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Abstract

Precision mass spectrometry of neutron-rich nuclei is eagrelevance for astrophysics. Masses of exotic nuclides
impose constraints on models for the nuclear interactiahthos dfect the description of the equation of state of
nuclear matter, which can be extended to describe neutemmsitter. With knowledge of the masses of nuclides near
shell closures, one can also derive the neutron-star tagtgposition.

The Penning-trap mass spectrometer ISOLTRAP at CERN-ISPOh&s recently achieved a breakthrough mea-
suring the mass ¢¥Zn, which allowed constraining neutron-star crust comjiasio deeper layers|[1]. We perform
a more detailed study on the sequence of nuclei in the outist of neutron stars with input fromftiérent nuclear
models to illustrate the sensitivity to masses and the ttoless of neutron-star models. The dominant role of the
N = 50 andN = 82 closed neutron shells for the crustal composition is ciorfi.

Keywords: Penning-trap mass spectrometry, neutron stars, equdtstate, three-body forces, radioactive nuclei

arXiv:1303.1343v1

1. Introduction

Neutron stars (NS) are among the most compact objects kndtay are the result of the collapse of massive
stars and are composed mainly - but not completely - of nesatréfter their rather violent birth in core-collapse
supernovae, they cool quite quickly (via the emission oftrieas) within a minute and reach a state of (small tem-
perature) equilibrium. The equilibrium composition of aitren star reflects the surprising but logical result of ayver
wide range of physics [2]: from stable nuclides on the sufag exotic nuclides in the crust, exotic forms of matter
(a series of so-called pasta phases [3]) to a core that mayoeveain unbound quarks.

A widely-used concept for modeling astrophysical enviremts at high densities is nuclear matter, a homo-
geneous, infinite medium composed of protons and neutrdr@sacterized by a certain equation of state (EOS).
Some of the properties of this EOS could be inferred from grpental observations. Neutron stars are the as-
trophysical objects with the closest resemblance to a audhatter environment. However, in neutron stars, the
EOS is probed at extremes of isospin and densities beyonsatiueation density of symmetric nuclear matter of
po =~ 0.16 fm 3 ~ 2 x 10 g/cm®. Therefore the equation of state of nuclear matter has txteméed from sym-
metric nuclear matter to describe neutron matter, and Witressumption g8-equilibrium then neutron-star matter.
Furthermore, electrons have to be added to maintain elextigrge neutrality. A realistic formulation of the EOS is
required for a robust neutron-star model, because the E®& Haect impact on the possible combinations of mass
and radius, which obey hydrostatic equilibrium in geneedtivity.

Neutron-star models based orftdirent EOS still dier strongly in their predictions for the properties of a ment
star. Even though there are many neutron stars with massesuneel by radio astronomy [4] (in this context they are
called pulsars, due to their pulsed radio signal), the aatamtfundamental quantity of a neutron star, the radius, is
extremely dificult to extract from astronomical observations, due tartsiege of only 10 to 20 km. However, this field
has made significant progress in the last years by theoretmdeling of observations of low-mass X-ray binaries or
cooling neutron stars[[5) 6, [7, 8]. A recent breakthrough thasdiscovery of a relatively heavy neutron star — the
pulsar J1614-2230 with 1.97(4) solar masses — which rulédexeral neutron-star models [9, 10]. A very exciting
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future perspective is gravitational wave astronomy. R#gea tight correlation between the frequency peak of the
post-merger gravitational-wave emission and the radiaslof solar mass neutron star has been demonstrated [11].

Correctly modeling neutron-star matter requires a propscdption of nuclear interactions, and especially three-
body forces. Alternatively,féective models in the form of density functionals can be u3éa. theoretical description
of the stability of nuclides close to the drip line and theaipn of state of neutron-star matter is sensitive to detdil
the nuclear Hamiltonian. The proper saturation of nucleaiten has been imposed as an almost necessary condition
for any nuclear potential [12]. The exact location of thepdimes along the nuclear chart is of utmost importance to
understand the basic concept of nuclear stability and tldenlying theory of the nuclear force [13]. Still today, a
consistent description of the nuclear force remains a ehgé# [14].

