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Where  do we start?
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Numerical
strategies to 
mitigate the cost

Cholesky  decomposition  (CD):
➢ Efficient  compression  of the 

information stored  in the ERI 
matrix  

➢ Rigorous  control of the 
approximation  error  

➢ More expensive  than other  rank -
reducing  techniques… 

Coupled - Cluster (CC) theory:
+ Accurate and systematic

-   High computational  cost and memory  

requirements





Two- step CD algorithm
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• First step : determine the Cholesky  basis

Full exploitation of Abelian  point-
group symmetry

F. Aquilante et al. , Chap. 13, Linear Scaling Techniques in Computational Chemistry 
and Physics , Springer (2011)
S. D. Folkestad , E. F. Kjønstad , H. Koch, J. Chem . Phys ., 150, 194112 (2019)
T. Zhang, X. Liu , E. F. Valeev , X. Li, J. Phys . Chem . A , 125, 4258- 4265 (2021)

• Second step : effectively  compute the Cholesky  vectors

Speed up  of the decomposition  
procedure



1. CCSD first - order  properties
(Electric dipoles , geometrical  gradients )
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CCSD first - order  properties
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1. Solve the t- equations
2. Solve the Λ- equations
3. Solve the Z- vector  equations  (for orbital  relaxation  effects )
4. Compute the CCSD one - body and two- body density  matrices
5. Compute the first - order  property

J. Gauss, J. F. Stanton, R. J. Bartlett, J. Chem . Phys ., 95 (4), 2623 - 2638 (1991)
A. K. Schnack - Petersen et al. , J. Chem . Phys ., 156 (24), 244111 (2022)



The particle - particle  ladder
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The rate - determining  step is  the computation  of the particle - particle  ladder  (PPL) term : 

1.  O2V4 scaling for FLOPs

2. V4 memory  requirements

V: virtual  orbitals
O: occupied  orbitals

3400 GB

vs.
29 GB



Our implementation  strategy
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1. Of course , perform  the Cholesky  decomposition  of the integrals :

2. Now, perform  the contraction  within  a loop over virtual  MOs 
(and parallelize  it)

3. Exploit Abelian  point- group symmetry
Reduction  up to a 
factor  h2

L. Melega, T. Nottoli , J. Gauss, F. Lipparini, J. Phys . Chem. A, 130 (10), 2097- 2111 (2026)



Our implementation  strategy

8

4. Apply  the symmetric - antisymmetric  algorithm :

But what  about  this  case?

Gain a pre - factor  
of 1/4

S. Saebø , P. Pulay, J. Chem. Phys ., 86, 914- 922 (1987)



CCSD first - order  properties
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Electric field
Nuclear  
displacements

Electric dipole Geometrical  gradients

μ = 1.68 Debye  

(nacnac )Co(III)O 

@ CD - CCSD/ aug -
cc - pVDZ

Without CD:
(<15 heavy atoms )

With CD:
(42 heavy atoms )



CD - CCSD geometrical  gradients
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CD can reduce the computational  cost, as  we avoid  transforming  the 
two- body density  matrix  from the MO to the AO basis !

symmetry - adapted  displacement

The symmetry - adapted  gradient  is  then transformed  into Cartesian  coordinates ! 



CD - CCSD geometry  optimizations
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Geometry optimizations : convergence to 10 - 5 Hartree/Bohr (RMS gradient) by the BFGS method 

*D2h hexabenzocoronene  (C 42H18)/cc - pVDZ (32 threads ):
➢ 678 basis  functions  (135 occupied  and 543 virtual  

MOs)
➢ ~3710 Cholesky  vectors
➢ 24 optimization  steps
➢ Total time: 4d 15h

*D2h coronene  (C 24H12)/cc - pVTZ  (32 threads ):
➢ 888 basis  functions  (78 occupied  and 810 

virtual  MOs)
➢ ~4420 Cholesky  vectors
➢ 8 optimization  steps
➢ Total time: 2d

*D2h is  the point 
group enforced  
in the 
computation !

@ AMD EPYC 7282 
16 Core Processor 
(500 GB requested 
RAM)

@ Intel Xeon Gold 
6140 M (1TB 
requested RAM)

L. Melega, T. Nottoli , J. Gauss, F. Lipparini, J. Phys . Chem. A, 130 (10), 2097- 2111 (2026)



Computational  analysis
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Factor of Reduction  due to Symmetry  
(FRS) (for the O2V4 scaling term ):

Theoretical  FRS: 56
Achieved  FRS: 19

Symmetry  is  worth  it, even  though  the 
complex  code structure  leads to 
smaller , less  efficient  BLAS matrix -
matrix  products



Future perspectives

• Symmetry - adapted  two- step CD implementation  

• Parallelized  symmetry - adapted  implementation  of CCSD first - order  properties  

Conclusions  and perspectives
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• Finalization  of implementation  of CC polarizabilities  and magnetic  properties

• Inclusion  of the effect  of perturbative triples  (CCSD(T)) for chemical  accuracy

• Implementation  of excited  state and frequency - dependent  properties  
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Thank you for your  attention !

E- mail: luca.melega@phd.unipi.it
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