|H©) = E(go) (®g| and <<I>0|\Il(()1)> =0,
gives the first-order energy correction

B = (0]V] o). (27)

Projecting now Eq. (28) on the bra states (®,| for n # 0, and using (®,,|H© (0)<<I> | and
(®,|Pg) =0, gives

EQ(@, |0y + (®,|V|0) = EL (®,|WV), (28)

leading to the projection coefficients of the \Ilél) in the basis of ®,,

(@alof)) = (29
and, since <<I>0]\I/(()1)> =0, it leads to the first-order wave-function correction
o) = - 3 LLalVIB0) g, (30)
n£0 EY - EY
Similarly, at second order, we obtain
)+ VIwg?) = BV 10EY) + B wgY) + B 20). (31)

Projecting this equation on the bra state (®q, and using (®o|H® = E(()O)<<I>0| and <<I>0|\IJ(()1)> =

<<I>0]\Il[()2)> = 0, gives the second-order energy correction
2 o (1
EY) = (@[V] 2, (32)

or, after using Eq. (30)),

) [(Ro|V| @) |2
By ==Y (33)
0) 0
= B0 - ED

Note that E(g2) diverges if there is a state ®,, (with n # 0) of energy Eflo) equals to E(()O), ie. if
the zeroth-order Hamiltonian H(® has a degenerate ground state. In this case, the expansions
in Egs. (22) and (23]) are not valid, and one must instead diagonalize the Hamiltonian in the
degenerate space before applying perturbation theory, which is known as degenerate perturbation
theory.

Exercise 1 : Prove that the third-order energy correction has the following expression
3 oo (2
B = (|70
Do |V @) (B [V | @) (B1 | V| Do) <1>v<1> 2
3 (Do (|0) ) (0!) | (0)>< I(O\ 0) Z I o! | (0)\ (34)
n,m#0 (E’fl _EO )(Em _E ) n;é(] E )




2.2 Mgller-Plesset perturbation theory
2.2.1 General spin-unrestricted theory in terms of spin orbitals

Mogller-Plesset (MP) perturbation theory is a particular case of Rayleigh—Schrédinger per-
turbation theory for which the zeroth-order Hamiltonian is chosen to be the (many-electron)
Hartree-Fock (sometimes also simply called Fock) Hamiltonian

HO = F, (35)

where the expression of F in the position representation is
N
F(x1,%2,...,XN) :Zf(xz‘)~ (36)
i

The corresponding perturbation operator V is thus the difference between the electron-electron
Coulomb interaction and the HF potential

N

V(x1,X2,...,X ZZ o= r]\ ZUHF(Xi)' (37)

[

Zeroth order

The zeroth-order ground-state wave function is the HF single determinant ®(, and the zeroth-
order excited-state wave functions are the single, double, ... excited determinants ®,, = ®;, &7 ..
According to Eq. (@), the zeroth-order ground-state energy E(()O)
orbital energies

is given by the sum of occupied

occ

=Y e (38)

First order
The first-order energy correction is the expectation value of the HF determinant over the per-
turbation operator, which is calculated according to Slater’s rules,

BV = (@|V]®0)

occ occ
= —Zab”ab Z<a|@HF|a>

occ

= —fz abl|ab), (39)

where, according to the definition of the HF potential in Eq. (I]), we have used the fact that
ZOCC<CL|UHF\Q> = > oplabllab). Therefore, the sum of the zeroth-order energy and first-order



energy correction just gives back the HF energy

occC occ

E( )—l—E( ) = Zea — ,Z ab||ab),
a,b
occ occ 1 occ
=Y (haa + Z abl|ab) ) Z(ab\|ab>
a a,b
= fhaa + = § (abl||ab)
= Fugr, (40)

where we have used the fact that e, = haq + Y (ab||ab).

