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We study the energy density in quark—gluon plasma. At the very high temperature, the quark matter is a hot

and dense matter in the colour deconfinement condition, and quarks can coalescent diquarks. Energy density of
this system is worked out and compared with the energy density in the other two kinds of situations. Possible

energy density is about ¢y = 2.4 GeV/fm® according to our estimation for quark matter including diquarks.

PACS: 12.38.Mh, 25.75.—q

Based on the theory of standard model, the struc-
tures of the vacua of the strong and electroweak in-
teractions were investigated. To study the vacuum
structure, one has to excite the vacuum under the
condition of high-energy density and high tempera-
ture. It was suggested that in a volume of nucleus
size, the hadronic matter phase transits into the phase
of quark—gluon plasma under the condition of high-
energy density and high temperature.

The quark—gluon plasma phase cannot be observed
directly. The directly observable objects are lep-
tons and photons emitted by quark—gluon plasma and
hadrons emitted by the hadronization of the quark—
gluon plasma phase, which occurs as the phase transi-
tion from quark—gluon plasma phase to hadronic mat-
ter phase. Based on the theoretical analysis, several
kinds of experimental phenomena have been proposed
as the possible signals of formation of quark—gluon
plasma.[1:2]

One significant difference between gluon plasma
phase and hadronic matter phase is their local en-
ergy densities.’l The energy density in quark—gluon
plasma for the temperature above the critical temper-
ature T, should be larger than 2 GeV/fm?®  which is
much larger than the energy density of the ordinary
hadronic matter phase. Theoretical estimation sug-
gested that,[*! for example, if T, = 200 MeV, then
enm = 0.613 GeV/fm® and eggp = 3.253 GeV/fm?,
the ratio of eggp to epar is about 5.31. If one ob-
tains an estimation of ¢ > 3GeV/fm?® from the ex-
perimental data of a certain heavy-ion collision, the
quark—gluon plasma phase probably appears in this
collision.[*2l This kind of large energy density will
manifest itself as large transverse energy density of
rapidity dEr/dn and large multiplicity density of ra-
pidity dn/dn in the relativistic heavy-ion collision. (78]

In the high-energy heavy ion research, it was as-
sumed that the quark matter formed in the high-
energy heavy-ion collisions is similar to a quasi-

stationary quark-gluon plasma,[!13] consisting of

massless gluons and quarks and antiquarks with cur-
rent mass. We now consider a quark—gluon system in-
cluding diquark in a volume V with the temperature
T, and compare the result with those in the systems
without diquark and with hadrons only.

For the normal quark matter consisting of mass-
less gluons and quarks, the u- and d-quark masses are
only several MeV, the s-quark mass is about 75 to
155 MeV.['% In the very high temperature system, we
can treat them as massless gluons and quarks (which
only has a very little difference with the case consid-
ering mass). The number of quarks
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where g, is the number of degrees of freedom of the
quark. When the net number of baryons is zero, the
number densities for quarks and antiquarks are the
same,
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and pg = 0. In a quark matter with volume V' and
temperature T, the energy of massless quarks is

B :M/mﬂ
1 272 0 1—|—ep/t.

Thus the system energy come from quarks is

7 7r—2VT4.

Eq = 3999

Similarly, the energy from gluons is

B =g VTt
g_gg 30 .
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For the normal quark matter, the energy density is
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where g.n = gy + %(gq + g3) is the total number of
degrees of freedom of the quark, antiquark and gluon.

In principle, the production and the emission of
particles can occur throughout the evolution of the
dense matter fireball. However, it has generally been
assumed that the bulk of particles is produced at
the final moment of the evolution when the temper-
ature of the dense matter sinks below the deconfine-
ment condition.’! At the beginning, the quark—gluon
plasma consists of gluons and quarks and antiquarks.
Different mechanisms of flavour pair production have
been explored. It is generally accepted that in the
deconfined region, diquarks are primarily produced in
gluon fusion reactions, and baryons in the hadronic
gas come from the fusion reaction between quarks and
diquark. It is obvious that there exist diquarks in the
quark matter near by the hadronization. When there
are diquarks in the quark—gluon plasma, like kion or
pion consisting of two quarks, the diquark |g;q;) mass
Mg, 7# Mg, +mg;. We let diquark mass to be

mg, = mp + mg, + qj,

where mp is a parameter, my, > T, so

_ ga, VAampidp 1
dNa, = (27)3 {e (Bi—na)/T _ | }
where E; = y/m? + p? and gg4, is the number of de-

grees of freedom of the diquark |gg). Then

Nnd; (:u') =
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and the system energy from quarks is

E;p*dp
271'2 (Ei—pa, /T 1,

where the sum runs over all possible diquarks, because
not only diquarks (antidiquarks) but also gluons and
quarks (antiquarks) contribute to the energy density
of the quark matter.

