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ABSTRACT

We study energy properties of strange quark matter (SQM) in an approach based on the
constituent quark model. In treating the infinite matter, SQM is modeled on a cubic lattice
composed of the ls-closed shell (Q,) clusters, by extending a cluster-theoretical approach
previously made for finite sirange quark systems of @,-clusters. The energy per baryon of
this SQM (£sqm) monotonously increases as the inter-@, distance decreases (the density
of Q,-clusters as well as the average baryon number density increases). This means that
Q,-clusters do not fuse to the Fermi-gas like SQM and favor to be far apart from each
other. The mechanism causing such tendency is the following; the repulsive contributions
to the inter-Q, energy coming from the kinetic energy and the color magnetic interaction
overwhelm the attractive ones from the color electric interaction and the contributions from
a confinement potential play no essential role. The energy of SQM per baryon can never be
less than that of a single @, which is higher by about 460 ~ 500 MeV than the nucleon mass.
Therefore the appearance of the absolutely stable SQM is unlikely in this model. Saturation
property of SQM and surface effects are also discussed.
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1. Introduction and summary

Strange quark matter (abbreviated to SQM) has attracted much attention, since
Witten!) conjectured a possible existence of the absolutely stable SQM, whose energy per
baryon (£sqm = Fsqm/Ns, Ni being the baryon number) is lower than that of the nucleus
£, namely, E =~ 930 MeV for *°Fe and £y ~ 923 MeV for nuclear matter. Many works on
SQM have been made by focusing on the phenomena this possibility may bring about.?) On
the other hand, there are fundamental questions on SQM as to whether or not the notion
of the absolutely stable SQM is free from inconsistency from the viewpoint of many-body
theory. This paper is concerned with the latter point.

In previous works, two of the authors (M.1. and R. T.) studied the saturation praperty of
SQM in two QCD-motivated effective models, namely, in the constituent quark model®) and
in the bag model,*) by taking into account the one-gluon exchange effect on equal footing
throughout all the baryon numbers (V) of the systems under consideration”” The principal
result obtained commonly in these two approaches is that £squm is no smaller than that of

the 1s-closed shell (¥, = 6), as shown in Fig.1.

In a bag-model approach Aw?:c.& calculations were made for the infinite matter as for
the finite systems of the closed-shell states up to Ny = 24 (N} = 6, 18 and 24). Three pairs of
lines (I, IT and 11I) connecting the same marks shown in Fig.1 are the results obtained with
three sels of the bag-model parameters, which cover typical baryon densities of the systems
(ps R 15pn,(6 ~ T)py and (1.4 ~ 1.6)pn, respectively, py =~ 0.17 fm~ being the nuclear
density). On the right of the figure, £3qm of the infinite matter are shown. The lines with
the filled (open) marks show the energy per baryon of the systems with equal numbers of
u,d, s(u,d). For the case 1II giving rise to £sqm ~ my — 50 MeV (my being the nucleon
mass) in the limit Ny — oo, 5) the energy per baryon of the u,d system for finite N} < 100
is even lower than those of finite nuclei, and also inconsistent with the baryon data. For
the case I (I1), whose model parameters reproduce the baryon (hadron) spectra under some
supplementary considerations, we have a steeply (moderately) increasing function for £squm
beyond Ny = 6.

In a quark cluster-model approach (CMA),® we utilized a framework of nuclear cluster
theory, taking the 1s-closed shell state as a building-block (cluster), which is abbreviated to

* In this paper, ref.3) made in a cluster-model approach and ref.4) in a bag-model approach are refered
to as CMA and BMA, respectively.
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remarks and for comparison with the results obtained previously.

2. Energy expressions for strange quark matter composed of (},-clusters

The model wavefunction employed here is the same as in CMA. Difference lies in the
following points: Now the number of @,-clusters (Ng) is very large but their configuration
is restricted to thai of the simple rectangular parallelepiped lattice, while in CMA Ng is

limited but a variety of geometrical configurations of @,-clusters have been considered.

