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The neutron skin of atomic nuclei impacts the structure of neutron-rich nuclei, the equation of state of
nucleonic matter, and the size of neutron stars. Here we predict the neutron skin of selected light-
and medium-mass nuclei using coupled-cluster theory and the auxiliary field diffusion Monte Carlo
method with two- and three-nucleon forces from chiral effective field theory. We find a linear correlation
between the neutron skin and the isospin asymmetry in agreement with the liquid-drop model and compare
with data. We also extract the linear relationship that describes the difference between neutron and proton
radii of mirror nuclei and quantify the effect of charge symmetry breaking terms in the nuclear
Hamiltonian. Our results for the mirror-difference charge radii and binding energies per nucleon agree
with existing data.
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Introduction.—The size of neutron stars and the distri-
butions of excess neutrons in medium-mass and heavy
nuclei can be linked to the microscopic forces between
the constituent nucleons that build up the atomic nucleus and
the equation of state of nucleonic matter [1–4]. With recent
advancements in both observational astrophysics and exper-
imental nuclear physics, investigating this link and con-
straining nuclear models are now becoming possible. The
advent of multimessenger astronomy, established with the
simultaneous observation of a binary neutron star merger by
the LIGO gravitational-wave observatory [5,6] and gamma-
ray astronomy, has opened up the possibility of examining
the structure of neutron stars in new detail [7]. Furthermore,
experiments have been designed to determine the neutron
distributions in nuclei, including the recent extractions of the
neutron skin from measurements of the parity-violating
asymmetry in 208Pb [8,9] and 48Ca [10].
The neutron skin thickness ΔRnp is defined as the

difference between the root-mean-squared (rms) point radii
of the neutron and proton density distributions. Collectively,
the neutron skin results from a balance between the inward
pressure of the surface tension on excess neutrons on the
edge of the nucleus and outward degeneracy pressure from
excess neutrons within the core of the nucleus. The same
balance is reached in neutron stars with the inward pressure
of gravity. The relationship between this pressure and the
neutron density is quantified in the slope of the symmetry
energy at saturation density L. Therefore, this bulk property
of neutron stars should be related to the neutron skin of
nuclei [1,2,11–15].
Recent high-precision measurements of charge radii

in isotope chains of potassium [16], calcium [17,18],
nickel [19], copper [20,21], and silver [22] have revealed

that they carry information about changes in shell structure,
deformation, and pairing effects. Charge radii can be easily
probed with the well-known electromagnetic interac-
tion [23,24]. Conversely, measuring the neutron (weak-
charge) radius is more difficult, but can be accomplished
using either strong or electroweak probes, each with their
own shortcomings. Hadronic probes suffer from model-
dependent uncertainties [25], and electroweak probes, like
those used in PREX [8,9] and CREX [10], measure the
parity-violating asymmetry at one momentum transfer and
extract the neutron skin using different models. As argued in
Ref. [26] a clean comparison between theory and experiment
would be to compute this quantity instead of the neutron
skin. The issue with model dependencies in extracting the
neutron skin can be overcome in some cases [8,9], but
precisionmeasurements of the neutron radius for short-lived
isotopes remain elusive.
In this Letter, we study trends in the neutron skin thick-

ness of light- and medium-mass mirror nuclei with mass
number 6 ≤ A ≤ 56 (shown in Fig. 1) by computing the
proton and neutron radii using the ab initio coupled cluster
(CC) [27–33] and auxiliary field diffusion Monte Carlo
(AFDMC) methods [34–36], each with different nuclear
interactions derived from chiral effective field theory
(described below). These methods are validated by compar-
ing our computedmirror-difference charge radii and binding
energies per nucleon with available data (shown in Fig. 4).
We then confirm the linear relation between neutron skin
thickness and isospin asymmetry from the liquid-drop
model (LDM) and compare this relation with the available
experimental data. Additionally, we also confirm a similar
linear relation with the difference between the neutron and
proton radii ofmirror partners and connect this relation to the
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LDM. Finally, we estimate the contribution of isospin-
symmetry-breaking terms in the interaction by calculating
ground-state energies and radii with and without the
Coulomb interaction.
Methods.—We describe nuclei as a collection of A

pointlike nucleons of average massm interacting according
to the nonrelativistic intrinsic Hamiltonian

