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Nuclear structure in the 21Nuclear structure in the 21stst centurycentury

nucleinuclei
nucleonnucleon--nucleon nucleon 

forceforce
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OutlineOutline

• nuclear spectral function

• Self-consistent Green’s function (SCGF) method and 
Faddeev RPA expansionFaddeev-RPA expansion

• Results for spectroscopic factors

• (time permitting: applications to atoms)
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OneOne--hole spectral function hole spectral function ---- exampleexample
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particle picture
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n
 distribution of momentum (pm) and energies (Em)



Green’s functions in manyGreen’s functions in many--body theorybody theory

One-body Green’s function (or propagator) describes the motion 
of quasi- particles and holes:
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Why manyWhy many--body body Green’s functionsGreen’s functions????

• “ab-initio” approach •Closely related to 
• hierarchy of equations—can 
improve systematically

L k d d  

y
spectroscopy  experiments

•“phonons” as degrees of 
• Linked diags  extensivity
• Self-consistency: “no” reference 

phonons  as degrees of 
freedom phenomenology

APPLICATIONS:
•Faddeev RPAFaddeev RPA
• optical potential (disp. opt. mod. DOM)
• quasiparticle DFT (QP DFT)

First EMMIFirst EMMI--EFES Workshop on NeutronEFES Workshop on Neutron--Rich Nuclei  Rich Nuclei  GSI Darmstadt, Feb. 9GSI Darmstadt, Feb. 9--11, 200911, 2009

• quasiparticle-DFT (QP-DFT)



OneOne--hole spectral function hole spectral function ---- exampleexample
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n
 distribution of momentum (pm) and energies (Em)



DysonDyson--Schwinger equationSchwinger equation

In diagrammatic form:
,  free particle propagator

In diagrammatic form:

= +  

,  correlated propagator

  “irreducible” self energy= +   ,  irreducible self-energy

 it leads to a 1-body equation: it leads to a 1-body equation:
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Coupling single particle to collective modesCoupling single particle to collective modes

• Non perturbative expansion of the self-energy:p p f f gy

=Σ* (2p1h) R(2h1p)R
“Extended”

Hartree Fock  2p1h/2h1p configurations 

• Explicit correlations enter the “three-particle irreducible” 
propagators:

II(pp)g
•Both pp/hh (ladder) and
ph (ring) response included
•Pauli exchange at 2p1h/2h1p

PRC63, 034313 (2001)
PRC65, 064313 (2002)

Π (ph)Π(ph)
Pauli exchange at 2p1h/2h1p 

level

 particle
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PRC65, 064313 (2002)
PRA76, 052503 (2007) hole



FRPA: Faddeev summation of RPA propagatorsFRPA: Faddeev summation of RPA propagators

•Both pp/hh (ladder) andpp
ph (ring) response included
•Pauli exchange at 2p1h/2h1p 
level

•All order summation through 
a set of Faddeev equationsa set of Faddeev equations

TDA

where:

RPA
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References: CB, et al., Phys. Rev. C63, 034313 (2001); Phys. Rev. A76, 052503 (2007)



SelfSelf--consistent Green’s functionconsistent Green’s function approachapproach

 propagator
input

(0)g
 propagator

one-hole spectral function

two-hole spectral functiontwo-hole spectral function

excitation spectrum

pp-BSE
)ωg((pp)ΓRPApp-BSE

Faddeev 2h1p
eq.

Γ
Dyson

and 2p1h

pp-RPA
II(pp)

Π (ph)Π

g

(ph)

ph-BSE

eq.

