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Noniterative corrections to the coupled-cluste€C) method with singles and doubléECSD) due

to triple and higher excitations in the cluster operator are investigated. The derivation is based on the
standard procedure for evaluating contributions coming from higher excitation rank cluster
operators into the CC equations for singles and doubles. The noniterative nature of the approach
leads to a direct modification of the CCSD energy throagiosterioricorrections, however, unlike
previous derivations, we take into account the coupling between the energy and cluster amplitudes
in the CC equations. The coupling is not present in the fully iterative CC schemes due to the linked
diagram theorem which makes the cluster amplitude equations energy independent. We show,
however, that if the problem of unlinked contributions is re-examined in the context of noniterative
approaches, then their complete cancellation does not occur. This leads to a partial restoration of the
energy dependence. The energy dependence then gives the cluster amplitudes more flexibility in
adjusting to the energy changes within the noniterative approach which is especially important in
quasidegenerate situations when the standard energy corrections become large. The resulting
modifications introduce disconnected contributions to the energy so size-extensivity is no longer
preserved. This approach provides a new hierarchy of CC corrections in which the standard
corrections, like CCSI'] or CCSOT), appear as a natural first step in the derivation. Some of the
corrections can be easily identified as analogous to those recently proposed by Kowalski and
Piecuch in the context of the method of moments of CC equations. We also suggest new
approximations. ©2001 American Institute of Physic§DOI: 10.1063/1.1373434

I. INTRODUCTION sponsible for the orbital rotation. The zeroth-order descrip-
The single-reference coupled-cluste&C) method~*has f[ion based. on Hartree—FocKHF) orbitals bec.o.me.s
proven to be very successful in describing nondegenerat'g"’ldequ"’lt_e n quaS|d_eg_enerate cases and the moqmcatlon of

states of atoms and molecules for which its basic approximal€ eduation fofT,, similar to that for doublesT(), is re-

tion with singles and double€CCSD provides very good quired. The two-term correction to the CCSD method con-
results>® To increase the accuracy one can employ nonitstituting the CCSIDT) method is one of the basic CC com-
erative corrections to CCSD which give an estimate of conputational schemes used in routine calculatiiis.lts
tributions coming from higher excitation rank cluster opera-generalization to non-HF cases has also been preskhted.
tors T,, first from connected triplesTg). %! While the  Obviously, there are more advanced CC approaches imple-
fourth-order correction due to triples which is included in themented like CCSDT-1, and particularly CCSDT{Refs.
CCSD+T(CCSD method® [also known as CCSIT] (Ref.  16-18 which use the same idea of modifying thig and T,

12)] works pretty well for nondegenerate states its perfor'equations with terms in whicfi, is expressed as a simple

mance deterloratgs rapidly ‘when even relat|vely_ weakynetion of T, but, unlike the noniterative approaches, the
quasidegeneracy is present. In such a case perturbative argu.

" : uations are solved iteratively. Only the storage of The
ments are not sufficient. Taking only the fourth-order contn-agd_l_ amolitudes is required \ilvhich ?’S an im ofctjant aoll@van-
bution and an additional fifth-order term arising from the 2 amp q P

modification of the CCSD equations projected on singly ex1age of th_esg_ methods, however, the numerlca_ll effort can
cited determinants improves the performance of the?ecome significant because of the more complicated struc-
correction'® While the fifth-order term usually makes the ture of the included terms. Finally, the full CCSDT method
result slightly worse in completely nondegenerate cases gan be used] and its range of applicability now exceeds
has a significant effect on correcting the unphysical behaviobenchmark calculatiorf®:?! A more practical approach than

of the fourth-order term when the state becomes quasidege@CSDT is the CCSDt methét2*in which only an active
erate. That may be related to the increasing importance @jrbital subset of thél; amplitudes and the corresponding
single excitations ;) in the cluster operator since, accord- equations is considered, namely those representing a desired
ing to the Thouless theoretfithey can be considered re- |eye| of excitation with respect to some selected reference
space rather than to a single reference determinant. That

dpermanent address: Institute of Physics, Nicholas Copernicus Universitygliminates the rate determiniﬁgn8 step in CCSDT substan-
87-100 Torun Poland.
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tially, reducing the number off ; amplitudes and correspond- and corrections requiring a relatively substantial numerical
ing CC equations to be considered, making CCSDt and iteffort (completely renormalized?
variant$® potentially wildly applicable. In this paper we shall show that corrections of this type
The strategy outlined above can be extended to the cas@n be easily and rigorously derived within the traditional
when the effect of quadruple excitation$,j ought to be CC framework without the necessity of considering the Fun-
included. That provides several computational schemes likdamental Theorem of thg Nested Equations or any other
those containing noniterative corrections to the CCSD ogxpression involving the full configuration interactiGfCl)
CCSDT methods, CCSDQ), CCSD(TQ), CCSDT(Q), wave function. The basic idea of the derivation is to recon-
and CCSDT(Q),?>?" or those of an iterative nature, CCS- sider the problem of cancellation of unlinked terms in the
Dtq (Refs. 22—2% and the full CCSDTQ methotf. For the ~ cluster amplitude equations. While the iterative approaches
detailed description of these approaches and discussion 8flow T andT, cluster amplitudes to absorb the information
the accuracy they provide, we refer to Refs. 22—27. CIearIy‘?‘_bO‘.Jt contributions arising from the mchsmn of higher ex-
the most appropriate in quasidegenerate cases would be g§ation rankT operators in a self-consistent manner, and
use the genuine multireference CC schefh&s(except for then trar!sfer it to the standard CC energy expression, the
the two-determinantal open-shell singlet c3sehowever, in nonlte.rat'lve scheme§ do nof[ havg 'such an ability and the
spite of tremendous progress that has been recently made gifect is introduced directly via addlt_lonal terms to the stan-
developing these approaches they still do not constitutéiard CC energy for_mula. Changes n th? energy expression
“lackbox” methods. That is mainly because of their formal cause the cancellation of unlinked terms in the cluster ampli-

complexity and the so-called intruder state problem. soméude equations considered within the scheme to not be as

attempts have been also undertaken to simplify the multiref-complete Wh'Ch can be seen by reexamining the proplem.
: - . The resulting energy dependence of the cluster amplitude
erence schemes and provide more efficient computational