The so-called rapid and slow neutron-capture processasdrs-process) of stellar nucleosynthesis are responsible
for the origin of most of the neutron-rich, heavy elemeng&j[TTo date, the site of a successful r-process nucleosyn-
thesis is still unknown [16]. A possible site, complemewtar the supernova-induced r-process, is the ejection of
neutron-star matter by a merger of two neutron star. Thaaallan robust r-process to occur as the ejected clump
vaporizes into the interstellar medium and undergoes aucéactions. This scenario could explain at least part of
the total enrichment of the heavy r-process elements in tiexg [16/ 17]. The neutron-star crudters the required
ingredients for a successful r-process, because of themre®f neutron-rich material, i.e., with a low electrorcfra
tion [17]. In the outer crust, the electron fraction is ditggiven by the charge-to-mass ratio of the heavy nuclei. On
the other hand, the nuclear binding energy is the decisiaatify for establishing whether or not a certain isotope is
present in the neutron-star crust. Precise mass measureanerthus valuable input for the composition of the crust
and r-process nucleosynthesis [2].

A striking observable related to mass measurements is thehfat crossing a magic proton or neutron number
produces a sharp drop in the corresponding one-particle@particle separation energy, afiext well established
as a signature for magicity. In the light nuclides, the disgrance of thisféect has been regarded as evidence for
the reduction of the shell gap (the so-called “shell quemghphenomenon) [18], while an enhancement of tfieat
would be, on the contrary, evidence for the emergence of amagic number. The evolution of the magic numbers
N = 50 andN = 82 far from stability #fects the equilibrium composition of the neutron-star ceust potentially
the predicted elemental abundance. Dramatic changes learstructure far from stability are very challenging for
theory and the correct prediction of shell evolution fanfrstability is perhaps the strongest challenge for tiffedint
nuclear models and corresponding nuclear interactions.

The article highlights some very recent advances in deteéngithe properties of neutron stars through nuclear
mass spectrometry. In a first part, the link from nuclear ms$s the nuclear-matter EOS will be established, based
on state-of-the-art calculations starting from two- anceéibody interactions derived within chirafective field
theory (chiral EFT). In a second part, recent constraintshenequilibrium composition of the neutron-star crust
will be presented, determined by the mass measureméRZof[1]. The robustness of the determined equilibrium
composition to dierent global mass models used to supplement the experitiyamtavailable data will be explored.

2. Nuclear interaction and the equation of state

One of the long-standing goals of theoretical nuclear pisyisithe development of a nuclear Hamiltonian, allow-
ing the description, in a unified microscopic picture, of geperties of all nuclear systems. A direct link to the un-
derlying theory of quantum chromodynamics (QCD) has beffitdit to establish due to the highly non-perturbative
character of the theory at the nuclear energy scale. Therttigtapproach was to build the so-called “realistic” pote
tials, designed to fit the low-energy nucleon-nucleon sciail data and the properties of few-nucleon systems, such
as the binding energy of the deuteron [12, 19]. The majomsalistic potentials has come from the comparison of
their predictions with the properties of light and mediurags nuclides, through ab initio [20] and shell-model [21]
calculations. Apart from the two-body content of nucledeiactions, three-body forces arise at a fundamental level
in low-energy nuclear theory due to the finite size of the aank, the internal structure of which can be virtually
excited in a three-body process|[22]. Recently, a new clagsatistic potentials has been developed, based on chiral
EFT, using as starting point the symmetries of the QCD Lagjeanand only retaining the degrees of freedom rele-
vant for low-energy nuclear theory. Three-body forcesaanigturally in the chiral EFT expansion of the Hamiltonian
[23]. Most recently, several groups have provided a comsistiescription of neutron matter based on chiral EFT
interactionsl[24, 25, 26, 27].
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Figure 1: Neutron matter energy per nucleon as a functioren$itly for chiral EFT calculations with three-body forcésext-to, next-to, next-to
leading order (N3LO).[24], Skyrme forces BSk19-21|[28], B®S of Friedman and Pandharipande (f-P) [29] and of AkmaldfRaipande and
Ravenhall (APR).[30]. For details, see text.

