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Abstract

The renormalized meson-nucleon couplings are applied to the relativistic optical
model of p-2"8Pb elastic scattering at Tj,; = 200MeV. We calculate the strength of
the vector potential at nuclear center as varying the neutron radius of 22Pb. The
neutron skin thickness 5, is determined in the comparison of the calculated poten-
tial with the phenomenological one. We find a value .S,, = 0.118fm being consistent
with the astronomical observations of massive neutron stars (NSs), the standard
scenario of NS cooling and the experimental nuclear symmetry energy in terrestrial
laboratory. The value is complementary to the previous result S,, = 0.119fm in the
analysis of elastic scattering above Tj,;, = 500MeV within the relativistic impulse
optical model.

Recently, there are renewed interests on the neutron skin thickness S, of 2Pb. The
works [1] and [2] analyzed the nucleon-nucleus (NA) elastic scattering at low and in-
termediate energies within the nonrelativistic microscopic optical model, in which the
nucleon-nucleon (NN) g-matrix interaction is folded by nuclear densities from the Skyrme-
Hartree-Fock [1] and the RPA [2] calculations of the nucleus. They derived the values
S, = 0.17fm and 0.13fm, respectively. The paper [3] analyzed the elastic scattering
at high energies within the relativistic impulse optical model and obtained the value
Sy = 0.119fm. To the contrary, Ref. [4] claimed that the elastic NA scattering is insen-
sitive to neutron skin thickness. On the other hand, Ref. [5] derived S,, = 0.22fm in the
analysis of heavy-ion collisions based on an isospin- and momentum-dependent transport
model, while Ref. [6] concluded S,, < 0.22fm in the analysis of isovector giant monopole
resonance within the accurately calibrated relativistic mean-field (RMF) model. Conse-
quently, at present, the neutron radius of 2*®Pb is not well known. The experiment of
parity violating electron scattering planned at Jefferson Laboratory [7] is however likely
to resolve the differences in the analyses.

This paper presents a unique method to determine the neutron skin thickness of
208Ph. In the respect that we investigate the relativistic optical potential of p-2Pb
elastic scattering, our work is similar to Ref. [3]. On the other hand, we are based on
the RMF model of nuclear matter in Ref. [8], which has the field-dependent meson-

nucleon coupling constants. The optical potential therefore includes the medium effect.
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In this respect our work is similar to the gp potential in Refs. [1] and [2]. However, in
contrast to Refs. [1-3], we do not calculate the scattering cross section but the potential
strength at nuclear center. In this respect we are according to Ref. [4]. Moreover, we
investigate the constraints on the neutron skin from neutron star (NS) structure. Our
approach is opposite to Refs. [9-11], which investigate the constraints on NS structure
from the properties of finite nuclei in terrestrial laboratories. This is because [12,13] the
RMF model with the field-dependent or the density-dependent meson-nucleon coupling

constants is more favorable to NS matter than the nonlinear RMF model in Refs. [9-11].

In Ref. [8] we have introduced the modified meson-nucleon vertices. They are reduced

to the field-dependent meson-nucleon effective coupling constants. For the proton we have

1

g;pa(w) = 5 [(1 + >‘0) + (1 - )\0> (m;2 - U;)] gNNcr(w)? (1)
1

vt = 5 L1+ 2) + (1= X0) (m3” = v} | gnws)- (2)

The nucleon mass is M and V,, = v,M is the vector potential. The effective mass in

nuclear matter is
M =miM = M+ 5, (3)
where S, = s,M is the scalar potential. The parameter \¢ is determined [8] so as to

*
p

is constrained [8] so that the direct URCA process is forbidden in NSs according to the
standard scenario of NS cooling. We have a condition 0 < A\; < 0.2.

reproduce m? ~ 0.6 at saturation density. We have a value Ao = 2/3. The parameter \;

The scalar potential S, is composed of the isoscalar and isovector parts:

Sp = SpO + Sp17 (4)
SPO = - g;pa <0> ) (5)
Sp1 = — 9;;;5 (65) , (6)

where (o) and (J5) are the isoscalar and isovector scalar mean-fields. From Egs. (1) and

(2), we have

1

S0 = Sp0 +5 (1= ) (25 + 5} —07) 50 (7)
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The pg, and pg,, are the proton and neutron scalar densities.