. . . ..~ “equations provides more flexibility to the scheme, meaning
schemes by employing intermediate  Hamiltonian hat initial ch in the CCSD . leadi di
technique¥' which seem quite promisintf.3° Another pos- that Initial changes In the equations leading to modi-
. L 2 fication of the energystandard CCSD correctionsause a
sibility that has been exploited is to introduce two-step pro

d in which th q ical lai ttoct ‘subsequent modification of the cluster amplitudes, and so on.
cedures in whic € nondynamical corréfation €tlects arg, y,q single-reference situations the coupling is very weak

assumed to be given by a multi-reference configuration ingjnce it is realized through very high order terms which are
teraction (MR-CI) method and then the description of the g4 in such a case. For quasidegenerate states, however,
dynamical part is corrected via subsequent single-referencgs s not the case and the coupling helps the corrections to
CC calculatio®*" or by a single-reference coupled-cluster pehaye in more moderate manner and give a more reasonable
correction®® A third possibility is to exploit the usual MR-Cl  octimate of the higher excitation raffkcontributions.
framework rather than orbital based CC procedure, but t0  \ye shall also discuss some aspects of using an energy
incorporate approximation for unlinked diagrams in theeypression in which both, the right-hand and left-hand wave
modified ClI framework, like MR-ACPF(Ref. 39 or  functions are parameterized differently which was used by
MR-AQCC™* See also the use of EOM-CC as an indirectkowalski and Piecuch in their derivatid?*® We concen-
approach to some multireference situatiths. trate on limiting cases in which the expression has a simple
Since the multireference methods so far have not beemterpretation emphasizing that in other cases the expression
able to provide us with reliable, inexpensive, and wildly ap-seems to provide a combined effect from both wave func-
plicable computational schemes it seems that the extensiaions. Finally, we shall test some simple modifications of the
of the applicability of the single-reference CC methods torenormalized corrections on the DZ® and DZ HF model
deal more efficiently with increasing degree of quasidegensystems.
eracy is still desirable. There is no doubt that from the point
of view of large scale calculations, noniterative corrections

should be of primary interest since the CJ$D and Il. MODIFICATION OF THE CCSD EQUATIONS

CCSOT) methods are usually less costly than other alternaproJECTED ON SINGLY AND DOUBLY EXCITED
tives. Unfortunately, the CCYD] method which performs pETERMINANTS

very well at the equilibrium geometry displays unphysical
behavior at larger distances significantly overshooting th(ﬁ'
exact result. The extra term containiigy, included in
CCSOT), moderates this behavior, however, even this does The CC method is based on employing the exponential
not help much when quasidegeneracy is significant in bon@xpansion for the wave function

breaking. To remedy the situation, recently Kowalski and

Piecuch have proposed a new approach to the problea of | ¥)=expT|®), 1)
posteriori corrections to the truncated CC schemes named

the method of moments of CC equatidMMCC) (Refs. 42,  where® is usually the HF determinant aridis the second-

43) which originates from the so-called Fundamental Theoquantized cluster excitation operator defined with respect to
rem of the Nested Equation:“° A variety of the MMCC  the HF function as a Fermi vacuum. The advantages of using
methods has been introduced which one may divide into tw@xponential parameterization are visible when approximate
categories, simple correctiorithe so-called renormalizeéd schemes are considered. The approximate CC approaches are

Coupled-cluster expansion and linked diagram
eorem
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generated by truncating the cluster operdtat some level more complicated since it requires explicit cancellation of
of excitation. For example, for the CCSD scheme the apwunlinked terms. The projection leads to the following set of

proximation, equations:
T=Ty+T,, (2) (P|Hpe T2 D)= (D |V} D) =E,
is imposed. One can note that the exponential exparidion (D2 H\€eT1H T2 D) = (D T,| D)E, (7)

in spite of truncation(2), is capable of producing all excited

determinants. That can be contrasted with the fact that a (®3°|Hye™" T2|®)= (D" T,+ 3T3|D)E,
similar truncation introduced for the linear expansion as in . . .
Cl generates only singly and doubly excited determinants\.’vhere we assumeopartmonmg of the _Hamllton_ldnnto the
However, the quality of the description of the higher thanzeroth—order parti” and the perturbatioh’ and introduce
double excitations depends on fulfilling the so called cluster =~ HO=HO—(®|HO| D), Vy=V—(D|V|D),

conditions. ®)

Inserting Eq.(1) into the time-independent Scluinger Viz= (Ve T2)c.

equation gives i ) ) o
To show cancellation of disconnected terms in Ef.it is

Hyexp(T)|®)=E expT)|®), (3)  convenient to operate with diagrammatic techniques. The

first line of Eq.(7) can be expressed in more explicit form as
where

Hy=H—(®|H|®), (4) E=(®|Vn(To+3TD[®)=(P|(V{)o| D), 9

which contains connected terndiagrams. (), is used for
the n-particle component of an operator and that is intro-
respect to the HF energiyb|H|®). duced to make our considerations more transparent. The en-

The set of equations for the cluster amplitudes and thc-é :
. . . o . rgy expression depends alwaysTonandT, only, even for
energy is obtained by using the projection technique mean- S : : : o . )
ing that Eq.(3) is projected on a suitable set of functions approximations including higher excitationsTinWhile ana

. . . o _lyzing the second line of Eq7) one can construct connected
spanning the Hilbert space considered within an algebra@/ g a7)

L2 . nd disconnected contributions to the equation. This can be
approximation. The two most frequently used projection Set%chematically written as
are{(®| (P (PF,...} and{(®[ (PFle T (P ... },

is defined to give the correlation ener@ycalculated with

WhereQDf‘_'.'_'.denotes 'Fhe exgited dgt(_erminant obtaineq from  (®3(H1D) 1+ T1(VED)o| D) — (D3| T,|PIE=0. (10)
® by replacing occupied spin—orbitals . . by unoccupied ~
spin—orbitalsa . . . . The zero-particle part\(ﬁz)o is identical with the energy

In the case of truncated schemes, like that of f.one  expressior(9) and, hence, the last two disconnected terms in
has to select a subset of the complete set of projected CEQ. (10) are canceled leaving connected contributions in the
equations so their number is reduced to the number of thequation, now reduced to
unknowns, i.e., the energy and cluster amplitudes. For the al 12
CCSD scheme a subset associated wWithand singly and (®F(HY)4|P)=0. 1D
doubly excited determinants is considered to be a naturajmijarly, the third line of Eq(7) can be written in terms of
choice, however, some nonstandard projection subspaces cgfnnected and disconnected components,
also be taken into accoufft.When the second set of the
projection functions mentioned above is used then one caf®3°|(Hy),+ Ti(HY) 1+ (To+5TH (V) ol @)
immediately obtain the CCSD equations in terms of con-

ab 112 _

nected quantities since we have —(PF7| To+ 3T1|P)E=0. (12)

(D|Hpe T2 D) =E As before, the last two terms are canceled. In addition to that
N ’ the second term on the left-hand side disappears because of
(D3 M+ T2IH eT1*T2|d) =0, (5)  the equation foiT;, Eqg.(11), which is assumed to be satis-
fied. Again only connected contributions give rise to the