The diquarks have nine basis states of the form of
lgiq;), where 1 <4, j < 3. We first classify the two-
quark states |g;q;) according to the irreducible repre-
sentation. As can easily be seen, we only need the
symmetric and antisymmetric combinations

(lgig;) + lgjq:))

and

cuijlaiq;)  (1=1,2,3).

Six symmetric states form a 6-representation, and
three antisymmetric states form a 3*-representation.
Thus we have the reduction

3x3=(3"+6).

All the established baryons and mesons should be
SU(3) colour singlet, but in the deconfined hot and
dense quark matter, diquarks are not necessary to be
colour singlet. Since each quark has a spin of 1/2
and the quark is fermions, the state function of any
diquark must be symmetric under interchange of two
quarks.
degrees of freedom for both diquark and antidiquark.

At the very high temperature associated with mas-
sive particles, the energy density of hadron gas can
similarly be estimated. For a given particle species 1,
if we have T' < m;, we cannot neglect the mass. In
this case, we have

o2 (ZgB/
[ 2d
+ZQF/ %)

where E; = \/m? + p? is the energy of the ith parti-
cle, gp(r) is the number of degrees of freedom of each
boson (fermion) and the sum runs over all boson and
fermion states we choose. When p = 0, we have
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where a = m;/T.

Therefore, we can write out the number of

E;p*dp
(Bi—p)/T _
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Fig.1l. Energy density at the given temperature. The
solid line is the energy density of the quark—gluon plasma
including diquarks, the dashed line is the energy density
of the normal quark—gluon plasma, the dotted line is the
energy density of the hadron gas.
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Fig. 2. Expansion times of the system at different mass
parameter mp for the quark matter including diquarks
transiting into the hadronic matter, where puny = 40 MeV.
The dotted line refers to R = 4.11, which is the ratio of
the normal quark matter to the hadronic matter.

According to the above discussion, we can compute
the energy densities of there kinds of matter states at
any given temperature. The result is plotted in Fig. 1.

According to our estimation,®'2! the critical tem-
perature T, of phase transition between the hadronic
matter phase and the quark—gluon plasma phase is
about 7, = 166.01 MeV when baryon chemical po-
tential uy = 0. At this temperature, the en-
ergy density for the hadronic matter phase is about
e = 0.368 GeV/fm?, and for the normal quark—gluon
plasma is € = 1.513 GeV/fm3. We define R to be the
ratio of eggp to egar, then R = 4.123. The critical
temperature T, for the phase transition is 165.81 MeV
when baryon chemical potential uy = 0.040 GeV. At
this temperature, the energy density for hadronic mat-
ter phase is about ¢ = 0.367 GeV /fm?, and for the nor-
mal quark-gluon plasma is ¢ = 1.510 GeV /fm3, and
R =4.116.

From Table 1 we can see that the energy den-
sity of the quark—gluon plasma including diquark is
about € = 2.40 GeV /fm® when Mp = 0.600 GeV, then
R = 6.54, which means that the system will expand to

about 6.5 times in volume when the phase of quark—
gluon plasma transits into the hadronic matter phase.
Table 1. Energy density of the quark—gluon plasma including

diquarks at different mp when uny = 0 or 0.040 GeV, R is the
ratio of eQap toegm.

UN 40 MeV
mp (GeV) e (GeV/fm3) R e (GeV/fm?3) R

0.00 5.19 14.12 5.22 14.22
0.10 4.78 13.01 4.80 13.07
0.20 4.25 11.56 4.26 11.61
0.30 3.69 10.05 3.70 10.08
0.40 3.18 8.66 3.19 8.68
0.50 2.74 7.48 2.85 8.49
0.60 2.40 6.54 2.40 6.54
0.70 2.14 5.81 2.13 5.81
0.80 1.94 5.29 1.94 5.29

Anyway, for the reason of colour deconfinement in
the quark—gluon plasma, diquarks can be included in
the theory. For this kind of quark—gluon plasma, the
thermodynamic quantities can be computed. Here we
only show the energy density. It is also easy to calcu-
late the production ratio of baryons and their antipar-
ticles, which can be compared with the experimental
data to verify whether there are diquarks in the very
high temperature quark matter.
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