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S1 EOM-fpCC and EOM-ptCC working equations

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

® a i 1 a Ul nY]
REP(k) =ro+ Y _ri(k)E} + 5 SN B (k)EIE] + .
i,a ij  ab
= Ro(k) + Rs(k) + Rp(k) . .., (1)
where E}L is the singlet excitation operator
E = ala; +ala; (2)

and we have the symmetry relations r%b = r?? 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 Ei |) = |®%) and EiE] |®,) = ’CID,?;’> 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 R block)

(HR)C‘L = ZkRZ + [acR;’: + (_2Iiakc + [jakc[iv a, ka CDRE + QIchfkc - [chzZC + [ilchlakC + IadkCR;'jlg (3)

)

(HR)L = P2
LpaRY + Ly R + Lot RS + Lt RS + 1,,R + I, R + Iy R + I pog RSY
iabd j+ i5bl l+ ilkclyy k;+ adkctij k+ ac ij+ ik kj+ igklL V] + abed L lij

+ Liake(RSy — 2RY) + Liakeli, a, k, ¢ Ry + Lianc RSy

— ((Kll|ed) + (kl|cd))t5P RS, — ((kl||ed) 4 (kl|ed))te Ry,
| (4)

with spin-free amplitudes (¢{? = t%i’) and intermediates (all integrals are represented in the restricted
orbital basis, that is, (pq|rs) = (pq|rs) = (pq|rs) = (pq|rs) using Physicist’s notation; summation
over repeated indices is implied)

Lin(i, k) = — fix — fuat{ — ((Kl|[id) + (kl|id)) t]
— ((kl[|ed) + (kl|cd)) 5}
(Ml ed) + (RlJed) ¢ 8
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Toe = fae — frety + ({(kal|dc) + (ka|dc)) t{
— ((kllled) + (kl|cd)) 3]
— ((kllled) + (Kl|cd)) tyt]

Iie = fre + ({mk||dc) + (mk|dc)) t&,

Liake = — (ka|ci) — ((kl||ed) + (kl||cd)) t5* 4 (kl|ed) t5 4 (kl|ed) 3t} — (ka|cd) t& 4 (kl|ci) ¢

Liakelj, a, k, c] = — (kalje) + (kl|de) t + (kl|dc) tit] — (ak|cd) t§ + (Ik|cj) t]

Lige = — ({Kll|ci) + (kl|ci)) — ((Kl|cd) + (ki|cd)) ¢

Laare = ((kalled) + (kaled)) — ((Klf|ed) + (Kl|ed)) ¢

Liava = {ablid) — {(allid) t? — (bl|di) t! + (ab|cd) t§
— fratiy + ((kbl|cd) + (kbled)) ti — (kbled) t — (ak|ed) t, + (ilid) tiy

(11)

(12)

— ((Kl||cd) + (kl|ed)) 522> — ((kl||cd) + (Kl|cd)) 222 + (kl|ed) 9650 + (Kl|cd) 13t + (Kkl|cd) t5t20

— (kbled) t5t§ — (ak|cd) 518 + (kl|di) ti} + (kl|cd) t3t0t¢

L = — (bl|gi) + (kl|ji) ¢, — (bl|jc) t§ — (bl|ci) ¢
— fuetsy — ((Kl||ci) + (kl|ci)) t + (kl|ci) t5, + (kl|jc) t — (Ibled) t57

(13)

— ((Kl||cd) + (kl|cd)) titd — ((klf|ed) + (kljed)) tt + (kl|ed) 45 + (kl|de) tt5) + (kl|ed) thtis

]

+ (kl|ci) 125 + (kI|jc) 128 — (Ibled) 162 + (Ik|cd) 54242

N . C 1 Ci 1 C
Lij = = (ij|kl) + (kl|cj) t§ + 3 (kl|cd) tijc-l + 5 (kl|cd) tit?