(Df°le” (Tt TIH e 2| @) =0. equation and we have

The connectivity follows from the Hausdorff formula and the  (®3°|(H}{?),|®)=0. (13)

property that commutators of second-quantized operators

produce connected terms only. Because of that we have As is well known the equations given by employing ei-

ther of the projection sets are the same and, consequently, in
e"MtTIH elitTe=(Hye" " T2) =H?, (6) the QCSD equations one can consider only connected terms
or diagrams to evaluate the connected cluster opef#ter
where () stands for connected terms aﬁxﬁ,z is introduced connected diagram theorem which is a consequence of the
to denote the similarity transformedy, operator withT re-  linked diagram theoreniLDT)]. This finding can be easily
stricted toT, andT,. extended to the case when an arbitrary excitation level is
Obtaining the equivalent form of the CCSD equationsassumed foll and the corresponding set of the projected CC
while using the first set of projection functions is slightly equations is taken into account. It is worth noting here that
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some attempts have been made to use nonstandard projdét-Standard noniterative corrections to the CCSD
tions within the CC framework. In such a case the CC equaenergy

tions projected on functions of higher excitation rank than  1ha extension of the CC method to higher levels than

that generated by the truncatédcan be taken into consid- ~cgp is numerically demanding, so different ways of ap-

eration. Unlike the standard projections this may lead to in'proximate accounting for the effect of triple and quadruple

equivalent results when using both projection sets. The usgyitations inT have been investigated. Most of them rely on
of the second set maintains connectivity by virtue of produc-, simplified version of the CC equations fog (or T4 and

@ng the similarity transformed Hamiltonian_in E(6) which T,) from which T; (or T5 andT,) can be calculated directly
is always connected, while the use of the first set may lead igg 5 fynction of the lower excitation raffkoperators. While
quite different situations when irreducible disconnected cong,o complete CCSDT equation projected on triply excited

tributions occur. _ determinants reads
The standard CCSD method allows us to satisfy the

Schralinger equation with the exponential expansion for the (DER(HP) 3| D) =0, 17
wave function given by I.qu'l) and (2) in the_prOJectlon . the basic simplified equation contains only the lowest-order
space spanned b¥, and singly and doubly excited determi- terms16

nants with respect to it. The limitation is associated with the '
number of parameters in thE operator. The equations can (PELY(HO T3+ V\T,)|D)=0. (18

ijk
be simplified by making use of the LDT. The connectedU like the f tion the latt b i ved f
structure proves size-extensivity of the method. While look- niike the former equation the 1atter can be easily solved for

ing closer at the CCSD Eqg9), (11), and (13) one can the cluster amplitudes associated withsinceH), is diago-

immediately see that the highest excitation level that is gen['al'

erated by the cluster expansion in the equations is four in ) (@ﬁECIVNTzkb)
spite of the fact that the cluster expansion, even if it origi- (P Ta|®)= ——"———————,
nates from the truncated form df, Eg. (2), produces all PR Rk Ra Bh R
possible excitations while acting on the reference funclion Wheree, is the orbital energy of theth spin—orbital. Due to
This is because of the projection employed and the at moghe hierarchical structure of the FCC equations in which the
two-particle character of the Hamiltonian. energy depends off; and T, (9), and the CC equations
Alternatively, one can examine the importance of theprojected on singles, doubles and so on contain cluster op-
higher excitations in the CCSD wave function expansion byerators up td's, up toT,, and so on, respectivelfz cannot

(19

considering the energy expectation value expression, modify the energy directly but only through equations pro-
- jected on singles and doubles. The lowest-order term arising
exp (D|eT1*T2H e ¥ T2|d) " from the inclusion ofT; in the CC equations projected on
ccsb <(I>|eTI+T;eT1+T2|CI>) ' doubly excited determinants is
<q)ﬁb|VNT3|(D>:<q)ﬁb|VNR3VNT2|q)>r (20)

to which now the total CCSD wave function contributes. Of
course, the expectation value expression gives an uppavhere the approximate form df;, Eq. (19) has been in-
bound to the exact energy, and it introduces certain higheserted and the reduced resolvent,

excitation effects like quadruples from terms including (I)alaZ"'an><q)_a132"'an|

3(T1)2.4” When the number of the parameters increases by, | i1ipin iaipin

incIudjng higher gxpitation ope.rato.rs n so does the ability n_a1<a2<~-~<an €, T€, T t€ —€ —€, € '

to satisfy the Schidinger equation in the larger space. In the i1<ip<-<ip

limit of having all excitation operators ifi the Schrdinger (21)

equation can be satisfied in the whole space and the correlfas peen introduced. Now one can use the approximate con-
tion energy expectation value formula is again reduced to th@jpution from T, (20) in Eq. (13) obtaining

standard CC energy expressi(®),

T (D3| (HRD) 2+ VRV T, @) =0. (22)
Ple’ H P . , , L
EﬁépCZH—eTJrNTe#I@Wr\n(TzJF%Ti)@% (15  Since the extra term is connected size-extensivity is pre-
(@le" ') served. The modified set of CCSD equations, Egjs.(11),

where FCC stands for the exa¢till) CC method. The ex- and (22) requires solving forT; and T, amplitudes so the
: number of unknown cluster amplitudes and the number of

pectation value expression is always represented by corn- . .
nected terms only as shown byiz€l¢ and that does not equations are exactly the same as in the CCSD scheme. Only

. Eqg. (22) is more complicated than the CCSD H#3). The
depend on the truncation scheme usedTior method is known as CCSDT4.

exp_ Tt T _ Th.T T The CCSDT-1 method requires an iterative solution of
Ecc=(Pl(e7 Hyeel®)=(®l(e e (Hne)c)c|®). (16 Egs. (11) and (22) but another computationally simpler
The expectation value expression is usually considered whilscheme emerges when one assumes that the changie of
deriving noniterative corrections approximating the effect ofgiven by CCSDT-1 with respect to CCSD is not pronounced,
higher excitations i on the correlation energy.It has also  and leaves Eqg$11) and(22) with the converged’; andT,
been considered more generally in the XCC equattBns.  amplitudes from the CCSD calculation. That can be justified
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by the relatively high third-order character of the additional CCSOT] can be partly alleviated by considering the lowest-
term (20). Equation(22) is then not satisfied in the projection order contribution fronilr; in the CC equations projected on
space chosen for the CCSD scheme. To make it satisfied singles. In quasidegenerate situations someamplitudes

new auxiliary T, operator can be introduced replacilg  can also be large because the HF method does not provide a

only in one,HR,Tz, term in Eq.(22), good zeroth-order approximation in such casks. which
ablt10mr 12 can be considered responsible for the orbital rotation, tries to
<q)ij [HNT2+ (V)2 VReVNT,| @) =0. (23 reduce this effect. The noniterative inclusion of the approxi-
While comparing Eq(23) with Eq. (13) it is easy to see that Mmate contribution fronilz (19) in the CCSD equation pro-

jected on singles leads to
T3 @) =T, D)+ Ro(VNR3VNT2) D). (24)
The last term gives a noniterative estimate of the change of
the T, operator caused by the presence of the additional terrwhich within the noniterative framework gives an additional
(20) in Eq. (22). ReplacingT, with T, in the CC energy correction term to the energy. This term, supplementing the
expression(9) generates am posteriori correction to the energy expressio(28), leads to the CCSO) scheme,
CCSD energy,

