
SRC and LRC

SRC and LRC in finite and infinite systems

•Dedication: Arturo Polls passed last year and I remember him fondly 

•Motivation  —> where LRC where SRC 

•Green’s functions/propagator method 

•vehicle for ab initio calculations —> matter (see Arnau Rios talk) 

•as a framework to link data at positive and negative energy (and to 
generate predictions for exotic nuclei) 

-> dispersive optical model (DOM <- Claude Mahaux) 

• DOM with non-local potentials 12C, 16-18O, 40,48Ca, 58,64Ni, 112,124Sn, 208Pb 

• Revisit (e,e’p) data from NIKHEF 40Ca and 48Ca —> N-Z dependence  

• Neutron skin in 48Ca and 208Pb —> PREX II 

• Ground-state energy and high-momentum content 

• Nuclear saturation properties revisited 

• Conclusions

  DOM activities: Wim Dickhoff Bob Charity 
Lee Sobotka Louk Lapikas (Nikhef, e,e’p) Henk Blok (Nikhef, e,e’p) 

          Hossein Mahzoon (Ph.D.2015) 
Mack Atkinson (Ph.D. April 2019) Natalya Calleya (Grad) Cole Pruitt (Ph.D. April 2019) Michael Keim (BA 2018) Blake Bordelon (BS 2019)

Recent DOM review: WD, Charity, Mahzoon 
  J. Phys. G: Nucl. Part. Phys. 44 (2017) 033001 
Optical model review: WD, Charity 
  Prog. Part. Nucl. Phys. 95 (2019) 252 
Quenching sp strength review: Aumann et al,  
Prog. Part. Nucl. Phys. 118,  103847 (2021)
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SRC and LRC

Propagator / Green’s function and spectral functions & spectroscopic factors
• Lehmann representation 

• Any other single-particle basis can be used & continuum integrals implied 

• Overlap functions  --> numerator         Corresponding eigenvalues       --> denominator 

• Spectral function 

• Discrete transitions 

• Momentum distribution: integrate spectral function to  

• Positive energy —> see later
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SRC and LRC

Location of  
single-particle 
 strength in 
closed-shell  

(stable) nuclei

SRC

SRC theory

For example: 
protons in 208Pb

N
ikhef (e,e’p) data 

L. Lapikas 
N

PA
553,297c (1993)

JLab E97-006  

Phys. Rev. Lett. 93, 182501 (2004) D. Rohe et al.

Elastic nucleon 
scattering 
PRC90, 06160(R) (2014)

Reviewed in Prog. Part. Nucl. Phys. 52 (2004) 377-496
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Short-range correlations
• NN total cross sections 

• NN —> coupled to anything at higher energy  

• simulate by a strong core 

• better to use dispersion relations (not much has been done) 

• traditional approach: deal with repulsion as in Monte Carlo 

• or SCGF with ladders —> high-momentum tails & removal of 

strength near the Fermi energy (Arnau Rios talk)
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Old prediction of high-momentum components

p1/2 spectral function at fixed energies in 16O 

Phys. Rev. C49, R17 (1994)

Confirms expectation: 
High momentum nucleons can only 
be found at large negative energies 
Phys. Rev. C51, 3040 (1995)

Momentum distribution 16OSpectral function 16O
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Momentum distribution SCGF asymmetric matter —> Arnau Rios talk
• Asymmetry dependence 

A. Rios, A. Polls, and W. H. Dickhoff
Phys. Rev. C79, 064308 (2009)

• Incorporates/represents np dominance <—> tensor force 
discussed by many in several talks 

• So more correlations for minority species <—> other talks e.g. 
Alexandra Gade’s 

� =
N � Z

N + Z



• Mahaux & Sartor 1991 —> Washington University group since 2006  

• Use experimental data to constrain the nucleon self-energy while 
linking structure and reaction domain using dispersion relations 

• Generates proton/neutron distorted waves 

• Overlap functions with their normalization (spectroscopic factors)
SRC and LRC

Dispersive Optical Model (St. Louis group)

E<0 —>

M. C. Atkinson, M. H. Mahzoon, M. A. Keim, B. A. Bordelon, 
C. D. Pruitt, R. J. Charity, and W. H. Dickhoff
Phys. Rev. C 101, 044303 (2020), 1-15. [arXiv:1911.09020]

Indirectly:

Mack Atkinson thesis 2019

DISPERSIVE OPTICAL MODEL ANALYSIS OF 208Pb … PHYSICAL REVIEW C 101, 044303 (2020)
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FIG. 7. Results for proton and neutron analyzing power gener-
ated from the DOM self-energy for 208Pb compared with experimen-
tal data ranging from 10 to 200 MeV. References to the data are given
in Ref. [43].

that the proton properties deviate more from the IPM than the
neutrons in 208Pb.