H ¼ −
ℏ2

2mA

X

i<j

ð∇i −∇jÞ2 þ
X

i<j

Vij þ
X

i<j<k

Vijk: ð1Þ

Here, Vij and Vijk are the nucleon-nucleon and three-
nucleon potentials, respectively, the former of which also
includes the Coulomb force. Interactions used in this
Letter are derived from chiral effective field theory
(EFT) [37–44]. As this Letter focuses on bulk properties
of nuclei, we choose a subset of chiral interactions that have
been shown to accurately reproduce these quantities. The
first, N2LOsat [45], was optimized to few-body observables
as well as radii and ground-state energies of selected
carbon and oxygen isotopes. The second and third,
ΔN2LOGOð394Þ and ΔN2LOGOð450Þ [46–48], include
explicit Δ isobars and were optimized to few-body observ-
ables and properties of nucleonic matter, and use momen-
tum cutoff of Λ ¼ 394 MeV=c and Λ ¼ 450 MeV=c,
respectively.
After establishing the nuclear interactions, we perform a

Hartree-Fock diagonalization from a spherical harmonic-
oscillator basis and then construct a prolate, axially-
deformed product state built from natural orbitals [49,50].
We then normal-order the Hamiltonian with respect to the
reference state, denoted by jΦ0i, and retain one- and two-
body terms [51,52]. Next, we use the coupled-cluster
method in the singles-and-doubles (CCSD) approximation
to construct the similarity-transformed Hamiltonian,
H̄N ¼ e−T̂HNeT̂ , which decouples the reference state from
excitations around it. In theCCSDapproximation the cluster
operator T̂ is truncated at the 2p–2h excitation level.
Because T̂ is asymmetric, H̄N is non-Hermitian, and
the left ground state must be decoupled separately using
hΦ0jð1þ Λ̂Þ, where Λ̂ is a de-excitation analog to T̂ [32,33]
and is also truncated at the 2p–2h level. In this Letter we are
interested in computing the ground-state expectation value
of the squared intrinsic point-nucleon radius operator, r̂2. In
CC theory this operator is similarity transformed according
to r̄2 ≡ e−T̂ r̂2eT̂ , and applied between the left and right CC
ground states, i.e., hr̂2i≡ hΦ0jð1þ Λ̂Þr̄2jΦ0i.
We also performAFDMCcalculations of the point-proton

and neutron radii (see Ref. [36] for more details) using a
local chiral nucleon-nucleon and three-nucleon interaction
at next-to-next-to-leading order, N2LOE1 [36,53–55].
This interaction has been used to study the ground-state
properties of nuclei up to 16O [36,55–63], few neutron
systems [64–66], and neutron star matter [54,55,67–76].

Additionally, among other ab initio methods (see Ref. [77]
for a recent review), bothCC andAFDMChave been used to
accurately calculate nuclear radii, e.g., [16,19] and [58,78],
respectively.
Results.—Our results for the neutron skin thickness of

selected nuclei with 6 ≤ A ≤ 56 are shown in Fig. 1. These
data are plotted against the isospin asymmetry, I ¼
ðN − ZÞ=A, with N and Z being the number of neutrons
and protons, respectively, and a linear relationship is
extracted. This relationship was first derived from the
LDM in Refs. [79–82] and demonstrated with mean-field
methods in Ref. [83]. We fit the data using linear regression
which is shown in Fig. 1 as shaded gray bands at 1σ, 2σ,
and 3σ confidence levels. The fit uncertainties increase
away from I ¼ 0, and the quoted uncertainties are taken
from the maximum value from within the data.
There are several distinct sources of uncertainties in the