E=(®|Vn(T,+3TH|P)

(D2 (H})1+ VRV T, @) =0, (29

Ecesom=Eccsgmt+ (P TIVyRsVN T, ®). (30

The extra term is usually positive, relatively small for non-
=Eccspt (P|VNRLVNRSVN T, D). (25) degenerate geometries and more significant when quaside-
To obtain an alternative version of the correction the ccIeNeracy 1s present. .
expectation value expressi¢b6) has been uself.When the .T_he ccsam methOd has been very successiul in de-
§9r|b|ng the potential energy surface in the range from non-

CCSD equations projected on singles and doubles are sati e t K i ¢ tries. The t
fied then projection on any function from the space spanne egenerate 1o weakly guasidegenerate geometries. 1he two
erms represent in such cases a balanced contribution from

by @ and singly and doubly excited determinants gives theI'3 which is not, in fact, completely based on a perturbative

CCSD energy. In particular, analysis since the second term gives only one of the fifth-
ECCSD:<¢|(1+TI+TZ+ %Tf)ﬁm@)_ (26) order contributions. Single-reference perturbative arguments

) ) are not valid, however, when the single HF determinant does

When the CCSD equatiof13) is replaced by the CCSDT-1 ot nrovide a reliable zeroth-order approximation. But when

equation(22) and the corresponding change is made in Eqy,q quasidegeneracy becomes stronger the GTSBethod
(26), then assuming an iterative approach, the CCSDT-1 enjaaks down completely.

ergy is obtained as While the triple corrections are of prime interest, other

E — (V) THELR), 4 (T 1712 types of CC corrections can be derived following the same
cosor-= (P (Vo Ta(H) 1+ (T2 2T1 ) philosophy by introducing the effect of higher excitation

X (A4 VRV T,) o @). (27)  rank T operators through modifications of the standard CC

_ ) ) ) _equations, first of all those projected on doubles. For ex-
However, if the idea of a noniterative treatment of approxi-ample, in the CCSDIR) approach? the CC method with
mate triples is followed, then Eq22) is not satisfied and  gjngles, doubles and triples is corrected to give the lowest-

then the right-hand side of Eq27) gives instead of the rger contribution fronT,. In this case the following sim-
CCSDT-1 energy the CCSD energy supplemented with anjified equation forT, is considered,

energy correction. The correction has been proposed by Ur-
banet al.and is known as the CCSBT(CCSD) (Ref. 10 or (DFCIHY T4+ (BVNT3+ VyTa)c| ) =0, (31
the CCSDT] (Ref. 12 method. Insertindl, and T, cluster

amplitudes from the CCSD calculation into E87) we have which contains the lowest-order terms. Theobtained from

: the equation gives the following lowest-order contribution to
Eccsom=Eccspt (@[ T2VNRsVNT| D), (28)  the CC equation projected on doubles:

where the high-order term associated wiil’ has been (D2PIV\R4 (VN T3+ VT3)c|@). (32
neglected. It is easy to see that E25) can be obtained from :

Eq. (28) by replacing T} with its first-order contribution. The noniteratively corrected CCSDT energy constitutes the
Correction (28) gives the lowest-order contribution from CCSDTQ) approach,

connected triples to the energy and is negative because of its 1 2

symmetric structure and the fact that the denominatd®4n Eccsono=Eccsort (P|TOVAR4(3VNT5+VyTs)c| D).

(21) is negative for a ground state. Hence, the CCHD (33
energy is always lower than the CCSD one and in nonin the CCSITQ) method®the CCSD cluster amplitudes are
guasidegenerate cases the method performs very well makised to give an estimate of the combined contribution from
ing the result closer to the exact one. However, in a bond'; andT,. T3 is not available now in Eq32) and, hence,
breaking situation, where other determinants start to be pathe approximatel; amplitudes given by Eq19 must be
ticularly important, one or several of the, amplitudes be- used. Note also that a contribution fro'ﬁi can occur as it
come large and so is the correction. That can lead to a sigloes in CCSDT). The two component correction to the
nificant overshooting of the FCI results. This behavior of CCSDT) energy is then given by
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Eccsorg= ECCSEIT)+<(D|T£VNR4 with E~given by the first relation in Eq25) depending on
o T5. (Vi)o, which is constructed from the CCSD ampli-
X (2VNT2+ VRV T2) | ). (34  tudes, T, andT,, is equal toEccsp and, obviously, is not

Some considerations from the factorization theorem allow ulgjentlcal with E. That leaves irreducible unlinked contribu-

to arrive at some simpler, although not completely equivalens[‘Ions in the equation which when solved fo give

i 9

forms of Eq.(34), which leads to the CCSD(Tpschemé), T4 D) =T,| )+ Ro[ VyRaVNTo— (To+ STAAE]| D), (39)
Eccsnto,)=Eccsomt H®|VNR,TS with

X (3VNT5+ VRV T,) | ®). (39 AE=E—Eccsp. (39

By replacing the long denominator R, with the short de- InsertingT} into the energy expressia@s),
nominator inR, the new form significantly reduces the nu-

merical effort(~n® to ~n®) necessary to calculate the cor- AE=(D|V\RV\R3V\T,| D)
rection (see Ref. 50 for the detailed equatio’d similar

_ 1T2
change made within the CCSDJ) method gives the (®IVNRy(To+3T1)| P)AE, (40)
CCSDT(Q) schemé? and solving the equation fakE leads to
_ (P|VNRoVNR3V\ T, P) 1)
C. Problem of cancellation of disconnected terms 1+(D|V\Ry(To+ 5T7)| D)
revisited: Renormalized corrections to the ) o )
CCSD energy When the expectation value expression is used instead of

introducing the auxiliary operatdfy, then(CDlT; replaces

Construction of the staqdard corrections.to the CCSDyq first-order contribution ®|V\R, in both the numerator
energy has been mainly guided by perturbative arguments, 4 the denominator of E1)
Analysis of the CC equations allows us in such a case to o

select the lowest-order contributions arising from inclusion (¢>|T£VNR3VNT2|<I>)
of higher excitation ranR operators in thd, (or T, andT,) = T pa— .
equations and express them in terms of the CTgor T, 1+H(P|Ty(To+ T @)

andT,) cluster operators. This strategy proves very SUCCeSSg, far only the equation foF, has been considered in which

ful as long as the single-reference perturbation expansion cafe jnjtial modification was made. However, the equation for
be employed as a valid tool in the analysis. This, of course, i§- \hich is a part the computational scheme is also affected
not the case when a significant degree of quasidegeneracy iy yhe correction in spite of the fact that no direct change in
present, so perhaps other criteria for examining the CC equ@pe equation is made. Again this is because the cancellation

tions are necessary to reveal the possibility of constructing¢ \,niinked terms is not complete and hence from Ed)
corrections that are better able to deal with such a situation, o has

