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Abstract. We study the consequences of recent progress in the
experimental determination of masses of neutron rich nuclei
for our knowledge of the ground state of cold dense matter.
The most recent experimental data determine the ground state
of cold dense matter up to p =~ 10'! g cm~3. The composition
and the equation of state of the ground state of matter, in this
density interval, are calculated.
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1. Introduction

Neutron stars are believed to be born as very hot ob-
jects, with initial temperature exceeding 10'' K. At such
temperatures matter can be considered as being in a complete
thermodynamic equilibrium (catalyzed matter). This approx-
imation is usually extended to further stages of evolution of
neutron stars, where the temperature effect on stellar structure
can be neglected. Standard neutron star models assume that
stellar matter is in its ground state (cold catalyzed matter) (see
e.g. Shapiro & Teukolsky 1983).

The ground state of matter at the densities and pressures,
at which all neutrons are bound in nuclei (i.e. below the neu-
tron drip point) can be described by a model formulated in
the classical paper of Baym et al. (1971, hereafter BPS). An
essential input for this model are the ground-state masses of
atomic nuclei, present in the lattice sites of the crystal, and im-
mersed in an electron gas. At lowest densities, the relevant nu-
clei are those, whose ground-state masses are determined with
high precision by the laboratory measurements. However, at
higher densities the nuclei in the ground state of matter become
more and more neutron rich. At the time, when the BPS paper
was written, the last experimentally studied nucleus, present
in the ground state of dense matter, was #Se (Z/A = 0.405),
and the maximum density, at which experimentally studied

nucleus was present, was found to be pran = 8.2 10° gcm ™3,
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During last two decades significant progress has been made
in the experimental nuclear physics techniques, and masses of
many new neutron rich isotopes have been measured (Wap-
stra & Audi 1985; latest up-to-date results, used in the present
work, have been evaluated by Audi 1992, 1993). As we will
show, the present experimental knowledge of the masses of
neutron rich atomic nuclei enables determination of the com-
position and equation of state of the ground state of dense
matter up to about pmax ~ 10! g cm™3.

The model of dense matter is briefly described in
Sect. 2. Ground state nuclear masses — available experimen-
tally or evaluated via recent mass formulae are discussed in
Sect. 3. Numerical results for the composition and the equa-
tion of state of cold catalyzed matter are presented in Sect.
4. We also discuss there possible effects of experimental un-
certainties. Section 5 contains discussion of our results, with
particular emphasis on the comparison between the results
based on the experimental data and those based on theoretical
calculations. Finally, Sect. 6 presents our conclusions.

2. Model of dense matter

We shall assume that matter is in its ground state (complete
thermodynamic equilibrium — cold catalyzed matter) and that
it forms a perfect crystal with a single nuclear species, (4, Z),
at lattice sites. Our formalism is similar as in BPS, with some
modifications. At given pressure P the equilibrium value of
A, Z is determined from the condition that the Gibbs energy
per nucleon be minimum. The calculation is done using the
Wigner—Seitz (W-S) approximation. The Gibbs energy of the
W-S cell is given by

Gcell(Aa Z) = WN(Aa Z) + WL(Za nN)

+ [ee(ne, Z) + P]/nn ey
where Wy is the energy of the nucleus (including rest
energy of nucleons), Wy is the body-centered cubic lattice
energy per cell (BPS), and ¢, is the mean electron energy den-
sity. The Gibbs energy per nucleon g = Gei1/A.
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There are some differences between our expression for
Gean, and the BPS one. Our values of Wy have been ob-
tained from the atomic masses by substracting not only
the electron rest energies, but also removing the atomic
electron binding energies. Atomic binding energies were
kept in the BPS definition of Wy, to simulate the electron
screening effects in dense matter. In contrast to BPS, we
use a much better approximation for the electron screen-
ing effects in dense matter. Our expression for e. takes
into account deviations of the electron density from uni-
formity, which result from the electron screening effects.
We include also the exchange term in €, which was ne-
glected in BPS. For p>> 105 gcm™3 electrons are ultra-
relativistic, and our formula for e, becomes e.(ne, Z) =
(1.00116 — 1.78 10~°2%/3) €fS(n,), where €S(n) is the
energy density of an uniform, free Fermi gas (Salpeter 1961).

