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S1 EOM-fpCC and EOM-ptCC working equations

In the spin-free picture, the excitation operator for electronic excitation energies R̂EE(k) can be
written as

R̂EE(k) = r0 +
∑
i,a

rai (k)Ê
i
a +

1

2

∑
ij

∑
ab

rabij (k)Ê
i
aÊ

j
b + . . .

= R̂0(k) + R̂S(k) + R̂D(k) . . . , (1)

where Êi
a is the singlet excitation operator

Êi
a = â†aâi + â†āâī (2)

and we have the symmetry relations rabij = rbaji for each state k. In the following, we restrict the EOM
and CC ansatz to at most double excitations. The configurational subspace during diagonalization is,
then, spanned by Êi

a |Φ0⟩ = |Φa
i ⟩ and Êi

aÊ
j
b |Φ0⟩ =

∣∣Φab
ij

〉
. The working equations (that is, the matrix-

vector multiplication performed during the Davidson diagonalization procedure) for the various EE-
EOM flavors mentioned here bear similarities to the conventional EE-EOM-CC equations and read
as follows (for each R̂ block)

(H̄R̂)ai = IikR
a
k + IacR

c
i + (−2Iiakc + Ijakc[i, a, k, c])R

c
k + 2IkcR

ac
ik − IkcR

ac
ki + IilkcR

ac
lk + IadkcR

dc
ik (3)

(H̄R̂)abij = P ab
ij

[
IiabdR

d
j + IijblR

a
l + Iilkct

ab
lj R

c
k + Iadkct

db
ijR

c
k + IacR

cb
ij + IikR

ab
kj + IijklR

ab
kl + IabcdR

cd
ij

+ Iiakc(R
cb
jk − 2Rcb

kj) + Ijakc[i, a, k, c]R
cb
kj + IjakcR

cb
ik

− (⟨kl||cd⟩+ ⟨kl|cd⟩)tabil Rdc
jk − (⟨kl||cd⟩+ ⟨kl|cd⟩)tadij Rcb

kl]
(4)

with spin-free amplitudes (tabij = tab̄ij̄ ) and intermediates (all integrals are represented in the restricted
orbital basis, that is, ⟨pq|rs⟩ = ⟨pq̄|rs̄⟩ = ⟨p̄q|r̄s⟩ = ⟨p̄q̄|r̄s̄⟩ using Physicist’s notation; summation
over repeated indices is implied)

Iik(i, k) = −fik − fkdt
d
i − (⟨kl||id⟩+ ⟨kl|id⟩) tdl

− (⟨kl||cd⟩+ ⟨kl|cd⟩) tcdil
− (⟨kl||cd⟩+ ⟨kl|cd⟩) tci tdl (5)

(6)
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Iac = fac − fkct
a
k + (⟨ka||dc⟩+ ⟨ka|dc⟩) tdk

− (⟨kl||cd⟩+ ⟨kl|cd⟩) tadkl
− (⟨kl||cd⟩+ ⟨kl|cd⟩) taktdl (7)

Ikc = fkc + (⟨mk||dc⟩+ ⟨mk|dc⟩) tdm (8)

Iiakc = −⟨ka|ci⟩ − (⟨kl||cd⟩+ ⟨kl||cd⟩) tadil + ⟨kl|cd⟩ tdail + ⟨kl|cd⟩ tdi tal − ⟨ka|cd⟩ tdi + ⟨kl|ci⟩ tal (9)

Ijakc[j, a, k, c] = −⟨ka|jc⟩+ ⟨kl|dc⟩ tdajl + ⟨kl|dc⟩ tdj tal − ⟨ak|cd⟩ tdj + ⟨lk|cj⟩ tal (10)

Iilkc = − (⟨kl||ci⟩+ ⟨kl|ci⟩)− (⟨kl||cd⟩+ ⟨kl|cd⟩) tdi (11)

Iadkc = (⟨ka||cd⟩+ ⟨ka|cd⟩)− (⟨kl||cd⟩+ ⟨kl|cd⟩) tal (12)

Iiabd = ⟨ab|id⟩ − ⟨al|id⟩ tbl − ⟨bl|di⟩ tal + ⟨ab|cd⟩ tci
− fkdt

ab
ik + (⟨kb||cd⟩+ ⟨kb|cd⟩) tacik − ⟨kb|cd⟩ tcaik − ⟨ak|cd⟩ tcbik + ⟨kl|id⟩ tabkl

