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The neutron star crust, the 1 kilometer region on the surfaceposed of nuclei and superfluid
neutrons, is the physical location of the majority of the mdmena observed in neutron stars.
The composition of the crust is a fundamental input for thelwion of isolated and accreting
neutron stars, and is important for the description of epss nucleosynthesis, gravitational
waves generated from accretion, and giant gamma-ray fleseew that the equation of state and
the composition of the crust depend critically on the degionn of low-density neutron matter
nuclear symmetry energy. Because of this dependence jexges measuring masses of neutron-
rich nuclei and experiments measuring the symmetry enemgynaportant in determining the
composition of the crust. A self-consistent model of thetrerustar crust is created, which
allows one to properly understand the extent to which uag®rés in the nuclear physics generate
uncertainties in the composition [1].
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1. Introduction

The inner crust of a cold neutron star can be defined as therrbgitween the density where
neutrons drip out of nuclei (about-410M g/cn®) and the density for the transition to homogeneous
nucleonic matter at about half of the nuclear saturatiorsithen This region is sensitive to the
nuclear physics input because the nature of the crust isndigted by the structure of neutron-rich
nuclei and the energetics of the surrounding dripped nestrim this work, the dependence of the
description of the neutron-rich nuclei and the dripped reg on the equation of state (EOS) of
homogenous nucleonic matter is examined.

The inner crust is of broad interest because a large varfe#gtoophysical observations are
dependent on and sensitive to the properties of the neutaorsist. One recent motivation is the
suggestion that the giant flares in Soft Gamma-Ray repeigger seismic events in the neutron
star crust and are sensitive to the shear modulus of the ot [2, 3, 4]. The shear modulus, in
turn, is sensitive to the compaosition of the neutron stastcaad the relative magnitude of the proton
and neutron numbers of the nuclei in the inner crust. Newit@ind photon opacities are sensitive
to the properties of the nuclei in the inner crust. For exanpéutrino-nucleus scattering, which
scales likeA?, is the most important neutrino process during the leptapgied phase of a Type I
supernova (see Ref. [5] for a recent review). Finally, thaliog and evolution of neutron star crusts
depends on the both the size of the crust [6] and by its trahgpoperties [7, 8], which are both
related to the composition. These astrophysical conmectiootivate the study of the magnitude
of the uncertainty of the properties of the inner crust widome from present uncertainties in the
nuclear physics inputs.

While microscopically-based models of the nuclei are o&agieterest because they can disen-
tagle important effects which are not easily treated in asital approach, a microscopic approach
can also make it more difficult to understand the physicalggpies which guide the nature of the
inner neutron star crust. Since the purpose is only to etirtine uncertainties from the nuclear
physics input to the EOS, a liquid-drop model quite simitathat described in Refs. [9, 10] is
used. More microscopic models for the crust have been desél¢see the pioneering work of
Ref. [11] and recent efforts in Refs. [12, 13]) and it is eXpddhat these results on the sensitivity
to the EOS of homogeneous nucleonic matter will apply to sextent in these models as well.

2. The Equations of State

The EOS from Ref. [14] (APR) is used, which was obtained framational chain summation
calculations of the equation of state using a realisticeminucleon interaction. Also, a “typical”
relativstic field-theoretical model is utilized (reviewRef. [15]), NL4 [16] which was fit to nuclei.

In order to compare with the model of Ref. [17] the Skyrme [&R]del SLy4 [19] is used, and in
order to compare with the model from Ref. [20] the Skyrme n&dé* [21] is used.

APR is expected to be particularly good for neutron mattdowatdensities, because it is di-
rectly computed from an interaction which reproduces theIbody nucleon-nucleon phase shifts.
The model SLy4 also has a good neutron matter EOS becauss fiitvia both nuclei and low-
density neutron matter. The NL4 and Skishodels were only fit to nuclei and low-density neutron
matter are less constrained. Skihppens to have a neutron matter EOS which is somewhat closer
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to APR than NL4. Like the SLy4 interaction, relativistic medsl are also able to reproduce, at
some level, the more accurate low-density neutron mattes E0nd in APR and SLy4, as was
demonstrated by the RAPR model in Ref. [22] and the FSUGoldeh@3, 24].