Only last year, calculations for the calcium isotopic chaith a chiral EFT potential containing three-body forces
have successfully described the doubly-magic nucté@a starting from thé°Ca core, which has posed problems
for shell-model calculations using exclusively two-bodychkear interactions [31]. The calcium isotopic chain is an
intriguing case of nuclear magicity at neutron numNet 32. The high energy of the assumed firstexcited state
in 52Ca suggest the enhancement of Me- 32 subshell gap [32]. Very recent Penning-trap mass measunts of
51L52Ca, performed at TRIUMF with the TITAN experiment, show véasge discrepancies from the AME extrapola-
tions [33], suggesting significant structural changes erégion [34]. Time-of-flight mass measurements at NCSL
of scandium isotope¥°°Sc hint at a drop in the two-neutron separation enerdyat32, but the large uncertainties
do not allow drawing a definite conclusian [35]. A very recbntakthrough came through the measurement of the
masses 01>%4Ca [36] at ISOLDE|[37] with the ISOLTRAP experiment [38, 39he minute yield and short half-life
of these isotopes were prohibitive for a Penning trap massmement. The masses’8?“Ca were thus determined
directly with the multi-reflection time-of-flight mass septor (MR-TOF MS) with a precision better than parts-per-
million (ppm). (For details on the MR-TOF MS, see [40, 41])e8imodel calculations performed for the calcium
isotopic chain with a chiral EFT potential containing thitesdy forces agree well with the experimental data, as well
as with calculations with phenomenological potentialshsas KB3G and GXPF1A [34]. The chiral EFT potential,
including its three-body part, is constrained only by noal@ucleon scattering data and the properties of only two
light nuclides:*H and*He. These recent results support chiral EFT as a promisotzatihpproach for nuclear theory.

The equation of state plays a central role in astrophysieséo/ations, one application being NS matter and the
structure of NS|[42, 43, 44, 3]. The description of neutrortterawith microscopic calculations based on chiral
EFT interactions has been tackled recently by Hebeler andatkers. They were able to constrain the properties
of neutron-rich matter below nuclear densities to a muclhdriglegree than is reflected in many commonly used
EOS [45,.46/ 47]. In their calculations, they include thbeety forces to the third order and provide theoretical
uncertainties. Just recently, they included also the sulitg three-body forces for the first time and all leading
four-nucleon (4N) forces. In Fi@l 1 the neutron matter epdyand of their calculation is shown including evaluated
theoretical uncertainties. The band includes the useffdréint nucleon-nucleon potentials, uncertainties in thesth
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Figure 2: The depth profile of a neutron star of 1.4 solar masis1® km radius. The scale on the right indicates the nuctidimposition in
B-equilibrium of the outer crust as determined by measuresses[48] and the rece?dzn result[[1].

body forces, and in the many- body calculation, for detaa'ts@]. Their results not only provide constraints for the
nuclear EOS as well as neutron-rich matter in astrophysitalso agree with other recent WO@[@ 26, 27]. One
hope is that these models will be extended to provide aldb@alhecessary mass data for probing the composition of
neutron stars.

Figure[1 also shows the neutron-matter equations of statteriial energy per nucleon as a function of density)
for forces BSk19-21 at subnuclear densities and zero termueréé]. Goriely and colleagues have used in their fit
for the dfective forces BSk19-21 constraints from neutron-matterutations as well as mass data. They can thus
consistently provide not only a description of neutron eraiut also of binding energies of all nuclides. However, in
their fit they used other realistic neutron matter EOS maahlyupersaturation densities. Two of these EOSS@P [29]
and APR [30]) are also shown in Flg. 1. Despite some deviatairowest densities theftirent calculations show
an good agreement. The neutron matter EOS is generally af gn@ortance for the very neutron-rich neutron star
EOS and should help provide a consistent description oféing asymmetric nuclei formed in the crust.

