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BEHAVIOUR OF NUCLEON-SIXQUARK SYSTEM
ON TEMPERATURE-DENSITY PLANE

A.V.Chizhov! R.G.Nazmitdinov2A.S.Shumovsky,
V.I.Yukalov

On the basis of the model for describing the heterogeneous
states in nuclear matter the dependence of the behaviour of
a two-phase system of nucleons (fermions) + sixquarks (bo-
sons) is investigated at the temperature (6) and density (p).
Every phase is the collection of n-quark colourless clusters
(n =3 for nucleus and n = 6 for sixquark) described as the
van-der-Waalse gas. Our analysis demonstrates the advantage of
the heterogeneous state for a wide region of 6 and p.

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR.

IToBenenne HYKHOH-HIGCTHKBapICOBOﬁ CHCTEeMBI
Ha INTIOCKOCTH TeMIIepaTypa-TuiI0OTHOCTDb

A.B.Unxos, P.I'. HasMurnusos, A.C.IllymoBckuii,
B.!1.l0xanoB

Ha ocHOBe MOIeNH I OMMCaHUS rerepo¢asHbIX COCTOA-
HEil B AOEpHOH MaTepuM Hccleyercd NMoBefieHHe ABYX(Pa3HOH
CHCTeMbl HYKJIOHBI ((epMHOHBI) + IIECTHKBAapKH (GO30HBI)
B 3aBHCHMOCTH OT Temmeparypbl 6 H mwiotHoctd p. Kax-
Hast u3 ¢a3 omMCBIBaeTCH KaK COBOKYMHOCTh n -KBapKOBBIX
GecuBerHbIX KiacTepoB (n =3 IJiA HyKJIOHa M N =6 ana
IIeCTHKBapKa), B3aUMOJEHCTBHE MEXOY KOTODBIMH YYTEHO
B nyxe BaH-liep-Baannca. IlpoBeseHHbIH aHanmH3 moKa3biBaeT
TepMOJHHAMMUYECKYI0 BbITOSHOCT IeTepoGha3HOr0 COCTONHMSA
B LIMPOKOM [Mana3oHe 3HadeHuil 6 u p,

PaGota BhInOnHeHa B JlaGopatopuu TeopeTHuecKOH (H3H-
xu OUAN.

In our previous papers 71,2/ on the basis of the microscopic
approach for describing the heterogeneous states 73,4/ we have sug-
gested the model of a multiquark-cluster mixture in the nuclear mat-
ter. In this model matter is considered as a macroscopic system and
we suppose that the nucleons, sixquark clusters and other multi-
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quark clusters are quasiparticle bound states of this matter, desc-
ribed in the framework of the theory of quark bags. For the simple
case of the two-phase “nucleons + sixquarks‘‘ system at zero tempe-
rature it is shown that the heterogeneous state is r?ore favourable
compared with pure states for some values of density

As far as the formulation of the model is general 1t is reaso-
nable to consider nonzero temperatures. We shall investigate as well
the dependence of our results on parametrization of the multiquark
masses.

For the self-consistency of the paper we shall briefly describe
the main pnnclples of the model. Accordmg to the Bogolubov con-
cept of quasiaverages /5/ (see also/8/ ) the Hilbert space of states
with definite symmetry properties corresponds to some thermodyna-
mic phase. The representation of the Hamiltonian H, is realized on
the Hilbert space of states X, with the correspondmg symmetry
properties. Then, the heterogeneous system is an equilibrium mixture
of different phases with the Hamiltonian H- 9 H defined on the
space BAY _ o H,. So, for the thermodynamlc potential we
have n

-H /0
Q-0 , Q =-O®mmSpe *,
n n n
)
where @ is the temperature. The heterogeneous state is characte-
rized by an additional order parameter /3.4/

n N n
where N is the total number of particles and N is the number of
particles in the phase with the number n.

The multiquark states of the nuclear matter may be regarded
as quasiparticle gas and the energy of each phase component is desc-
ribed by the Hamlltoman 1,2/

Hy= 3 (ek-u )a" (k,s)a (k,s). (1)
k S -
Here a+(k s ) is the quasiparticle creation operator for the quark
cluster of n -type' with the momentum k and the quantum number
s meaning spin and isospin together, the energy spectrum being

»

N
W =1 Z‘Wn=1

- VT M2, @)

where M, is the mass of the quark cluster (bag) and p is the cor-
respondmg chemical potential. It is obvious that for n=3 the opera-
tor a| (a ) is an operator of the Fermi-Dirac type but at n - 6 of
the Bose Einstein type We suppose that bags interact as hard
spheres with the effective volume v, each. Then the “free* volume
for the motion of these bags is
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where W is the concentration of the nucleon component. This cor-
responds to the van-der-Waalse gas / 1.2/,

