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Strange Hadronic Matter
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In an extended mean field theory, we find a large class of bound multistrange objects, formed from
combinations of {p,n,A,Z°Z "} baryons, which are stable against strong decay. We predict a maximal
binding energy per baryon of Ep/4 = —21 MeV, strangeness per baryon f; = 1-1.2, charge per baryon
f¢= —0.1 to 0, and baryon density 2.5-3 times that of ordinary nuclei. For 4= 6, we obtain stable

combinations involving only {A,Z%Z ~} hyperons.

PACS numbers: 21.80.+a, 13.75.Ev, 21.30.+y

Strangeness (S) remains a largely unexplored degree of
freedom in strongly interacting baryonic matter. In addi-
tion to ordinary nuclei (S=0), there exists a modest
body of data on S = —1, —2 states involving one or two
A hyperons bound to a nuclear core [1], but there is no
information available on systems with S < —3. It has
been speculated [2,3] that states of quark matter
(“strangelets”) with large strangeness per baryon (|S|/
A~1) might be even more stable than normal nuclei.
The existence of stable strangelets could have significant
ramifications [4], for instance, in astrophysics (nucleosyn-
thesis, cores of neutron stars) and for relativistic heavy
ion collisions, where the production of both stable and
metastable objects might be enhanced if a transition to
quark-gluon plasma takes place [5]. A number of experi-
ments are under way to search for such multistrange ob-
jects.

Strangelets [2,3] are hypothetical objects in which the
quarks (u,d,s in approximately equal numbers) are
confined to a single large bag. In this paper, we consider
bound states of hyperons (A,£%Z ™) and nucleons (n,p),
where the binding arises from attractive mean fields. In
this case, the strange quarks are localized within indivi-
dual hyperons, which are assumed to retain their identity
in the bound system. Hyperons are distinguishable from
nucleons, and can occupy shell-model states of the same
orbital angular momentum / and total spin j as nucleons.
Using an extension of the relativistic mean field (RMF)
theory [6-8], we form a succession of multistrange nuclei
by occupying the single-particle bound states supported
by the mean field. Remarkably, we obtain stable systems
which display many of the features of hypothetical
strange quark matter (large strangeness fraction f;
=|S]/4~0.6-1.2, small net charge fraction f, =g/A
~0.1 to —0.1, and densities p~(2-3)py, where pg
=0.16 fm~3 is the density of nonstrange nuclear
matter). However, the binding energy per particle Eg/A
for multistrange nuclei, limited by the single-particle well
depths, is of order —10 to —20 MeV, much less than the
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A-N mass difference of 175 MeV. Thus these objects,
while enjoying stability against strong decay, will decay
by weak interactions with a typical lifetime 7 ~10 7' sec
or less. Strangelets, on the other hand, could conceivably
have much larger binding energy, and also be stabilized
against weak decay.

Several earlier calculations [7-11] of strange hadronic
matter (SHM) have focused on mixtures of A hyperons
and nucleons, altogether the role of the heavier £ and =
hyperons in the equation of state of neutron stars has
been explored [12,13]. In RMF calculations [7,9,10]
with A’s and nucleons, a variety of multi-A hypernuclei
were found, with binding per baryon as large as
Eg/A= —9 MeV, and f; =<0.2. An example is shown in
Fig. 1 for a 3*Ni nuclear core plus n, A hyperons, using a
standard RMF calculation with mean fields generated by
scalar (o) and vector (w) meson exchange [6]. The filled
circles correspond to closed A shells with n,=0,2,8,14.
We have noted a key point, missed in previous work, that
for na greater than some critical number, a system of V’s
and A’s collapses via the reactions

=04n. )

Because of binding effects, reaction (1) can induce a
strong decay of the many-body system, even though the
reverse reactions Z/N— AA proceed with sizable energy
release Q=28.3 and 23.2 MeV, respectively, in free
space. Therefore, stable SHM necessarily includes a
mixture of A’s and Z’s, such that the decays of Eq. (1)
are Pauli blocked [14] in both directions. For 4 =74, for
example, our calculation does not yield a stable {’°Nj
+18A} configuration corresponding to the next closed A
shell, since such a state is unstable with respect to the
processes of Eq. (1). Among the systems with nz=0
shown in Fig. 1, we note two stable states with A4 =74,
corresponding to (na,nzo,nz-)=(8,8,2) and (14,2,2).
These have a different charge and strangeness than the
unstable (18,0,0) configuration.

