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QUANTUM CHEMISTRY: THE ELECTRONIC SCHRÖDINGER EQUATION 

NUCLEAR PHYSICS: THE NUCLEAR SCHRÖDINGER EQUATION 

or NLO, N2LO, 
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MANY-BODY TECHNIQUES DEVELOPED IN ONE AREA SHOULD BE 
APPLICABLE TO OTHER AREAS 



SOLVING THE MANY-PARTICLE SCHRÖDINGER EQUATION 

 Define a basis set of single-particle functions (e.g., LCAO-
type molecular spin-orbitals in quantum chemistry obtained 
by solving mean-field equations or harmonic oscillator 
basis in nuclear physics) 

 Construct all possible Slater determinants that can be 
formed from these spin-particle states 
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 The exact wave function can be written as a linear 
combination of all Slater determinants 

 Determine the coefficients c and the energies Eμ by 
solving the matrix eigenvalue problem: 

 This procedure, referred to as the full configuration 
interaction approach (FCI), yields the exact solution 
within a given single-particle basis set 
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 where the matrix elements of the Hamiltonian are 

1 1 1
ˆ ˆ( , , ) ( , , )IJ I J N I N J NH H d d H∗= Φ Φ = Φ Φ∫ x x x x x x  
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 Alternative approaches are needed in order to study the 
majority of many-body systems of interest 
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The key to successful description of atoms, molecules, condensed matter 
systems, and nuclei is an accurate determination of the MANY-PARTICLE 

CORRELATION EFFECTS. INDEPENDENT-PARTICLE-MODEL APPROXIMATIONS, 
such as the Hartree-Fock method, ARE USUALLY INADEQUATE 

ELECTRONIC STRUCTURE: 
Bond breaking in F2 

NUCLEAR STRUCTURE: 
Binding energy of 4He 

(4 shells) 

Method Energy (MeV) 

〈Φosc|H’|Φosc 〉 -7.211 

〈ΦHF|H’|ΦHF 〉 -10.520 
CCSD -21.978 
CR-CCSD(T) -23.524 
Full Shell Model 
(Full CI) 

-23.484 



DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY 
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT) 
This is a short course on single-reference MBPT aimed at the following content: 
 
1. Rayleigh-Schrödinger perturbation theory, wave, reaction, and reduced resolvent operators 
2. Eigenfunction and eigenvalue expansions, renormalization terms, and bracketing technique 
3. Diagrammatic representation, rules for MBPT diagrams 
4. MBPT diagrams in low orders (second-, third-, and fourth-order energy corrections; first- 

and second-order wave function contributions) 
5. Linked, unlinked, connected, and disconnected diagrams; diagram cancellations in fourth-

order energy and third- and fourth-order wave function corrections 
6. Exclusion Principle Violating (EPV) diagrams 
7. Factorization Lemma 
8. Linked Cluster Theorem 
9. Connected-Cluster Theorem 



DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY 
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT) 
This will be a brief course on single-reference MBPT based on the following materials: 

 

1. Lecture notes that will be provided to you in a PDF format. 
 

2. The online lecture series entitled “Algebraic and Diagrammatic Methods for Many-
Fermion Systems,” available at 
https://pages.wustl.edu/ppiecuch/course-videos 
and on YouTube at 
https://www.youtube.com/results?search_query=Chem+580&sp=CAI%253D, 
recorded during my visit at Washington University in St. Louis in 2016, consisting of 44 
videos (MBPT starts in lecture 28, with introductory remarks at the end of lecture 27). 
 
 
 
 
 
 
 
 
 
 
3. Lecture notes by Professor Josef Paldus, which can be downloaded 
from www.math.uwaterloo.ca/~paldus/resources.html. 

https://pages.wustl.edu/ppiecuch/course-videos
https://www.youtube.com/results?search_query=Chem+580&sp=CAI%3D
http://www.math.uwaterloo.ca/%7Epaldus/resources.html
http://www.math.uwaterloo.ca/%7Epaldus/resources.html


DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY 
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT) 
Although the use of perturbation theory to analyze the many-electron correlation 
problem dates back to the seminal 1934 work by Møller and Plesset, the Møller and 
Plesset work is limited to the second order and does not use second quantization. 
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DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY 
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT) 
They key original papers most relevant to this presentation of MBPT are: 

 K. A. Brueckner, Phys. Rev. 100, 36 (1955). 
 J. Goldstone, Proc. R. Soc. Lond., Ser A 239, 267 (1957). 
 J. Hubbard, Proc. R. Soc. Lond., Ser. A 240, 539 (1957). 
 N. M. Hugenholtz, Physica 23, 481 (1957). 
 L. M. Frantz and R. L. Mills, Nucl. Phys. 15, 16 (1960). 
 R. Huby, Proc. Phys. Soc. 78, 529 (1961). 

The discussion of the Rayleigh-Schrödinger perturbation theory and reduced 
resolvents, especially in the video lecture series, is taken from P. O. Löwdin, in 
Perturbation Theory and Its Applications in Quantum Mechanics, edited by C. H. 
Wilcox (John Wiley & Sons, New York, 1966), pp. 255-294, and references therein. 



 Finite-order MBPT calculations lead to a size extensive description of many-fermion 
systems, so that no loss of accuracy occurs if the system is made larger. 

 One can generate the entire infinite-order MBPT series via the exponential wave 
function ansatz of coupled-cluster theory, which is size extensive and which can be 
made size consistent if the reference determinant is separable. 

KEY THEOREMS OF MBPT 

Linked cluster (diagram) theorem (Brueckner, 1955; Goldstone, 1957) 

Connected cluster theorem (Hubbard, 1957; Hugenholtz, 1957) 

MBPT 



 

 

 

 

 

 

 

Lecture notes for the introductory talk on the single-reference many-body 

perturbation theory prepared by Piotr Piecuch for the Workshop of the Espace 

de Structure et de Réactions Nucléaires Théorique on “Many-Body Perturbation 

Theories in Modern Quantum Chemistry and Nuclear Physics,” March 26-30, 

2018, CEA Saclay, Gif-sur-Yvette, France. 























































































































































 

 

 

 

 

The remaining pages are taken directly from the lecture notes for CEM 993 

class on “Algebraic and Diagrammatic Methods for Many-Fermion Systems,” 

taught by Piotr Piecuch at Michigan State University. The page numbers are 

consecutive, but they do not continue from the last page number in the 

preceding lecture notes prepared for the Workshop of the Espace de Structure 

et de Réactions Nucléaires Théorique on “Many-Body Perturbation Theories in 

Modern Quantum Chemistry and Nuclear Physics,” March 26-30, 2018, CEA 

Saclay, Gif-sur-Yvette, France. 
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