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Moving from the Hilbert Space into the Fock Space 

Coupled Cluster based methods for open-shell electronic states

● Fock-Space Coupled Cluster

● Equation-of-Motion Coupled Cluster

● Similarity-Transformed Equation-of-Motion Coupled Cluster















Illustration, the ground configuration 1s22s22p2 of the neutral carbon atom. 















●  Hermitian CC: Lindgren, J. Phys. B: At. Mol. Opt. Phys. 24 1143 (1991)



















Mukherjee, Proc.  Indian Acad.  Sci. (Chem.  Sci.), 96,  145 (1986)    
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Equation-of-motion 

coupled-cluster (EOM-CC)

 Kucharski et. al. J. Chem. Phys., 115 8263 (2001)

"Multireference Fock-space coupled-cluster and equation-of-motion 
coupled-cluster theories: The detailed interconnections." 
Musial and Bartlett,  J. Chem. Phys., 129, 134105 (2008)
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Truncated Configuration Interaction



Configuration Interaction (CI)

EOM-CC



Equation-of-motion 

coupled-cluster (EOM-CC)

EOM-CC Methods for Open-Shell and Electronically Excited Species: 
The Hitchhiker's Guide to Fock Space
Anna I. Krylov Annual Review of Physical Chemistry 59 433-462 (2008)

Within EOMCC we calculate the CC 
ground state, and (unlike in FSCC) 
move directly into the EE  space.

The ground state represent the FS 
(0,0) sector and EE is the (1,1) sector, 
within FSCC we also consider the 
(1,0) and (0,1) sector before the (1,1). 



Equation-of-motion 

coupled-cluster (EOM-CC)

Anna I. Krylov Annual Review of Physical Chemistry 59 433-462 (2008)

The EA/IP EOMCC schemes

are equivalent to the 

FSCC (1,0) and (0,1) sectors.



Nooijen and Bartlett, J. Chem. Phys. 106 6441 (1997)
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Davidsons Diagonalization 

● A generalized Davidson iterative diagonalization procedure, which requires calculation of 

the products of the transformed Hamiltonian acting on trial vectors

for EOMCC                            or for ST-EOMCC  

● The original (full) matrix is projected onto a search sub-space of an increasing dimension 

and diagonalized within this subspace, yielding approximate eigenpairs of the full matrix

● Davidson iterative diagonalization procedure for the Hermitian matrices is appropriately 

modified for the case of non-Hermitian matrices (Hirao  and  Nakatsuji 1982). 

Zuev at al. J. of Comp. Chem. 36, 273 (2015)



Davidsons diagonalization requires the σ terms 

(products of the transformed Hamiltonian with trial vectors).

Landau  J. Chem. Phys. 139, 014110 (2013)
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Davidsons diagonalization requires the σ terms 

(products of the transformed Hamiltonian with trial vectors).



Coupled Cluster based methods for open-shell electronic states

● FSCC, ST-EOM-CC, EOM-CC and CI methods can be presented in a very similar way 

both conceptually and technically. 

● The computational cost of the diagonalization step is approximately the same for the CI 

and EOM-CC models truncated at the same level of excitation.

● The computational cost of the diagonalization step is lower for FSCC and ST-EOM-CC, 

compared to EOM-CC and CI.

● The truncated EOM-CC model is superior to the CI truncated at the same level because 

effects of higher excitations are ‘‘folded in’’ through the similarity transformation into H̄. The 

role of the similarity transformation is to achieve more compact representation of the right 

and left vectors R,L.

● Similarly, FSCC and ST-EOM-CC ‘’fold’’ additional terms into the effective Hamiltonian 

relative to  EOM-CC, however the procedure becomes somewhat combarsome.
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● Coupled-cluster (CC) based methods that work within Fock Space, 

   i.e., FSCC, EOMCC and STEOM-CC, are

    robust, reliable and accurate tools for calculating transition energies,

Summary 

● Lets me say few words on my current research...
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Electronic and Nuclear resonances by ab-initio calculations

Resonances are complex poles of Scattering matrix, S(E)=Aout(E)/Ain(E).

 

Direct calculations of Resonances 
by solving the TISE equation

 

 
 



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  

Case Study – The Doubly Excited He* AtomCase Study – The Doubly Excited He* Atom

RVP is in good agreement with the exact values

RVP yields reliable complex energy difference

Multiple He* Feshbach Complex Energies

Complex energies of the 
doubly excited Feshbach He*    
RVP vs. Exact, in mhartree.

Landau and Haritan J. Phys. Chem. A 2019, 123, 5091−5105



  

 Doubly Excited He* - Transitions Doubly Excited He* - Transitions

● Schematic energy levels. 

● Three bound (bottom) and four resonance states (top). 

● The red  arrows represent allowed dipole transitions. 

● We have calculated all eight complex transition dipoles.

 Bhattacharya, Landau, and Moiseyev J. Phys. Chem. Lett. 11, 5601  (2020)

He+



  

 Doubly Excited He* - Transition Dipoles Doubly Excited He* - Transition Dipoles

RVP\ RVP\CS\

1s2s ↔ 2s2p

 Bhattacharya, Landau, and Moiseyev J. Phys. Chem. Lett. 11, 5601  (2020)

CS/FCI/ExTG5G ::  Kaprálová-Žďánská, Šmydke, and Civiš JCP 139, 104314 (2013) 
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