When the iterative versions of the CCSD equations cor-
rected to include the approximate contributions from triples  (¢a|(R12), - T,AE|d). (43)
or quadruples are considered like, for example, CCSDT-1,
then the T, and T, amplitudes determined by the self- In principle, one can also take into account the simplified
consistent procedure absorb contributions given by the extraquation forT; (18) for which a similar consideration leads
terms and transfer it to the standard CC energy expressicio
(9). Focusing our attention on the CCSDT-1 scheme it can be S
seen that the CCSDT-1 E@22) obtained from the CCSD T3|®)=Rs(VnTo—e'1" 2AE)|®). (44)
Eq. (13) by supplementing it with the approximate triple gqation (44) used instead of Eq19) in the T, equation
contribution(20) is equivalent to the initial CCSD equation it the lowest order term including gives
(12) with the same triple contribution,

(42

ab) /312
(D2 (FIE2) o+ VARV T+ Ty (A + (T, 2T9) (PiI(AN)2+ VNRsVNT2

_ 12 T1+To
X [(V32),— E]|d) =0, 36 (To+ 35T+ VW Rse JAE|D), (45)
uwhich together with including Eq43) in the reduced expec-
Btion value expression, finally leads to a correction which
can be easily identified as the renormalized CCHOR-
CSOT]) correction discussed by Kowalski and Piecuch in
he context of the method of moments of G®IMCC)
equationg?

as long as the iterative approach is assumed. This is beca
of cancellation of disconnected terms which reduces(&).
to its connected forn§22). A similar cancellation does not
happen, however, when a noniterative scheme is invoke
The analog of Eq(36) in such a case is

abj 40/ 4 (12 ™12 172
(DFIHNT 2+ (V) 2+ VRV T+ To(HY) 1+ (To+ 5TY) A ) (B[ TIV\RSVNT,|®)
X[(VEo—E]|®) =0, @7 RSN QI T THLT VR T D)

(46)
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It is easy to see that as a result of the incomplete cancellatiowhereAE is used for the standard corrections &g a part
of unlinked terms the standard CCHD correction is di- of the denominators containing at least second-order terms
vided by a term which can be seen as an overlap of thérom the point of view of the single-reference perturbation

CCSD wave function and a simple function, expansion. When quasidegeneracy is not present, [tBlen
<1 and
(1+T1+To+R3VNTL) | D), (47
AER=AE—SAE+S?AE..., (55)

which includes up to triply excited determinants.
When one wants to consider an analog of the CASD g all terms that are generated by the denominator in addition
method then the approximalg, Eq.(44), must also be used g the standard corrections have disconnected character if the
to modify the equation projected on singles in a way similarso.called exclusion principle violating terms are not taken
to that in the CCSDT) approach, into account. Since the standard corrections are of the fourth

al 12 T +T _ and higher orders an8 is at least of the second order the
(PFI(HN)1+ ViRa(Vn T, ~ €T " PAE) ~T,AE[®). - (48) inextensivity error can be considered small in single-

That gives the renormalized CC8D correction, reference cases. Moreover, renormalized corrections have the
oot same nice property as the standard ones of vanishing when
(O(T1+T2)VNRsVNTo| D) the CC method being corrected becomes exact. For example,

(49 for the CCSD method this is the case for a two-electron

) ) ) o system or a system consisting of noninteracting two-electron
Finally, if all possible terms containing the CCSD CIUStersystem§.2 This follows from the fact that ifAE vanishes
amplitudes are included in the simplifidd equation instead then AER disappears as well.
of only the lowest-order ones, While in the single-reference situation€ differs very
little from AE the difference becomes large when the degree

AE = .
COSED (@[ 1+ (TI+TH)(1+VyRs) ] T2 D)

— 1712 T1+T
To| ®)=Rs(Vy'—AEE" 2)[D), (50 of quasidegeneracy increases. The basic component of the
then the so called completely renormalized CEBD(CR-  standard CCSD correctiondEccsgry, Which is negative,
CCSOT)) (Ref. 42 correction, because of the presence of laffgamplitudes significantly
~ overshoots the exact energy. However, if this is combined
_ (| TIVARVI®) with the growing value of the denominator in the renormal-
AECR'CCSWT]_<¢|[1+TI+ TH(1+VyRy)]e T2 d)’ ized corrections then the net effect can place the result close

(51  tothe exact one. To find a balance between both effects more
numerical experience is required, nevertheless, the renormal-
ized corrections offer a promising way of extending applica-

(<I>|(TI+ T;)VNRSVJN2|¢> bility of the _standard corrections to a larger range of molecu-

AEcr-ccsom= 7 T : lar geometries.

(PI[L+(T1+T5)(1+VyRg)Je't" 2 @) In this section we have presented a derivation of the
(52) renormalized noniterative corrections to the CCSD energy
are obtained. It is worth noting that the denominators in théased on recognizing the coupling between the cluster am-
renormalized and completely renormalized versions of a parlitude equations and the energy. Similar corrections have
ticular correction are the same. been proposed by Kowalski and Piecuch within the so called
Guided by the same principle of taking into account themethod of moments of CC equatiod®MCC). The inspira-
coupling between the energy and cluster amplitude equéion for them was the Fundamental Theorem of the Formal-
tions, one can easily derive renormalized versions of the reism of g-Nested Equations which can provide a simple-
maining standard CC corrections described in Sec. || B. Théormula relation between the exa@®Cl) energy and the
most interesting case from the point of view of practicalenergy obtained within any truncatédCC scheme assuming
applications is the CCSD(T&Q method for which the renor- that the FCI wave function is given. Then, the idea of using

and the completely renormalized CC8D correction,

malized version is a simple estimate of the ground state function from some
inexpensive external source has been suggééthdprac-
AER-CCSD{TQQ tice, a very low order of the single-reference perturbation
AE expansion or some rough description based on the knowl-
_ cesnTQy) edge of CCSD cluster amplitudes have been 4é&dIn
(DI[1+(TH+TE+ 3TV (1+ VRy) JeT 7 To|d) " spite of that, the test calculatidig® have shown that the

resulting renormalized corrections offer a significant im-
(53) provement over the standard ones for the geometries distant
where TV stands for the first-order contribution 14, . from the equilibriun®*® This is rather surprising since in
The most visible feature of the renormalized correctionssuch cases the single-reference trial function does not pro-
is their size-inextensivity. The renormalized correctiaiis; ~ Vide an adequate approximation of the exact wave function.