At given pressure, the values of electron density, ne,
and number density of nuclei, ny, are determined from the
relations

ne = ZNN

P = Py(ne, 2) + PL(nx, Z) - (€))

At the pressure P; at which optimal values A, Z change
into A’, Z’, matter undergoes a baryon density jump, Amny,
which to a very good approximation is given by the formula

3)

The above equation results from the continuity of pres-
sure, which is to a very good approximation equal to the
electron pressure, F..

Actually, sharp discontinuity in n, is a consequence of
the assumed one component plasma model. Detailed cal-
culations of the ground state of dense matter by Jog &
Smith (1982) show, that the transition between the A, Z
and A’, Z’ shells takes places through a very thin layer of
a mixed lattice of these two species. However, since the
pressure interval within which the mixed phase exists is
typically ~ 10~* P;, the approximation of a sharp density
jump is quite a good representation of a nuclear composi-
tion of the ground state of matter.

3. Nuclear masses

Experimental masses. of nuclei were taken from a recent
evaluation of Audi (1992, 1993). Because of the pairing
effect, only even—even nuclei are relevant for the ground
state problem. In Fig. 1 we show the network of all avail-
able experimental masses of even—even nuclei, represented
by filled circles. For the remaining isotopes, up to the last
one stable with respect to emission of a neutron (proton)
pair, we have used theoretical masses obtained with recent
mass formula (Moller 1992; the description of the formal-
ism can be found in Moller & Nix 1988). These nuclides
are represented by open circles.
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Fig. 1. The network of even—even nuclei used in the present cal-
culation. Filled circles — experimental masses; open circles — val-
ues extrapolated using mass formula of Moller (1992). The nu-
clides present in the ground state of matter are indicated by crosses

4. Numerical results
4.1. Results obtained using mean experimental masses

The baseline calculation has been done using the (mean) ex-
perimental atomic masses, i.e. without considering experi-
mental errors. As it will be discussed in Sect. 4.2, these
errors may become substantial for nuclei with largest neu-
tron excess. The equilibrium nuclides present in the cold
catalyzed matter are listed in Table 1. In the fifth column
we give the maximum density at which a given nuclide
is present, pmax. In the sixth column we give the value of
the electron chemical potential, ye, at the density pma.x. The
transition to the next nuclide has a character of a first or-
der phase transition and is accompanied by a density jump.
The corresponding fractional increase of density, Ap/p, is
shown in the last column of Table 1. The last row above
the horizontal line, dividing the table into two parts, cor-
responds to the maximum density, at which the ground
state of dense matter is determined by present up-to-date
experimental data, pmk. The table could be extended to
higher densities only by using theoretical determination of
nuclear masses. We used the mass predictions of Moller
(1992). The very last line of Table 1 corresponds to the
neutron drip point in the ground state of dense cold mat-
ter. This limiting density can be determined exclusively by
the theoretical calculation.

The values of N and Z, corresponding to the ground
state of dense matter, are indicated in Fig. 1 by crosses.

The last “experimental” row of Table 1 deserves a com-
ment. The nuclide there is the most neutron rich isotope of
nickel, whose mass has been evaluated from experimen-
tal data. In view of this, the determination of the ground
state of matter had to involve the mass formula for the cal-
culation of the mass of the next nickel isotope, i.e. ¥Ni.
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Table 1. Nuclei in the ground state of cold dense matter Table 2. Nuclei in the ground state of cold dense matter.
Element Z N Z/A Prmax e Ap/p Element Z N Z/A Pmax e Ap/p

