
Neutron Skins and Charge Radii:Relevance of 
Short-Ranged Correlations

• PREX arXiv:2102.10767. parity violating electron scattering 
208Pb- 

 

   L is important in neutron star physics and related to neutron skin 

Sanjay will give us a brown bag talk on Wednesday, March 24th at 12:30, titled: "Resuscitating pion condensation to 
alleviate the tension between large neutron skins and small neutron stars." 
References: 
https://arxiv.org/pdf/2101.03193.pdf. PREX->  Large compared to expts& astrophysical 
measurements

https://arxiv.org/pdf/2102.10074.pdf 

Rn − Rp = 0.283 ± 0.071 fm
E
A

= ℰSNM(ρ) + (
ρn − ρp

ρ )2S(ρ) + ⋯

S(ρ) = J+L
ρ − ρ0

3ρ0

L = 106 ± 37 MeV

astorphysical data + PREXII : L = 58 ± 19 MeV, Rskin(208Pb) = 0.19+0.03
−0.04 fm

1/9

Gerald A. Miller, UW
2

0.15 0.2 0.25 0.3 0.35
Rskin(fm)

20

40

60

80

100

120

140

L(
ρ)
[M
eV
]

ρ=ρ
0

ρ=(2/3)ρ0

0.9
99

0.9
78

(a) (b)

0

0

50

50

100

100

150

150

200

200

250

250

L(MeV)

χEFT(2020)
χEFT(2013)

Ab-initio(CC)
Skins(Sn)
QMC

αD(RPA)

(106±37)MeV

FIG. 1: (Color online) Left : Slope of the symmetry energy at
nuclear saturation density ⇢

0
(blue upper line) and at (2/3)⇢

0

(green lower line) as a function of R208
skin. Right : Gaussian

probability distribution for the slope of the symmetry energy
L=L(⇢

0
) inferred by combining the linear correlation in the

left figure with the recently reported PREX-II limit. The six
error bars are constraints on L obtained by using di↵erent
theoretical approaches.

To assess the impact of the combined PREX–PREX-
II measurements (henceforth referred simply as “PREX-
II”)—we provide predictions for several observables using
a set of 16 covariant energy density functionals. These
are FSUGold2 [9] together with a set of eight systemat-
ically varied interactions—FSUGold2–L047, L050, L054,
L058, L069, L076, L090, L100—with identical isoscalar
properties as FSUGold2, but isovector properties defined
by the associated value of the slope of the symmetry en-
ergy L. For example, FSUGold2=FSUGold2–L113 pre-
dicts a slope of the symmetry energy of L = 113MeV.
Another set of accurately calibrated density functionals is
given by RMF012, RMF016, RMF022, and RMF032 [10],
where now the labels are associated to the predicted
value of R208

skin. For example, RMF032 predicts a neu-
tron skin thickness of R208

skin=0.32 fm. Finally, TFa, TFb,
and TFc, with R208

skin=0.25, 0.30, and 0.33 fm, respectively,
were created to test whether the large central value of
R208

skin=0.33 fm originally reported by the PREX collabo-
ration [1] was incompatible with other laboratory exper-
iments and/or astrophysical observations [11]. We found
then, that there was no compelling reason to rule out
models with large neutron skins. This finding has now
been validated by the new PREX-II measurement.

The strong correlation between L and R208
skinin the con-

text of the new PREX-II measurement is illustrated in
Fig. 1. The left-hand panel displays the well-known cor-
relation between the slope of the symmetry energy at sat-
uration density and the neutron-skin thickness of 208Pb.
Also shown in Fig. 1(a) is the even stronger correlation
between Rskin and the slope of the symmetry energy at
the slightly lower density of ⇢=(2/3)⇢

0
⇡0.1 fm�3 [5, 12–

16]. At such a lower density, which represents an average
value between the central and surface densities, the sym-
metry energy is well constrained by the binding energy

of heavy nuclei with a significant neutron excess. Rely-
ing on the strong Rskin-L correlation together with the
improved PREX-II limit, one obtains the gaussian proba-
bility distribution for L displayed in Fig. 1(b). Using the
same analysis on both J and eL—the latter representing
the slope of the symmetry energy at ⇢=(2/3)⇢

0
—we de-

rive the following limits:

J = (38.09± 4.73)MeV, (5a)

L = (105.92± 36.93)MeV, (5b)

eL = (71.46± 22.60)MeV. (5c)