3. The Crusts

In order to determine the composition and properties of thstcthe energy at a fixed density
as a function of the proton number and atomic number of nuatel the number density of dripped
neutronsn grip, is minimized. The energy of matter in the neutron star asigiven by

£(Z,A Nngrip) = (Mn+np)XB(Z,A)/A+
(1= X)&drip(Mn.drip) + Eei(Ne) (3.1)

whereB(Z,A) is the binding energy of a nucleus with proton numBleand mass numbeh,
&drip(Mndrip) 1S the energy density of neutron matter evaluated at thd tirgaped neutron num-
ber density, ande|(ne) is the electron energy density evaluated at the electrorbeudensity. The
total energy is minimized over the three paramelrs, andn, grip at each density. The volume
fraction of matter inside nucley, is determined from the relation

Ng = X (Nn+Np) + N drip(1— X) (3.2)

Itis useful to examine the crustin terms of a symmetry eneiiglythe formEsym = Asym(n/no)2/3+
Bsym(n/ng)Y. For an effective mass of about AW, Asym is about 17 MeV, and theBsym andy are
parameters which dictate the magnitude of the symmetryggrarthe saturation density and the
density dependence of the symmetry energy, respectively.

To compare the effect of the uncertainty in the symmetrygnéetig. 1 shows the composition
for the neutron star crust as a function of density for theswtic equations of state with different
symmetry energies. The naive expectation is that a stragygametry energy tends to encourage
nuclei to become more isospin-symmetric. This is coupledidver, with the fact that an increased
symmetry energy will also raise the energy cost for the drifypeutrons. These two effects together
could force larger, more symmetric nuclei, but this alsee&# the Coulomb and surface energy
contributions. The variation of the composition with théueaof the symmetry energy is not so
clear, as the baseline model predicts larger nuclei théwererhodels with smaller or larger values
of the symmetry energy.

In order to disentangle this result, more detailed resoltss€hematic models with different
symmetry energies are given in Fig. 1 at a fixed densitggof= 0.01 fm=3. Beginning with the
larger symmetry energy (with a value at saturation of 34 Mak{l proceeding downward, the
expected result is obtained: lower symmetry energies allmvsystem to create more isospin-
asymmetric nuclei. At low enough symmetry energies, howeies becomes too costly as the
electron contribution to the energy increases (the protomber decreases, but the volume fraction
occupied by nuclei increases, thus the electron density merease). Instead, the system reponds
by moving neutrons out of the nuclei, which lowers the etmttcontribution, even though it in-
creases the contributions from nuclei and the dripped aesirThis is allowed, in part, because
the nuclei are able to maintain a relatively constant enefipey can do this because the surface
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Figure 1: A comparison of the composition of the crust given differgyinmetry energies. The bold solid
line is the baseline model, the dashed and dotted lines diewatiation iny, and the dashed-dotted and thin
solid line give the variation in the magnitude of the symmeinergy at the saturation density. A comparison
of the composition of the crust given different values of sgenmetry energy at the saturation density at a
fixed density ofng = 0.01 fm~2. The top panel gives the total binding energy per baryon thedeparate
contributions from dripped neutrons (“n”), electrons (f)ieéind nuclei (“Nuc”). The bottom panel shows the
neutron and proton number of nuclei as well as the volumditnagy .

and Coulomb energy cost is cancelled by the bulk energy ghioharesults from making nuclei
with a larger (in absolute magnitude) bulk binding energy.

4. Conclusions

The composition of the neutron star crust is still partialljknown, due to uncertainties in
the nuclear mass formula and the equation of state. The csitiggo(and to a lesser extent, the
overall pressure) is quite sensitive to the equation oestéiow-density neutron matter, and the
nuclear symmetry energy, both its magnitude and its demsfyendence. The dependence of
the composition on the symmetry energy is hot monotonic, adats with moderate symmetry
energies can have larger nuclei than models with lower drdrigymmetry energies. To the extent
to which neutron stars depend on the composition, this meweaist is important to explore the
full range of variation in the crust allowed by the presendwledge of the input nuclear physics,
while ensuring that the EOS is constrained by what is alréadyvn about the EOS of low-density
neutron matter. Nuclear experiments will continue to pdevibetter constraints on the symmetry
energy, including from the PREX experiment [25, 26] to meashkie neutron skin thickness of lead
at Jefferson Lab and from intermediate-energy heavy-idiisimms as has been done in Ref. [27].

It remains to be seen if these results persist in the moreostgopic models which include
pairing, corrections beyond the Wigner-Seitz approxiorgtiong-range correlations, and better
treatments of the nuclear structure. Also important is fifiece of the symmetry energy on the
nuclear pasta [29], described elsewhere in these proggedin
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