For levels close to !F , the spectroscopic factor can be
calculated using Eq. (9). These spectroscopic factors are listed
in Table I while in Table II occupation and depletion numbers
are presented. Indeed, the fact that the spectroscopic factors
for protons are smaller than those of the neutrons is consistent
with the protons being more correlated than the neutrons. The

0

0.02

0.04

0.06

0.08

0.1

0 2 4 6 8 10 12

"
[fm

!
3
]

r [fm]

Experiment
"ch
"w
"n

FIG. 8. Experimental and fitted 208Pb charge density. The solid
black line is calculated using Eq. (5) and folding with the pro-
ton charge distribution, while the experimental band represents
the 1% error associated with the extracted charge density from
elastic-electron-scattering experiments using the sum of Gaussians
parametrization [2,54]. Also shown is the deduced weak charge dis-
tribution, "w (long-dashed red line), and neutron matter distribution,
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FIG. 9. Experimental and fitted 208Pb(e, e) differential cross sec-
tions. All available data have been transformed to an electron energy
of 502 MeV [1].

present values of the valence spectroscopic factors are consis-
tent with the observations in Ref. [6] and the interpretation
in Ref. [7]. It is important to note that these spectroscopic
factors are indirectly determined by the fit to all the available
data similarly to the case reported in Ref. [17] for 48Ca. The
extraction of spectroscopic factors using the (e, e! p) reaction
has yielded a value around 0.65 for the valence 2s1/2 orbit
[57] based on the results in Refs. [3,4]. While the use of
nonlocal optical potentials may slightly increase this value as
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FIG. 10. Proton energy levels in 208Pb. The energies on the left
are calculated using only the static part of the DOM self-energy,
corresponding to a Hartree-Fock calculation. The middle energies
are those calculated using the full DOM self-energy. The energies
on the right correspond to the experimental values. The change from
the left energies to the middle energies is the result of including the
dynamic part of the self-energy.
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Check with (e,e’p) cross sections (Mack Atkinson)
• 40Ca                                           Phys. Rev. C98, 044627 (2018) 

• 48Ca                                           Phys. Lett. B 798, 135027 (2019) 

• No further adjustments! 

• Both structure and reaction properties allowed to change
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Compare with updated Gade plot
Very near the Fermi energy in 40Ca and 48Ca from (e,e’p) —>

40Ca 48Ca

Quenching sp strength review: Aumann et al, Prog. Part. Nucl. Phys. 118,  103847 (2021)
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Spectral function for bound states
• [0,200] MeV —> constrained by elastic scattering data
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Updated PREX results
• <— Ciprian Gal for the PREX collaboration DNP 

October 2020 

• DOM predictions  
– Phys. Rev. Lett. 119, 222503 (2017) 

– Phys. Rev. C 101, 044303 (2020) 

– Phys. Rev. Lett. 125, 102501 (2020) 

– Phys. Rev. C 102, 034601 (2020) 

• <— PREX preprint ArXiv 2102.10797
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• Thank you Jens Erler and Mikhail 
Gorchtein for the updated 
electroweak gamma-Z box corrections

Ciprian Gal 49

Calculations by Chuck Horowitz

Rn-Rp [fm]

Preliminary
• The model uncertainty (from the surface 

thickness) is 0.013 fm while the γ-Z box 
correction error is 0.006 fm

Preliminary
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Ameas
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FW (hQ2i) = 0.368± 0.013 (exp.)± 0.001 (theo.).

where the experimental uncertainty in FW includes both
statistical and systematic contributions.
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FIG. 3. Extraction of the weak radius (left vertical axis)
or neutron skin (right vertical axis) for the 208Pb nucleus.
Rch [35] is shown for comparison.

The correlation between APV and the 208Pb weak ra-
dius RW is obtained by plotting the predictions for these
two quantities from a sampling of theoretical calcula-
tions [8, 36–41], as shown in Fig. 3, along with the green
band highlighting Ameas

PV and its 1-� experimental uncer-
tainty.