The single-particle wavefunction of the quark is taken to be of the 1s-harmonic oscillator

forrn around each cluster center Ry(p = 1,2,---, Ng)

ali) = (6°7%) " exp {—(r — Ry)? /27 } xald)
= &n?bxn?v s (2.1)

where « denotes {R,,a},xa(i) the wavefunction of the internal degrees of freedom (spin,
flavor and color), and b the spatial size (average radius) of @,. We hereafter specify individual
quarks by 7,7, - -, total quantum numbers by a, £, - -, spatial configurations of @,-clusters
by g, v, - - and internal quantum numbers by a,b,---. As in refs.3) and 6) , we adopt a total

wavefunction in ihe gencrator coordinate scheme well-known in nuclear cluster theory:”)

B 1

(1, +, Nj) = ——=————=——=A {pa(l 2)---py(N, , “
( q) a\g {eal )es(2) - ea( 0} (2.2)

where Ny = 18 Ng is the total number of quarks and A means the antisymmetrization.
Bop are the overlap matrix elements being orthogonal with respect to the internal degrees

of freedom:

Bog =< ¢a | pp >= Bubap - (2.3)

In this scheme, it is essential to get the inverse matrix of B = A@E@ in a desired accuracy for
m_w~mm==Evﬂo*©.-n_=m$~m.i_mnm mmM H.;muw.Onnm;mgsmnmm:-wnlxwLm*mm.w

is obtained, it is straightforward to calculate the energy of Q,-systems.

—5-

We adopt the same Hamiltonian given in CMA.” Then the energy expectation value
E(Ry, Ry, -+, Rpng; b) is written as follows:

ERy, Ry, Ryg; ) =< @ | H | @ >=<Q|T|0>+<P|V|D> ,
<@|T|[®>=18) <d|t|d > By ,

ur
<eivies= Y mwm < uty | 0| $od, >

1=\ e uvop

x (x$0B;) 87} + "B B} (2.4)
Energy per baryon fgqm = E/Nj is given as
Esqm = E(R1, Ry -+ ,Ry,)/6Ng (2.5)

because of Ny = 6Ng in this model. In these expressions, ¢ means the kinetic energy operator
of a single quark, t; = m; + p}/2m with m= 372 MeV (an averaged one for flavor) and I
denotes the types of interaction used. The I = A term has the color SUs generator A, - A;

and consists of the confinement potential, veont(ri;)A; - A;, and the color electric interaction,

LDiy
vcei(rij)A; - Aj. The I = Ao term with the color-spin operator A; - A; ;-0 comes from the
color magnetic interaction, vemi(rij)A; - A;0i- 0;. Their functional forms and the parameter
values are the same as those used in CMA. Because of the color neutrality of @,-clusters,

the direct terms vanish and only the exchange terms contribute to £squm:
0, xM=0, xM=—48, xP=14a. (2.6)
The overlap integral is given as a function of

p=R,+R,—Rs—Ry;
I (p) =< ¢y | v | Gty >

- G [ e { =g (=) o0 )

In Eq.(2.4), we do not subtract the zero-point energy the center-of-mass motion of Q,-
clusters, which is (3hw/4)Ng with hw = h?/mb? and contributes to Esqm by Aiw/8. This

terra is not essential in the infinite @,-matter, in contrast to the case of small Nq.

% Eq.(25) in ref.3) should be read as vom(rij) = 5 { & - umzsvv .

vis

—_6-
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linear chain lattice:

2 2

—
2
(= 26 d @4 2o [exp(—op? 2
I (p) =y b c+%v\m§ P Jar +expl=g5) ¢
0

1
-y 21 :
I-D(p) = ﬁw\ﬁil%ﬂ Ndr (3.6)
0

where

NAWSAEV - Qﬁh(ﬁ\m%ﬁ%l%ﬂ? - mvuw A%MM v&. .

By integrations numerically by means of the Gaussian formula, LCPM becomes applicable.

4, Energy of the infinife @,-matter

For the two cases with different choice of confinement potentials (linear and quadratic),
mentioned at the end of §2, the energy of the infinite Q,-matter is calculated with a choice

of a simple cubic lattice Saturation property is shown ir the next section.
1. Dependence of £5qm on lattice spacing

At first we show Esqm(d, b0} = Esqm{d; bo)/Ns and discuss the d-dependence of £som
and those of the respective terms, when the size of Q, is fixed to the optimum value given
in Eqs.(2.8a) and (2.8b).

(8) For linear confinement potential

The calcualted results are shown in Fig.2(a) for this case; total energy per baryon
Esqm(d, bo) together with the respective contributions to sqm (the kinetic energy, the color
magnetic interaction (CMI), the color electric interaction (CEI), and the confinement po-
tential). The numerical values shown near the arrows on the right ordinate are those of a
single Q,, i.e. E(Q,)/6,in MeV. As d decreases, the repulsive contributions from the kinetic
energy and the CMI increase, while the attractive ones from the CEI and the confinement
potential become larger. As a net effect, the former overwhelms the latter, and Esqm(d, bo)

increases monotonously as d decreases.