The vector potential V, is also composed of the isoscalar and isovector parts:

Vo = Voo + Vi, (11)
Voo = Gppus (@o) - (12)
Vol = Gppp (Po3) - (13)
where (w,) and (py;) are the isoscalar and isovector vector mean-fields. From Eqs. (1)

and (2), we have

1
Vio = Vo' 45 (1= 20) (25, + 55 — ;) Vo, (14)
V= VO 4+ Lo a) (25, + 82— 02) VO (15)
pl — Vp1 2 1 D D p) Vpl >
where 9
INNw
Vi = g o) = (222) (5, +1,). (16
Inny\’
0
V;)(l) = dNNp (Po3) = ( m p) (Pp - Pn) . (17)
P

The p, and p, are the proton and neutron baryon densities.

Then, we apply the above model to the relativistic optical potential of pA elastic
scattering. For the purpose we identify Spo , Spl , Vp(o and V in Egs. (9), (10), (16)
and (17) as the tp potentials and the second terms in Egs. (7), (8), (14) and (15)
as the medium corrections to them. This is possible because the one-meson exchange
representations of NN scattering amplitudes are developed in Refs. [14-17]. We therefore

assume the following replacement in Egs. (9), (10), (16) and (17):

— 9Xno/me = frin Fso (@ =0),
—gans/ms = frn Fs1 (g =0),
IXnu/ M = frin Fvo (g =0),

gxnp/my = frn Fva(qg=0).

Fso, Fs1, Fyo and Fy; are the isoscalar-scalar, isovector-scalar, isoscalar-vector and
isovector-vector components in the Lorenz-invariant amplitude [18] of forward NN scat-

tering. The kinematical factor fy;, is [15]

47Tplab M2

(22)

where p,,, is the momentum of the incident proton in the laboratory frame of pA scatter-
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ing, and kyy and Exy are the momentum and the energy of nucleon in the center-of-mass

frame of an elementary NN scattering in pA scattering.

The NN amplitudes in Egs. (18)-(21) include the contribution of NN exchange scat-
tering, which corresponds to the knockout process in pA elastic scattering. It is however
well known that the exchange contribution is overestimated in the naive tp optical poten-
tials. This is mainly due to the pseudo-scalar pion [19], which contributes to the scalar
and vector amplitudes through the Fierz exchange term. The defect can be remedied by
assuming the pseudo-vector coupling in place of the pseudo-scalar one for the pion. The
replacement is equivalent [15] to multiplying the pion amplitude by a factor —Q?/ (4M?).

@ is the transferred 4-momentum in the NN exchange scattering.

In the present paper we concentrate on the relativistic optical potential for p-2°Pb
elastic scattering. Although the elastic scattering off °Ca and *®Ca is analyzed in Refs.
[1-3], our model based on the nuclear matter theory is appropriate only to heavy nuclei.
For the calculation of tp optical potentials, we use the NN amplitudes of Table 1 in Ref.
[16] and assume the two-parameter Fermi function for the baryon densities of proton
and neutron in 2°®Pb. The diffuseness parameter 0.57fm is used so as to reproduce the
experimental charge distribution in 2°*Pb. Then, the radius parameter of proton density
is fixed so as to reproduce its root-mean-square (RMS) radius R, = \/<T§> = 5.45fm
[1]. The radius parameter of neutron density is varied so that we search the RMS radius
R, = +/(r2) or the neutron skin thickness S,, = R,, — R,. The scalar densities of proton
and neutron in **®Pb are calculated according to Eq. (3.4) in Ref. [15] but with the

effective nucleon mass M* = 0.6 M in the saturated nuclear matter.

Once the tp potentials 5;8), SSP, Vp(é) ) and Vp(lo ) are given, we can evaluate the proper
optical potentials from Eqgs. (7), (8), (14) and (15). They are determined self-consistently
because the second terms in the equations contain them. In this paper we consider the
strength of the potential at the center of 2°Pb. As the neutron radius or the neutron
skin thickness is larger, the strength becomes weaker. If the strength is well known, the
neutron skin thickness can be found. Fortunately, we have the relativistic optical model
potential [20], which is phenomenologically determined so as to reproduce pA elastic
scattering data. It is highly reliable because it is able to reproduce the data over the

wide range of the energy and the nucleus.