Second order
The second-order energy correction, which is called in this context the second-order Mgller-
Plesset (MP2) correlation energy, is

2 ( ‘50|V\‘1>
EY = gMP? = N RO (41)
n#0 En
where ®,, can be a priori single, double, triple, ... excited determinants. In fact, since Vis a

two-body operator, according to Slater’s rules, triple and higher excitations with respect to ®q
give vanishing matrix elements (®o|V'|®,). In addition, it turns out that single excitations only
give a vanishing contribution

occ

(@o|VI®) = ) (abllrb) — (aloprlr)
b

= > (abl[rb) = > (ab||rb)
b b
= 0. (42)

It thus remains only the double excitations, ®, = ®/;. Only the two-body part of the pertur-
bation operator gives a non-zero matrix element,

(@o| V| @53) = (abl|rs). (43)
Besides, the zeroth-order energy corresponding to the doubly-excited determinants ®77 is
EO=F>O g0 e 4o —co—ep (44)

Using Eqgs. ([@3)) and (@) in Eq. ([#II), we arrive at the following expression for the MP2 correlation

energy
occ vir

b
Er + Es — Eq — 61,

a<br<s

Using the antisymmetry property of the integrals, i.e. (ab||rs) = —(ab||sr) = —(bal|rs), and the
fact that (ab||rs) =0 if a = b or r = s, the MP2 correlation energy can also be written without
constraints in the sums

pra_ 1SSS5 Gl "
c 4 e Er +Es —Eq — €p



Note the MP2 correlation energy is always negative. It diverges to —oo if one energy denominator
€r + €5 — €4 — €p 18 zero. This happens for systems with zero HF HOMO-LUMO gap, in which
case MP perturbation theory cannot be applied.

The MP2 total energy is simply defined as Eypo = Eyr + Eévﬂ)?. Since it is not a variational
theory, the MP2 total energy is not necessarily above the exact ground-state total energy. The
MP2 method can be considered as the computationally cheapest post-HF method, and is thus
widely used.

Third order
Similarly, starting from Eq. (34]), it can be shown, after much work, that the third-order Mgller-
Plesset (MP3) energy correction has the following expression

1 ii ir: (ab||rs)(rs||cd){cd||ab)
(er +es—€qa—€p)(er + 65— €c—€4)

abcd TS

WL f i (ab||rs)(rs||tu) (tu]|ab)
(e +es—€q —€b)(Et + 60— €a — €b)

a,b 7,5tu

occ vir

N Z Z — (ab||rs)(cs||tb) (rt||ac) . (47)

A —eq—¢€p)(Er + 6t —€a —€c)

The calculation of the third- or higher-order terms is often considered as not worthwhile in
comparison with coupled-cluster methods for example.

When starting from an unrestricted HF calculation, MP perturbation theory is correctly size
consistent at each order. This is a consequence of the fact that the energy correction at each
order cannot be factorized in uncoupled sums. This coupling between all the orbital indices is
an expression of the linked-cluster theorem.

2.2.2 Spin-restricted theory in terms of spatial orbitals for closed-shell systems

For closed-shell systems, with spin-singlet symmetry, the MP2 correlation energy expression
can be simplified by summing over the spin coordinates. One can first rewrite Eq. (@8] as

occ vir |2

blrs) — (ab|sr)
EMP2 (@
¢ ZZ Er+6€s—€qa—€p

a,b T,8

oce  vir ({ab|rs) — (ab|sr)) ({rs|ab) — (sr|ab
ZZ\ |s)) ((rs|ab) — (sr|ab))

o s Er +Es—Eq —Ep

occ vir

ZZ (ab|rs)(rs|ab) — <6Lb’7’5><7"5|ba>7 (48)

Ert+Es—€q—Ep

a,b 1,8

where the last line has been obtained by expanding, using the permutation symmetry property
of the integrals such as (sr|ab) = (rs|ba), and exchanging the dummy indices such as r and s in
the summation. We can now perform the summations over the spin coordinates. After paying



attention to whether the spin integration in the two-electron integrals gives 0 or 1, we arrive at

EMP2 _ Spfc Sptzwr (ab|rs)(rs|aby — (ablrs)(rs|ba)

Ert+Es—Eq—Ep

Y

spt occ spt vir

_ Z Z (ab|rs) [2(rs|ab) — <rs|ba>]’ (49)

Er + €5 — E€q — Ep

where a,b and 7, s refer now to spatial occupied and virtual orbitals, respectively. This last
expression is also frequently given using chemists’ notation for the two-electron integrals (ij|kl) =

(ikljl)

spt occ spt vir

Eé\dP2 _ Z Z (ar|bs) [2 ra|sb)—(rb]sa)]. (50)

Er +Es—Eq — Ep

Exercise 2 : Write down the MP2 correlation energy expression for the case of the Ho
molecule in a minimal basis (orbitals: 1 = og, 2 = 0,,). What happens in the dissociation
limit?