can be schematically expressed in the form, The advantage of the derivation presented here is that it is
done entirely within the CC framework and, as a conse-
AE :A_E (54) quence, guessing some arbitrary function as it is necessary
RT1+s within the MMCC equations is avoided. Instead, the “trial”
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function arises naturally. It is also worth noting that the stanwhere cancellation of disconnected terms can be shown in a
dard corrections constitute the first initial step in our deriva-way similar to that indicated by i®ek? Equation(61) also
tion. shows that any other kind of exponential expansion, not nec-
essarily the FCC one, leads to a connected structura for
However, use of the functio60) truncated at some excita-
IIl. THE SCHRODINGER EQUATION PROJECTED ON tion level so only up ton-tuply (n<number of electrons
THE CC WAVE EUNCTION excited determinants are created frdm generates irreduc-
ible disconnected terms.
In order to obtain the simple-formula relation discussed  Another limiting case, in which it is clear wh&E re-
by Kowalski and Piecuci*® it is enough to project the ally means, is when represents a wave function obtained
Schralinger equation in the bra-space, from the truncated CI calculation with singles and doubles
(CISD). While the FCI equations are satisfied in the whole
(VHN=(PIE, (56 space, the Schdinger equation with the CCSD wave func-
on the CC wave function, tion is satisfied in the projection space spanneddbywnd
singly and doubly excited determinants. Hex&=0 and
(W[Hye'|®)=(W[e|D)E, (57 again it does not matter whether the equation is projected
whereE is the energy relative to the HF energy. If calcula- onto CISD or any other function restricted up to double ex-
tion of the energy E with respect to some other referenceitations. However, since the CISD coefficients and the
energy is preferable, then that can be easily accomplished ByCSD amplitudes do not differ very much in single-
redefining the Hamiltonian in a similar way to hddy, was  reference cases, it is possible to find an approximate relation
defined (4). For example, ifT is limited to singles and between the CCSD and CISD energy. For the sake of sim-
doubles, Eq.(2), and the cluster amplitudes are obtainedplicity we neglect single excitations, comparing CID and
from the standard CCSD calculation one can calculate th€CD methods. The CID function reads
energy with respect to the CCSD correlation enegy:sp

. . o ) =(1+ ,

by using the shifted energy Hamiltoniaty-Eccsp instead [V ep)=(1+Co)[®) (62

of Hy. In such a case from E@57) we have and the set of the CID equations,
AE(W]e" T2 @) =(P|(Hy—Eccspe’™ @), (58) Ecip=(P[HNCo|P),

where AE is defined by Eq(39). If ¥ is the FCI wave (PP HN(1+Cp) | @) =Ecip( D3| Co| D), ©3

function, then Eq(58) gives the exact FCI energy relative to where the intermediate normalization is imposed on the CID

Ecesp. Formula(58) has been used as a starting point in theWave function andC, is the double excitation operator asso-
derivation of the MMCC equations. The purpose was to ob- . . .

: - . . . ciated with the CID coefficients. From E8) we have
tain an explicit and rigorous relationship between the energy
obtained in an approximate correlated calculation, IikeAE(1+(<I>|C;T2|<D>)
CCSD, and the exact energy. One can see that in the limit of

— T 142
having ¥ as the FCI wave function it does not matter too = (®|(1+C2)(Hy—Eccp) (14 T2+ 2T3)| D). (64)

much whether the Schdinger equatior(56) is projected on  Since the CCD equations are satisfied in the space spanned

the CCSD function or on any other function since E5f) is by & and doubly excited determinants, thA =0,
satisfied in the whole space. At first glance, form(5®)

suggests that even in the case of the FCI function discon- (@[(1+CY(Hy—Eccp)(1+To+3T5|®)=0. (65)
nected contributions to the energy differenkE are gener-  ysing Eq.(63), Eq. (65) can be rewritten in the form,

ated which is, of course, not true. To see the cancellation of t L + )

disconnected terms a many-body representatiodf cin be Eciot Ecip{®[CaTo|®) + 3 P|CoVnTS P)

used. From the well know relation between the FCI coeffi- i —

cients(C) and the FCC amplitudesT(), Econ(1+(P[C2T|®))=0. (66)

The third term can be expressed in terms of connected and

T;=Cy, disconnected components,
To=Com3T1%, (59 H@|CLv\TF®)=HP|(CVNTH)clP)
+Eccp(®|CIT,| D), (67)
the FCI wave function can be represented as the FCC onegnd we have
[v)=e"|®). (60 Ecco—Ecip=Ecin(®|CITo|®)+ X P|(CIVNT)c|P).
Now the AE expression gives (68)
ot . SinceC, andT, differ in the third order of the perturbation
Eo (®le" (Hy—Eccspe'|P) expansion, it is easy to see that replacingwith C, in Eq.
<q)|eT’TeT|q)> (68) causes changes of a very high order. So as long as
the single-reference perturbative arguments hold, one can

:<q>|(eT/TH NeT)C|(I)>_Ecc5D. (61) consider
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Ecco— Ecio~Ecin{®|CLCo| @)+ X @[ (CIV\CH) | @), AEccsorimy=(®P| (T34 3TIA) VIRV T, ®). (72)

(69) If the change is incorporated in the CC8I) scheme, then
as a good approximation of the difference between CCD and bt 1et2
CID energies. The first term in E¢69) can be recognized as AEccsomm=(P|(T1+ T+ 5T1) VARV T, @), (73)
the so called renormalized Davidson correcti®DC).>*™*  The renormalized versions are
Indeed, if we switch to the normalized to unity CID vector
and denote by, the coefficient associated with the reference Er-ccsamymy

function @, then

_ AEccshTym
2_ 1 (@[ 1+ T+ (TI+ T2 (1 4+ VyRy) 1€ T2 @)
= e T - (70
L+(@[clc;[0) 7
Using this relation the standard form of the RDC can ob-A
tained, Er-ccsomymy
: 1-¢3 _ AEccsommy
RDC= EC|D<CI)|C2C2|(D>: ECID CS . (71) <CI)|[1+ (TI_’_T;_'_ %TIZ)(1+VNR3)]6T1+T2|(D> .
It should be emphasized that the renormalized Davidson cor- (79