3. Theouter-crust composition of neutron starsin g-equilibrium

Neutron stars are the remnants of core-collapse superxplas@ns. After having reacheglequilibrium, their
surface contains the nuclidé®e and®Ni, which have the highest binding energy per nucleon. Nbg Fe
has been observed in the accretion disk around neutron[@rsThree distinct regions are thought to compose a
neutron star (Fid.12): a locally homogeneous core and tweeatnic shells characterized byffgirentinhomogeneous
phases forming a solid cru @f(ﬂ 44]. The “outer ru®nsists of a crystal of ionized atoms coexisting
with a quantum gas of electrons. At these extreme pressooesiatered in the interior of neutron stars, the electrons
are squeezed into the nuclides, shifting the equilibriurh@avier and more neutron-rich isotopes. Burrowing into
the crust, nuclides become more and more neutron-rich upet@aoint where neutrons start to drip out. At the so-
called neutron-drip density (about 40 g/cm®), unbound neutrons form a separate additional phase. Taiksm
the transition to the “inner crust”, a lattice-like struatof nuclear systems immersed in a sea of unbound neutrons
and electrons. The similarity of this state to that of a @alyitttice in a sea of conducting electrons gave rise to use
the model of the Wigner-Seitz cell (WS approximatidﬂ ].5The WS cells, with an associated lattice energy, are
possibly transformed by further pressure intffatient exotic shapes, called nuclear pd@a [54], due to adtion
of the system with respect to Coulomb and surface energiespé& into the star, the crust dissolves into a uniform
liquid of nucleons and leptons and the core is reached.

To determine the crustal composition, one has to assuméwihatutron-star crust within the WS approximation
is in full thermodynamic equilibrium. To determine the didurium composition of a given cell, the principle of
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minimization of the Gibbs free energy is used. For a givessuee, this will depend on the lattice energy, the electron
energy and - what is interesting from the point of view of maelphysics: the binding energy of the nucleus. The other
guantities are from well-known classical (atomic) physos thermodynamics so the modeling of these systems is
relatively robust. To determine the depth profile, the irdéign of the relativistic hydrostatic Tolman-Oppenheime
Volkoff (TOV) equations over a pressure column is required [50]hSucalculation fixes also the total abundances of
all nuclear species in the crust [55]. Because of nucledrsfiiects, the exotic nuclides residing in neutron-star crusts
accumulate around the magic neutron nurm¥der 50 andN = 82. The sequence of nuclides that occur in the outer
crust of nonaccreting cold neutron stars was investigatdblym, Pethick, and Sutherland (BPS) in what has become
a landmark paper in 19711 [50]. Not all nuclides which arevaf for calculating the equilibrium composition of the
outer crust have an experimentally known mass. For thedaleacthe mass is calculated using mass models, which
extrapolate semi-empirically from the known masses intmeasured regions. Baym et al. used the mass data from
the droplet model of Myers and Swiatecki [56].

Using known masses and state-of-the-art nuclear mass mdtel equilibrium composition of the outer crust
had already been robustly determined to a depth of about 2fb2 encanonical neutron star of 1.4 solar mass and
10km radiusl|[57, 58]. Since theftérent mass models used predidfelient equilibrium compositions, the crustal
composition can only be pinned down by high-precision masasarements. The most exotic nuclides predicted in
the crust at theN = 50 shell,8Zn has been determined with the Penning-trap mass sped¢aniS8OLTRAP [1].

The calculations performed there were restricted to theetlmost recent Brussels-Montreal mass tables HFB-19,
HFB-20, and HFB-21 since they are also constrained to rep®the EOS of neutron matter from calculations with
realistic nucleon-nucleon potentials. Figlite 2 shows éirience of nuclides of the outer crust of a neutron stér in
equilibrium, taken from [48] and in the case®Zn from [1]. With the new mass value, the nucl@#&n is no longer
presentin the crust due to it being considerably less bcuendpredicted by HFB-19. The experimentally determined
equilibrium composition of a cold, nonaccreting and notatiog neutron star of 1.4 solar mass and 10 km radius is
now constrained to a new depth of 223 m.

4. Resultsand Discussion

Extending our previous studies from 2006/[57], we are nowhi gosition to investigate how tierent nuclear
mass tables react in predicting the crustal compositiog-a@guilibrium using also new measurements of nuclear
binding energies [48] and in particular the new mass valifézd.