As indicated in Fig. 1(b), these limits are systematically
larger than those obtained using either purely theoreti-
cal approaches or extracted from a theoretical interpre-
tation of experimental data [16–23]. However, we note
that theoretical interpretations of elastic nucleon-nucleus
scattering cross sections together with quasielastic re-
actions to isobaric analog states obtained limits on L
that are consistent with our findings [24]. We also un-
derscore that the models used in this letter represent a
particular class of relativistic EDFs. If one expands the
set of models as in Ref. [7], then the inferred value of
L is even larger. The PREX-II result is also consider-
ably larger—and in many cases incompatible—with ex-
perimental determinations of R208

skinby methods that are
highly model dependent [25–28]. A notable exception is
the dispersive optical model analysis of the Washington
University group that reported a neutron skin thickness
of R208

skin= (0.25 ± 0.05) fm [29]; a revised lower value of
R208

skin=(0.18±0.07) fm—still consistent with [29]—was re-
ported shortly thereafter in Ref. [30].

To further underscore the tension between PREX-II
and our current understanding of the EOS, we display
in Fig. 2 a summary of simultaneous constraints on both
J and L as reported in Refs. [18, 31]. We have adapted
Figure 2 from Ref. [18] by including the PREX-II limits
on both J and L derived in Eq.(5). Note that with the
exception of the analysis of Ref. [20], all other approaches
suggest a positive correlation between L and J . In the
context of density functional theory, such a positive cor-
relation is easy to understand. Using Eq.(3) at a density
of e⇢

0
=2⇢

0
/3 yields

S(e⇢
0
) = J �

L

9
! J ⇡

✓
26MeV +

L

9

◆
. (6)

The value of S(e⇢
0
)⇡26MeV [12] follows because the sym-

metry energy at e⇢
0
is tightly constrained by the binding

energy of heavy nuclei. The PREX-II inferred value for
L yields a corresponding value of J=(37.77±4.10)MeV,
that is entirely consistent with the limit obtained in
Eq.(5). Note that the “Intersection” region in Fig. 2 ob-
tained from a variety of experimental and theoretical ap-
proaches lies outside the 1� PREX-II limits.
Next, we explore the impact of PREX-II on a few

neutron-star observables. We start by displaying in Fig. 3
the minimum central density and associated neutron star

https://arxiv.org/pdf/2101.03193.pdf
https://arxiv.org/pdf/2102.10074.pdf


Why PV electron scattering?
It’s the best way

• Neutral weak interaction mainly with neutrons: protons 

• Strongly interacting probes very model dependent

• Example  gives 

• But omitted charge exchange fsi changes skin by about 50 %, 
and there are many other effects G A Miller PRC100,044608

•  

∝ (1/4 − sin2 θW)

γ +208 Pb → π0 +208 Pb
Rn − Rp = 0.15 ± 0.03 (stat) ± 0.025(sys)
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Why study SRC  effect on neutron 
density?

• Extraction of  depends on models

• Density functional theory is used -not sure if all 
effects of  tensor-force driven SRC  included for Pb

• SRC strong in np interaction  

Rn − Rp
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•  Short range correlations (SRC) are important -this meeting

• protons get more momentum as neutrons added 

• protons get larger extent in space- because of np attraction

• Higher momentum usually means smaller extent in space- so which wins?

• Can have higher momentum AND larger spatial extent? YES -Wigner Distribution 
for non-Gaussian wave functions

• ~20 % of nucleons in SRC  primarily np 

• Protons more influenced by correlations

•  Do SRC influence computations of nuclear charge radius ?- YES

 
Can Long-Range Nuclear Properties Be 

Influenced by Short Range Interactions? A chiral dynamics estimate

Miller, G. A., Beck, S. M-T Beck, L.B. Weinstein, E.Piasetzky and O. Hen
PLB793 (2019) 30
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Aims of calculation

• Estimate influence of SRC on computed charge radii- motivated 
by Garcia-Ruiz Nat.Phys. 12, 294(’16) Ca isotopes, measured 
radii larger than theory -adding neutrons changes charge radius

• Study relevance of SRC: Need simple model that accounts for 
np src

• np dominance comes from iterated one pion exchange Hen et 
al RMP 1611.09748,Phys.Rev.C 92 (2015) 4, 045205

• Chiral dynamics of Kaiser Fritsch Weise nucl-th/0105057, 
Kaiser, Blockmann, Weise nucl-th/9706045 uses same 
mechanism
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Chiral dynamics Kaiser et al

medium insertion at each nucleon propagator. In that case the two loop-integrations convert into
integrals over Fermi spheres of radius kf . After taking the Dirac-trace of the product of (p/+M)-
factors and pseudovector πN -interaction vertices one performs a (non-relativistic) 1/M-expansion
of the complete integrand. In this form all integrals can be solved analytically and the result for
the 1π-exchange Fock-diagram reads,