Single nucleon weak form factors are folded with point
nucleon radial densities to arrive at the weak density dis-
tribution ⇢W (r), using QW = �117.9 ± 0.3 which incor-
porates one-loop radiative corrections including �-Z box
contributions [42–45] as an overall constraint. The cor-
relation slope in Fig. 3 is determined by fitting ⇢W (r)
as a 2-parameter Fermi function over a large variety of
relativistic and nonrelativistic density functional models,
determining for each model a size consistent with RW

and a surface thickness a. This also determines the small
model uncertainty, shown in Fig. 3 (dashed red lines),
corresponding to the range of a [24, 46, 47].

Projecting to the model correlation to determine the
weak radius or alternatively the neutron skin (left and
right vertical axes respectively), the PREX-2 results are
RW = 5.795± 0.082 (exp.)± 0.013 (theo.) fm and Rn �
Rp = 0.278± 0.078 (exp.)± 0.012 (theo.) fm.

The normalization constant in the Fermi-function form
of ⇢W (r) used to extract RW is a measure of the 208Pb
interior weak density [47]:

⇢0W = �0.0798± 0.0038 (exp.)± 0.0013 (theo.) fm�3.

Combined with the well-measured interior charge density,
the interior baryon density determined from the PREX-2

data is ⇢0b = 0.1482±0.0040 fm�3 (combining experimen-
tal and theoretical uncertainties).
This result is consistent with the results from the

PREX-1 measurement, which found Rn � Rp = 0.30 ±
0.18 fm [48]. Table III summarizes nuclear properties of
208Pb from the combined PREX-1 and PREX-2 results,
including a 4 � determination of the neutron skin.

TABLE III. PREX combined experimental results for
208Pb.Uncertainties include both experimental and theoret-
ical contributions.
208Pb Parameter Value

Weak radius (RW ) 5.800 ± 0.075 fm
Interior weak density (⇢0W ) �0.0796 ± 0.0038 fm�3

Interior baryon density (⇢0b) 0.1480 ± 0.0038 fm�3

Neutron skin (Rn �Rp) 0.283 ± 0.071 fm

0 1 2 3 4 5 6 7 8 9 10
radius r [ fm ]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

 ]
-3

 [ 
fm

ρ
de

ns
ity

 

Weak skin

b
ρ

Interior Baryon Density

W
ρ-Extracted from PREX

WR

ch
ρ

chR

Pb208

 data
ch
ρ

2-parameter Fermi fit

FIG. 4. 208Pb weak and baryon densities from the combined
PREX data sets, with uncertainties shaded. The charge den-
sity [35] is also shown.

Exploiting the strong correlation between Rn � Rp

and the density dependence of the symmetry energy
L, the PREX result implies a sti↵ symmetry energy
(L = 106 ± 37 MeV [49]), with important implications
for critical neutron star observables. Figure 4 shows
the inferred radial dependence of the 208Pb charge, weak
and total baryon densities together with their uncertainty
bands. The precise 2.5% determination of ⇢0b for 208Pb
will facilitate a sensitive examination of its close relation-
ship to the nuclear saturation density [24].
After the 208Pb run, data were also collected to mea-

sure Ameas
PV for 48Ca (CREX) [50]. The improved sys-

tematic control of helicity correlated beam asymmetries
and several other PREX experimental innovations will
inform the design of future projects MOLLER [51] and
SoLID [52] at JLab measuring fundamental electroweak
couplings, as well as a more precise 208Pb radius experi-
mental proposal at Mainz [5, 53].
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High-momentum predictions & relation to ground-state energy
Ground-state energy can be included in the DOM 

Succeeds                                                                     Phys. Rev. C 102, 044333 (2020) 

Because fraction of binding energy from 10% most deeply bound nucleons includes the 
high-momentum contribution 

Phys. Rev. Lett. 125, 102501 (2020) 

Predicted in Phys. Rev. C51, 3040 (1995)

REEXAMINING THE RELATION BETWEEN THE BINDING … PHYSICAL REVIEW C 102, 044333 (2020)

Alternatively, we investigate the connection between the
empirical mass formula and the value of E0 through energy
densities calculated using the DOM. This method constrains
a complex self-energy !" j using both scattering and bound-
state data [44,45]. The self-energy is a complex, nonlocal,
energy-dependent potential that unites the nuclear structure
and reaction domains through dispersion relations [44–46].
The Dyson equation generates the single-particle propagator,
or Green’s function, G" j (r, r!; E ), from which bound-state and
scattering observables can be deduced [47] (see Appendix A
for more details). The energy dependence of the self-energy
ensures that many-body correlations manifest in G" j (r, r!; E ),
providing a description beyond that of a mean field. These cor-
relations can be understood through the hole spectral function,
defined as

Sh
" j (r, r!; E ) = 1

#
ImGh

" j (r, r!; E ).