We consider first the behaviour of the system at low tempera-
tures, when the nonrelativistic expansion of eq.. (2) is possible. Then,
taking into account the degeneracy factors for the nucleon (g 3 =4)
and for sixquark (g, = 3), for the free energy per one quark

[=20,0,=0,/N+a, - (4)
we obtain
2 2/3 Mg . 2/3 2
f= Mg B2 0™ _Cenl )" 0]
J1=Wom 0115354y M, Y 677
6 S 1w ’

where v’=V‘/N. As is known, a stable state is the one with a mini-
mal free energy f(v, W, ®). Then, the phase concentration W(v,0)
is defined by the condition of equilibrium df/dW = 0. Thus, we get

M 2 2/8 v v, M v’ 2/3
Ms___§.+...}__ 7 Wy s _Wdle Y3y e 8ea )y
2 Mg 2 v 2 ¢ 6 3 3 W g
/ v \/ \/ /2 5/
(L, W (& __ 3y _overr(L - 3 )m° 2 _
x2+v’(6 3 . (6 .3)M6® =0,

In the case of high temperatures, when the system becomes
classic, but nonrelativistic expansion for eq.(6) is still correct, the
specific free energy has the form

M ,
(v, W,0) =2 {M3-®[1n(12(._.£ YW Yy 11y .
3 2n W (M)
M. ® ,
+—L:~W-{M6—®[1n(18( i )3/2 Y )+ 1134,
6 - 0

and the equilibrium condition is given by the equation

® 37 , M. ® 3/ ,
®i-1-1n[18(M6- ) v .]-1l12¢( 3 ,)32_‘/_,_. .
2 27 1-w 27 W
(8)
_(.Y.§._l’§*)_1..t.W3+M_E§_=
6 3 2y’ 3 2

Note, that a solution of eq.(8)W(v, ®) has a minimum at the
temperature @, = £ (Mg - 2M ).

At asymptoticaﬁly high temperatures © >>Mg git is necessary
to use the relativistic energy spectrum (2). Keeping the main terms
with respect to ® in eq.(4), for the specific free energy of the sys-
tem we obtain 47
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while the equilibrium condition is

3 4 rd v,
l.ln(_l.sé. 0 v y_m2 o3y )_ e __)i.t.!".._o (10)
- 1_.w g W 6 3 2y’

The analysis of eq.(10) gives the possibility of writing down the
asymptotic form for the nucleon concentration
2 1 1
w = 1 —’L Eamer—d - o0

s v @0 (® ). 11)

In Fig.1 the result of nu-
] merical calculation for W as
a function of density p Evl,or
| relative density p/pgq (pg is
| the normal nuclear density
| | | 4x108 MeV 3) for three typi-
! 3 cal temperatures is shown.
osf b-ds {-s—s 4w +J) The parameters of the model
asl ] ] are taken as in papers’ +%/
z s At low temperatures (eq
04t A1 (6)) the nucleation point,
a2l ] where the clusters of the six-
e quark phase appear, slightly
B T increases with the tempera-
P/ P, ture.
Fig.1 Let us emphasize that
when choosing the value for
the sixquark mass we could take it not from the bag theory as in” 1.2/
but from some experimental estimates/7-10/ or fitting them by
means of our formulae and the experimental data for the sixquark
concentration /11— 12/

The minimum of the nucleon concentration of temperature
corresponds to @, = 190 MeV. At high temperatures and the nor-
mal nuclear density (p=pg) there is a possibility for a coexis-
tence of the nucleons and sixquarks (Wg = 7%, In Fig.2 the advan-
tage of the heterogeneous state “nucleons + sixquarks‘ at @-
=200 MeV is demonstrated for a wide region of densities.

In conclusion note the following fact. Eq. (11) at & =0 and
P= py permits one to define the minimal value of the sixquark (di-
baryon) mass when the heterogeneous state is possible (see Fig.3).
The result of calculations allows us to obtain an upper limit of the
sixquark mass to be 1956 MeV, which is in a reasonable correspon-
dence with experimental data/?/ Note, that the results are very
sensitive to the value of the sixquark mass. For instance, if we take
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it be equal to 1950 MeV, then the sixquark concentration is about
107%.In Fig.4 the behaviour of the nucleon concentration W(p, 0)is
shown for the case Mg = 1950 MeV, and the corresponding free

energies are shown in Fig.5.

We are extremely grateful to the Academician A.M.Baldin for
numerous consultations and discussions.
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