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A strongly-correlated many body system:  
single-fermion propagator, particle-hole propagator and related observables

Hamiltonian, 
extendable to 3B forces 
(3BFs are minimized in 

covariant theories)

= T + V(2)

Single-particle propagator

Ground state of N 
particles

(Excited) state  
of (N+1) particles

Fourier transform: 
Spectral expansion

Residues - spectroscopic  
(occupation) factors  

Poles - single-particle energies

G110(t� t0) = �ihT (1) ̄(10)i

<latexit sha1_base64="Yv1mVH8BA1bCzg2g9FNi+CgpZCY="></latexit>

Particle-hole response function

Fourier transform: Spectral expansion

Residues - transition densities 

Poles - excitation energies

R12,1020(t� t0) = �ihT ( ̄1 2)(t)( ̄20 10)(t
0)i

<latexit sha1_base64="hxjcAkm2svmipqfYmA2+BAdiBDg="></latexit>

Excitation 
energies

 ̄ =  †�0
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i = |0i
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1 = {⇠1, t}
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=

=

Diagrammatic conventions

=

One-fermion propagator:

Two-fermion propagator:

Three-fermion propagator:

=

=

1

23

4

Two-fermion interaction:

Dynamical self-energy:
1 1’

j l
=

Static self-energy:

1 1’

G(3)

1 1 ’

2 2 ’

3 3 ’

G(2)

1 1 ’

2 2 ’G(12, 1020) = (�i)2hT (1) (2) ̄(20) ̄(10)i
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G(1, 10) = �ihT (1) ̄(10)i

<latexit sha1_base64="RHbvEScm47nHxZ4e8kFVswUSPsg="></latexit>

G(123, 102030) = (�i)3hT (1) (2) (3) ̄(30) ̄(20) ̄(10)i
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uncorrelated
correlated



Exact equations of motion (EOM) with two-nucleon interactions:  
one-body problem

Irreducible kernel (aka Self-energy, exact)

One-fermion propagator
G110(t� t0) = �ihT (1) ̄(10)i

<latexit sha1_base64="Yv1mVH8BA1bCzg2g9FNi+CgpZCY="></latexit>

EOM: Dyson Eq.

(*)

Koltun-Migdal-Galitsky sum rule: the binding energy

“Ab-initio DFT”:is the full solution of (*):   
includes the dynamical term!

⇢110 = �i lim
t=t0�0

G110(t� t0)

<latexit sha1_base64="83n/TQp3sSRvZeUlYoYJijhNFs8=">AAACIXicbVDLTgIxFO3gC8cX6tJNIxhwAZkhGtmYEF3oEhN5JEAmnVKgofNIe8eETPgVN/6KGxcaw874M3aAhYInucnJOeemvccNBVdgWV9Gam19Y3MrvW3u7O7tH2QOjxoqiCRldRqIQLZcopjgPqsDB8FaoWTEcwVruqPbxG8+Mal44D/COGRdjwx83ueUgJacTCWXMztyGDixbecn+BoXeUdwLxkOyolBS5AvWpO7eaIARcifm7mck8laJWsGvErsBcmiBWpOZtrpBTTymA9UEKXathVCNyYSOBVsYnYixUJCR2TA2pr6xGOqG88unOAzrfRwP5B6fMAz9fdGTDylxp6rkx6BoVr2EvE/rx1Bv9KNuR9GwHw6f6gfCQwBTurCPS4ZBTHWhFDJ9V8xHRJJKOhSTV2CvXzyKmmUS/ZF6fKhnK3eLOpIoxN0igrIRleoiu5RDdURRc/oFb2jD+PFeDM+jek8mjIWO8foD4zvH+Qjn50=</latexit>

t-dependent (dynamical) term (symmetric version): 
Long-range correlations: connecting scales 

Symmetric form 

irr

=

=

Instantaneous term (Hartree-Fock incl. “tadpole”) 
Short-range correlations

= =

1 1’

⌃(r)
110 = ihT�0[V, 1](t)[V,  ̄10)](t

0)�0i
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⌃(0)
110 = �h�0

n
[V, 1],  ̄10)

o
�0i
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irr

�1

4

X

234

X

203040

v̄1234G
(3)irr
4320,23040(t� t0)v̄40302010
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X