2.2.3 Diagrammatic representation of perturbation theory

The various terms appearing in perturbation theory can be conveniently represented by Feyn-
man diagrams, used in many areas of many-body theory. In quantum chemistry, the particular
kind of diagrams most often used are called Goldstone diagrams.

For example, the spin-orbital expression of the MP2 correlation energy written in Eq. (48]
as the sum of a direct and exchange term

EMP2 %i (abl|rs) rs\ab %i (ab|rs)(rs|ba) (51)
¢ Er +Es—Eq Er+€s—€a—€p

ab 7,8 ab T,

is represented by the corresponding two diagrams:

MP2
Ec

Each diagram is made of only three types of lines:

e a full line with a downward arrow representing a occupied spin orbital (a, b, ...), and is
called a hole line;

e a full line with a upward arrow representing a wvirtual spin orbital (r, s, ...), and is called
a particle line;

e a horizontal dash line representing the Coulomb interaction between four spin orbitals,
and is called an interaction line.

10



Each interaction line has two extremities called interaction vertices. Each such interaction
vertex is connected with one full line coming in and one full line coming out of the vertex.

The mathematical expression corresponding to each diagram is obtained by applying the
following rules:

1. each interaction line contributes a two-electron integral factor with spin-orbital indices as
(orb-left-in, orb-right-in | orb-left-out, orb-right-out);

2. each pair of adjacent interaction lines contributes a factor —1/( eparticle — ), €hole) Where
the sums are over indices of all particle and hole lines crossing an imaginary line separating
the two adjacent interaction lines;

3. sum over all particle and hole indices;
4. if the diagram is left/right symmetric, there is an overall factor of 1/2;

5. the overall sign is given by (—1)"*! where h and [ are the number of hole lines and closed
full-line loops, respectively.

The diagrams do not only provide a visually appealing representation of the perturbation
expansion that one can draw after having derived the mathematical expressions of the pertur-
bation terms. They can also be used to avoid the mathematical derivations. Indeed, one can
first draw all possible diagrams at a given perturbation order, and then translate them into
mathematical expressions.

In the context of diagrammatic perturbation theory, the linked-cluster theorem can be easily
formulated: each diagram contributing to the perturbative expansion of the energy is made
of a single connected piece. Unconnected diagrams do not contribute. This ensures the size
consistency of the perturbative expansion at each order.

11



3 Coupled-cluster theory

This section provides a basic introduction to coupled-cluster theory. For more details, its
extension for excited-state calculations, and recent developments, see e.g. Ref. [4].

3.1 The exponential ansatz

In coupled-cluster (CC) theory, one starts by an exponential ansatz for the CC wave function

[Wee) = 7| Py), (52)

where |®g) is the HF wave function, and T is the cluster operator which is the sum of cluster
operators of different excitation levels

T:TI+TQ+"'+TN. (53)

In this expression, Ty is the cluster operator for the single excitations, which can be written in
a second-quantization formalism as

occ vir

ZZH alag, (54)

where ¢} are the single-excitation cluster amplitudes to be determined, and a, and dl are an-
nihilation and creation operators for the spin-orbitals a and r, respectively. When the oper-
ator ala, acts on the HF single determinant |®g), it generates the single-excited determinant
|D7) = d:[da|<1>0>. Similarly, T is the cluster operator for the double excitations, which is written
as

occ vir occ vir
=33t afalana = ;>0 > t5h falasd, (55)
a<b r<s a,b 1,8

where 77 are the double-excitation cluster amplitudes to be determined. When the operator
aialabaa acts on the HF single determinant |®g), it generates the double-excited determinant
|77 = alalayia|®o). The second equality in Eq. (55) comes from imposing to the amplitudes

t77 to be antisymmetric with respect to the exchange of two indices, i.e. 17 = —1;° = —t5, =t}
and from the anticommutation property of two annihilation operators i.e. apag = —agQyp, OT
two creation operators, i.e. aia;r —al a;. And so on up to the TN cluster operator for N-fold
excitations.