The spectral function reveals that the strength of a given " j
shell can be fragmented over a wide range of energies, con-
trary to the mean-field picture of fully occupied shells located
at their respective mean-field energy levels (see Refs. [47–50]
for explicit examples). Results from DOM fits of 12C, 40Ca,
48Ca, and 208Pb are considered here.

Traditionally, DOM fits are constrained by quasihole en-
ergies, particle numbers, charge densities, and, because of
the dispersion relation, all relevant scattering data up to 200
MeV. Here, we extend the treatment to incorporate also the
total binding energy of each nucleus as obtained from the
Green’s function. A position-dependent energy density within
the nucleus can then be defined such that its volume integral
is the total binding energy. This approach provides a novel
determination of nuclear energy densities based entirely on
experimental data. Unlike mean-field or DFT energy densi-
ties, this approach is not constrained by prescribed analytics
on energy densities. DOM fits produce occupation numbers
that are not steplike, hence the corresponding kinetic-energy
densities are not of a free-Fermi gas nature. Moreover, these
energy densities can be used to relate the energy of these
nuclei to SCGF calculations in NM that only treat the con-
sequences of SRC while including full off-shell propagation
[9,32].

The binding energy of a nucleus can be expressed as the
expectation value of the Hamiltonian using the full A-body
wave function, EA

0 = "$A
0 |Ĥ |$A

0 #. The energy density, EA(r),
of a nucleus can then be defined such that

EA
0 =

!
d3rEA(r) = 4#

! $

0
drr2EA(r). (2)

The energy of the ground state can be recast into the
Migdal-Galitski sum rule [33] for both proton and neutron
contributions with EA

0 = EN
0 + EZ

0 [6]. Since the DOM is
calculated in a coordinate-space basis of Lagrange functions
[51], EA(r) can be calculated using

EA(r) = 1
2

! %F

0

"

" j

(2 j + 1)
#

ESh
" j (r, r; E )

+
! $

0
dr! r!2 "r|T̂"|r!# Sh

" j (r
!, r; E )

$
dE , (3)

TABLE I. Comparison of the DOM calculated binding energies
of 12C, 40Ca, 48Ca, and 208Pb calculated using Eq. (3) to those
calculated using the empirical mass formula. We use the parameters
aV = 15.6, aS = 17.2, aC = 0.697, and aA = 46.6 (all in MeV) in
Eq. (1). The experimental binding energies are shown in the last
column. All listed energies are in MeV.

A DOM EA
0 /A Mass equation Expt. EA

0 /A

12C %7.85 %7.29 %7.68
40Ca %8.46 %8.50 %8.55
48Ca %8.66 %8.59 %8.66
208Pb %7.76 %7.81 %7.87

where T̂" is the kinetic-energy operator in the partial-wave
basis. The first term corresponds to a combination of the
kinetic- and potential-energy densities [6] while the second
term represents the kinetic-energy density:

T (r) =
"

" j

(2 j + 1)T" j (r),

where

T" j (r) =
! %F

0
dE

! $

0
dr!r!2 "r|T̂"|r!# Sh

" j (r
!, r; E ).

The volume integral of T (r) is the total kinetic energy of the
nucleus. The kinetic-energy operator in coordinate space,

"r|T̂ |r!# = &3(r % r!)
%h̄2!2

r

2µ
,

is used to calculate T (r), resulting in the following expres-
sion:

r2T" j (r) = %h̄2

2µ

#
d2

dr2
% "(" + 1)

r2

$
[rn" j (r, r!)r!]

%%%
r!=r

,

where n" j (r, r!) is the one-body density matrix defined as

n" j (r, r!) =
! %F

0
dESh

" j (r, r!; E ).