220

v̄121020h ̄2 20i
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⇢202

<latexit sha1_base64="3ffXRpu8V/+pYsqiwsaDHWX++2s=">AAAB+XicbVDLSsNAFJ34rPEVdelmsBFdlSQouiy6cVnBPqANYTKdtEMnM2FmUiihf+LGhSJu/RN3/o3TNgttPXDhcM693HtPnDGqtOd9W2vrG5tb25Ude3dv/+DQOTpuKZFLTJpYMCE7MVKEUU6ammpGOpkkKI0Zacej+5nfHhOpqOBPepKRMEUDThOKkTZS5Diua/fkUERFcBFMbdeNnKpX8+aAq8QvSRWUaETOV68vcJ4SrjFDSnV9L9NhgaSmmJGp3csVyRAeoQHpGspRSlRYzC+fwnOj9GEipCmu4Vz9PVGgVKlJGpvOFOmhWvZm4n9eN9fJbVhQnuWacLxYlOQMagFnMcA+lQRrNjEEYUnNrRAPkURYm7BsE4K//PIqaQU1/6p2/RhU63dlHBVwCs7AJfDBDaiDB9AATYDBGDyDV/BmFdaL9W59LFrXrHLmBPyB9fkDRoSRfA==</latexit>



Particle-hole propagator 
(response function):

Exact equation of motion (EOM) for the particle-hole response 

spectra of excitations,  
masses, decays, …

(**)

EOM: Bethe-Salpeter-Dyson Eq.

Irreducible kernel (exact):

t-dependent (dynamical) term: 
Long-range correlations

contains the full solution of (**) including the dynamical 
term!

Self-consistent mean field F(0), where

Instantaneous term (“bosonic” mean field): 
Short-range correlations

⇢12,1020 = �220⇢110 � i lim
t0!t+0

R201,210(t� t0)

F (r)
12,1020(t� t0) =

X

ij

F (r;ij)
12,1020(t� t0)

<latexit sha1_base64="KRVcI0nCHFN7D2mYwRqXXJ+OROI="></latexit>

R12,1020(t� t0) = �ihT ( ̄1 2)(t)( ̄20 10)(t
0)i
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Quantum many-body problem in a nutshell: Direct EOM for G(n) generates G(n+2) in the 
(symmetric) dynamical kernels and further high-rank correlation functions (CFs); an equivalent of 
the BBGKY hierarchy or Schwinger-Dyson equations. NEquations = NParticles & Coupled ! !!! 
Non-perturbative solutions: 

 Cluster decomposition  

Leading at:                                        weak          intermediate     strong       coupling 
                                                      self-consistent GFs         phonon coupling             Faddeev + 
                                                        second RPA etc.           this work          future work          

Dynamical kernels: bridging the scales

G(3)  =  G(1) G(1) G(1)           +  G(2) G(1)  +    Ξ(3) 

G(4)  =  G(1) G(1) G(1) G(1)  + G(2) G(2)  +   G(3) G(1)  + Ξ(4)

P. C. Martin and J. S. Schwinger, 
Phys. Rev.115, 1342 (1959). 
N. Vinh Mau, Trieste Lectures 
1069, 931 (1970) 
P. Danielewicz and P. Schuck, 
Nucl. Phys. A567, 78 (1994) 
…

G G
R(3) (pp)
(ph)

+

~~G(4) +

~~

G
(pp)

G (pp)R(ph)

R (ph)

Beyond  
weak  

coupling:

v vR(ph)=

v v(pp)= G

Emergence of effective  
“bosons”  
(phonons, vibrations): 

Emergence  
of superfluidity:

Exact mapping: particle-hole (2q) quasibound states Quasiparticle-vibration coupling (qPVC) 
in nuclei. Cf. NFT  

Diquarks in hadrons 
Cf. C. Popovici, P. Watson, and H. 
Reinhardt  [PRD83, 025013 (2011)] 

Sound modes

Cooper pairs



Exact mapping to the particle-vibration coupling  (PVC)

Model-independent mapping to the PVC: “phonon” vertex:

“phonon” 
propagator:

ph correlator: coupling to normal phonons

pp correlator: coupling to pairing phonons

Dropping the uncorrelated term: “factor 1/2” problem” (Ring & Schuck, Book) 
                                      “sign problem” (Danielewicz & Schuck, NPA567 (1994) 78) 
But: The lowest order is not the leading order in the strong coupling regime! 
=> the uncorrelated term can be safely neglected 

v vR(ph)=

v v(pp)= G

~~



Emergence of effective degrees of freedom at intermediate coupling

E.L., P. Schuck, PRC 100, 064320 (2019) 
E.L., Y. Zhang, PRC 104, 044303 (2021)

Cf.: The Standard Model elementary interaction vertices: boson-exchange interaction is the input:

�, g,W±, Z0

<latexit sha1_base64="aBaAechTdfZ+m/tVGt+Ys/Pqr9I=">AAACCHicbVDLSsNAFJ3UV42vqEsXDraCi1KSouiy6MZlBfvApi2T6SQdOpOEmYlQQpZu/BU3LhRx6ye482+ctllo9cCFwzn3cu89XsyoVLb9ZRSWlldW14rr5sbm1vaOtbvXklEiMGniiEWi4yFJGA1JU1HFSCcWBHGPkbY3vpr67XsiJI3CWzWJSY+jIKQ+xUhpaWAdlsumGyDOUQUGFdjup27Mswq866d2ZpbLA6tkV+0Z4F/i5KQEcjQG1qc7jHDCSagwQ1J2HTtWvRQJRTEjmekmksQIj1FAupqGiBPZS2ePZPBYK0PoR0JXqOBM/TmRIi7lhHu6kyM1koveVPzP6ybKv+ilNIwTRUI8X+QnDKoITlOBQyoIVmyiCcKC6lshHiGBsNLZmToEZ/Hlv6RVqzqn1bObWql+mcdRBAfgCJwAB5yDOrgGDdAEGDyAJ/ACXo1H49l4M97nrQUjn9kHv2B8fANND5b7</latexit>

Emergent phonon vertices and propagators: calculable from the underlying H, 
which does not contain phonon degrees of freedom

“Ab-initio” 

Cf. Nuclear Field Theory 
(NFT) 

R.A. Broglia, D. Bes, 
P.-F. Bortignon, R. Liotta, 
G. Colò, E. Vigezzi, 
F. Barranco, G. Potel, 
et al. 

& 
Quasiparticle-Phonon 

Model (QPM) 

V.G. Soloviev et al.  

~~

“Radiative-correction” “Second-order”Dynamical self-energy Σ(r): 

Can be treated in a unified way in the superfluid theory:
qPVC in nuclei, correlations in hadrons / matter

“Effective” qPVC: NFT, QPM 



Problems with approximate treatments: poles “mismatch”,  
(non)-positivity and optical theorem

“Radiative-correction” “Second-order”Dynamical self-energy: 

+⌃(r)+
110 (!) =

<latexit sha1_base64="pxI3g01WU8RlCzPBXYeSfIjOQHw=">AAACDHicbVDLSgMxFM34rOOr6tJNsBVbhDJTFN0IRTcuK9oHtLVk0sw0NJkMSUYow3yAG3/FjQtF3PoB7vwb08dCWw8EDuecy809XsSo0o7zbS0sLi2vrGbW7PWNza3t7M5uXYlYYlLDggnZ9JAijIakpqlmpBlJgrjHSMMbXI38xgORiorwTg8j0uEoCKlPMdJG6mZz+bzdvqUBR/dJQRaP027iukdpoS04CVARXtj5vEk5JWcMOE/cKcmBKard7Fe7J3DMSagxQ0q1XCfSnQRJTTEjqd2OFYkQHqCAtAwNESeqk4yPSeGhUXrQF9K8UMOx+nsiQVypIfdMkiPdV7PeSPzPa8XaP+8kNIxiTUI8WeTHDGoBR83AHpUEazY0BGFJzV8h7iOJsDb92aYEd/bkeVIvl9yT0ulNOVe5nNaRAfvgABSAC85ABVyDKqgBDB7BM3gFb9aT9WK9Wx+T6II1ndkDf2B9/gCw2pg3</latexit>

�
X

mnk

wmnk
1 wmnk⇤

10

! � "+m � "+n � "�k + i�

<latexit sha1_base64="nFjwCbXRczheDx4P1wXzrSNOlwM="></latexit>

Approximate:

~~ n

ν

μ

m m

n
k

Watson-Faddeev series: 
P. Danielewicz and P. Schuck, Nucl. 
Phys. A567, 78 (1994):

2p1h-RPA 
P. Schuck, F. Villars and P. Ring 
Nucl. Phys. A208, 302 (1973)

Exact:

Scattering amplitudes in particle physics 
(Yang-Mills theories etc.):

Positivity preserved when eliminating all the 
virtual particles
Amplitudes <=> Polyhedron “living” in the 
kinematic space
Emergent unitarity N. Arkani-Hamed, J. Trnka, 

A. Hodges et al.

Idea: eliminating virtual particles

irr

irr

Reducible terms: unperturbed GF poles



Particle-hole propagator 
(response function):

Toward concrete implementations: the elefant in the room

spectra of excitations,  
masses, decays, …

(**)

Dynamical kernel:

Static kernel: roughly defines 
the positions of the 
elementary excitation modes 
(1p1h) 
Dynamical kernel: generates 
the fragmentation of the 1p1h 
modes into the multitude of 
realistic states with complex 
structure (complex 
configurations) 

Static kernel:

R12,1020(t� t0) = �ihT ( ̄1 2)(t)( ̄20 10)(t
0)i

<latexit sha1_base64="hxjcAkm2svmipqfYmA2+BAdiBDg="></latexit>

~

~

t(ω)-dependent & singular

Static & regular:



Expansion of the dynamical kernel F(r;12)irr: truncation at the 2-body level

(i) Uncorrelated terms (“Second RPA”):

(ii) Singly-correlated terms (PVC-NFT):

P. Schuck, V. Olevano et al.: 
Irreducible part of G(4) is decomposed (approximately) 
into uncorrelated, singly-correlated and 
doubly-correlated terms (cluster expansion): 

(iii) Doubly-correlated terms: beyond NFT



Mapping to the (quasi)particle-vibration coupling (qPVC)

Model-independent (exact) mapping to the qPVC 
(Effective Hamiltonian derived!):

Original qPVC, (Relativistic) Nuclear Field Theory,  
(Relativistic) Quasiparticle Time Blocking Approximation (RQTBA): 

only part of the singly-correlated terms

v vR(ph)=

v v(pp)= G

normal vibration 
(phonon)

pairing 
vibration

Higher-rank correlations: 

E.L., P. Schuck, PRC 100, 064320 (2019).

Self-consistent closed system  
of equations: 

All channels are coupled in

Ĝ(!) = Ĝ(0)(!) + Ĝ(0)(!)K[Ĝ(!)]Ĝ(!)

K[Ĝ(!)]

Ĝ =
n
R(ph), R(hp), G(pp), G(hh)

o



(Quasi)particle-vibration coupling (qPVC) vs QPM

QPM, 
qPVC/NFT 

If Q are the QRPA phonons:

it is always possible to express 2q via phonons and vice versa 
At the 2p2h-level:

qPVC/NFT

QPM



Quasiparticle-Phonon Model (QPM): the necessity of 3-phonon configurations        

J. Endres, E.L., D. Savran et al.,  
PRL 105, 212503 (2010) 

E. Lanza, A. Vitturi, E.L., D. Savran,  
PRC 89, 041601(R) (2014) &

3-phonon (6q) 2q+phonon (4q)

IS-E1 RQRPA

L. Pellegri et al., PLB 738, 519 (2014). Calculations: E. Lanza

3-phonon (6q) 2q+phonon (4q)

Electromagnetic E1

Isoscalar E1



Comparison of REOM3 to Quasiparticle-Phonon Model (QPM) and shell-model 
(TDCSM)

M1 strength in 50-Ti 

49Ti(d,p)50Ti experiment: 1+ states with larger neutron 
(1f7/2)−1-(1f5/2)+1 spectroscopic factors S do not 
correspond to the ones with the largest B(M1) 
strengths. Theory is in tension 

B. Kelly, M. Spieker, …, E.L., N. Tsoneva, A Volya et al.,  
PRL 136, 082502 (2026)



Other multipoles

B. Kelly, M. Spieker, …, E.L., N. Tsoneva, A Volya et al., PRC (2026)



SRPA vs STDA vs EMPM  

F. Knapp et al., Phys. Rev. C 107, 014305  (2023)  