rection itself leads to the linear version of the CCD The next modification comes from recognizing the impor-
method>>* rather than to its full version, which shows the tance of the renormalization term in the CC equations when
importance of the second term in E@9). Some numerical noniterative corrections for a more effective description of
tests show the relation in Eq69) can give a quite good quasidegenerate states are considered. In our derivation of
approximation of the CCD and CID energy differerice. the renormalized corrections the renormalization term plays
In other than those limiting cases described above likea critical role. Keeping this in mind we concentrate our at-
for example, with the left-hand wave functidihtruncated at  tention on the simplified equation fdr; (18). This is a linear
the triple excitation level and the CCSD left-hand wave func-equation inT5 assuming thaT, is known. It does not mean,
tion, the AE expression seems to give a combined effecthowever, that this is a consequence of the linear dependence
coming from both wave function expansions. Neverthelessof the wave function orT;. If the wave function depends
guided by the form of the standard CCSD corrections andinearly onTs,
properly selecting contributions t& and Hyexp(T;+T,)
one can arrive at the renormalized and comNpIeterlreni)rmal— |\P>:(eTl+T2+T3)|¢>' (76)
ized corrections to CCSIRefs. 42, 43 which, as shown in then the Schrdinger equation projected on triply excited de-
the previous section, can be easily obtained within the traditerminants gives

tional CC approach.
PP (DI Hy (e T2+ T3)| D)

1
e 3711+ T3l P)E=0. (77)
CCSD CORRECTIONS FOR TRIPLES :

. . i Obviously, the linear dependence ¥fon T5 generates dis-
The completely renormalized corrections, CR-CEED connected terms. If th&, andT, amplitudes and the energy

5351) and CR'C.CSU) (52), can be seen as most effectllv_e are taken from the CCSD calculations, then
ecause of taking into account all possible terms containing
CCSD amplitudes including all nonlinear ones in heEq. <q)ﬁﬁc (vh2)3|q’>+<q)ﬁﬁc|(HN_ Eccsp T3/ ®)=0. (78)
(50).%? The nonlinear terms should moderate the behavior of o ] )

the linear terms which are exclusively present in theNOW a simplified equation fo's can be given by
R-CCSOT] and R-CCSDT) approaches while the denomi- (q’ﬁEC|VNT2|(D>+<¢ﬁEC|(H%_ EccsnTs|®)=0, (79
nators are the same in each category of the corrections. How- ) } ]

ever, the disadvantage of the completely renormalizedProviding an approximate expression for fhg amplitudes
schemes is that they can be quite numerically demanding <‘D?EC|VNT2|<D>

making them less practical. Obviously, it would be desirable ((I)f}ﬁclT3|<I>)= L= E :
to improve the performance of the simple corrections €it€te €€ €t Ecesp
through changes which do not increase their numerical comexpression80) differs from the previous expression fog
plexity. Just to show that such modifications are still possiblg19) by having an energy dependent denominator which to a
we would like to present and test two new versions.large extent resembles, although it is not identical with, the
Throughout our derivation the importance of single excita-Brillouin—Wigner{BW} denominator. We usgBW} to indi-
tions has been emphasized several times so the first changate replacing the standard denominator in the corrections
we would like to suggest is to include the term arising fromwith that of the Brillouin—Wigner-type, Eq80).

IV. POSSIBLE MODIFICATIONS OF THE SIMPLE —(CIDabC|T1T2+

(80)

the inclusion of3T] which has been neglected when con-  The test calculation has been carried out for two molecu-
structing the CCS[I] correction. The modified CCSD] lar systems, KHO and HF, which have been frequently used
correction is now to investigate the performance of various single- and multi-
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TABLE I. The FCI energiedin a.u) of the ground state of the DZ®  renormalized ones. The situation does not change dramati-

model and energies of CCSD, CCSDT, and CCS8Drvarious noniterative ;
corrections due to triples relative to FGh mH). All results, except those Ca"y when we proceed to the 1'5@eometry' Still both,

corresponding toM}, {BW}, and {M,BW}, are taken from Ref. 42, and CCsOT] and CCSOT), perform well, however, it can be

references therein. seen that CCS[O] tends to slightly overshoot the CCSDT
1R 15R 2R result. The importance of the denominators in R-CCHD
' and R-CCSDT) is growing as is the gap between COSD
FCI —-76.157866 —76.014521 —75.905247  and CCSIT), and their renormalized counterparts. Also the
CCsD 1.790 5.590 9.333 completely renormalized versions are not so close to the
cesot 0.434 1.473 —2.211 renormalized ones. Once again modificatigklg and{BW}
ccsOT] 0.362 0.751 —11.220 give very small contributions. In spite of the increasing dif-
CCSOTKM} 0.365 0.808 —10.444 ferences all the corrections represent a significant improve-
R-CCSOT] 0.428 1.391 —3.623 ment over the CCSD energy. This is, however, not the case
R-CCSOTIM) 0431 1490 3188 for the 2R geometry. The quasidegenerate nature of the
R-CCSOTHBW} 0.471 1.637 —2.169 :

R-CCSOTHM,BW} 0.474 1.681 —1.797 ground state wave function causes a complete break down of
the CCSI)T] correction. The extra term provided by the

gggg&w 8:2;3 1222 :g:ggg CCsOT) .scheme reduces the error with respect to_ FCI by
R-CCSOT) 0.631 2.013 —~1.376 30%, which does not make the result more sensible. For
R-CCSOT){M} 0.634 2.061 —-0.928 CCSOTKM} and CCSIT){M} the overestimation of FCl is
R-CCSOT){BW} 0.667 2214 —0.266 further reduced but the real improvement is given by the
R-CCSOT){M.BW} 0670 2259 0.112 renormalized corrections. In this case the simple modifica-
CR-CCSDIT] 0.560 2.053 1.163 tions contained in the R-CC$DKM,BW} and
CR-CCsDOT) 0.738 2,534 1.830 R-CCSOT){M,BW} schemes help to obtain results close to

the FCI ones. The completely renormalized corrections, in
contrast with the simple standard and renormalized correc-
reference method®:17244937 These molecules have also tions, show the same previous tendency to underestimate the

been selected by Kowalski and Piecuch for their preliminary~C! energiegTable II).