The RMF approach incorporates effective baryon-

A+A—E +p,
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FIG. 1. Binding energy per baryon Eg/A, for model 1 (weak
YY interaction) as a function of baryon number A4, for bound
states of strange hadronic matter consisting of a 3*Ni nuclear
core plus differing numbers of A, Z° and =~ hyperons. The
solid circles represent systems consisting only of the Ni core
plus A’s, with nA=0,2,8,14. The open diamonds correspond to
objects with n,==8, to which Z hyperons are added (ns
=2,4,10). These are more deeply bound than systems of the
same A which have nx>8, n==0. The open squares have
na=14, with n:=2,4,8,10,16,22,26.

baryon interactions which are adjusted to reproduce the
saturation and binding properties of nuclei at normal den-
sity, and it is also used to predict the equation of state for
denser systems such as neutron stars [6]. These global
properties are less dependent than others (for instance,
excitation modes) on pion exchange and other correlation
effects neglected in the Hartree mean-field approximation
employed here. We extend the RMF approach to S#0
systems in a controlled fashion, constrained by the ob-
served binding energies of = —1,—2 hypernuclei. A
detailed discussion is relegated to Ref. [15]. We consider
two models, one with a weak and another with a strong
hyperon-hyperon (YY) interaction, denoted as models 1
and 2, respectively. The latter is more in line with the
strongly attractive AA 'Sy interaction suggested by the
few available AA hypernuclear events [16]. In model 1,
we simply add the {£ ~,Z% isospin + doublet, coupled to
the usual o and w isoscalar fields and to the isovector p
field. For the o coupling constants g, we use ratios
8wz =8uor2 =gun/3 given by the constituent quark model
[SU(6) symmetry]l. The o couplings are then determined
by fitting the A and E well depths [1,17] in nucleon
matter, USY = 30 MeV and U$" =~ 28 MeV. Model 1,
which exhibits rather weak YY interactions, nevertheless
implies the existence of stable SHM over a wide range
of {np,n,,,nA,nEo,nE-}, typically with large strangeness
(fs~0.6), small charge (f;~0.1), and maximum bind-
ing energies of order Eg/A~ —13 MeV. The small net
charge is due to the tendency of = ’s and protons to oc-
cupy similar orbits so as to minimize the total Coulomb

repulsion. This renders it possible for SHM to be stable
in the bulk limit (4— o0), because fission does not occur
for large A as in ordinary nuclei. We find that the ex-
istence of stable SHM is assured over a wide range of
choices for the coupling constants.

In model 2, we incorporate stronger YY interactions, as
suggested by the sparse AA data [16] and also by a one-
boson exchange model [18] consistent with the VIV, AN,
and IN scattering data. We estimate, based on this in-
formation and the value U;S/V)zSO MeV from standard
RMF calculations [6,7], potential depths

UF =UE =2UP =40 MeV @

for hyperons embedded in hyperon matter at pz = po and
pa==po/2. In order to obtain the necessary attraction, we
supplement the o+ model by a second scalar-vector
pair o* and ¢ of isoscalar meson fields, which are as-
sumed to couple only to hyperons. For the ¢(1020) cou-
plings, we use the quark model relationships g =2g4a
= —2\/§ng/3. For the o*, we use the mass of the ob-
served fo(975) meson, but treat its couplings purely phe-
nomenologically so as to satisfy Eq. (2). This yielded
8o*a/8oN =0.69, g +z/gon =1.25. We remark that since
the YY interaction has been appreciably strengthened in
model 2 with respect to model 1, we are not far from
reproducing the binding energy of the light system $yHe
[16].