T

To understand the action of the operator e’ on the HF wave function |®¢), one can expand
the exponential and rearrange the operators in terms of excitation levels
i 72 3
el = 4T+ o+ 5+
_ 1+C'1+CQ+"'+CN, (56)

where the operator Cy generates smgle excitations, C generates double excitations, etc. Noting
that the cluster operators T1, TQ, . TN commute with each other, we find for example for the
first four excitation operators

él - Tla (57)
~ ~ 1 4
Cy =T+ 5Tf, (58)

12



A ~ A A 1.
Cs =T3 +ThTs + 6T13, (59)

1
T, (60)

1 am -
—T2T
1 2+24

Gy =Tyt Tl + T3+
and so on. The single excitations are generated only by Ti. The double excitations can be
generated in two ways: by T describing a “simultaneous” excitations of two electrons, or by
T 2 describing two independent single excitations. The triple excitations can be generated in
three ways: by T describing a simultaneous excitations of three electrons, by Ty describing
independent single and double excitation, or by T f three independent single excitations. And

so on. The CC wave function can thus be written as

occ vir occ vir
Wee) = [P0+ D cil®)+D ) e
a<br<s
occ vir occ vir
rst rst rstu Tstu
+ Z Z abc abc Z Z abcd abcd> +o (61)
a<b<c r<s<t a<b<c<d r<s<t<u

with coefficients related to the cluster amplitudes by

&=t (62)
=ttt (63)

L= Lt (64)

A =+t B ARt O e O 0 8, (65)

and so on. In these expressions, * means an antisymmetric product making the resulting coeffi-
cients properly antisymmetric with respect to any exchange of two occupied spin orbitals or two
virtual spin orbitals. For example, we have

oty =0t — LS, (66)
ok byl = tntet — s ¢ tltSh — Sty gt — 5t - thtS — thths - thtls (67)
oty th = thestt — 0 St — Sttt St et (68)

etc. These expressions can be obtained by starting from Egs. (57))-(60), introducing the defini-
tions of the cluster operators Ty, Ty, ..., and imposing all the constraints of the typea < b < ¢ < d
or r < s <t < u in the sums by using the anticommutation property of the annihilation and
creation operators.

Exercise 3 : Check Egs. (62)-(68), and find the expressions of ¢}, s £52% 75« 1% 7 s ¢5 * 1%
and t], x t7 * th x ty;. Warning: the time required to do this exercise is inversely proport10nal
to your ease with combinatorics.

Thus, the CC wave function contains all excited determinants, just as the FCI wave function.
If the cluster operator T is not truncated, the CC wave function is just a nonlinear reparametriza-
tion of the FCI wave function: optimizing the cluster amplitudes t = (¢}, ¢75, 75! ...) so as to
minimize the total energy would lead to the FCI wave function. The interest of the CC approach

only appears when the cluster operator is truncated.

13



3.2 Truncation of the cluster operator

Let us now consider the truncation of the cluster operator at a given excitation level. For
example, it is frequent to keep only 77 and 15

T = T1 + TQ, (69)

which is known as coupled-cluster singles doubles (CCSD). The expansion of el gives

PO . 1. PN 1. 1. 1.5 1.
el = 14T+ (T + T2+ (T + 2T ) + | 215 4+ TP+ =T ) +--- . (70)
2 6 2 2 24
Applying this expansion to the HF wave function |®g), we see that the CCSD wave function
has the same form as in Eq. (61l), i.e. it contains all excited determinants with coefficients now
given by

=t (71)
Cab = tap + to * 15, (72)

A A T A R (73)
PSS T AT st #TY T e b L x Y, (74)

and so on. In comparison to the untruncated CC case, the coefficients of triple excitations cZitc

are fully determined by only products of single- and double-excitation amplitudes ¢] and tii,
and similarly for the coefficients of quadruple excitations CZZZZ’ and all higher-level excitations.
Presumably, the triple-excitation amplitudes 75!, quadruple-excitation amplitudes ¢’5% and
higher-level-excitation amplitudes are smaller than the double-excitation amplitude 77, and
this is thus a reasonable approximation. The CCSD wave function contains much more excited
determinants than the CISD wave function, while keeping the same number of free parameters
t = (ty,t/7) to optimize.