It is important to note that this derivation assumes there
are no three-body terms in the nuclear interaction [52]. The
presence and need of a nuclear three-body force is undisputed
[53], but the arguments below do not change in any essential
way by the assumption that Eq. (3) can be treated as exact (see
Sec. III for further discussion). In particular, we will show that
variational Monte Carlo (VMC) calculations leading to exact
Green’s-function Monte Carlo (GFMC) results [54] require
only a modest attractive three-body contribution to the binding
energy of light nuclei. With chiral interactions [55], the three-
body force is important to generate NM saturation, but the
many different versions hamper uniform conclusions and their
softness may yield interior densities that are too large [56].

With Eq. (2), the binding energies of nuclei are also in-
cluded in DOM fits with an accuracy of about 1.5% and
shown for 12C, 40Ca, 48Ca, and 208Pb in Table I. Details of
the 12C DOM fit are presented in Appendix B while details
for 40Ca, 48Ca, and 208Pb fits can be found in Refs. [47,49,50],
respectively. The agreement with experiment in Table I is of a

044333-3
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to the total binding is negative, that is, unbinding, because
the bulk of their spectral density resides in quasiholes at or
near the Fermi surface. This effect is more than compen-
sated by the extra binding energy these valence neutrons
induce in the protons compared to the symmetric case, such
that the net effect is increased overall binding. These results
are consistent with enhancement of short-range correlations
among minority nucleons as identified by [25] in their
investigation of nucleon high-momentum content as a
function of asymmetry.
Figure 2 gives an lj-independent illustration of system-

atic behavior of the binding energy distribution. For each

system, the fraction of the total binding energy possessed
by the most-bound 10% of the total nucleon density
(BF10%), regardless of quantum number, is plotted. The
error bars indicate the 16th and 84th percentiles from
the MCMC posterior distributions (the 1! region, if the
posteriors are assumed to be Gaussian). For all systems
analyzed here, BF10% exceeds 40%. To put this percentage
in context, we performed an analogous “single-particle”
calculation on 40Ca by artificially placing all spectral
density for the s1=2 nucleons at their lowest single-particle
eigenvalue. This scenario yields a BF10% of 31% for 40Ca,
much lower than the median value of 48% from Fig. 2,
demonstrating that the tiny nucleon density at extremely
negative (deeply bound) energies makes an outsized con-
tribution to overall binding.
To determine the relative effect of nuclear size and

asymmetry on this quantity, we applied a linear model to
the data,

BF10% ! x0 " A1=3xA " N ! Z
A

x"; #6$

with N, Z, and A the neutron, proton, and total nucleon
numbers. MCMC sampling of this model gives parameter
posterior values of x0 ! 364430, xA ! 4.16.11.5, and x" ! 331!26,
where the 16th, 50th, and 84th percentile values are
reported as 508416. Thus, the BF10% depends only weakly
on the size of the system and is independent of asymmetry,
indicating that, even in light nuclei, the bulk of the total
binding comes from the few most-bound nucleons.

FIG. 2. Fraction of the total binding energy possessed by the
most deeply bound 10% of the nucleon density for the isotopes
studied in this work. The shaded regions indicate parametric
uncertainty from fitting Eq. (6) to these data.

FIG. 1. DOM calculations of nucleon occupation and binding energy contributions as a function of angular momenta lj in 16;18O and
40;48Ca. The results shown are using the median posterior parameter values from MCMC sampling.

PHYSICAL REVIEW LETTERS 125, 102501 (2020)

102501-3
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Original Jefferson Lab data per proton compared to DOM results
• Pion/isobar contributions cannot be described 

• Rescattering contributes some cross section  
C. Barbieri and L. Lapikás Phys. Rev. C 70, 054612 (2004)
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DISPERSIVE OPTICAL MODEL ANALYSIS OF 208Pb … PHYSICAL REVIEW C 101, 044303 (2020)
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FIG. 12. Comparison of calculated DOM momentum distribu-
tions of protons (dashed blue line) and neutrons (solid red line) in
208Pb. The dotted line marks the location of kF .

11 and Table I all reveal that the protons are more correlated
than the neutrons in 208Pb. This supports the np-dominance
picture in which the dominant contribution to SRC pairs
comes from np SRC pairs which arise from the tensor force
in the nucleon-nucleon interaction [9,63]. Due to the neutron
excess in 208Pb, there are more neutrons available to make
np SRC pairs, which leads to an increase in the fraction of
high-momentum protons.