We have investigated models 1 and 2 for a wide variety
of SHM configurations based on various doubly magic
nuclear cores. Representative results are shown in Figs. 2
and 3, each of which displays three families of stable se-
quences. The jagged nature of these plots is due to the
effects of shell closures, which are superimposed on a
smooth A, fs, or f, dependence which may be represented
by a generalization of the familiar Bethe-Weizsicker
mass formula for nuclei. There is an approximately
linear correlation between f; and f,, rather similar to the
relation f, =(1 — f;)/2 characteristic of isospin saturated
strange quark matter. The approximate parabolic behav-
ior evident in Figs. 2 and 3 near the minima can be
parametrized as

Ep Ep .
—~ + — £min) 2
A A . Cs(fs Ss )
E .
== FeUy—fym2. 3)
A min

One family of points in Figs. 2 and 3 gives Eg/A for
model 2 sequences based on *Ni (N =Z =28) and '°Th
(N =2Z=90) cores, as a function of f; (Fig. 2) or f,
(Fig. 3). We note that Ep/A approaches values as large
as (Ep/A)min= —22 MeV, for fMin=1.1, fMir=—0.04,
corresponding to systems with more hyperons than nu-
cleons. The *¢Ni sequence starts from f; =0, f,=0.5,
corresponding to a stable core, and extends to systems as
large as 4 ~350. In contrast, the unstable '**Th core re-
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FIG. 2. Binding energy per baryon Eg/A as a function of
strangeness fraction f; for several sequences of SHM based on
various nuclear cores as indicated. The superheavy core 3'°G
has N =184, Z =126, and the symbol Y refers to multihyperon
systems containing no nucleons (N =Z =0). The calculations
for the '32Sn, 28Pb, and 3'°G cores use model 1 (weak YY in-
teraction), while those for ’°Ni, '8®Th, and Y use model 2
(strong YY interaction).

quires a large injection of strangeness to stabilize it
against baryon emission. In this case, the region of sta-
bility extends from A4=330 (f;==0.73,/,=0.17) to A
~600.

Another family in Figs. 2 and 3 consists of sequences of
stable SHM in model 1, for '?Sn (¥ =82, Z=50),
28pp (N =126, Z=82), and *'°G (N=184, Z=126)
cores. Here, due to the weaker YY interactions, Eg/A
achieves values only as large as — 13 MeV, with a corre-
spondingly smaller strangeness content (f™"—0.6) and a
positive charge (ff""~0.1). A more detailed breakdown
of the 3Ni sequence for model 1 is shown in Fig. 1.

A third family of objects is seen as a cluster in the
upper-right-hand corner of Fig. 2 and the upper left of
Fig. 3. These represent stable aggregates of purely hype-
ronic {A,Z%= "} matter which occurs in model 2 but not
in model 1. For such systems, we find Ep/A as large as
—9 MeV for f;=1.7 and f;= —0.3%£0.1. The lightest
stable object of this type is likely to be 2A+2=5°+2= .
Purely hyperonic matter, in contrast to SHM in general,
is not stable in the bulk limit, because of the Coulomb
repulsion generated by the E s,

In summary, we have introduced a strong hyperon-
hyperon interaction into the relativistic mean field model,
and explored its consequences for the stability of strange
hadronic matter. We find a vast array of stable objects
composed of {n,p,A,Z%Z "} baryons, of arbitrarily large
baryon number A, very high strangeness content (f; > 1),
and small net charge (even f; <0). Even if the YY in-
teractions are weakened, as in model 1, these features
remain qualitatively valid. The existence of such bound
states, and the possibility of stability in the bulk matter
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FIG. 3. Ep/A as a function of charge fraction f; for various
sequences of stable SHM. The labeling is the same as in Fig. 2.

limit, may have important consequences for the disposi-
tion of the numerous strange particles produced in rela-
tivistic heavy ion collisions [19], the strangeness distilla-
tion mechanism [5] for the hadronization of quark-gluon
plasma, and the equation of state of neutron stars at high
density [11-13]. These issues remain to be explored. It
may be possible to produce some of the lightest metasta-
ble objects envisaged here in the laboratory, by means of
high energy heavy ion collisions. Estimates based on a
coalescence mechanism [20] yield small, but perhaps
measurable production rates, in central Au+Au collisions
at 11.7 GeV/c, for the lightest bound E system zo,,/He.
However, a considerable enhancement of the rate may
occur if quark-gluon plasma is formed [5,21].
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