(gem™) MeV) (%) (gem™) MeV) (%)
6Fe 26 30 04643  7.96 10° 0.95 29 Nj 28 50 0.3590  1.08 10" 17.44 4.0
©2Ni 28 34 04516  2.7110° 261 - 3.1
®Ni 28 36 04375  1.3010° 431 3.1 126Ru 44 82 03492  1.4710" 19.13 3.0
55Nj 28 38 04242  1.4810° 445 20 12Mo 42 82 03387  2.2010" 21.66 3.2
Kr 36 50 04186  3.1210° 566 3.3 127, 40 82 03279  3.1510" 24.13 34
84Se 34 50 0.4048  1.1010" 8.49 36 120y 38 82 03167 (4.1010") (26.05)
82Ge 32 50 03902  2.8010% 1144 39
8071 30 50 0.3750 5.44 10'° 14.08 43 Upper part: last experimental nuclear mass.
BNi 28 50 0.3590  9.64 10 16.78 4.0 Lower part: from mass formula of Pearson and collaborators (1992).
126y, 44 % 03492 129 10V 1834 30 Last line corresponds to the neutron drip point.
1Mo 42 82 03387  1.8810" 20.56 32
127y 40 82 03279  2.6710" 22.86 34
120gy 38 82 03167 3.7910" 2538 3.6 Table 3. Equation of state of cold catalyzed matter determined
U8Ry 36 82 03051 (4.3310') (26.19) using experimental nuclear masses

Upper part: experimental nuclear masses.
Lower part: from mass formula of Moller (1992).
Last line corresponds to the neutron drip point.

However, as long as our result for the ground state does
not depend on the theoretical mass formula used in the
vicinity of 78Ni, our result can be treated as reliable. We
checked this by switching to another recent theoretical mass
formula of Pearson and collaborators (1992; private com-
munication, for the description of the model see Aboussir
et al. 1992); the experimentally known nuclides in the
ground state of dense matter did not change. Therefore, the
determination of the ground state nuclide in the last row of
Table 1 should be treated as based on experiment (as long
as we neglect the experimental errors, see below). How-
ever, the determination of the value of paux depends on the
mass formula used, because the next nuclide in the ground
state of dense matter turns out to be '2°Ru, sufficiently far
from the most neutron rich isotope of Ru experimentally
available, !'6Ru, that its mass depends in a nonnegligible
way on the mass formula used for the extrapolation. In
view of this, the pressure (and density) at which the tran-
sition from 78Ni to '?°Ru takes place depends, to some ex-
tent, on the mass formula used to the extrapolation from
the experimental nuclear masses (see Tables 1 and 2). We
get poe =9.64 10'% g cm =3 for the Mbller (1992) mass for-
mula (Table 1), and pn = 1.08 10!! gcm™3 for the mass
formula of Pearson and collaborators (1992) (Table 2).
The effect of the closed proton and neutron shells on the
composition of the ground state of matter is very strong;
except for the *Fe nucleus, present in the ground state at
lowest densities, all nuclides, whose ground state mass is
experimentally known, are those with a closed proton or
neutron shell (Table 1, Fig. 1). A sequence of three in-
creasingly neutron rich isotopes of nickel Z =28 is fol-
lowed by a sequence of N =50 isotones of decreasing Z,
ending at the last experimentally measured 7®Ni. This last

p P T
(gem™) (dyncm™?) (em™)
3.303 107 3.833 10%* 1.991 10*!
6.592 107 1.006 10% 3.973 10°
1.315 108 2.604 105 7.926 10°!
2.625 108 6.676 10%° 1.581 10%
3.305 108 8.738 10% 1.991 10%
5.239 10® 1.629 10% 3.156 10%
8.303 10° 3.029 10% 5.001 10%2
1.046 10° 4.129 10% 6.296 10°
1.212 10° 5.036 10% 7.299 10%
1.606 10° 6.860 10% 9.667 10*
2.54510° 1.272 107 1.53210%
4.166 10° 2.356 10% 2.507 103
6.606 10° 4.362 1077 3.974 10%
8.03110° 5.662 107 4.830 10%
1.011 10%° 7.702 10% 6.081 10%
1.319 10" 1.048 10%® 7.930 10**
1.661 10'° 1.425 10% 9.982 10%
2.091 10'° 1.938 10% 1.257 10*
2.533 10" 2.503 10%® 1.522 10*
3.315 10" 3.404 10% 1.991 10*
4.174 10" 4.628 103 2.507 10**
5.039 10" 5.949 10?2 3.025 10*
6.61910'° 8.089 10?8 3.973 10*
8.337 10'° 1.100 10% 5.002 10*
9.63110'° 1.450 10% 5.777 10*

nuclide is doubly magic (N = 50, Z = 28). As we will dis-
cuss in the next section, this strong evidence for the effect
of closure of the N =50 shell is, at highest densities con-
sidered, somewhat weakened when the experimental uncer-
tainties are taken into account.