CC calculations. First, the error associated with the finite
size of the employed model space is estimated by taking the
difference between the squared radii calculated in the model
spaces of Nmax ¼ 10, 12, respectively, where Nmax ¼
ð2nþ lÞmax indicates the maximum harmonic oscillator
energy level. We also note that in this Letter we utilize a
basis with an oscillator energy of ℏω ¼ 16 MeV, which is
suitable for all calculated nuclei. The additional uncertainty
associated with this choice is estimated to be 1% [50,84].
Second, the uncertainty associated with truncating the CC
excitation operator at the 2p–2h level amounts to another
1% uncertainty [50,84,85]. Finally, the error from breaking
rotational symmetry is estimated to be less than 1% on
computed radii (see Ref. [86] for details). Uncertainties on

FIG. 1. Neutron skin thickness plotted against the isospin
asymmetry from ab initio calculations. Coupled-cluster results
of nuclei with 14 ≤ A ≤ 56 using the ΔN2LOGOð394Þ,
ΔN2LOGOð450Þ, and N2LOsatð450Þ interactions are shown as
solid blue circles, empty orange squares, and right-filled red
triangles, respectively. Left-filled green triangles represent aux-
iliary field diffusion Monte Carlo results for 6 ≤ A ≤ 18 using the
N2LOE1 local chiral interaction. The linear regression is printed
in the bottom right with 1σ uncertainty, and the 1σ, 2σ, and 3σ
confidence levels are shown as gray bands. Select nuclei are
labeled.
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AFDMC results are statistical, and are reported in this Letter
at the 1σ confidence level. Errors on radii also include an
extrapolation uncertainty from mix estimates, and those
on binding energies from unconstrained evolution (see
Ref. [36] for more details).
There are two main factors concerning the A dependence

of the linear relation in Fig. 1. First, it is expected that the
collective behavior which gives rise to the linear depend-
ence on the isospin asymmetry will be overshadowed by
few-body effects for lighter nuclei. We note that among the
five light nuclei computed with both methods, four neutron
skin results were compatible. Second, there is an A
dependence that accounts for the Coulomb repulsion of
the protons and can be derived from the LDM [79,82].
The first-order approximation to this effect is ΔRCoul

np ≈
−ZA−1=3 × ðr0c1=8Q�Þ, where r0 is the nuclear radius
constant, c1 is the Coulomb energy coefficient, and
Q� is the effective surface stiffness coefficient (see
Supplemental Material [87] for details). Using values
from Ref. [79], this contribution can be approximated
as ΔRCoul

np ≈ −ZA−1=3 × 0.0033 fm.
To test the validity of our linear relationship between

neutron skin thickness and the isospin asymmetry, we
plot the Coulomb-subtracted neutron skin thickness
(ΔR�

np ¼ ΔRnp − ΔRCoul
np ) in Fig. 2 for experimental data

of neutron-rich nuclei along with the linear regression of
our data at the 1σ confidence level, which is shown by two
dashed black lines. Most of the experimental data are
extracted from x-ray spectroscopy following antiprotonic
annihilation [90,91]. These data are used to fit a linear

relationship which is shown as a green band and denoted as
ΔR�<

np . Additional data from proton scattering are also
included [92,93] and separately fit, which is shown as a
blue band and denoted as ΔR�>

np . Also shown are the results
from CREX [10], PREX-I [8], and PREX-II [9], which
extract the neutron radius of 48Ca and 208Pb from parity-
violating electron scattering, respectively.
Our linear fit overlaps significantly with both the

antiprotonic x-ray and proton-scattering data but has a
larger slope. In the LDM, this slope is related to the ratio of
the symmetry-energy coefficient J and the effective stiff-
ness coefficient (≈ 3r0J=2Q�). Using the slope from our
results, we obtain a ratio of J=Q ≈ 1.59which is larger than
those obtained with many Skyrme forces [94] but consis-
tent with the values from Ref. [79]. Using our linear
relationship to predict the neutron skin of 208Pb, we obtain
ΔRnpð208PbÞ ¼ 0.210� 0.026 fm, which is consistent with
the recent ab initio prediction in Ref. [95].
The bulk properties that give rise to the neutron skin can

