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IntroductionIntroduction
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MMulticonfiguration Quasiulticonfiguration Quasi--  Degenerate Perturbation TheoriesDegenerate Perturbation Theories
Most widely used Most widely used 
––

 
MSMS--CASPT2CASPT2

SSSS--SRSR--CASPT2CASPT2
MSMS--MRMR--CASPT2CASPT2

––
 

MCQDPT2MCQDPT2
––

 
Recent development Recent development --

 
QDQD--NEVPT2NEVPT2

––
 

And now the XMCQDPT2!And now the XMCQDPT2!
All of the DAll of the D--PP--D type (note XMCQDPT2 limit is the D type (note XMCQDPT2 limit is the 
PP--D theory). D theory). 
Internally Contracted Internally Contracted 
––

 
MSMS--CASPT2CASPT2

––
 

QDQD--NEVPT2NEVPT2
NonNon--contractedcontracted
––

 
MCQDPT2, XMCQDPT2MCQDPT2, XMCQDPT2



55

SimilaritiesSimilarities
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Selection of HSelection of H00
MCQDPT, MSMCQDPT, MS--CASPT, QDCASPT, QD--NEVPT2NEVPT2
––

 
In the model space, HIn the model space, H00

 

is explicitly defined using is explicitly defined using 
projectors to CI vectors and is not invariant with respect projectors to CI vectors and is not invariant with respect 
to unitary transformation of the model space. This to unitary transformation of the model space. This 
results to the nonresults to the non--invariant perturbation theories and invariant perturbation theories and 
(artificial) many(artificial) many--particle nature of perturbationparticle nature of perturbation

XMCQDPTXMCQDPT
––

 
In contrast, XMCQDPT uses definition of HIn contrast, XMCQDPT uses definition of H00

 

that is that is 
invariant with respect to unitary transformation of the invariant with respect to unitary transformation of the 
model space. This results to the theory that is invariant model space. This results to the theory that is invariant 
as well; with perturbation being the true twoas well; with perturbation being the true two--particle particle 
operatoroperator
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MCQDPT: primary paperMCQDPT: primary paper
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Comment on MCQDPTComment on MCQDPT

As we have shown previously, the paper As we have shown previously, the paper 
above has several crude mistakesabove has several crude mistakes
––

 
What is especially important is that the declared What is especially important is that the declared 
form of the Hform of the H00

 

is not actually the form used in is not actually the form used in 
the MCQDPT approachthe MCQDPT approach
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MCQDPT2: true MCQDPT2: true HH00

LetLet’’s denote true s denote true HH00 of MCQDPT2 asof MCQDPT2 as HH00
truetrue, , 

as opposed to as opposed to HH0 0 given in Nakano papergiven in Nakano paper
PP--P block: P block: HH00

truetrue is diagonal and is: is diagonal and is: 

––
 

where summation runs over CI vectors       in the where summation runs over CI vectors       in the 
model spacemodel space

αααα
α
∑= 00 HH truepp

α
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MCQDPT2: true MCQDPT2: true HH00
 drawbacksdrawbacks

HH00
truetrue is absolutely nonis absolutely non--invariantinvariant

It is evident that by this definition It is evident that by this definition HH00
truetrue is is 

manymany--particle operator for any nonparticle operator for any non--trivial trivial 
model spacemodel space
––

 
Hence, the perturbation is manyHence, the perturbation is many--particle particle 
operator as welloperator as well

The main sources of various problems!The main sources of various problems!
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Similar formulationsSimilar formulations

Both MSBoth MS--CASPT2 and QDCASPT2 and QD--NEVPT2 has the NEVPT2 has the 
same drawback as can be easily seen from same drawback as can be easily seen from 
the equations given in the corresponding the equations given in the corresponding 
papers. Below, the important relevant papers. Below, the important relevant 
statements will be marked in red.statements will be marked in red.
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MSMS--CASPT2CASPT2
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QDQD--NEVPT2NEVPT2
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Where the Differences appear: Where the Differences appear: 
XMCQDPT2!XMCQDPT2!
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XMCQDPT2 in Firefly XMCQDPT2 in Firefly ––  the clever the clever 
approachapproach

IfIf

Then, using Van VleckThen, using Van Vleck--type PT expansion one type PT expansion one 
gets:gets:

:equationlinear  following by the

 defined is   where,][
2
1

1112 vHvvHh spps
++=
,0

0 ppHh = ,1 ppVh =

0
11

0
ppsssp HvvHH =+

⎥
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⎤
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sssssp

pspppp
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After some simple mathAfter some simple math

))(()( 0
11

0 OHOOvOvHOH ppsssp
+=+

)])(())([(
2
1

112 OHvOOvHOOhO spps
++++ +=

:gets one ,][
2
1 Using 112 spps HvvHh ++=

: thenheld, is  If 0
11

0
ppsssp HvvHH =+
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What this mean is:What this mean is:
hh22 has trivial (and very nice) transformation properties has trivial (and very nice) transformation properties 
with respect to rotations of basis in model spacewith respect to rotations of basis in model space
We just need to diagonalize             and transform We just need to diagonalize             and transform 
reference CI vectors accordingly: reference CI vectors accordingly: 
––

 
HH00

 
is now fully diagonal in S+Pis now fully diagonal in S+P

––
 

The working equations of MCQDPT2 do not assume  The working equations of MCQDPT2 do not assume  
the reference vectors are CI eigenvectorsthe reference vectors are CI eigenvectors