In the DOM, this high-momentum content is determined
by how much strength exists in the hole spectral function
at large negative energies. The hole spectral function is
constrained in the fit by the particle number, binding energy,
and charge density. While the particle number and charge
density can only constrain the total strength of the hole
spectral function, the binding energy constrains how the
strength of the spectral function is distributed in energy. This
arises from the energy-weighted integral in Eq. (12), which
will push some of the strength of the spectral function to more
negative energies in order to achieve more binding. This, in
turn, alters the momentum distribution, thus constraining the
high-momentum content.

The reproduction of all available experimental data indi-
cates that a suitable self-energy of 208Pb has been found. With
this self-energy we can therefore make predictions of other
observables, such as the neutron skin.

IV. NEUTRON SKIN

The neutron and proton point distributions in 208Pb,
weighted by r4 and normalized by the particle number, are
shown in Fig. 13. It is clear that the neutrons are more ex-
tended than the protons, giving rise to a positive neutron skin
of !rnp = 0.25 ± 0.05 fm. The associated error is obtained
in the same manner as in Ref. [23] for 48Ca (in the ongoing
Markov chain Monte Carlo–enabled analysis mentioned in
Sec. III, we recover a compatible, somewhat smaller neutron
skin of 0.195, with a similar uncertainty but employing a more
restricted set of parameters). It is no surprise that the value
of the skin falls within the range of allowed values from the
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FIG. 13. Neutron (solid red line) and proton (dashed blue line)
point distributions in 208Pb and 48Ca weighted by r4 and normalized
according to Eq. (1).

PREX experiment, but it will be interesting to compare this
prediction to the updated experimental value from PREX2
in the near-future as well as new results from the Mainz
facility [65]. This is also within the range of skin values
(0.12–0.28 fm) of the 48 nuclear energy density functionals
used in Ref. [37]. Currently, ab initio calculations cannot be
applied to heavy systems such as 208Pb, so these mean-field
results are the only other theoretical predictions of the neutron
skin in 208Pb.

The DOM predictions of the neutron skin of 40Ca, 48Ca,
and 208Pb are listed in Table IV, where it is evident that the
neutron skins of 48Ca and 208Pb are very similar. Since 208Pb
and 48Ca have similar asymmetry parameters, indicated by
"asy = (A ! Z )/A in Table IV, it may seem reasonable that
they have similar neutron skins. However, consider Fig. 13,
which is a comparison of the neutron and proton distributions
in 48Ca and 208Pb. Even normalized by the particle number,
the particle distributions in 208Pb and 48Ca are quite distinct
due to the size difference of the nuclei. In light of this, the
neutron skin of 208Pb is biased to be larger by the increase

TABLE IV. DOM predicted neutron skins for 40Ca, 48Ca, and
208Pb. Also listed are the neutron skins normalized by rp, denoted
!r̃np, as well as the neutron skins with the Coulomb potential
removed from the self-energy, denoted !rno C

np . The last entry is
the normalized neutron skin with the Coulomb potential removed,
!r̃no C

np .

Nucleus 40Ca 48Ca 208Pb

"asy 0 0.167 0.211

rp [fm] 3.39 3.38 5.45

rn [fm] 3.33 3.63 5.70

!rnp [fm] !0.06 0.25 ± 0.023 0.25 ± 0.05

!r̃np !0.017 0.070 ± 0.0067 0.046 ± 0.0092

!rno C
np [fm] 0 0.309 ± 0.023 0.380 ± 0.05

!r̃no C
np 0 0.089 ± 0.0067 0.070 ± 0.0092

044303-9

208Pb enhancement of p over n  
high-momentum content automatically 
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Consequence
• Maybe 16 MeV binding is not needed!
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Reexamining the relation between the binding energy of finite nuclei
and the equation of state of infinite nuclear matter
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The energy density is calculated in coordinate space for 12C, 40Ca, 48Ca, and 208Pb using a dispersive optical
model constrained by all relevant data including the corresponding energy of the ground state. The energy density
of 8Be is also calculated using the Green’s-function Monte Carlo method employing the Argonne-Urbana two-
and three-body interactions. The nuclear interior minimally contributes to the total binding energy due to the
4!r2 phase-space factor. Thus, the volume contribution to the energy in the interior is not well constrained. The
dispersive-optical-model energy densities are in good agreement with ab initio self-consistent Green’s-function
calculations of infinite nuclear matter restricted to treat only short-range and tensor correlations. These results
call into question the degree to which the equation of state for nuclear matter is constrained by the empirical mass
formula. In particular, the results in this paper indicate that saturated nuclear matter does not require the canonical
value of 16-MeV binding per particle but only about 13–14 MeV when the interior of 208Pb is considered.