The equation of state constitutes an essential input for
the calculation of the neutron star structure. In Table 3 we
give equation of state for the ground state of matter for
p < pmax. It has been calculated using the mean experi-
mental masses of atomic nuclei. For the sake of an easier
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comparison, we used the same pressure grid as that used by
BPS (except for the last line, which corresponds to pam).
Generally, our “experimental” equation of state is very simi-
lar to the BPS one. However, in several density intervals
one notices a few percent difference, resulting from the dif-
ference in the nuclides present at these densities.

At the density exceeding pmax, and up to the neutron
drip density, we get a sequence of NV = 82 isotones, of de-
creasing proton number, from Z =44 down to Z = 36 for
the mass formula of Moller (1992), with neutron drip at
pnp = 4.3 10" gem™3 (Table 1). The results obtained us-
ing the theoretical mass formula of Pearson and collabo-
rators (1992) (Table 2) are quite similar to those obtained
using the mass formula of Méller (1992), the differences re-
ducing to two details: the last nucleus before neutron drip
point has Z = 38 (instead of Z = 36 for Moller (1992)), and
the neutron drip takes place at a somewhat lower density,
pnp = 41101 gem™3.

More detailed discussion of the importance of the shell
terms in various mass formulae, and in particular their com-
parison with experimental evidence, will be presented in
Sect. 5.

The ground state composition at given pressure corre-
sponds to the absolute minimum of the Gibbs energy per
nucleon, g, in the N-Z plane. Typically, there is only
one well distinguished minimum (Fig. 2); only close to the
transition pressure between the two nuclear species a well
pronounced second minimum appears, and with increasing
pressure becomes a new absolute minimum. As seen in
Fig. 2, the absolute minimum lies in a valley, which may be
called a “beta stability valley” in superdense matter. With
increasing pressure, the valley shifts in the N direction,
with only a slight change of the inclination angle (Fig. 3).

4.2. Implications of experimental uncertainties

Typical errors in experimentally measured masses of nu-
clei near the normal (vacuum) beta stability valley are so
small (at most a few tens of keV), that they are insigni-
ficant for the determination of the value of g: they im-
ply “experimental” uncertainty in g of the order of tens
of eV. However, neutron excess in the nuclei present in
the ground state of dense matter increases with density.
At p=210°gem™> the minimum of g corresponds to
8Kr; the experimental mass of this nucleus is known
within (AW)e, = 5 keV, which corresponds to an insigniﬁ-
cant uncertainty (Ag)exp = 60 €V. At p ~210'° gcm=3, the
ground state nucleus turns out to be ¥Ge, with (AW)axp =
155keV, which implies (Ag)exp =2keV. Still, this un-
certainty is not important for the determination of the
ground state of matter. However, as one moves to still
higher pressure, the experimental uncertainties in W be-
come more important. We found, that of particular impor-
tance are large uncertainties in the experimental masses of
76Ni, 8Ni and *2Zn. In what follows, we quote the results
of Audi (1993). The latest mean experimental atomic mass
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Fig. 2. Map of g — gmin in the N-Z plane, for even—even nuclei,
at P =1.27 10°" dyn cm~2. The distance between contour lines is
50 keV. The absolute minimum corresponding to the ground state
is indicated by a cross
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Fig. 3. Map of g — gmin in the N—Z plane, for even—even nuclei,
at P =4.410% dyn cm 2. Notation as in Fig. 2

excesses for 7®Ni, 78Ni, 8Zn and %?Zn are, respectively,
—42 500, —34920, —51780, and —42410keV. The ex-
perimental errors are: AW (32Zn) =400keV, AW(°Ni) =
900keV, AW(®Zn)=170keV, and AW(8Ni) = 1100
keV. These experimental uncertainties determine upper and
lower experimental bounds on W: W,, = W+ AW, and
Wip. =W — AW. In order to visualize the possible effect
of the experimental errors, we performed the calculations
of the ground state composition by replacing the masses
of 7Ni and %2Zn by their lower bounds, and the masses
of 7®Ni and ¥Zn by the corresponding upper bounds. The
resulting modified lines of Table 1 are shown in the upper
part of Table 4. Then we repeated the calculations, repla-
cing masses of "*Ni, "®Ni, 8Zn by their upper bounds, and
that of 8Zn by its lower bound. Modified lines of Table 1
are displayed in this case in the lower part of Table 4. Both

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994A%26A...283..313H

rIOV3AGA T 783 SIL3H!