To determine the EOS of the outer crust of neutron stars,rietessary to identify for each given pressure the
nucleus which minimizes the thermodynamic potential wigch this case the Gibbs free energy per baryon or baryon
chemical potential. AT = 0, the pressure and baryon chemical potential can be deriwsthndard thermodynamic
relations from the total energy densiy;. In the most simple case, formulated by BPS, the energy gemas only
contributions from the mass of a given nuclé\g, the Coulomb lattice energf, and from electrons:

ot = IN(Wn + W) + e, 1)

whereny is the number density of the nucleus. For a more accurateiggésn, higher order corrections of the
Coulomb and electron contribution can be implemented dlketron binding, screening or Thomas-Fermi, exchange,
correlation or zero-point motion energy [59/ 60]. In thegaet calculations we include only the most important of
these corrections, namely for electron binding, screerang exchange energy in the same formulation as used in
[61] which was partly taken from [60] who use results from][5Bthe ultra-relativistic limit. For a selection of the
mass models discussed below we provide data files of thdetbtziustal composition and the EOS on one of the
authors’ personal homepa@e.

With these crust calculations, the results from [1] for theee mass tables HFB-19, HFB-20, and HFB-21 could
be reproduced. The only exception beid§Vo which is predicted by HFB-19 in our calculations, but whimccurs
only in the narrow density interval (29322- 2.09399) 10! g/cm?®. Furthermore, the location of the drip lineffidirs
as well, due to the dlierent definition used here (and previously in [56]). We usalgorithm which determines the
most asymmetric even-even nuclei with positive two-neuseparation energies and connect them by straight lines.
Using this definition, all predicted nuclides lie in frontafon the dripline.

1Seehttp://phys-merger.physik.unibas.ch/~hempel/eos.html.
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In a second step, other nuclear mass models which predt@edo be present in the crust, were re-evaluated.
The sequence of nuclides in the outer crust has been cadutat the nuclear mass models HFB-8/[62, 63], MSk7
[64,165], and SkP [66, 67, 58] (for details, seel [57, 69]).cBithe mass 6¥Zn is less bound than predicted, it is no
longer present in the outer crust. As an example,[Big. 3 slibavshange in the sequence of nuclides for the mass
model SkP mapped along the chart of nuclides. Further rexldeasured by ISOLTRAP and part of the sequence
are marked by blue squares, the black crosses denote the B\Efata base [48]. The new sequence including
the ISOLTRAP mass value 8fZn is depicted by the red dashed line. It can also be seen fierlot that the last
nucleus of the outer crust, i.e., before neutrons startiairt, is located on the respective drip line of the model,
which is true for all our calculations. In Figl 4 the sequeoteuclides of the outer crust of a neutron star for the mass
model SKkP is compared to the mass model MSk7 — which also ixhilshange due to the new mass value — and the
mass model HFB-21, which has been discussed in [1] and whichat exhibit a change of the crustal composition.
The charge number is plotted as a function of density, wherdwo regions of nuclides with magic neutron number
N ~ 50 andN =~ 82 are delimited. None of the nuclides in the upper half ofgteph have been measured yet. The
thick (thin) lines show the sequence of nuclides with (wittydhe new mass value 8#Zn. Note, while the change
in the sequence of nuclides is quite substantial for the mmstel SkP, the mass model MSk7 exhibits only a slight
change around a density of 70'%/cm?.

A set of 25 nuclear mass tables (the 21 mass tables used inttig#hass model SLy6 of [69] and HFB19,20,21
of [7Q]) were checked for the appearancén, all of them showing that it is not a nucleus present in rustars.
The new mass measurement discussed here further enha@efsthobserved before [50,/71, 60, 57, 28]: nuclides
in the outer crust are predicted to have predominantly pautumbers at th&l = 50 and 82 magic shells. In a
previous paper [69] we confirmed the crucial role of nucléisffects in the chemical composition of neutron stars
in B-equilibrium also for a mass model which includes triaxiatlear deformations. So this result is quite robust.