DOI: 10.1103/PhysRevC.102.044333

I. INTRODUCTION

The investigation of the binding energy of atomic nu-
clei dates back to the origins of nuclear physics [1]. The
well-known empirical mass formula, developed by Bethe and
Bacher [2] and von Weizsäcker [3], accurately describes the
global aspects of nuclear binding for most of the nuclear
chart. Its success is largely due to the saturating nature of
the constituent nucleons in nuclei. The evidence for nuclear
saturation came from measurements of the root-mean-squared
(rms) charge radius of nuclei which revealed that the vol-
ume of a given nucleus scales linearly with A [1,4]. Elastic
electron-scattering experiments revealed that the density in
the interior of nuclei saturates at a value around "0 ! 0.16
fm"3 [4,5]. In order to understand the mechanism behind
nuclear saturation, infinite nuclear matter (NM) is an ideal
system that is often studied [6–8]. Depending on the method
and realistic nucleon-nucleon (NN) interaction used, the cal-
culated value of "0 in NM can stray from the experimental
value as discussed, e.g., in Ref. [9]. In addition to the density
at saturation, the associated binding energy, E0, plays a vital
role in the equation of state (EOS) of NM. The EOS does not
exhibit saturation in neutron-rich systems, but its character-
ization is nonetheless relevant for astrophysical research on
supernovae and neutron stars [10–12].

The traditional method used to estimate "0 is funda-
mentally different than that of E0. While the value of
"0 is determined experimentally, E0 is determined em-

*matkinson@triumf.ca

pirically from an extrapolation of the empirical mass
formula [4,13,14]

BE (A, Z ) = "aV A + aSA2/3 + aCZ (Z " 1)A"1/3

+ 1
2 aA(A " 2Z )2A"1, (1)

where aV , aS , aC , and aA are parameters fit to nuclear masses
[1]. Because the only link between Eq. (1) and NM is the
volume term, the canonical value of the saturation energy is
assumed to be E0/A = "aV ! "16 MeV [4,13]. However,
this involves a significant extrapolation that neglects proper
consideration of long-range correlations (LRC) in both finite
and infinite systems [6,15–17]. Contributions to the binding
energy from LRC are associated with collective phenomena.
In finite nuclei, these emerge as low-lying natural parity
surface vibrations and higher-lying giant resonances. These
excitations are associated with the presence of a surface and
therefore have no counterpart in NM. Conversely, LRC in NM
are characterized by their total momentum (and spin-isospin
quantum numbers) which have no direct counterpart in finite
nuclei as momentum is not a good quantum number of an
excited state in a nucleus. This is particularly problematic for
matter excitations with pionic quantum numbers as the related
soft mode in NM occurs at finite momentum and thereby
contributes substantially to binding, is strongly enhanced by
the coupling to the # isobar, and increases in importance
with density. For this reason, it was argued in Ref. [15] that
the link between finite nuclei and NM saturation properties
should be confined to the effect of short-range correlations
(SRC). Assumptions made about the role of LRC therefore
influence the link between finite nuclei and NM. As will be

2469-9985/2020/102(4)/044333(13) 044333-1 ©2020 American Physical Society
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LRC in finite nuclei and infinite matter

Comment: 

  

– LRC or low-energy excitations in infinite nuclear matter —> no counterpart in finite nuclei 

– BUT: LRC in finite nuclei —> no counterpart in nuclear matter 

– They will contribute some binding! 

– How much: nobody has really looked into this 

– Extrapolations from nuclei to matter should deal with this in more detail
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Conclusions
• DOM can describe many experimental data by simultaneously describing 

structure and reaction energy domain 

• DOM can predict hard to access experimental data —> neutron skin 

• DOM can be constrained by energy of the ground state and then 
automatically requires the inclusion of high-momentum components yielding 
more correlated protons when neutrons are in the majority 

• DOM suggests that some reexamining of nuclear saturation properties 
might be in order: 16 MeV at saturation may be too large 

• For rare isotopes use (p,2p) in inverse kinematics 

• Outlook: (p,2p) analysis with DOM ingredients that yield precise (e,e’p) 
cross sections, exhibits some issues suggesting that the effective 
interaction is not sufficiently accurate (RCNP-St. Louis collaboration)