P. Haensel & B. Pichon: Ground state of cold dense matter

Table 4. Modified four lines of Table 1, starting with 32Ge, ob-
tained if one replaces mean experimental masses of "°Ni, *Ni,
87n, 82Zn by the upper or lower bounds

Element Z N Z/A Pmax e Ap/p

(gem™)  (MeV) (%)

Upper bounds on *Zn, ™®Ni, lower bound on "°Ni, ¥Zn

82Ge 32 50 03902 29210 1160 3.9
807n 30 50 03750  4.86 10 13.56 1.6
T5Ni 28 48 03684  7.4910" 1557 4.0
128pg 46 82 03594  8.49 10" 16.06 2.8
Upper bounds on "®Ni, "Ni, ¥Zn, lower bound on 2Zn
82Ge 32 50 03902  2.9210" 11.60 3.9
807n 30 50 03750  6.0810° 1461 25
87n 30 52 03658 7.14 10" 1529 3.1
128p4 46 82 0.3594  8.4310'° 16.06 2.8
T T T
30 "87n 807n 827n .
4216. 823. 1296.
m28l N N 8oy .
1317. 0. 2434.
26 L 74Fe 76Fe 78Fe _
4045. 4816. 10086.
1 | 1
48 50 52

N

Fig. 4. The excess of Gcen(keV) with respect to that correspond-
ing to the absolute minimum at P = 8§ 10%® dyn cm ™2, in the im-
mediate neighbourhood of the minimum

sets of modifications of atomic masses are unfavorable for
the appearance of the doubly magic "®Ni in the ground state
of dense matter.

Depending of our choice of experimentally allowed
masses for the set "Ni, ®Ni, 8Zn, #2Zn, a specific se-
quence of increasingly neutron rich nuclides closes the ex-
perimental region of the ground state of dense matter.

The results of Table 4 reflect the fact, that the val-
ley in g(N, Z) in the vicinity of gmyi, (Figs. 2 and 3) is
flat. A specific example of the immediate neighbourhood
of the ground state minimum is shown in Fig. 4. Actu-
ally, by allowing the uncertainty (AW )y, we introduce
the uncertainty (at a given pressure) in the ground state
values of Z and N. Within experimental uncertainties, the
ground state experimental nuclei at p2 510 gecm™3 are
then no longer restricted to those with the N =50 closed

317

shell. For some experimentally allowed combinations of nu-
clear masses, NV =48 or N =52 appear in a density inter-
val (Table 4). For both combinations of atomic masses, the
first non-experimental nuclide appears at a somewhat lower
density, than in the case when mean experimental atomic
masses were used. Also, the first non-experimental N = 82
nuclide is that with Z = 46, instead of Z = 44. This is a
consequence of using an upper bound for the atomic mass
of 7®Ni. '

The uncertainty in the “experimental” ground state com-
position of matter at highest densities implies a corres-
ponding uncertainty in the equation of state. In the density
intervals, in which the ground state nuclide is uncertain,
the uncertainty in the “experimental” equation of state may
reach a few percent.

5. Discussion

In the present paper we calculated the composition and
the equation of state of the ground state of dense mat-
ter, using the most recent experimental data on masses of
very neutron rich nuclei. The experimental data determine
the composition of the ground state of dense matter up to
pmmx = 10! gem™3, This conclusion does not depend on
the particular choice of theoretical determination of nuclear
masses via the most recent mass formulae, outside experi-
mentally available region.

If we vary nuclear masses within their experimental
bounds, the persistence of the magic number N = 50 in the
experimentally determined ground state at p2, 5 10! gcm =3
becomes somewhat weakened. Had we used nuclear masses
determined via theoretical mass formulae (fitted to some
earlier experimental data), the strong effect of the closed
N =50 shell would leave no possibility for the appearence
of the N =48, 52 nuclei in this density interval.