(ph)Πph-RPA

optical potentialp p

FULL self consistency in mid size bases in now POSSIBLE: 
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16O , 8 shells ~ CB, Phys. Lett. B643, 268 (2006)



Applications to NucleiApplications to NucleiApplications to NucleiApplications to Nuclei

• Strong short-range cores require “renormalizing” the g g q g
interaction:
– G-matrix, VUCOM, Lee Suzuki, Bloch-Horowitz, Vlow-k, …UCOM low k

• Long-range correlations  FRPA !!g g
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Binding energy Binding energy –– 44He caseHe case

[C. B., to be published]
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Based on the intrinsic Hamiltonian: Hint = T + V – Tint



Treating shortTreating short--range corr. with a Grange corr. with a G--matrixmatrix

• The short-range core can be treated by summing The short range core can be treated by summing 
ladders outside the model space:
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+ F-RPA= + …
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G()



Treating shortTreating short--range corr. with a Grange corr. with a G--matrixmatrix

• The short-range core can be treated by summing The short range core can be treated by summing 
ladders outside the model space:

G()G()
=

Near EF: long-range / SM-like physicsF g g p y
 stronger eff. interaction

Deeply bound “orbits”: binding!
the  HF mean-field is weaker
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Details of calculationsDetails of calculations

16  •8 major oscillator shells16O  •8 major oscillator shells
•G-matrix derived from Argonne v18
Full self consistency•Full self-consistency

48Ca, 56Ni, •Up to 10 major oscillator shells

etc…  •G-matrix derived from N3LO + Coulomb
•Monopole correction to mock 3NF
•Partial self-consistency only for the 
mean-field
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Single neutron levels around Single neutron levels around 1616O with FRPAO with FRPA
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BHF 1
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 itr. SCGF p-h gap:

Ed3/2-Ep1/2 16.5 16.6
E E 12 2 12 4Es1/2-Ep1/2 12.2 12.4

[CB, Phys. Lett. B643, 268 (2006)]

• particle-hole gap accurate with a G-matrix with ω-dependence

•p3/2-p1/2 spin-orbit splitting close to the VMC estimates ≈3.4MeV
[S  Pieper et al  PRL70 (’93) 2541  using AV14]
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[S. Pieper et al. PRL70 ( 93) 2541, using AV14]



Convergence of valence orbits in Convergence of valence orbits in 5656NiNi

• single particle energies almost • single-particle energies almost 
converged (within ~1MeV) for 10 
oscillator shells

νp •Little dep. on the oscillator parameter νp3/2

νf7/2

First EMMIFirst EMMI--EFES Workshop on NeutronEFES Workshop on Neutron--Rich Nuclei  Rich Nuclei  GSI Darmstadt, Feb. 9GSI Darmstadt, Feb. 9--11, 200911, 2009
[CB, M.Hjorth-Jensen, arXiv [nucl-th] Feb. 2009]N3LO interaction + monopole corr.



Particle and hole spectral distribution of Particle and hole spectral distribution of 5656NiNi
55Ni  57Ni

or
s:
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N3LO interaction + monopole corr.

Sp

[CB, M.Hjorth-Jensen, arXiv [nucl-th] Feb. 2009]



Fragmentation of valence orbits around Fragmentation of valence orbits around 5656NiNi

3% 64% ~15% Spectroscopic factor 
of valence orbits:f

PRC74 (06), 
024304

10% 72% 3%

• results are consistent with the spectral distribution expected 
for good closed shell nuclei !!
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N3LO interaction + monopole corr. [CB, M.Hjorth-Jensen, arXiv [nucl-th] Feb. 2009]



Spectral function Spectral function 4848Ca (e,eCa (e,e´́p) p) 4747K K 

NIKHEFr d3/20.56
G. Kramer, Thesis

fa
ct

o 0.56

mostly d5/2

Includes :
l  i i  i  hco

pi
c 

d3/2
0.58

low-energy mixing in the
Fadd-RPA scheme
 long-range correlationsct

ro
sc 3/2

g g

high-energy mixing
 short-range correlations* 

sp
ec

d5/2
 short range correlations

2j
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) *

S1/2(2 S1/2

CB   b  bli h d
(N3LO based G-matrix)
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Ex (MeV) in 47K CB, to be published



Experimental spectroscopic factorsExperimental spectroscopic factors

MSU/NSCL
NIKHEF

Nucl. Phys. A553 (1993) 297c PRL93, 042501 (2004)
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Nucl. hys. A553 ( 993) 97c