Ē1(kf) =
3g2Am

3
π

(4πfπ)2

{

u3

3
+

1

8u
−

3u

4
+ arctan 2u−

( 3

8u
+

1

32u3

)

ln(1 + 4u2)

+
m2

π

40M2

[

40

3
u3 − 8u5 + 9u+

1

2u
− (12u2 + 5) arctan 2u−

1

8u3
ln(1 + 4u2)

]}

, (6)

Here, we have introduced the abbreviation u = kf/mπ. The terms proportional to u3 and
u5m2

π/M
2 in eq.(6) correspond to the (repulsive) zero-range contact interaction produced by

any pseudoscalar meson exchange. The 1/M-expansion is again converging rapidly. For example,
at kf = 270MeV the 1/M2-correction (second line in eq.(6)) is only −5.2% of the leading order
term (first line in eq.(6)). Note also, the Taylor-series expansion of Ē1(kf) in eq.(6) converges
only for kf ≤ mπ/2. This would correspond to tiny densities of ρ ≤ 0.0027 fm−3.

2.3 Iterated one-pion exchange

Fig.3: Iterated one-pion exchange Hartree and Fock-diagrams. The combinatoric factor of these
diagrams is 1/4.

Next, we consider the three-loop diagrams shown in Fig. 3. With two medium insertions on
neighboring nucleon propagators they contribute, via mass and coupling constant renormalization,
to the one-pion exchange Fock-diagram. These effects are automatically taken care of in eq.(6)
by using the physical input parameters. Considering two medium insertions on non-neighboring
nucleon propagators we encounter the planar box graph [7]. In a non-relativistic 1/M-expansion
the first contribution from the planar box graph is the iterated 1π-exchange which is enhanced
by the large scale factor M . In case of the left diagram in Fig. 3 (Hartree-diagram) the inner loop
integral becomes equal to the iterated 1π-exchange amplitude in forward direction. Using the
analytical results given in section 4.3 of ref.[7], we can even perform the remaining integral over
the two Fermi spheres of radius kf . Altogether, we find for the Hartree-diagram in Fig. 3 with
two medium insertions,

Ē2(kf) =
3g4AMm4

π

5(8π)3f 4
π

{

9

2u
− 59u+ (60 + 32u2) arctan 2u−

( 9

8u3
+

35

2u

)

ln(1 + 4u2)
}

. (7)

Note that this expression does not include the contribution of a linear divergence
∫

∞

0 dl 1 of
the momentum space loop integral occurring in the Hartree-diagram. In dimensional regu-
larization such a linear divergence is set to zero, whereas in cut-off regularization it equals

6

Its decomposition into contributions from the kinetic energy and the three classes of diagrams is
Ē0 = (23.40 + 18.24 − 68.35 + 11.45)MeV. On the other hand, when ordering in chiral powers
O(kν

f ), (ν = 2, 3, 4, 5) one finds Ē0 = (23.75−154.54+124.61−9.08)MeV. The individual entries
follow closely the pattern prescribed by the parametrization eq.(1) with a balance between large
third and fourth order terms. If the behavior of the last two entries is representative the chiral
expansion of Ē0 appears to converge.
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Fig. 5: Energy per particle of isospin symmetric nuclear matter derived from chiral one-and two-
pion exchange (solid line). The value of the cut-off scale is Λ = 646MeV. The dashed line
corresponds to the result of ref.[15].

In Fig. 5 we show the resulting nuclear equation of state for densities up to ρ = 0.5 fm−3 (i.e.
about 3ρ0). The nuclear compressibility K related to the curvature of the saturation curve at
its minimum comes out as K = 255MeV, in very good agreement with the nowadays accepted
empirical value K = (250± 25)MeV [13, 14] (for the definition of K, see eq.(2)).