One big advantage of truncated CC over truncated CI is that truncated CC is size-consistent.
This directly stems from the exponential form of the wave function. Consider a system composed
of two infinitely separated (and thus non-interacting) fragments A and B. Because the orbitals
of each fragments do not overlap, the cluster operator of the system is additively separable,
ie. T4 B = TA 4L 7B where T4 and T8 are the clusters operators of fragments A and B,
respectively. Moreover, in the case where the HF calculation is size-consistent, the starting HF
wave function is multiplicatively separable |®7B) = |®4) @|®F) (where ® is the antisymmetric
tensor product). We can then write

WisPy = T o Py

— IR 150 © |0F)
= oy @ 0f)
= \‘I’éc>®|‘l’gc>a (75)

i.e. the CC wave function is multiplicatively separable. This implies in turn that the CC total
energy is additively separable, i.e. the method is size-consistent.
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3.3 The coupled-cluster energy and the coupled-cluster equations

Let us consider an arbitrary truncation level of the cluster operator. The most natural way
to calculate the cluster amplitude t would seem to be by using the wvariational method, i.e.
minimizing the CC total energy with the normalization constraint, just like in CI,

min {(‘Ilccm\‘l’cc) - E<‘I’cc\‘1’cc>} : (76)

However, the CC wave function includes all excited determinants up to N-fold excitations which
contribute to these expectation values, giving too complex equations to be efficiently solved.

A more convenient approach for obtaining the CC energy and amplitudes is the projection
method. In this method, we require that the CC wave function satisfies the Schrédinger equation

(H — E)|¥cc) =0, (77)

projected onto the space spanned by the HF determinant (®¢|, and the excited determinants
(@1, (@], (@3-

" (ol — B)|Woo) =0, (78)
(®|(H — E)|[Wac) =0, (79)
(@3] (H — E)|¥ec) =0, (80)
(Pt |(H — E)[Tec) =0, (81)

and so on. Using the expansion of |¥cc) in terms of determinants giving in Eq. (61I), we see
that (®o|Pcc) = 1 due to the orthonormality of the determinants, and thus Eq. ([8) directly
gives the CC total energy

E = (®g|H|Ucc)

occ Vlr occ Vvir
= (®o|H|Dp) +ZZ (Dol H|DY) + ) > e (Dol H[DLS), (82)
a<br<s

in which according to Slater’s rules triple and higher excited determinants do not contribute.
Since the first term in Eq. 82) is just the HF total energy Eyp = (| H|®), and since the second
term vanishes by virtue of Brillouin’s theorem (®o|H|®") = 0, we obtain the CC correlation
energy F. = F — Eyrp

occ Vir

l% - j{:j{: ¢0u{’ >
a<b r<s

occ vir

= ZZ by + to o ty)(ab||rs)
a<br<s

occ vir

= = Z Z tre + 2 trty){ab||rs), (83)

a,b 1,8

where the antisymmetry property of the amplitudes and of the integrals has been used. Thus, at
any truncation level, the expression of the CC correlation energy obtained with the projection
method is quite simple. It only involves matrix elements over double-excited determinants and
only single- and double-excitation amplitudes ¢ and ¢ enter the expression. Except in the
uninteresting case where the cluster operator T is not truncated, the total CC energy obtained
with the projection method is not identical to the one that would have been obtained with the
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variation method of Eq. ([76). Consequently, the total CC energy is not necessarily above the
exact ground-state total energy, just as in perturbation theory.

The other equations (79), (80), ([BI)), ... determine the CC amplitudes. They are often more
explicitly written as