(b) For quadratic confinement potential

The results for this case are shown in Fig.2(b) in the same way as in Fig.2(a). Here
the contribution from the confinement potential is constant versus d. As explained in CMA
the quadratic one has no effect to the inter-@Q, {mutual) energy, although it gives the large
repulsive contribution to the internal energy of @,. The increasing repulsive contributions of
the kinetic energy and the CMI overwhelm the growth of the attractive ones from the CEI,

as d becomes small.

In both cases, Esqm(d, bo) monotonously increase as the Q,-clusters approach each other,
and do not show “energy pocket”, the energy minimum at a finite d. Therefore the infinite
Q,-matter has the lowest energy when the @Q,-clusters are far apart. Thus, the infinite
matter limit of Esgm in this model lies on the extension of the horizontal dotted lines shown
in Fig.1, as is expected.

Common features of the d-dependence of the mutual interaction energy are the following.
The CEl acts attractively and the CMI repulsively, and as a result of cancellation, the net
one-gluon-exchange effect is weak. The effect from the confinement potential is weakly
attractive or vanishing. Therefore the mutual interaction energy comes mainly from the

kinetic energy increase as d decreases, as far as the size of @, is fixed to the optimum value.
2. Dependence on the size of Q,

Even if we change the spatial size of @, (b) from iis optimum value, we can not find
such energy gain from variation of both b and d as to overwhelm the loss (increase) of the

internal energy of @,. We can see this aspoect in the examples shown in Fig.3.
3. On the direct term

The main reason of the feature mentioned above is the lack of attractive contributions
from the direct term CAM: = 0 for 7 = ) and )Xo in Eq.(2.4)) due to the color neutrality.
As shown in the studies of the nuclear saturation problem in the o-matter model®) and
of the a-like four-body correlations in light nuclei 9) the ordinary nucleus in the ground
state becomes a spatially unified system by the effect of the attractive direct term, which
overwhelms the kinetic energy increase due to overlapping of the a-clusters. Such different
features related to the direct term lead to sharp contrast between the SQM and the a-matter,
although both are the matter composed to the 1s-closed-shell clusters.

-10~
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6. Remarks

Here we make some remarks on the results obtained in the previous sections and discuss

related problems.

(1) Energy of Q,-matter with a given baryon density

In the treatment of the SQM modeled in view of the Q,-matter, it is shown that the
lowest energy state of SQM is a dilute @, gas, namely, in the low density limit. In §5 we
have considered the case when the system keeps a given average density. The cubic-lattice
Q,-matter has an average baryon density g, = 6/d%, e.g., for d(fm) = 3.3 — 2.27 — 1.80,
p/pn = 1.0 = 3.0 = 6.0(py = 0.17 fm™2). If we take the system with 5, =~ 6.0pn, which is
near the 3 given by the parameter set 11 in BMA, for example, £sqm(d, bo) rises to 1613 MeV
{238 MeV increase) for the linear confinement case and to 1702 MeV (215 MeV increase) for
the quadratic confinement potential. These points are also shown in Fig.1 by the marks with
the arrows on the right-end. If this value of d=1.80 fm is applied to the finite Q,-systems
treated in CMA, their cnergies are lifted similarly, to the d-dependence of the finite cubic

lattices shown in Fig.5.

In the bag model approach, the system is confined to a single cavity. Tf fission of the
bag is allowed, it decays into some multi-bag state like the Q,-systems since Esgm is an
increasing funciton of Ny In this case, however, the one-gluon exchange interaction plays
an important role to such 8:&@:3.& while the kinetic energy is most influential in the

cluster-model approach. In this respect too, two model approaches are complementary.

(2) A view of strange quark systems from Ny =1 to infinity

For the constituent quark model, in CMA we have calculated the energy of the baryon
(N, A), those of two baryons (NN and H) as well as that of Q,. The calculated encrgy of
the so-called H -particle is found to be close to twice the mass of the A-particle. For the non-
strange quark systems, the compact NN systems have the energy per baryon by 200 ~ 250
MeV higher than the nucleon mass. This is regarded as a manifestation of a core-like re-
pulsion of the NN force in the constituent quark model.1%) In the nonstrange system, the
energy increase for Ny = 2 — 6 may be said as a successor of such feature of the core-like
repulsion. In the u,d,s system, the color magnetic interaction (CMI) shows a particular
Ni-dependence noted previously, 1.e. for the flavor singlet states the CMI acts attractively
for Ny = 2, but beyond it acts repulsively.!!) This tendency persists in the mutual interac-

tion energy among the Q,-clusters as N; increases, while the color electric interaction acts
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attractively. As for the mutual interaction energy, the net one-gluon-exchange contribution
is small, the confinement potential effect is also weak, and thus the kinetic energy term plays

a key role in this cluster-model approach.