Fig. 6 shows by the solid line the dependence of the saturation point (ρ0, Ē0) on the cut-off Λ
which has been varied in the range 0.6GeV < Λ < 0.7GeV. The inserted rectangle corresponds
to the empirical saturation “point” Ē0 = (−16 ± 1)MeV and kf0 = (1.35 ± 0.05) fm−1 quoted
in ref.[4]. The variation of the saturation point (ρ0, Ē0) in Fig. 6 is somewhat reminiscent of
the familiar Coester-line; of course, the physics behind it is quite different here. It is gratifying
that our line meets the empirical saturation “point”. The dashed line in Fig. 6, which gives the
calculated saturation point in the chiral limit, mπ = 0 (keeping gA,M, fπ fixed), is also interesting.
It suggests that in QCD explicit chiral symmetry breaking is not a crucial condition for nuclear
binding. Note however that for fixed Λ, taking the chiral limit mπ = 0, increases the binding
energy Ē0 as well as the equilibrium density ρ0 considerably.

10

Chiral expansion in powers of Fermi momentum:

E/A = 3
10

k2
F
M � ↵ k3

F
M2 + � k4

F
M3

E↵ects: kinetic energy, Iterated One Pion Exchange,
Irreducible two pion exchange, uses cuto↵ regularization ⇤ = 650 MeV

Chiral limit used to analytically demonstrate feasibility

N=Z infinite nuclear matter:
binding energy, density, compressibility ⇡ agrees with measurements

<latexit sha1_base64="dVPv0pV2gJxEzE75ZlNcTwLqToo="></latexit><latexit sha1_base64="dVPv0pV2gJxEzE75ZlNcTwLqToo="></latexit><latexit sha1_base64="dVPv0pV2gJxEzE75ZlNcTwLqToo="></latexit><latexit sha1_base64="dVPv0pV2gJxEzE75ZlNcTwLqToo="></latexit>

Also get symmetry energy
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Our calculation I- SRC Probability

E↵ect of correlations on neutron (orbital n), proton (orbital ↵)

|n,↵i = C�1/2
n,↵

⇥
|n,↵) + 1

�EQG|n,↵)
⇤
,

G is Bruckner G-matrix, here well-approximated by iterated OPEP

G is a short-ranged, attractive operator

S = 1, T = 0 operator 9 times S = 0, T = 1 operator

Calculation for Ca isotopes, ↵ = 0s, 0p, 1s, 0d n = 0f5/2, 1p3/2

SRC Probability PSRC
n↵ ⇡ 0.2± 0.02

<latexit sha1_base64="o2WP9NXhws4VuNKfA5Lvs5QcsSw="></latexit><latexit sha1_base64="o2WP9NXhws4VuNKfA5Lvs5QcsSw="></latexit><latexit sha1_base64="o2WP9NXhws4VuNKfA5Lvs5QcsSw="></latexit><latexit sha1_base64="o2WP9NXhws4VuNKfA5Lvs5QcsSw="></latexit>

Starts with 40Ca add neutrons
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2

CHIRAL DYNAMICS ESTIMATE

• add neutron to the 1f5/2 � 2p3/2 shell around a 48Ca core.

• consider e↵ect of short-ranged potential V np product wave function |n,↵), n = neutron ↵ =proton

• The e↵ect of V : |n,↵i = C�1/2
n↵

⇥
|n,↵) + 1

�EQG|n,↵)
⇤
, G = Bruckner G-matrix, Cn↵ =normalization

constant Cn↵ = 1 + hn,↵|G Q
(�E)2G|n,↵i ⌘ 1 + In↵, P SRC

n↵ = In↵
1+In↵

⇡ 0.2

• hn,↵|R2
p|n,↵i = C�1

n↵ [(n,↵|R2
p|n,↵) + (n,↵|GQ 1

�ER2
p

1
�EQG|n,↵)]

hn,↵|R2
p|n,↵i = (↵|R2

p|↵) + PSRC
n↵ [(n,↵|GQ

1

�E
R2

p
1

�E
QG|n,↵)� (↵|R2

p↵)]

SRC causes changed charge radius of protons with excess neutron in orbital n:

�R2(n) =
X

↵=occ

PSRC
n↵ [(n,↵|GQ

1

�E
R2

p
1

�E
QG|n,↵)� (↵|R2

p↵)]

�R2(0f5/2) = 0.17± 0.12 fm2, �R2(1p3/2) = �0.8 fm2

SRC is important for precision calculations

Our Calculation II- Change in charge radius

8/9Crude calculation
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• neutron skin important for neutron star physics & 
cooling 

• difficulties in determining neutron skin from coherent 
photo production of pions discussed in Miller  
arXiv:1907.11764, PRC 100,044608

• Apply  previous formalism to the neutron excess 

• Preliminary Estimate SRC produces  about 1/2 % 
decrease in neutron radius approx. 30 %  effect on skin! 

Application to neutron radius in Pb

SRC is important for precision calculations 
9/9