N | —

(14)
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1 1 1
Lapea = 75 (abled) — (kbled) ti + 5 (kl|cd) th + 5 (klled) Wt (16)

For the linearized version of fpCCSD, we approximate the disconnected T, Ty term with T1T while
all remaining disconnected terms are neglected. We also store both pair and broken-pair amplitudes
in the T tensor, that is, Ty = T’ + T Thus, we obtain the following modified set of intermediates
(using the spin-free amplitudes and mtegrals represented in the spatial orbital basis)

IPUEOSD — (ablid) — (allid) t° — (bl|di) t& + (ab|ed) £
— frat{y + ((kbl[ed) + (kbled)) i — (kbled) t57 — (akl|ed) 3, + (Kllid) tj]
— ((Killed) + (kiled)) 51500 — ((ill|ad) + (il|ad)) t7t57
+ (il|ad) t92" + (Ki|bd) t3t% + (kk|cd) t5t99 6, (17)

ISP = — (b i) + (k1| ji) th, — (bl]jc) t — (bl|ci)
- flctg;? — ((kl||ci) + (kl|ci)) tg’;. + (kl|ci) t;z + (kl|jc) t&o — (Ib|cd) tff
c 4 bb . . d bb
— ((Kl]|cb) + (kl|eb)) tyti 6y — ((jl]|bd) + (jl[bd)) tit];

+ (j)bd) t% + (il|db) 48 + (Kl|cc) tht5e8;; (18)

(2N J

Furthermore, in the Rp equations, we need to modify the following two terms to account for proper
treatment of the T1T2

ISP Re 5 — (<kzy|cz> + <k;1|cz'>>t;;?’+ ((k:chd) + <kj|cd>)t§tg;5ab RS (19)
zgjigSCSDtdbRC <<kay|cd> + </~m\cd>)t§f+ ((klecb} + <kl|cb>>t?tf§’(5ij RS (20)

S1.1 Additional terms for EOM-ptCC

In EOM-ptCC, we need to evaluate the additional terms arising from (P 7:[5\?)00) |0) and add them
to the solution vector of Rp, that is,
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(HW O R) = (HR)i + Ry
+ 2 (iclaa) t¢ 4 (cd|aa) t5t¢
— 2 (iclak) tit¢ — 2 (ialkc) tét§ — 2 (kaled) t5t9t + 2 (ik|md) t2 t4% + (mk|ed) t5t® téts
— 2 (kalii) ty + (kmlii) t; ¢
4 20t — 2 fret 9 4 2 Lpaeal St — 2 Limeats® 5" — 2 Lpmeat S1% 107

— 2fatiy — 2ttt — 2Lickmto bl — 2Likact ity — 2Likact it
+ (cd|aa) t4 — 2 (ka|ed) t5%5 + (km)|cd) t2 150

+ (kmlii) t82 4+ 2 (ik|me) t519° + (km|cd) t3568 + (km|cd) t2%4,
+ 2Ljcartiy — 2Lgkict]ty; + 2Lkacdtf 9+ (2Lpgeat’ — 2Lpgeat &)oL
— 2 Lpeatdtts + (=2 (ik|ac) — 2 (ia|kc)) s + (2 (im|ke) 4 2 (ik|me) )% t5s
+ (=2 (kaled) — 2 (ka|de)) 3t + (2 (Ik|cd) 4 2 (Ik|dc))tdtitss
+ ({(kmled) + (km|de))te toe

im ki

(21)

S1.2 Modified terms for EOM-{pCC

In EOM-fpCC, pair-excitations are treated at the pCCD level and we need to evaluate different terms
arising from (P)| ’H%’CCD) |S), (P| HE\I;CCD) |P), and (P| Hﬁ\?CCD) |D). Thus, the pair-contributions of
the EOM-fpCC diagonalization problem reduces to

(H (pCCD) R)aa _ 2|:
] akrk + pr i + Lkacat?za Lk:zcztaa ;i

K3 ac 'L

fp, .aa fp,.ac fp _.cd fp .aa aa,.ca aa
+ Ikrzk‘ + Loy + [ cdT i + I Tkl — Lklcat Tkt — Lik’dct /rkz + Izakc ik + Iwckrlk’

ac' it

| (22)

with intermediates

]ifsk == <ak|ii> — fartiy — <ak|€6> tfz‘e + Laikits;’ (23)

>, = (cilaa) — faiti + (cilll) t5* — Leaiatis (24)

ac
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I

iakc

aa
= Licak + Lkicatii

[fp - _ <ZC’CLk> — <Z&|kC> + Likcat?ia

iack ~
1 1
= 5 (kllid) + 5 (kllee) 77

1 1
I, = = (ac|dd) + 3 (cd|mm) ¢,

_5 mm

I,L.f,f = —fir — (iklee) ti;

[gc) = fac - (ac]mm> tzgm

(25)

(26)

(27)

(28)

(29)

(30)