Finally, Fig.[3 compares the findings of this work using theutes from Wolf and colleagues|[1] and the finite-
range-droplet model [72], a model which did not predf@n from the start to be part of the crustal composition.
We show the sequence of nuclides as a function of densitydirag the new mass value &Zn. A certain color
corresponds to a single element, where the density intefvidle diferent isotopes is illustrated. If the color is
combined with a pattern, the corresponding nucleus hastaamenumber dierent fromN=50 orN=82. Full colors
without a pattern show nuclei having these neutron magicbmrm The common sequence to all models is denoted
by “c.s.”, the last nucleus beirffGe. The transition to the inner crust is marked by “IC”. Thgioes filled with
black and marked with “trans.” show the transitions betwéigierent nuclei. Each of these transitions corresponds
in our approach to a small first-order Maxwell phase tramsitiin a more sophisticated treatmenffelient mixed
lattices could be used [73]. In Figl 5 all our main results baridentified nicely: With the information of the new
measurement§?Zn is not expected to be present in the equilibrated cruseafron stars any more. For most mass
models, its place in the sequence of nuclei in the outer @usplaced by nuclei with &l = 50 neutron magic shell.
The magic neutron shelld = 50 andN = 82 seem to be the dominatinfect of nuclear structure regarding the
crustal composition. We see that the transition to the irtnest seems to occur at about the same pressure for all
models while the more recent microscopic models tend toigradicher variety of species in the crust, with thinner
layers.

Concerning higher order corrections for Coulomb and etecémergies: we have found that in the bottom layers
of the outer crust there can be changes in the sequence, ynématladditional nuclides appear or that some are
replaced, see also Ref. [69]. This depends on which of th@seations are included and in which form. Even though
the corrections are small, such a behavior is possiblefiémint nuclides have similar Gibbs free energies in the
minimization procedure. However, our results for the nppearance of?Zn were not influenced by these higher
order corrections.

5. Summary

We have presentedftierent ways in which nuclear masses influence our knowledgewfon stars. The informa-
tion available about these objects is based on astrophyisarvations, mainly neutron-star mass data. Complemen-
tary to observational constraints are laboratory measangsnwhich place tight constraints on the range of nuclear
parameters in the EOS. In light of recent mass measureme?fiS@ and®?Zn we have illustrated this link regarding
advances in the description of neutron matter as well asdbdilerium composition of a neutron star’s outer crust.
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Phenomenological or microscopic mass models usually medularge scatter in their predictions for nuclear masses
far from stability [74]. The inclusion of three-body forcbased on chiral EFT, which originate from a description
of nuclear interactions using the symmetries of QCD, haddetthe successful description of the calcium isotopic
chain. Providing a successful testing ground for calcotetiusing three-body forces in neutron-rich nuclides also
strengthens the description of neutron-star matter. Chana. [58] note that although several realistic calcoias

of the EOS of neutron-star matter all agree very closely atear and sub-nuclear densities, theffatigreatly in the
predicted density dependence of the symmetry energy attieh higher densities towards the center of neutron stars.
There are also very few data, either observational or expggrial, to discriminate between thdfdrent possibilities.
Chamel et al. further conclude that fitting the nuclear famcéhe mass data is a necessary condition for obtaining
reliable estimates of the masses of the unmeasured hightyamerich nuclides, see also [75]. In this context, it is
fascinating that “an atom sheds light on neutron stars”.[76]

With the information of the new measuremerf&n is not expected to be present in the equilibrated crust of
neutron stars any more. For most mass models, its place isetiigence of nuclei in the outer crust is replaced by
nuclei with aN = 50 neutron magic shell. The magic neutron shills 50 andN = 82 seem to be the dominating
effect of nuclear structure regarding the crustal composifitve results presented in this work illustrate the fact éhat
single mass measurement influences the elemental congpositihe neutron-star outer crustgrequilibrium. This
is in contrast to core-collapse r-process scenarios whisrditficult to identify how sensitive the r-process path is to a
single measurement [[77]. Some nuclear physics propefftimsabear matter can be studied in terrestrial laboratories
with new neutron-rich radioactive beams. A possible masasmement program is thus two-fold: to explore the
limit of nuclear stability for enhancing our knowledge oéthuclear force as well as to determine the mass of certain,
neutron-rich nuclides around the neutron shell clogure 50 andN = 82 to probe the equilibrium composition
of the outer crust of a neutron star. Microscopic approadoasallow self-consistent modeling of global neutron-
star properties (i.e. the EOS) together with the crustalpmsition (i.e. binding energies). The predictions do not
diverge from those obtained using binding energies of phmammlogical mass models having many free parameters.
Therefore, the latest theoretical advances, combinedtivithe of mass spectrometry, contribute to robust and more
confident neutron-star models.
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