also be utilized to establish a relationship between the
point-proton radius of a nucleus, Rp and the point-neutron
radius of its mirror partner, Rmirror

n . In the limit of conserved
isospin symmetry, these two quantities should be exactly
equal so that ΔRmirror

np ¼ Rmirror
n − Rp ¼ 0. The first-order

correction to this limit from the LDM [79,82] is the same as
for the neutron skin thickness, ΔRCoul

np . However, in this
case the Coulomb-subtracted difference, ΔR�mirror

np should
be proportional to I × A such that ΔR�mirror

np =A ≈ I×
ðr0c1=KÞ, where K is the compressibility coefficient (see
Supplemental Material [87] for details).
To test this relationship, we plot the Coulomb-subtracted

difference, ΔR�mirror
np , against the isospin asymmetry in

Fig. 3. The nonzero intercept results from higher-order

FIG. 2. Coulomb-subtracted neutron skin thickness (ΔR�
np ¼

ΔRnp þ ZA−1=3 × 0.0033 fm) plotted against the isospin asym-
metry from available experimental data. Solid green diamonds are
the results extracted from antiprotonic x-ray data [90,91] and
open blue pentagons are from proton scattering [92,93]. These
data are accompanied by linear fits shown as green and blue
bands, respectively, and both relations are printed in the bottom
right (ΔR�<

np and ΔR�>
np ). The right-filled blue star and the left-

filled red star are the values for 208Pb from PREX-I [8] and
PREX-II [9], respectively. The open cross is the value for 48Ca
from CREX [10]. These experimental data are compared with our
ab initio results, shown as dashed black lines from the 1σ limits of
a linear regression.

FIG. 3. Coulomb-subtracted mirror neutron skin thickness
ΔR�mirror

np =A ¼ ðΔRmirror
np þ ZA−1=3 × 0.0033 fmÞ=A plotted aga-

inst the isospin asymmetry. The data markers are the same as
those in Fig. 1. The experimental data for 16O (18Ne), 40Ca, and
54Ni are extracted from Refs. [24,90–92,96]. The linear regres-
sion is printed in the bottom right with 1σ uncertainty, and the 1σ,
2σ, and 3σ confidence levels are shown as gray bands. Selected
nuclei are labeled.
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Coulomb corrections and shell effects. The slope is related
to the compressibility coefficient, which can be extracted as
K ≈ 138 MeV, a smaller value compared with the range
from the interactions used in this Letter (150 MeV ≤
K ≤ 250 MeV [12,48,75]). In addition to our results, we
also show experimental data for 16O, 18Ne, 40Ca, and 54Ni.
The proton radii are extracted from Refs. [24] and [96] for
54Ni. The neutron radii are then extracted from the neutron
skins in Refs. [90–92] and charge radii in Ref. [24]. This
relationship in Fig. 3 can be employed to determine the
elusive neutron radius of a nucleus by more easily
measuring the proton radius of its mirror nucleus. While
some of the proton-rich nuclei in these calculations are
near the drip-line, the Coulomb barrier ensures that
their ground states are weakly coupled to nearby
proton-continuum states. Therefore, these nuclei can be
accurately described by bound-state methods including
CC [97–101].
The near equivalence between Rmirror

n and Rp, shown in
Fig. 3, suggests a correspondence between the neutron skin
and the mirror-difference charge radii, ΔRmirror

ch ðAZXNÞ ¼
½RchðANYZÞ − RchðAZXNÞ�. We compute the mirror-difference
charge radii for selected nuclei and compare with available
experimental data, shown in Fig. 4. The charge radius is

computed using the formula R2
ch¼R2

pþhr2piþðN=ZÞhr2niþ
hr2DFiþhr2SOi where the spin-orbit correction, hr2SOi, is cal-
culated with the CC method [12], and hr2pi ¼ 0.709 fm2,

hr2ni ¼ −0.106 fm2, and hr2DFi ¼ 3=ð4m2Þ ¼ 0.033 fm2

are the charge radius squared of the proton [102,103],
the neutron [104], and the Darwin-Foldy term, respectively.
Our results agree well with the sparse data, most of which
were taken from Ref. [24] except for those of 36Ca [18] and
54Ni [96]. BecauseΔRmirror