(@0 (H — E)eT @) =0, (84)
(@3|(H — E)eT|®g) = 0, (85)
(@15 (A — E)e” |®g) = 0, (86)

and so on, which are known as the unlinked CC amplitude equations. They represent a system
of coupled nonlinear equations for the amplitudes t7,, t77, tZ‘Z’é, etc. To have the same number of
equations as the number of unknown amplitudes, the projection space must correspond to the
truncation level of the cluster operator. For example, for determining the CCSD amplitudes,
one needs to consider projection on to single and double-excited determinants only. In practice,
it is often more convenient to write the CC amplitude equations is a different way, by first
multiplying from the left by the operator e~7 in the Schrédinger equation (77) before projecting

on the excited determinants

(@] T HeT|®g) = 0, (87)
(@ple~T HeT o) = 0, (88)
(@rtle T HET | @) = 0, (89)

and so on, which are known as the linked CC amplitude equations. Although equivalent to
the unlinked equations, the linked equations have the advantage of leading to more compact
expressions which are manifestly size-consistent and at most quartic in the amplitudes (at any
truncation level). This last feature comes from the fact that the Baker-Campbell-Hausdorft

(BCH) expansion of e ~TFrel exactly terminates at fourth order because H contains at most a
two-electron operator
- . 1.~ = 1

e THeT = B+ [H,T)+ = [[H,T),T) + —[[[H,T)],T],T] +

21 3l (A, 1), 1), 1), 7). (90)

3.4 Example: coupled-cluster doubles

As an example, we now write down the complete equations in the simple case of coupled-
cluster doubles (CCD). In this case, the cluster operator only contains double excitations

T =1, (91)
and the CCD wave function thus contains double-excited determinants, quadruple-excited de-
terminants, ...

occ vir occ vir

[Weep) = Do)+ > tal®i) + Yo D ()@ o (92)

a<b r<s a<b<c<d r<s<t<u

where the coefficients of the quadruple excitations are given by the antisymmetrized product of
the coefficients of the double excitations, and so on. The CCD correlation energy is given by

occ vir

ESP = ZZ (abl|rs). (93)

a<b r<s
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The double-excitation amplitudes ¢; can be determined from the unlinked CC amplitude
equations

(P43|(H - E)[¥cep) =0, (94)
leading to
occ vir occ vir
(e H|Po) + ) > (PG|H — E|@Lp) it + Y > (PG| HI®) (1 + thg) =0, (95)
c<d t<u c<d t<u

where the quadruple-excitation term has been simplified by taking into account that matrix
elements of H over Slater determinants differing by more than 2 spin orbitals are zero. Using
now (®7¢|H|®¢) = (rs||ab) and (®75|H | 51) = (cd||tu), and inserting F = Eyp + ESCP and
replacing ECCP by its expression in Eq. ([@3) gives

occ vir occ vir
(rsllab) +> > (PR H — Enr| @) ths + > Y (ed|[tu) (g « thy — tosths) = 0. (96)
c<d t<u c<d t<u

The remaining matrix element is more complicated to calculate. After considering the different
possibilities of equality between the indices a,b and c¢,d, and between r,s and ¢,u, it can be
found

< Zz|f{ - EHF|¢?§> = (67’ +Es —€aq — Eb)(sabpdérs,tu
+(rs||tu)dap,cd + (cd||ab)Ors tu
+(ds||ub)da,cr — (cs||ub)dq qdr

—(ds][tb)dq,cOr 4 + (c5||th)0g,a0r u- (97)
The final CCD amplitude equations are
vir occ
(rsllab) + (e; + &5 — a — e0)tgs + Y (rslltu)tay + > (ed|lab)t
t<u c<d
occ vir occ vir occ vir occ vir
+ZZ ds||ub)ty, ZZ cs||ub)tly — ZZ ds|[tb)tLr, + ZZ cs|[tb)t'r
d u
occ vir
+ YD led|ftu)(ts * th — tiates) = 0,(98)
c<d t<u

which are quadratic equations to be solved iteratively.

It is interesting to consider the expansion of the amplitudes in powers of the electron-electron

interaction: 7 =t ab( ) + tZ‘Z’@) + ---. The first-order amplitudes are given by
(rs||ab) + (e, + €5 — ea — )M = 0, (99)
that is (rs||ab)
(1 rs|la
o — . (100)

Er +Es—Eq — Ep

By inserting this expression of t;‘;’(l) in the expression of the correlation energy in Eq. ([@3), we
then recover the MP2 correlation energy

occ vir occ vir

EMP2 _ ZZt” 1) (ab||rs) = ZZ _,_ZbHTZ € (1o1)
Ep s ca b

a<b r<s a<b r<s

Thus, CCD correctly reduces to MP2 at second order in the electron-electron interaction.
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