− (⟨kl||cd⟩+ ⟨kl|cd⟩) tcktabil − (⟨kl||cd⟩+ ⟨kl|cd⟩) tbl tacik + ⟨kl|cd⟩ tbl tcaik + ⟨kl|cd⟩ taktcbil + ⟨kl|cd⟩ tci tabkl
− ⟨kb|cd⟩ tci tak − ⟨ak|cd⟩ tci tbk + ⟨kl|di⟩ tal tbk + ⟨kl|cd⟩ taktbl tci (13)

Iijbl = −⟨bl|ji⟩+ ⟨kl|ji⟩ tbk − ⟨bl|jc⟩ tci − ⟨bl|ci⟩ tcj
− flct

cb
ij − (⟨kl||ci⟩+ ⟨kl|ci⟩) tcbkj + ⟨kl|ci⟩ tcbjk + ⟨kl|jc⟩ tcbik − ⟨lb|cd⟩ tcdij

− (⟨kl||cd⟩+ ⟨kl|cd⟩) tcktdbij − (⟨kl||cd⟩+ ⟨kl|cd⟩) tdi tcbkj + ⟨kl|cd⟩ tdi tcbjk + ⟨kl|dc⟩ tdj tcbik + ⟨kl|cd⟩ tbktdcij
+ ⟨kl|ci⟩ tbktcj + ⟨kl|jc⟩ tbktci − ⟨lb|cd⟩ tci tdj + ⟨lk|cd⟩ tci tdj tbk (14)

Iijkl =
1

2
⟨ij|kl⟩+ ⟨kl|cj⟩ tci +

1

2
⟨kl|cd⟩ tcdij +

1

2
⟨kl|cd⟩ tci tdj (15)
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Iabcd =
1

2
⟨ab|cd⟩ − ⟨kb|cd⟩ tak +

1

2
⟨kl|cd⟩ tabkl +

1

2
⟨kl|cd⟩ taktbl (16)

For the linearized version of fpCCSD, we approximate the disconnected T̂1T̂2 term with T̂1T̂p, while
all remaining disconnected terms are neglected. We also store both pair and broken-pair amplitudes
in the T̂2 tensor, that is, T̂2 = T̂ ′

2 + T̂p. Thus, we obtain the following modified set of intermediates
(using the spin-free amplitudes and integrals represented in the spatial orbital basis)

I fpLCCSD
iabd = ⟨ab|id⟩ − ⟨al|id⟩ tbl − ⟨bl|di⟩ tal + ⟨ab|cd⟩ tci

− fkdt
ab
ik + (⟨kb||cd⟩+ ⟨kb|cd⟩) tacik − ⟨kb|cd⟩ tcaik − ⟨ak|cd⟩ tcbik + ⟨kl|id⟩ tabkl

− (⟨ki||cd⟩+ ⟨ki|cd⟩) tcktaaii δab − (⟨il||ad⟩+ ⟨il|ad⟩) tbl taaii
+ ⟨il|ad⟩ tbl taaii + ⟨ki|bd⟩ taktbbii + ⟨kk|cd⟩ tci taakkδab (17)

I fpLCCSD
ijbl = −⟨bl|ji⟩+ ⟨kl|ji⟩ tbk − ⟨bl|jc⟩ tci − ⟨bl|ci⟩ tcj

− flct
cb
ij − (⟨kl||ci⟩+ ⟨kl|ci⟩) tcbkj + ⟨kl|ci⟩ tcbjk + ⟨kl|jc⟩ tcbik − ⟨lb|cd⟩ tcdij

− (⟨kl||cb⟩+ ⟨kl|cb⟩) tcktbbii δij − (⟨jl||bd⟩+ ⟨jl|bd⟩) tdi tbbjj
+ ⟨jl|bd⟩ tdi tbbjj + ⟨il|db⟩ tdj tbbii + ⟨kl|cc⟩ tbktccii δij (18)

Furthermore, in the RD equations, we need to modify the following two terms to account for proper
treatment of the T̂1T̂2

I fpLCCSD
ilkc tablj R

c
k → −

[(
⟨kl||ci⟩+ ⟨kl|ci⟩

)
tablj +

(
⟨kj||cd⟩+ ⟨kj|cd⟩

)
tdi t

aa
jj δab

]
Rc

k (19)