There still remains a problem to specify the proton incident energy 7;,, at which the
optical potential is evaluated. At higher energy than 7;,, = 500MeV the impulse approx-
imation [3] is relatively good. Because the medium effect is a key ingredient in studying
the correlation between the dilute neutron skin and the dense NS matter, we should study
at much lower energy. On the other hand, at lower energy than Tj,;, = 100MeV we cannot
expect that our relativistic optical model based on the RMF approximation works well.
In the following numerical analyses we therefore assume 7T;,, = 200MeV, which is the
highest energy in the nonrelativistic gp optical model of Ref. [1] but is the lowest energy
in the Lorenz invariant NN amplitude of Ref. [16].
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Figure 1: The central strength of the real vector potential for p-2*Pb optical model at
Tiap = 200MeV as a function of the neutron skin thickness. The black solid line is the cal-
culation using Ao = 2/3 and A\; = 0 in Egs. (1) and (2), while the dotted line is the result using
Ao = 0.6 and A\; = 0. The horizontal red line is the strength of the phenomenological optical
potential of Table IT in Ref. [20].

Figure 1 shows the strength of the real vector potential at the center of 2Pb as a
function of the neutron skin thickness. The scalar potential is not useful for our purpose
because it does not straightforwardly reflect the baryon density distribution in a nucleus.
The imaginary part of the potential cannot be calculated precisely in our model based on
the nuclear matter theory. Therefore, we do not analyze the scattering data in contrast
to Refs. [1-3]. The strength decreases linearly as the neutron skin becomes thicker. The
black solid line is the result using \g = 2/3 and A\; = 0 in Egs. (1) and (2). The value
of A\g is determined [8] so as to reproduce the effective nucleon mass M* = 0.6M in the
saturated nuclear matter. The value of \; is appropriate [8] to reproduce the experimental
density dependence [21-23] of the nuclear symmetry energy at sub-saturation densities.
The horizontal red line indicates the phenomenological optical potential of Table II in
Ref. [20]. The intersection of the two lines determines the neutron skin thickness of
208Ph. We have a value S,, = 0.118fm, which agrees well with S,, = 0.119fm obtained
from the most systematic analysis in Ref. [3]. If we use the NN amplitude of Table 2
in Ref. [16], the vector potential is much stronger than the black line. If we use the
phenomenological optical potential of Table III in Ref. [20], the red horizontal line falls

down largely. They are however inappropriate because the calculated strength cannot
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Figure 2: The mass-radius relation of NS. The black solid and dotted curves are calculated
using the EOSs of NS matter in the RMF model of Ref. [8] with A\g = 2/3 and A9 = 0.6,
respectively. The red line is the mass-radius relation of EXO 0748-676 derived in Ref. [25]. The
horizontal blue line indicates the lower limit Mg = 1.9Mg [29] of the observed massive NS in
PSR JO751+1807.

agree with the phenomenological one in the reasonable range of neutron skin thickness.
As )\ is larger in Eq. (1), the equation-of-state (EOS) of nuclear matter is stiffer.
The incompressibility K = 320MeV [8] for Ay = 2/3 is close to the upper limit of the
experimental value K = 300 4+ 25MeV in Ref. [24]. Therefore, the larger value than 2/3
is not considered. To the contrary, a somewhat smaller value A\g = 0.6 is possible because
the incompressibility is K = 292MeV. The black dotted line in Fig. 1 is the calculation
using the value. The reason that the dotted line is lower than the solid line is understood
as follows. Taking into account {8127 — vg‘ < |2s,|, Eq. (14) is approximated by
Vio & [1+ (1= 20) s, V. (23)
Because the scalar potential is negative, Vo0 becomes stronger as A is larger. Furthermore,
because the isoscalar potential V, is dominant over the isovector one V,; in Eq. (11),
the total vector potential V) also becomes stronger as )y is larger. So as to reproduce
the phenomenological potential strength we have a value S, = 0.035fm for \y = 0.6.
Comparing the value with S,, = 0.118fm for Ay = 2/3 it is seen that the neutron skin
thickness strongly depends on the effective isoscalar meson-nucleon coupling constants.

