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QUARK CONDENSATE IN THE INTERACTING
PION-NUCLEON MEDIUM AT FINITE TEMPERATURE
AND BARYON NUMBER DENSITY

T.I.Gulamov*

The chiral condensate in the interacting pion-nucleon system,{gq)", is investigated at finite
temperature and density. The analysis has been done within the conventional hadron dynamics
on the base of the Weinberg Lagrangian. At zero temperature and a finite nucleon density the
interaction corrections increase the ratio {gg)* /( 4q), at the level of ~ 10%. At finite value of
the temperature, the thermalized pion population tends to compensate even this small effect,
so that at high value of the temperature the in-medium chiral condensate becomes close to that
in the free pion-nucleon gas.

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

KBsapkoBsslii KoHgeHCaT
BO B3aHMONEHCTBYIOIIEH IMHOH-HYKJIOHHOM cpene
NIpH KOHEYHOH TeMIepaType H GapHOHHOI IJIOTHOCTH

T.H.I'yramos

Kupanshsiit konzencar{gq)" HCCIIEAYeTCs BO B3aHMOICHCTBYIOIIEH THOH-HYKJIOHHOI cpefie
TIpH KOHEYHOH TEMMEpaType M IUICTHOCTH GAPHOHHOTO 3apsia. AHATH3 MPOBEIEH Ha OCHOBE
Narpaixuaia BaitnGepra. Yuer maumoneiictsus mpusogut k craloMy (mopsuxa 10%) yBe-
AudeHH0 oTHOWeHNAs {gg)* /( 49), NpH HyNeBoi TeMnepatype. OJHAKO NpH KOHEYHON TeMIie-
patype 3TOT 3ipekT KOMNEHCHPYETCS BCIICHCTBHE MPHCYTCTBHA TEPMATH30BAHHBIX [HOHOB M
X B3aHMOJEHCTBHS C HYKJIOHHLIMH HCTOYHHKaMH. IIpH BBICOKMX TeMIlepaTypax 3HaueHHe K-
PATBHOIO KOHASHCATa BO B3aUMOICHCTBYIOLIEH CpEfie MOYTH HE OTIMYAETC OT €0 3HaYeHHs B
HICATBHOM raze.

PaBora sunonuena s Jlaboparopuu Teopetiyeckoit dusuxy um.H.H.Boromo6osa OUSIH.

I. Introduction

The investigation of hadron properties in the hot and dense nuclear matter is an im-
portant and interesting problem of the modern nuclear physics. Very likely, the effective
hadronic parameters, the mass or decay width, could differ significantly from their values
in the free space, depending on the temperature and density of the environment.
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Furthermore, the critical phenomena, such as formation of the quark-gluon plasma and the
chiral symmetry restoration, are expected to occur in the extremely hot and dense matter.
One of the modern and widely used methods to study the in-medium effects is the QCD
Sum Rules (QCD SR) [1], extended to the case of finite temperature and density [2]. While
being successful in describing the hadron properties in free space, the QCD SR approach is
also believed to be a useful tool for the theoretical investigation of hadron spectra in hot
and dense nuclear matter. The reliable way is to describe the medium-nonaffected short-
range dynamics in terms of quark and gluon degrees of freedom, while the long-range and
medium-sensitive dynamics is described by introducing the temperature- and density-de-

pendent in-medium condensates (gq)’, (G lwG’N)‘, etc. It has been made, for example, in

Ref.[3], where the authors have evaluated, as input of the Sum Rule, the expectation values
of quark and gluon operators taken over the states of the free pion gas at finite temperature.
That scheme is reasonable for the investigation of hadron properties at relatively low tem-
peratures and/or densities, whereas for a highly compressed and heated matter, the free gas
approximation is certainly not relevant. To extend the consideration to higher values of the
temperature and density, it is necessary to evaluate the thermal averages of the QCD opera-
tors in a strongly interacting system.

This problem is not new, in fact. The chiral condensate (gg)" in the hadronic medium
at finite baryon number density was investigated in Refs.[4]. Another case, the interacting
pion gas at finite temperature, was considered in Ref.[5]. In the present work, we study one
more possibility, the interacting pion-nucleon gas at finite temperature and baryon number
density, and evaluate the thermal average of the operator gqg = uu + dd, using the con-
ventional hadron dynamics.

II. The Model

According to the Feynman-Hellmann theorem, the in-medium quark condensate is
related to the free energy density (thermodynamical potential) (7, 1)

9
@q> - amq Q(T, ll),

where m, is the current quark mass. This form may be rewritten so as to separate the
vacuum and matter parts:

o9 9 -
(@9)" = m,] Q0. 0) + o, T, p) - 0, 0)) =

- 9
= (q9), + am, AQ(T, W) @3.1)

We'shall calculate the quantity AQ(T, p) = Q(T, |) — (0, 0) within the conventional
hadron dynamics. Therefore, AT, p) explicitly depends on the effective hadron
parameters (masses and coupling constants) rather than on the quark mass m. This means

that to calculate the quark-mass derivative, one should employ the «chain rule» [4]:
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2
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Neglecting the dependence of the nucleon-meson couplings on the current quark mass, one
can write:

T

* CET IR YR
) —@%*[%WN*% = Jm T W =
= a)y + oy A (N + o, 2 A (n2), (32)

where the symbol A (Q )" stands for a matter contribution to the statistical average (Q )" (so
that A (Q )*—> OasT—> 0, —0), and N(TV) and T, are the nucleon and pion field opera-
tors, respectively. The coefficients o 5 are defined by

N,
2
oM — amn =
o, = qu =(Nlggl N), a = amq =(n lgql &),

and can be found by using the Gell-Mann-Oakes—Renner (GMOR) relation [6] and the
definition of the nucleon }.".N-term [2,3,7]:

N __1
aN——. 2m2 @q>0’ an_—fz @q>0
T n T

The final expression of the ratio Rﬁq =(gq)"/ @q)0 reads:

R =1 2N ANy --L A (n?)* (3.3)
99~ 2.2 ) al * :
! famn L

To calculate the «matter» parts of the averages (NN )* and (1:2 )", we employ the Weinberg

Lagrangian [8] that successfully combines the chiral symmetry predictions with low-energy
7 — N phenomenology [9]. In this paper, we restrict ourselves to the second order in inter-
action and keep terms up to the third order in hadronic densities and their derivatives. The
relevant piece of the Weinberg Lagrangian is of the type:

Lim=L +L,+L,

i —_
L = o, N yswwauu, L,= _4f > N '@ x aun) N,
T
L,= N TNR~-d n. (3.4)
37 8M, £ Y,

While performing the calculations, we neglect antiparticle states in the nucleon propa-
gator. In this connection, we use the nonrelativistic reduction of the interaction vertices,
given in the textbook [10].
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III. Numerical Results and Discussion

For the numerical computation, we use the value of the sigma-term X, = 46 MeV and

g,zt /(4m) = 14.3. Note that the A (NN )' average in (3.3) is the scalar nucleon density, which
in the nonrelativistic limit is reduced to the nucleon number density. Since we treat the
nucleon density p as an independent variable, we replace the A (NN)* by p and concentrate

on the evaluation of the A (ni ).

Let us first consider the zero temperature limit, when the thermalized pions disappear
and the interaction exhibits itself in the nucleon-nucleon correlations. The diagram giving

Fig.1. The interaction corrections contributing to the ratio
{(39)" /{3q),,c- Solid and dashed lines denote nucleons

and pions, respectively, and the cross denotes the ope-
rator insertion

1.2

1.0

o
o

©
o

((qa))/{qq)vee

©
»

0.2 L L
0.0 0.5 1.0 1.5
p/po

Fig.2. Density dependence of the ratio (gg)° /(7q),,. at

the different values of the temperature. The dotted line is
the ideal gas contribution and the solid line is the resuit
of the full calculations

contribution at T = 0 is shown in Fig.1
(a), and represents the gg content of
the exchanged pions. The numerical
result at T=0 is displayed in Fig.2
(upper curves), where the dashed line
represents the ideal gas contribution
and the solid line is the result of the
complete calculation. Our result is in
agreement with that of Ref. [11],
where it was obtained from the cal-
culation of the exchange Fock energy
in the static approximation. Exchan-
ged pions effectively grow the total
in-medium value of the chiral conden-
sate, but this correction is rather small
and at the saturation density py, it does

not exceed 10% of the ideal gas con-
tribution. '

The result at T = 150 MeV is re-
presented by the lower curves in Fig.2.
It is seen from the figure that at a high
value of temperature the interaction

- effect becomes even more weak.

Recall that the contribution originated
from the thermalized pion population
is regulated mostly by the temperatu-
re. The positive contribution from
diagram (a) is partially compensated
by the contribution of diagrams (b, ¢),
which is expected from the compa-
rison of £ , and L 3 (3.4). Other terms

originated from the NNmn interaction
(L 2 in (3.4) and diagram (d) in Fig.1)
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give a positive contribution, thus effectively increasing the total in-medium content of

@q)*. Despite these terms, the resulting behaviour of the chiral condensate in the interacting
pion-nucleon medium at finite temperature and density is decreasing in shape.

We would like to mention the important role of other hadronic degrees of freedom
which are not included into the present consideration. Inclusion of other types of N — N
interaction (e.g., the repulsive vector-meson exchange) might alter the final results, but this
question is beyond the scope of the present paper.

IV. Summary

In summary, we have estimated the chiral condensate (gg)* in the interacting pion-
nucleon matter at finite temperature and baryon number density. The calculations are per-
formed on the base of the conventional hadron dynamics up to the second order in inter-
action and the third order of hadronic densities and their derivatives. At zero temperature
and of a finite nucleon density the interaction corrections slightly increase the ratio

‘(aq)* /¢ 49), However, at finite temperature this effect is compensated by the contribution

originated from the thermalized pions and their interaction with nucleon sources. This com-
pensation is a consequence of the dynamics, based on the chiral symmetry.

Note that our results might be altered in a more realistic description. Namely, other
light mesons, as well as delta isobars in the baryonic sector, should be included into con-
sideration within conventional hadron dynamics based on the chiral symmetry. Neverthe-
less, relying on the present schematic model we are able to figure out hints for interesting
phenomena originatd from the finite temperature effects.
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