(3) Comparison with other hadronic sirange matter

The simplest version of the hadronic strange matter with an equal number of u,d,s
quarks is the A matter. The attraction of A — A interaction is weaker than the neutron-
neutron one, and the energy per baryon of the A-matter is at least higher by the mass
difference ma — mpy = 177 MeV than the neutron matier. The Esqm of the Q,-matter
oblained here is roughly close to that of the A-matter at py =~ 6 ~ 8 pp. This is rather
close to the transition density of the A-matter to the uniform SQM reported earlier.!2) The
H-matler (the matter composed of the H-particle like clusters) is another strange matter in
a partially deconfined phase, and one of the authours (R. T.) suggested that the H-matter is
possibly the lowest configuration of strange matter.!!) The energy of Esqum as the Q,-matter
is considerably higher than £y, since the H-state is a system which utilizes most efficiently
the attractive effect from the CMI and a noncompact three-H syster with a worse spatial

gymmetry than @, can avoid the inter- H repulsion.

(4) Concerning the chemical equillibrium

In a series of our study on the saturation property of SQM, we have restricted {o the
system composed of an equal number of u,d,s quarks. Because of the massives s quark,
the chemical equillibrium should be imposed, in principle. For infinite matter, however, this
restriction is not serious, since the one-gluon exchange interaction acts repulsively to the u,d
sector but attractively to the s sector, and as a net effect an almost equal number of v, d,s

appears in the chemical ma...:_?a:g.my&v

In finite u,d,s systems beyond the ls-orbital (N > 6), the situation is not simple,
because the shell gap, being kw = 126 (181) MeV for the linear (quadratic) confinement case,
is roughly near the mass difference between s-quark and (u, d)-quark, 150 ~ 180 MeV. Such

aspects have been studied recently, although the one-gluon-exchange effect is not included.!®)
(5) On a possible effect from the chiral field

The conclusion of the present paper as well as the previous ones is seriously attributed to
the basic assumption that all the quark-quark interaction contains the color operator A; - ;.
The absence of the direct term contribution from the quark-quark interaction results in the

dominant repulsive effect from the kinetic energy in the mutual interaction energy among

—14—
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Q, shown in parenthesis. £squm are shown by bold lines marked by total in scale of Table I. Energy (not including the quark rest-energy) of a representative Q;, £(n), on

the left ordinate. Respective terms contributing to £sqm are also shown in the scale the n-th site from the surface; n = 1 denotes the surface site and n = co the interior one.
of the right ordinate; kinetic energy, color electric interaction (CEI), color manetic The results for the lattice spancings d corresponding to four typical average baryon densities
interaction (CMI) and confinement potential (conf.). The numbers shown nearby to (Ps/pn=1, 2, 4 and 6). The respective contributions to £(n) are also shown. (a) for the
the arrows are the values for a single Q, in MeV. linear confinement and (b) for the quadratic confinement.

Fig.3. Change in £sqm brought about by change of b (size of Q,) from its optimal value

bo: (a) linear confinement potential and (b) quadratic confinement potential, for the (a) b=0.91 fm linear

lattice spacing indicated.

Fig.4. Difference between the energy of the Q,-cluster located on the surface site and that on d (po/on) | Euin(n) Ecur(n)  Ecmiln)  Eeont(n) &(n)
the interior site, versus the lattice distance. The bold line referes to the total energy fm (-) MeV  MeV MeV MeV MeV
and the thin lines to the respective contributions: (a) for the linear confinement and 1 478  -615 202 378 442
(b) for the quadratic confinement. 2 500 -630 231 379 493
Fig.5. Change of the energy of a representative Q,-cluster £(n) in finite lattices as the baryon 1.8(6) 3 524  -632 234 371 497
number Nj increases as Ng = Ny/6 = 33,53 7%,9% and 199°. The results of the 1993 00 525  -632 234 371 497
lattice are not shown since they are the same with those of the 93 one. The number n 1 387 -585 150 391 343
of £(n) means the order of sites from the surface (n = 1) and to the inside. The results
are Mvwsb for three d corresponding to the wcauwMa vmawwcs densities (p3/pn =~ 2,4 and : 408 5% 162 387 36z
6): (a) for the linear confinement and (b) for the quadratic confinement. 212(4) 3 409 -595 163 387 363
[+ 409 -595 163 387 363
1 319 -556 115 404 281
2 326 -560 118 402 286
2.6 (2) 3 326 -560 118 402 286
oo | 326  -560 118 402 286
1 289  -541 102 411 261
2 290 -541 102 411 261
3.3 (1) 3 290 -541 102 411 261
00 290  -541 102 411 261
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