calculations employing a hierarchy of the renormalized and ~ For the HF molecule four internuclear distances have
completely renormalized CCSD correctidfisUsing the  been selectéfiranging from the equilibrium geometry up to
same double-zeta basis setsye supplement their results R=5Re. For all the geometrie3; plays a crucial role in
with results given by our modified correctiofs!}, {BW} reducing the CCSD error relative to FCI as can be seen from
and their combinatiodM, BW}. Results for HO are col- the CCSDT energies. For the equilibrium geometry the situ-
lected in Table I. The table shows the FCI res(ilisHartreg ation is similar to that for KHO. All corrections improve the
which are the reference points for all other results as they areCSD energy which can already be considered very good.
given in mHartree relative to the corresponding FCI enerfor R=2R, the CCSD result is less satisfactory. The
gies. Three geometries corresponding to simultaneousCSOT] method gives an energy below the FCI one but
stretching of both O—H bonds are considereds IR, that is corrected by the extra term in CCGQ Changes
R=1.5R,, and R=2R,, where R is the equilibrium value of introduced by other corrections of thi€] type gradually re-
O—H bonds. The quality of the CCSD energy deterioratesluce the initial error of-2.725 mH t0o—0.360 mH. How-
with the O—H bonds stretching and tfig effect starts to be ever, in case of théT)-type corrections the error systemati-
important in the CC calculation. Although the inclusion of cally increases reaching 1.768 mH which can be still
T, is expected to improve the CC energy, Thecontribution  considered as relatively small. It should be noted that both
is dominant® For the equilibrium geometry R1R, this  modifications{M} and{BW}, start playing an important role.
contribution is quite well reproduced by the standardThis become really visible when the internuclear distance
CCSOT] or CCSIOT) corrections. That is what is expected R=3R, is considered. In this case both methods, CCYD
since the perturbation expansion should be rapidly converand CCSDT), fail completely in spite of the fact that
gent and the lowest fourth-order term from connected triple€CCSD(T) improves the CCS[I] result by almost 14 mH.

in the CCSIT] as well as in the CCS@O) correction pro-  Surprisingly, also a significant contribution comes from
vides a good estimate of the; contribution to the energy. CCSOTM} which cuts down the error by another 8 mH.
Denominators in the R-CCYD] and R-CCSDT) correc-  This is because of the importance of monoexcited configu-
tions introduce only very small changes of these results. Theations at large internuclear separations. JB%/} modifica-
modification{M} is completely unimportant which is again tion seems also quite effective. In fact the
in accordance with the perturbative arguments. Similarly, theR-CCSOT){M,BW} scheme belonging to the category of
{BW} versions do not defer much from those in which thesimple corrections overestimates FCI only by 2 mH. That
Rayleigh—Schrdinger (RS denominators are used showing can be compared with the original R-CCQI result for
that the denominators in E¢80) are dominated by the or- which the error is more than 3 times larger. ForBR, the
bital energy differences. This is what one can expect in thetarting point is given by the CC$D] result —75.101 mH.
single-reference case when there is a large gap between oEwo contributions appearing subsequently in CCBHD
cupied and unoccupied orbital energy levels. The completely~22 mH) and in CCSHT){M} (~14 mH) reduce this error
renormalized corrections are only a little bit larger then theto —39.315 mH. Finally, the renormalized version
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TABLE II. The FCI energiegin a.u) of the ground state for the DZ HF model and energies of CCSD, CCSDT,
and CCSD+ various noniterative corrections due to triples relative to H@ImH). All results, except those
corresponding t¢M}, {BW}, and{M,BW}, are taken from Ref. 42, and references therein.

1R 2R, 3R, 5R,
FCl -100.160300  —100.021733  —99.985281  —99.983 293
CCSD 1.634 6.047 11.596 12.291
CCsDT 0.173 0.855 0.957 0.431
ccsoT] -0.070 —2.725 —38.302 -75.101
ccsOTiM} —0.063 -2.218 —30.663 -61.233
R-CCSOT] -0.010 -1.127 —13.526 —23.169
R-CCSOTKM} —0.004 —0.749 -10.712 -19.574
R-CCSOTHBW} 0.031 -0.715 -11.030 -18.386
R-CCSOTHM,BW} 0.037 —0.360 —8.494 —15.263
ccsoT) 0.325 0.038 —24.480 -53.183
CCSDT)H{M} 0.332 0.545 -16.841 -39.315
R-CCSOT) 0.371 1.137 —6.535 —14.246
R-CCSOT)H{M} 0.377 1.527 -3.388 —10.049
R-CCSOT){BW} 0.402 1.402 -4.873 -10.934
R-CCSOT){M,BW} 0.408 1.768 —2.044 -7.308
CR-CCSOT] 0.163 0.700 2.508 3.820
CR-CCSIOT) 0.500 2.031 2.100 1.650
R-CCSOT){M,BW} gives —7.308 mH, which in spite of The form of the new corrections differs from the stan-

more than a tenfold reduction of the initial error, can hardlydard ones by the presence of denominators which can be
be considered as a satisfactory result. That shows the limitanterpreted as an overlap between two wave functions, one of
tion of this approach. which has a CC character. Similar modifications of the stan-
To summarize, let us note that to make the triple correcdard corrections have been recently proposed by Kowalski
tions more applicable to quasidegenerate cases the main efrd Piecuch in the context of method of moments of CC
fort has been placed in neutralizing the large effect of theequations which describes relations among approximate CC
lowest-order term constituting the CCBI correction. The schemes, like CCSD, and the FCI enefg$® Our deriva-
other contributions that can be considered are also substatien, on the other hand, uses classical CC techniques and
tial in such cases helping to obtain a more balanced descrigloes not require any reference to the FCI wave function. We
tion than that given by the standard corrections. Obviouslyalso discuss two limiting cases for the energy expression
much more numerical experience is required to attain antroduced by Kowalski and Piecuch in which it offers a
simple, yet dependable scheme which would be able to weBimple interpretation of the results.
approximate the CCSDT result in a noniterative fashion for ~ An obvious question which might be asked is the valid-
more than typically single-reference cases. Botthased ity of the CC approach which introduces disconnected con-
formalisn?’ and expectation value tyé?’ might offer fur-  tributions to the cluster operators and the energy destroying
ther improvement, although a different strategy might be recrigorous size-extensivity. In fact we have considered size-
ommended, if more robust corrections are required. The ulextensivity as perhaps the essential feature of the coupled-
timate problem lies in increasingly large higher-rank clustercluster methods. However, very recently several CC meth-

amplitudes for general bond breaking. ods, for which maintaining rigorous size-extensivity was not
possible or practical, have been introduteti®to expedi-
V. CONCLUSION ently overcome some of shortcomings of the fully size-

The problem of the cancellation of unlinked terms in theex_tenswe CC schemes. The proposed corrections fall into
tpls category of CC methods.

coupled-cluster equations within a noniterative approach tha Finally we suggest and discuss the effect some modifi-
attempts to include contributions from higher excitation rank ations of the simple corrections have on their performance
cluster operators has been discussed. The standard concepffp trating thi S} test calculati for D7 P d Dz
considering connected contributions only to the CC equa'Hl'J:s rating this with test calculations for DZ# an

tions follows from the linked diagram theorem which has = °

been shown to pertain for the iterative CC schemes. Within
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