Asymmetry dependence: FAsymmetry dependence: F--RPA estimate…RPA estimate…

Explorative, FRPA calculations show only a 
li h  d d  f  f   slight dependence of spect. factors on 

separation energies (asymmetry):
• in rough agreement with nuclear matter Occupation number at the 

Fermi surface (for nucleonic 
matter):

• in rough agreement with nuclear matter 
calculations…
•collective modes may not be fully realistic…

1

y y

0.9

)
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0.7

0.8n(
0)

n(
0)

28O

60Ca

0 0.2 0.4 0.6 0.8 1
α

0.6

0.7

[T.Frick, et al.

nucl-th/0409067; Phys. Rev. C (2005)]
CB, W.H.Dickhoff, 
arXiv:0901.1920v1 [nucl-th]
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α

 = (N-Z)/A



Conclusions and OutlookConclusions and Outlook

• Self-Consistent Green’s Functions (SCGF), in the Faddeev RPA 
(FRP )   ll d  d b  h  l  b  (FRPA) approximation are well suited to describe the coupling between 
particle and collective modes of a many-body system.

• Large scale ”ab-initio” applications:
• accurate correlations and ionization energies for atoms

 l l   l   b   l !!!• convergent calculations in nuclei are becoming a reality!!!
• not limited to g.s. energies

• 56Ni spectral function:
• 57Nig.s.  56Nig.s. spect. Factor aggree with experimental data

56N   d d  b   d h ll l• 56Ni is predicted to be a good shell closure

• Physics @ driplines: the observed asymmetry dependence of y p y y p
spectroscopic factros is still unexplained by theory(ies).
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…THANKS for your attention…THANKS for your attention!!



DysonDyson--Schwinger equationSchwinger equation

In diagrammatic form:
,  free particle propagator

In diagrammatic form:

= +  

,  correlated propagator

  “irreducible” self energy= +   ,  irreducible self-energy

 it leads to a 1-body equation: it leads to a 1-body equation:
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Quasiparticle (QPQuasiparticle (QP--)DFT in two words…)DFT in two words…

Basic idea: 
• separate the quasiparticle peak from spectral functionp q p p p
• model background as a functional of density

Sh
(E

m
) [Data: 12C, D. Rohe

Habilitation thesis]NB[]S
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DETAILS?  Van Neck et al., and Phys. Rev. A74, 042501 (2006).



Quasiparticle (QPQuasiparticle (QP--)DFT in two words…)DFT in two words…

QP-DFT equation (generalized eigenvalue problem):QP DFT equation (generalized eigenvalue problem):

density matrix: background contributions (B)density matrix:
removal energy matrix:

background contributions (B)
are functionals of density!

• one still solves a one-body (HF-like) equation
li  K h Sh  (KS)  t  t f ti l (KS f           0 • generalizes Kohn-Sham (KS) eq. to two functionals (KS for          =0 

and                                 )
 d it  d QP ti  (  i  d t  f t !)• energy, density, and QP properties (sp. energies and spect. factors!)
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DETAILS?  Van Neck et al., and Phys. Rev. A74, 042501 (2006).



Extracting the QPExtracting the QP--DFT background functionals…DFT background functionals…

first attempt to extract the background:first attempt to extract the background:

 GW calculations
on small atoms

[Phys. Rev. A74, 062503 (2006)]

 need accurate “ab-initio” calculations of QP properties need accurate ab initio  calculations of QP properties,
from small atoms/molecules to the electron gas!!
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Why a Faddeev (FWhy a Faddeev (F--)RPA?)RPA?

• Electron gas  screening of Coulomb  need RPAElectron gas  screening of Coulomb  need RPA
Correlation energies (GW):

G
W

G

F-RPA!!

