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First objective

Goal
Estimate the exact non-relativistic energy of a (small) system

How?
1 Full-CI =⇒ The only error is the finite basis set
2 Extrapolate to the Complete Basis Set limit
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How to reach the FCI?

Many possibilities
1 CAS-SCF and increase the number of active MOs. Slow convergence.
2 CI S,D,T,Q,. . . : Increase the level of excitation. Slow convergence.
3 CC S,D,T,Q,. . . : Increase the level of excitation. Fast convergence, but wave

function as large as FCI.
4 Selected CI methods (CIPSI, SHCI, FCIQMC, . . . )
5 . . .

Our choice
CIPSI Configuration Interaction using a Perturbative Selection done Iteratively

=⇒ Compact wave functions
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CIPSI Algorithm

1 Define a reference wave function:

|Ψ〉 =
∑
I∈D

cI |I 〉 Evar =
〈Ψ|H|Ψ〉
〈Ψ|Ψ〉

2 Generate external determinants:

A =
{

(∀I ∈ D)
(
∀T̂ ∈ T1 ∪ T2

)
: |α〉 = T̂ |I 〉, (α /∈ D)

}
3 Second order perturbative contribution:

δEα(Ψ) =
〈Ψ|H|α〉〈α|H|Ψ〉
Evar − 〈α|H|α〉

, EPT2(Ψ) =
∑
α

δEα(Ψ)

4 Select the |α〉 with the largest δEα(Ψ) and add them into D
5 Diagonalize H in D =⇒ update |Ψ〉 and Evar
6 Iterate
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Convergence of the CIPSI energy

Y. Damour et al, 2021, doi:10.1063/5.0065314, arXiv:2108.00321
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Extrapolating FCI/DMC to the CBS limit

FCI/cc-pCVnZ

DMC/CIPSI
(∼ 106 dets)

M. Caffarel et al, 2016, doi:10.1063/1.4947093, arXiv:1604.02183
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Basis set incompleteness vs Fixed node error

δEFN ∼ β δEBSI
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Basis set incompleteness vs Fixed node error

E = EDMC+α(EFCI − EDMC) -76.440
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Second objective Chemistry

Total energies are useful for benchmaks, not for chemistry
Chemistry is all about energy differences

Binding energies
Reaction barriers
Excitation energies
. . .

A good compensation of errors is the key:

Eexact(A)− Eexact(B) = (Eapprox(A) + δE (A))− (Eapprox(B) + δE (B))

It is OK to increase the total energy of one state if it improves the energy difference
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Error cancellations

Size-consistency is required for a good cancellation of errors
Selected CI wave functions are not size-consistent
SCI wave functions with similar EPT2 =⇒ good cancellation of errors

ΨFCI(A · · ·B) = ΨFCI(A)×ΨFCI(B)

EFCI(A · · ·B) = EFCI(A) + EFCI(B)

ECI(A · · ·B) + EPT2(A · · ·B) + . . . = ECI(A) + EPT2(A) + ECI(B) + EPT2(B) + . . .

If EPT2(A) + EPT2(B) = EPT2(A · · ·B), then ECI(A) + ECI(B) ∼ ECI(A · · ·B).

E. Giner et al, 2015, doi:10.1063/1.4905528, arXiv:1408.3672

M. Dash et al, 2020, doi:10.1021/acs.jctc.1c00212, arXiv:2103.01158
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For larger systems

Convergence to FCI is too hard: EPT2 is large and error cancelling is harder
To reduce the size of the CI expansion

1 VMC re-optimization with a Jastrow factor: stochastic (noisy) optimization
2 Trans-correlated FCI + DMC: too expensive for large systems
3 Range-separated DFT/CIPSI + DMC : deterministic WF optimization
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Range-separated DFT

Split the 1/r operator into a long-range (LR) and a short range (SR) component:

1
r

= W LR + W SR

W LR =
erf(µ r)

r

W SR =
1− erf(µ r)

r
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1/r

A. Savin, Recent Advances in Density Functional Theory, edited by D. P. Chong (World Scientific,
1996) pp. 129–148.
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Range-separated DFT

Short range Computed with DFT. LDA works well.
Long range Computed with WFT. Here we use FCI.

E = min
Ψ

(
〈Ψ|T̂ + Ŵ LR

ee + V̂eN|Ψ〉+ ESR,µ
Hxc [ρ(Ψ)]

)
Range-separation parameter: µ

µ→ 0: DFT =⇒ KS Hamiltonian
µ→∞: WFT =⇒ FCI Hamiltonian
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Range-separated DFT

DFT used for short-range correlations
RS-DFT/CAS, RS-DFT/MP2, etc
Usualy, µ = 0.5 is the optimum

DFT used to correct basis-set incompleteness
µ depends on r
Shorter range:
〈µ〉 ∼ 0.9 (cc-pVDZ), 1.2 (cc-pVTZ), 1.6 (cc-pVQZ)

E. Giner et al, 2018, doi:10.1063/1.5052714, arxiv:1809.01466
P.-F. Loos et al, 2019, doi:10.1021/acs.jpclett.9b01176 arXiv:1904.10913
E. Giner et al, 2020, doi:10.1063/5.0002892, arxiv:2001.11832
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Range-separated DFT
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Basis set correction
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Range-separated DFT/CIPSI
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Range-separated DFT/CIPSI

Size-consistent wave functions
1 FCI: adjust the number of determinants by varying µ.
2 DMC with determinant localization approximation → DMC energy independent of

the Jastrow
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Comparison with Jastrow + re-optimization

RSDFT/FCI Hamiltonian is comparable to a transcorrelated FCI Hamiltonian

〈I |Hµ|K 〉 ∼ 〈I |e−JHeJ |K 〉

RSDFT/CIPSI: similar to selecting determinants in the presence of a Jastrow and
optimizing the WF parameters
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Atomization energies of the G1 set

Atomization energies are difficult
Basis sets are better suited to atoms than molecules
Different numbers of interacting pairs in bonded vs dissociated molecule

Gaussian-1 set
55 molecules
12 atoms (Be, C, Cl, F, H, Li, N, Na, O, P, S, Si)

F. R. Petruzielo et al, 2012, doi:10.1063/1.3697846, arxiv:1202.0317
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Atomization energies of the G1 set
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Atomization energies of the G1 set
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Atomization energies of the G1 set
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Summary

CIPSI → accurate compact CI wave functions
To shorten even more the expansion → Jastrow
Model a Jastrow by short-range DFT → RSDFT/CIPSI
FCI with a modified Hamiltonian → Size-consistent wave functions
Excellent atomization energies
RSDFT/CIPSI/DMC → upper bounds of the exact energy
Completely automatic and reproducible

A. Scemama et al, 2020, doi:10.1063/5.0026324, arxiv:2008.10088
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