I fpLCCSD
adkc tdbijR

c
k →

[(
⟨ka||cd⟩+ ⟨ka|cd⟩

)
tdbij +

(
⟨kl||cb⟩+ ⟨kl|cb⟩

)
tal t

bb
ii δij

]
Rc

k (20)

S1.1 Additional terms for EOM-ptCC

In EOM-ptCC, we need to evaluate the additional terms arising from ⟨P | Ĥ(fpCC)
N |0⟩ and add them

to the solution vector of RP , that is,
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(Ĥ(fpCC)
N R̂)aaii = (H̄R̂)aaii +R0

[
+ 2 ⟨ic|aa⟩ tci + ⟨cd|aa⟩ tci tdi
− 2 ⟨ic|ak⟩ tci tak − 2 ⟨ia|kc⟩ tci tak − 2 ⟨ka|cd⟩ tci tdi tak + 2 ⟨ik|md⟩ tamtdi tak + ⟨mk|cd⟩ tci tamtdi tak
− 2 ⟨ka|ii⟩ tak + ⟨km|ii⟩ tamtak
+ 2fact

ac
ii − 2fkct

a
kt

ac
ii + 2Lkacdt

c
kt

ad
ii − 2Lkmcdt

ca
kmt

ad
ii − 2Lkmcdt

c
kt

a
mt

ad
ii

− 2fikt
aa
ik − 2fkct

c
i t

aa
ik − 2Lickmt

c
mt

aa
ik − 2Llkdct

dc
li t

aa
ik − 2Llkdct

d
l t

c
i t

aa
ik

+ ⟨cd|aa⟩ tcdii − 2 ⟨ka|cd⟩ tcdii tak + ⟨km|cd⟩ tamtcdii tak
+ ⟨km|ii⟩ taakm + 2 ⟨ik|mc⟩ tci taakm + ⟨km|cd⟩ tdi tci taakm + ⟨km|cd⟩ tcdii taakm
+ 2Licakt

ac
ik − 2Llkict

a
l t

ac
ik + 2Lkacdt

d
i t

ac
ik + (2Lklcdt

ad
il − 2Lklcdt

da
il )t

ac
ik

− 2Lklcdt
d
i t

a
l t

ac
ik + (−2 ⟨ik|ac⟩ − 2 ⟨ia|kc⟩)tacki + (2 ⟨im|kc⟩+ 2 ⟨ik|mc⟩)tamtacki

+ (−2 ⟨ka|cd⟩ − 2 ⟨ka|dc⟩)tdi tacki + (2 ⟨lk|cd⟩+ 2 ⟨lk|dc⟩)tdi tal tacki
+ (⟨km|cd⟩+ ⟨km|dc⟩)tdaimtacki]

(21)

S1.2 Modified terms for EOM-fpCC

In EOM-fpCC, pair-excitations are treated at the pCCD level and we need to evaluate different terms
arising from ⟨P | Ĥ(pCCD)

N |S⟩, ⟨P | Ĥ(pCCD)
N |P ⟩, and ⟨P | Ĥ(pCCD)

N |D⟩. Thus, the pair-contributions of
the EOM-fpCC diagonalization problem reduces to

(Ĥ(pCCD)
N R̂)aaii = 2

[
I fpiakr

a
k + I fpiacr

c
i + Lkacat

aa
ii r

c
k − Lkicit

aa
ii r

c
k

+ I fpikr
aa
ik + I fpacr

ac
ii + I fpacdr

cd
ii + I fpiklr

aa
kl − Lklcat

aa
ii r

ca
kl − Likdct

aa
ii r

cd
ki + I fpiakcr

ac
ik + I fpiackr

ca
ik]
(22)

with intermediates

I fpiak = −⟨ak|ii⟩ − fakt
aa
ii − ⟨ak|ee⟩ teeii + Laikit

aa
ii (23)

I fpiac = ⟨ci|aa⟩ − fcit
aa
ii + ⟨ci|ll⟩ taall − Lcaiat

aa
ii (24)
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I fpiakc = Licak + Lkicat
aa
ii (25)

I fpiack = −⟨ic|ak⟩ − ⟨ia|kc⟩+ Likcat
aa
ii (26)

I fpikl =
1

2
⟨kl|ii⟩+ 1

2
⟨kl|ee⟩ teeii (27)

I fpacd =
1

2
⟨ac|dd⟩+ 1

2
⟨cd|mm⟩ taamm (28)

I fpik = −fik − ⟨ik|ee⟩ teeii (29)

I fpac = fac − ⟨ac|mm⟩ taamm (30)