By comparing experimental data for the Ni, ®Ni, 8Zn
or 82Zn masses with their evaluation via theoretical mass
formulae, one notices a systematic overbinding of the NV =
50 isotopes with respect to their neighbours, and with
respect to experiment (see Table 5). The noticeable excep-
tion from this trend are results of Pearson and collabora-
tors (1992) and those given by the model of Moller & Nix
(1988).

Summarizing, both the calculation of the composition of
the ground state of dense cold matter, and the direct com-
parison with experimental atomic masses indicate, that the
additional binding resulting from the closure of the N = 50
shell for Z/A ~ 0.36-0.39 nuclei is somewhat weaker than
that resulting from the shell term in most of the theoretical
mass formulae.

While the persistence of the NV =50 and/or Z = 28 nu-
clei at lower density may be treated as an experimen-
tal fact, the strong effect of the N =82, dominating at
pmax < p < pnp, might be an artifact of the extrapolation
via the semiempirical mass formulae. Some many body cal-
culations of the masses of very neutron rich nuclei suggest,
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Table 5. Energy differences between the atomic masses given by
various mass formulae and the (mean) experimental values of Audi
(1993) (keV)

76Ni 78Ni SOZn 82 7n
Experimental uncertainties 900. 1100. 170. 400.
Pearson and coll. 1110.  1150. 340. 420.
Moller 91 —856. —1370. —490. 127.
Moller 92 —618. —1118. —843. —38l.
Moéller and Nix 470. 490. —50. 440.
Moller et al. —620. —720. —1010. —690.

Tachibana et al. —900. —2440. — 1830. — 1500.

Duflo —290. —1570. —1100. — 1520.
Hilf1 —2529. —3840. —3392. —2426.
Hilf2 —3065. —4940. —3763. —3363.

Pearson and collaborators (1992) private communication.

Méller (1991) private communication.

Moller (1992) private communication.

Moller and Nix Atom. Data Nucl. Data Tables 39 (1988) 213; see
also Preprint LA-UR-86-3983.

Moller et al. Atom. Data Nucl. Data Tables 39 (1988) 225.
Tachibana et al. Atom. Data Nucl. Data Tables 39 (1988) 251.
Duflo 1992, private communication, see also Preprint CSNSM
92.05 submitted to Nucl. Phys. and Zuker, A.P., Preprint CRN
92.16 submitted to Nucl. Phys.

Hilf1 Preprint CERN 76-13, 142.

Hilf2 Atom. Data Nucl. Data Tables 17 (1976) 418.

that the effect of the closed N = 82 shell might be much
weaker, and could be replaced by the strong effect of the
closure of the Z =40 subshell (Haensel et al. 1989).

6. Conclusion

Using latest evaluation of experimental atomic masses of
very neutron rich nuclei, we were able to determine the
ground state of cold dense matter for the density up to
~ 10" gem™3. By varying, within the present day experi-
mental uncertainties, the masses of nuclei in the vicinity

Note added in proof (November 8, 1993): Latest (up-dated)
experimental evaluation of masses of "®Ni, 7®Ni, 8Zn, #2Zn
will be published in December 6, 1993 issue of Nucl. Phys. A
566, pp. 1-65 (G. Audi, private communication). The differ-
ences with respect to the values used in the present paper are
small and do not change our conclusions.

Data and the preprint of Mdller P., Nix J.R., Myers W.D.
and Swiatecki W.J. (submitted to Atom. Data Nucl. Data
Tables) are available by anonymous ftp from t2.lanl.gov in
directory masses.
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of Z =28, N =50, we were able to show, that the ef-
fect of the closure of the N = 50 shell could be, at Z/A ~
0.36-0.39, somewhat weaker than that obtained from most
of existing theoretical mass formulac. We hope, that the
future progress in the mass evaluation of the neutron rich
nuclei, will eventually yield more precise experimental in-
formation about the actual effect of the very large neutron
excess on the additional binding due to the closure of neu-
tron shells. The knowledge of this effect turns out to be
important for the determination of the ground state of cold,
dense matter. This may seem to be of mostly academic in-
terest, because of expected deviations of the real neutron
star crust from the ground state. However, this effect might
be important also for the detailed astrophysical scenarios of
the cosmic nucleosynthesis of heavy nuclei.
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