• Finite systems  QP and ionization energiesy Q g
GW does NOT work  need 3rd order PT minimum
ADC(3), Heidelberg (chem.) group  F-TDAg g p
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FRPA: CB, D. Van Neck, W.H.Dickhoff,  Phys. Rev. A76, 052503 (2007)



Characteristics of FRPA and CCCharacteristics of FRPA and CC

F-RPA,  F-TDA 

First EMMIFirst EMMI--EFES Workshop on NeutronEFES Workshop on Neutron--Rich Nuclei  Rich Nuclei  GSI Darmstadt, Feb. 9GSI Darmstadt, Feb. 9--11, 200911, 2009

A.B.Trofimov, J. Schirmer, J. Chem. Phys. 123, 144115 (2005).



Binding energies for AtomsBinding energies for Atoms

HF FTDA FRPA Exp.

He: -2.860 -2.903 -2.903 -2.904+44 +1 +1

Be: -14.573 -14.643 -14.643 -14.667+94 +24 +24
Phys. Rev. A76, 
052503 (2007).

 CB d  N k  
Ne: -128.547 -128.913 -128.917 -128.928281 +15 +11

+ CB and van Neck, 
arXiv:0901.1735v1 
[physics.chem-ph]

Mg: -199.617 -200.055 -200.058 -200.043426 -12 -15

(preliminary)

Energies in Hartree /Energies in Hartree /
Relative to the experiment in mH

cc pV(TQ)Z bases  extrapolated as E = E +AX-3 ( 5mH accuracy)
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cc-pV(TQ)Z bases, extrapolated as EX = E+AX 3 ( 5mH accuracy)



Valence Ionization EnergiesValence Ionization Energies

HF 2nd FTDA FRPA Exp.
CB, D. Van Neck, 
arXiv:0901.1735v1 
[physics.chem-ph]

He: 1s -0.918 -0.906 -0.902 -0.900 -0.904

Be: 2s -0.309 -0.320 -0.323 -0.322 -0.343
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i t f Be  2s

1s
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-4.733
0.320
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0.323

-4.544
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-4.533
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34
-200
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0
-11
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improvement of 
ionization 
energies when Ne: 2p

2s
-0.850
-1.931

-0.763
-1.750

-0.808
-1.803

-0.803
-1.795

-0.793
-1.782

-57
-149

+30
+32

-15
-21

-10
-13

energ es when 
including RPA 
propagators:

Mg: 3s
2p

-0.253
-2.281

-0.274
-2.146

-0.270
-2.130

-0.277
-2.130

-0.281
-2.12

+28
-161

+7
-26

+11
-10

+4
-10

about 4mH for 
valence orbits

Ar: 3p
3s
2p

-0.590
-1.276
9 570

-0.585
-1.159
9 519

-0.580
-1.087
9 213

-0.578
-1.065
9 199

-0.579
-1.075
9 160

-11
201
410

-6
-84
359

-1
-13
53

+1
+10
39

Energies in Hartree/
Difference w r t  the 2p -9.570 -9.519 -9.213 -9.199 -9.160-410 -359 -53 -39

F TDA F RPA

Difference w.r.t. the 
experiment in mH

cc-pV(TQ)Z basis,
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F-TDA F-RPA cc pV( Q)Z bas s,
extrapolated



Conclusions and OutlookConclusions and Outlook

• Self-Consistent Green’s Functions (SCGF), in the Faddeev RPA 
(FRP )   ll d  d b  h  l  b  (FRPA) approximation are well suited to describe the coupling between 
particle and collective modes of a many-body system.

• Large scale ”ab-initio” applications:
• accurate correlations and ionization energies for atoms

 l l   l   b   l !!!• convergent calculations in nuclei are becoming a reality!!!
• not limited to g.s. energies

• 56Ni spectral function:
• 57Nig.s.  56Nig.s. spect. Factor aggree with experimental data

56N   d d  b   d h ll l• 56Ni is predicted to be a good shell closure

• Physics @ driplines: the observed asymmetry dependence of y p y y p
spectroscopic factros is still unexplained by theory(ies).
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