ch is an analog of the neutron skin,
it also has a linear relation to the isospin asymmetry. Also
shown in Fig. 4 is the comparison of our results with data
from Ref. [88] of mirror-difference binding energies per
nucleon fΔðBE=AÞðAZXNÞ ¼ ½BEðAZXNÞ − BEðANYZÞ�=Ag.
This quantity exhibits a linear relationship with the
Coulomb asymmetry, IC ¼ ½IðA − 1Þ�=A1=3, which stems
from the only mirror-asymmetric term in the LDM. The
absolute binding energies per nucleon and charge radii are
also compared to experimental data in the Supplemental
Material [87].
Finally, we also study the extent of the isospin-sym-

metry-breaking terms in the nuclear interaction by comput-
ing ground-state energies and radii of select mirror nuclei
using CC theory with and without the Coulomb term. We
show these results for A ¼ 42 − 48 using ΔN2LOGOð394Þ
in Table I, for the neutron skin thickness and the mirror-
difference binding energy per nucleon; results for addi-
tional nuclei and ΔN2LOGOð450Þ are shown in the
Supplemental Material [87]. The neutron skin thickness
computed without the Coulomb term still exhibits a linear
relationship with the isospin asymmetry. However, unlike
the relation shown in Fig. 4, ΔðBE=AÞ computed with-
out the Coulomb term also exhibits a linear relationship
with the isospin asymmetry instead of IC. This quantity
entirely reflects the effects of the isospin-symmetry-break-
ing terms in the chiral interaction, which account for ∼1%
of ΔðBE=AÞ. These results might be useful to constrain the
charge-symmetry-breaking term in Skyrme density func-
tional theory according to Ref. [105].

TABLE I. Neutron skin thickness (ΔRnp) and mirror-difference
binding energy per nucleon [ΔðBE=AÞ] of select nuclei using
ΔN2LOGOð394Þ with and without the Coulomb term (Coul.).

ΔRnp (fm) ΔðBE=AÞ (MeV)

w/ Coul. w/o Coul. w/ Coul. w/o Coul.
42Ca 0.019(35) 0.060(34) 0.349(18) 0.004(15)
46Ca 0.113(35) 0.151(35) 1.039(25) 0.011(20)
48Ca 0.150(36) 0.186(35) 1.382(28) 0.015(23)
48Ti 0.049(37) 0.090(36) 0.689(29) 0.007(24)
48Cr −0.048ð38Þ −0.001ð36Þ 0.000(30) 0.000(26)

FIG. 4. Top panel: Mirror-difference charge radii plotted against
the isospin asymmetry compared with experiment. The data
markers are the same as those in Fig. 1. The linear regression
of our data is printed in the bottom left with 1σ uncertainty, and the
1σ, 2σ, and 3σ confidence levels are shown as gray bands. Selected
neutron-deficient nuclei are labeled. Experimental data are shown
as open white diamonds, taken from Ref. [24] except for those of
36Ca [18] and 54Ni [96]. Bottom panel: Mirror-difference binding
energy per nucleon ΔðBE=AÞ as a function of the Coulomb
asymmetry. Experimental data are taken from Ref. [88].
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Conclusions.—We performed CC and AFDMC calcu-
lations of neutron skins of a wide range of light- and
medium-mass nuclei using different interactions from
chiral EFT, and found a robust linear relationship with
the isospin asymmetry in agreement with the liquid-drop
model. When extrapolated to heavy nuclei, this relationship
is consistent with the available data. Additionally, we found
a similar linear relationship between the neutron and proton
radii of mirror nuclei pairs which can be used to estimate
neutron radii of rare isotopes not yet accessible by experi-
ment. Our calculations are in good agreement with avail-
able data for the difference in charge radii and binding
energies of mirror nuclei. Finally, we estimated the con-
tributions from charge-symmetry-breaking terms in the
nuclear interaction which can be useful for constraining
those terms in Skyrme density functionals.
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