Thus, we can easily apply the existing stateThus, we can easily apply the existing state--ofof--thethe--art art 
FireflyFirefly’’s MCQDPT2 code to perform XMCQDPT2 s MCQDPT2 code to perform XMCQDPT2 
calculations by using rotated CI vectors (intermediate calculations by using rotated CI vectors (intermediate 
basis)basis)

0
ppH
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Some nice XMCQDPT2 propertiesSome nice XMCQDPT2 properties
True 1True 1--particle MP2particle MP2--like Hlike H00

Nice invariance propertiesNice invariance properties
Completely equivalent to MRCompletely equivalent to MR--MP2 for singleMP2 for single--
reference casereference case
Unlike MCQDPT2 it is stable with respect to Unlike MCQDPT2 it is stable with respect to 
model space extensionmodel space extension
––

 
The limit is just the fully uncontracted theoryThe limit is just the fully uncontracted theory

Does not result in artificially large offDoes not result in artificially large off--diagonal diagonal 
elementselements
––

 
Note Note ––

 
large offlarge off--diagonal element of Hdiagonal element of H00

 
pppp

 

typically typically 
corresponds to large offcorresponds to large off--diagonal in MCQDPT2 diagonal in MCQDPT2 
calculationscalculations

We can predict MCQDPT2 failures by just examining HWe can predict MCQDPT2 failures by just examining H00
pppp
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Preliminary conclusionsPreliminary conclusions
What we can expect for nonWhat we can expect for non--invariant QDPT invariant QDPT 
theories is:theories is:
––

 
Weird behavior near geometries of Weird behavior near geometries of CASSCFCASSCF’’ss

 conical intersectionsconical intersections
Sequence of nonSequence of non--invariance with respect to mixing of CI invariance with respect to mixing of CI 
vectorsvectors

––
 

Will be examined in this presentationWill be examined in this presentation
––

 
The complete loss of sizeThe complete loss of size--extensivity if anyextensivity if any

Esp., random and artificially large offEsp., random and artificially large off--diagonal elements of Hdiagonal elements of Heffeff
for large molecular systems for large molecular systems 

––
 

Will not be addressed in this presentationWill not be addressed in this presentation
Already was checked multiple times with MCQDPT2Already was checked multiple times with MCQDPT2
Would need Would need PetaflopPetaflop Computer to model large systems with Computer to model large systems with 
MSMS--CASPT2 or QDCASPT2 or QD--NEVPT2NEVPT2

––
 

No need actuallyNo need actually……
 

the results are quite predictablethe results are quite predictable
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ExperimentExperiment
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Model systemModel system
AA′′

11 -- AA′′
22 conical intersection (CI) optimization conical intersection (CI) optimization 

in allene moleculein allene molecule
CCss point grouppoint group
SASA--CASSCF(4,4), 12 CSFs in ACASSCF(4,4), 12 CSFs in A′′ subspacesubspace
––

 
3 A3 A′′

 
+ 1+ 1

 
AA′′′′

 
orbitalsorbitals

GAMESS (US) style DH basis set (using GAMESS (US) style DH basis set (using 
pure spherical harmonics)pure spherical harmonics)
–

 
$BASIS  GBASIS=DH NDFUNC=1 POLAR=DUNNING $END

Exact geometry and basis set are 
available from author upon request
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Active spaceActive space
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AA′′
 11

 
--  AA′′

 22
 

CI in allene:CI in allene:
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AA′′
 11

 
--  AA′′

 22
 

CI in allene CI in allene ––  just another view:just another view:
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AA′′
 11

 
--  AA′′

 22
 

CI in allene: scan variablesCI in allene: scan variables

Var1 is CCC angle, Var2 is the simultaneous change of CCCH torsions 
(degrees) for H atoms on the same carbon to vary degree of pyramidalization. 
Exact Cs symmetry is enforced. Zero corresponds to CASSCF’s

 
CI geometry.



3232

ScansScans  
(Note, shown on all plots is the  energy delta between (Note, shown on all plots is the  energy delta between 

two states. two states. 
Scan grid: 81 by 81 points. Scan grid: 81 by 81 points. 

Surface plots: 64 isoSurface plots: 64 iso--surfaces)surfaces)
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0.04375
0.04484
0.04594
0.04703
0.04812
0.04922
0.05031
0.05141
0.05250
0.05359
0.05469
0.05578
0.05687
0.05797
0.05906
0.06016
0.06125
0.06234
0.06344
0.06453
0.06562
0.06672
0.06781
0.06891
0.07000
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ConclusionsConclusions

The scan pictures are exactly as expectedThe scan pictures are exactly as expected
––

 
Note problems exist not only in CI vicinity but near the Note problems exist not only in CI vicinity but near the 
entire avoided crossing manifoldentire avoided crossing manifold

It is just not enough to formulate arbitrary multiIt is just not enough to formulate arbitrary multi--
reference perturbation theory and then trivially reference perturbation theory and then trivially 
extend it to multidimensional model spaceextend it to multidimensional model space
The real problem is the proper initial formulation that The real problem is the proper initial formulation that 
allows correct reformulation or extension for the allows correct reformulation or extension for the 
case of multidimensional model spacecase of multidimensional model space
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Thank you for your attention!Thank you for your attention!
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