Is the rather thin neutron skin S,, = 0.035fm physically allowed? In order to answer
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Figure 3: The same as Fig. 1 but for \; = 0.0, A\; = 0.2 and A\; = 0.4 with \g = 2/3.

the question we show in Fig. 2 that the observation of NS is useful to constrain the neutron
skin thickness of 2°Pb. The black solid and dotted curves are the mass-radius relations
of NS calculated using the EOSs of Ay = 2/3 and Ay = 0.6 in Eq. (1), respectively. The
detailed numerical method is the same as Fig. 2 in Ref. [8]. The red line is the observed
mass-radius relation of EXO 0748-676 in Ref. [25]. If we assume [26-28] that it is a good
criterion for a reasonable EOS of NS matter, the dotted curve is ruled out. Consequently,
the thin neutron skin .S, = 0.035fm is not realized. The conclusion is also supported
by the recently observed massive NS of Mg = 2.1 £ 0.2M [29] in PSR J0751+41807.
Inversely, the exclusion of the thin neutron skin [1-6] supports the observations of the
massive NSs.

Next, we investigate the effect of the isovector meson-nucleon couplings on the neutron
skin. The solid, dotted and dashed lines in Fig. 3 show the strengths of the real vector
potential for A\; = 0.0, 0.2 and 0.4, respectively. All the calculations assume \g = 2/3.
As Eq. (23), Eq. (15) is also approximated by

Vi & [14 (1= M) 5] V). (24)

Because p, is larger than p, in *®*Pb, Vp(lo ) of Eq. (17) is negative. Therefore, as A; is
larger, V,,1 becomes deeper and so the total vector potential V), becomes weaker. So as
to reproduce the phenomenological potential strength depicted by horizontal red line we
have S, = 0.1137fm and 0.1091fm for A\; = 0.2 and 0.4, respectively. The sensitivity of
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the neutron skin to A; is much weaker than the sensitivity to Ag. It is shown in Ref. [§]
that according to the standard scenario of NS cooling in which the direct URCA process
is forbidden, the value A\; > 0.4 is not allowed. Consequently, the neutron skin thickness
should be larger than 0.11fm. The condition is much severer than the allowed range of
Sy, in Ref. [3]. This also indicates that the NS structure constrains the neutron skin.

Finally, it is worthwhile to compare our result with Ref. [11], which is based on the
nonlinear RMF model referred to "FSUGold". The model predicts a rather thick neutron
skin S,, = 0.21fm of 2°®Pb. In its calculation of NS structure, the mass and radius cannot
reproduce EXO 0748-676, and the direct URCA cooling is allowed. The results are evi-
dently contrasted to ours and suggest the essential difference between the RMF models
with and without the field-dependent effective meson-nucleon coupling constants. More-
over, the latter model cannot be applied to the optical potential of pA elastic scattering
at intermediate energy.

We apply the RMF model of nuclear matter developed in Ref. [8] to the relativistic
optical model of p-2*8Pb elastic scattering at Tj,, = 200MeV. The optical potential in-
cludes the medium correction to the tp potential through the renormalized meson-nucleon
coupling constants. We calculate the strength of the real vector potential at nuclear cen-
ter as varying the neutron radius of 2*Pb. The neutron skin thickness is determined in
the comparison of the calculated strength with the phenomenological potential fitted to
the elastic scattering data. It is found that the observations of NS are useful to constrain
the neutron radius. The observed mass-radius relation of EXO 0748-676 and the mas-
sive NS in PSR J07514+1807 exclude the rather thin neutron skin through the isoscalar
coupling constants. The standard scenario of NS cooling limits the lowest skin thickness
more severely through the isovector coupling constants. Taking into account the density
dependence of the nuclear symmetry energy in the recent works [21-23], we conclude that
the neutron skin thickness .S,, = 0.118fm is the most reasonable. The value well agrees
with the result S, = 0.119fm in the analysis of elastic scattering above T;,, = 500MeV
within the relativistic impulse optical model. Because our result is based on the opti-
cal potential at Tj,, = 200MeV corrected by medium against the impulse one, both the

results are complementary to each other.
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