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Pseudoscalar mesons in hot, dense matter
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Phase transitions in hot and dense matter, and the in-medium behavior of pseudoscalai nfesdh®,
KO KO, , and#"), are investigated, in the framework of the three flavor Nambu-Jona-Lasinio model, including
the 't Hooft interaction, which breaks thd,(1) symmetry. Three different scenarios are considered: zero
density and finite temperature, zero temperature and finite density in quark matter with different degrees of
strangeness, and finite temperature and densit{.A3, the role of strange valence quarks in the medium is
discussed, in connection with the phase transition and the mesonic behavior. It is found that the appearance of
strange quarks, above certain densities, leads to meaningful changes in different observables, especially in
matter with 8 equilibrium. The behavior of mesons in thiep plane is analyzed in connection with possible
signatures of restoration of symmetries.
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[. INTRODUCTION Restoration of symmetries and deconfinement are ex-

Understanding the behavior of matter under extreme cor€Cted to occur at high density and/or temperature. In this
ditions is, nowadays, a challenge in the physics of stron%on‘?em’ the study of observables of pseudoscalar mesons is
interactions. Different regions of the QCD phase diagram ar@@rticularly important. Since the origin of these mesons is.
of interest, and major theoretical and experimental effort@Ssociated with the phenomena of spontaneous and explicit

have been dedicated to the physics of relativistic heavy-ioYMMetry breaking, its in-medium behavior is expected to

collisions, looking for signatures of the quark gluon pIasmaca”y relevant signs for the possible restoration of symme-

(QGP [1-3. Special attention has also been given to neu_tries. On the classical level, and in the chiral limit, the QCD

tron stars, which are a natural laboratory to study matter at@grangian has two chiral symmetries, t5e(N;) and the
high densities. Ua(1). This would imply the existence of nine Goldstone

There are indications from lattice QCD that the transitiontosons, foNy=3, and, in order to have mesons with finite
from the hadronic phase to the QGP is probably associate@ass, chiral symmetry must be explicitly brokam initio by
with the transition from the Nambu-Goldstone realization ofgiving current masses to the quarks. However, in nature there
chiral symmetry to the Wigner-Weyl phase. While the phaseare only eight light pseudoscalar mesons, the deteK, 7);
transition with finite chemical potential and zero temperaturghe »' has a mass too large to be considered a remnant of a
is expected to be first order, at zero chemical potential an€oldstone boson, so its mass must have a different origin. In
finite temperature there will be a smooth crossover. Experifact, theU,(1) symmetry is not a real symmetry of QCD,
mental and theoretical efforts have been done in order tgince it is broken at the quantum level, as pointed out by
explore theu-T phase boundary. Recent lattice results indi-Weinberg[7]. The breaking of theéJ (1) symmetry can be
cate a critical “end point,connecting the first-order phase described semiclassically by instantons, which have the ef-
transition with the crossover region, &=160+35 MeV, fect of giving a mass ta;’ of about 1 GeV. On the other
ue=725+35 MeV[4]. Understanding the results of experi- side, thisU,(1) anomaly causes flavor mixing, which has the
ments at BNL[2] and CERN[3] provides a natural motiva- effect of lifting the degeneracy betweenand #°. So a per-
tion for these studies. centage of they mass comes from th&(1) symmetry
The rich content of the QCD phase diagram has beepreaking.
recently explored in the direction of high density and cold  So far as the restoration of symmetries is concerned, there
matter, that can exist in neutron stars, where a “color-flavogre two possible scenari¢8]: only SU3) chiral symmetry
locking” [CFL] phase, exhibiting a variety of interesting is restored or bothSU3) and Ux(1) symmetries, are re-
physics, is expected to occ(B,6]. stored. The behavior of’ in medium or of related observ-
ables, like the topological susceptibilif@], might help to
decide between these scenarios. A decrease ofthmass
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ent matter of highly bound compact stafstrange quark The combined effect of density and temperature, as well as
stars’). Lumps of SQM, the strangelets, might also bethe effect of vector interaction, was discussed for the case of
formed in earlier stages of heavy-ion collisiofs this case, charged kaonglL9,3§. Only densities below-3p, were con-
B equilibrium may not be achievgdExperiments of ul-  sidered. The high-density regidp,> p5'=2.25,) of quark
trarelativistic heavy-ion collisions at BNL and CERN are matter simulating neutron matter in weak equilibrium, hav-
proposed to search for strangel¢®,13, but up to NOW  jng in mind the study of the behavior of kaoriicharged and
there is no evidence of such obje¢isl]. Several studies on  neyira) and pionic(charged excitations, was investigated in
the behavior of matter with different strangeness fractlon's[37] and the behavior of neutral pseudoscalar mesons in hot
are kn.own(se9[15,1q and.references there)in. . and,dense matter was investigated 38].

An interesting problem in flavor asymmetric matter is the This paper is devoted to investigating the phase transition

behavior of the charge multiplets of mesdis,18. These . : X .
charge multiplets, that are degenerated in vacuum or in san hot and dense matter, and the in-medium behavior of the
pseudoscalar mesons, in the framework of t8&(3)

metric matter(p,=py=ps), are expected to have a splitting in o . : :
pu=pa=ps) b pitng glambu-Jona-Lasmlo model, including the 't Hooft interac-

flavor asymmetric matter. In particular, the masses of kaon e ) ) )
tion, having in mind to look for manifestations of restoration

(antikaon$ would increas€decreasgwith density. A similar : ;
effect would occur form™ and 7+ in neutron matter. A slight Of Symmetries and to discuss the role of the strangeness de-

raising of theK* mass and a lowering of th&~ mass dree of freedom. o
[19-23 seems to be compatible with the analysis of data on We present the model and formalism in the vacui@ec.
kaonic atoms[24] and with the results of KaoS and FOPI II), and at finite density and temperatutgec. I1)). We will
collaborations at GSJ25]. The driving mechanism for the present and discuss our results for the phase transition and
mass splitting is attributed mainly to the selective effects ofmeson behavior in three scenarios: finite temperature and
the Pauli principle, although, in the case K, the interac- zero densitySec. 1V), zero temperature and finite density in
tion with the A(1409 resonance plays a significant role, as quark matter with different degrees of strangeness, and with
well, in the low-density regimé¢20]. and withoutg equilibrium (Sec. \j. Finally, the meson prop-
Effective quark models are useful tools to explore theerties in hot and dense matter are investigated in Sec. VI. In
behavior of matter at high densities or temperatures. NambuSec. VIl we draw our conclusions.
Jona-Lasinia(NJL) [26] type models have been extensively

used over the past years to describe low-energy features of Il. MODEL AND FORMALISM
hadrons and also to investigate the restoration of chiral sym-
metry with temperature or densifi5,19,26-3% The NJL model with three quarks can be described by the

The NJL model is an effective quark model, where theLagrangian,
gluonic degrees of freedom are supposed to be integrated out
and, besides its simplicity, has the advantage of incorporating _ R Os 8 A — -
important symmetries of QCD, namely, chiral symmetry. ~ £=0d(id-y—m)q+ EE [(an?a)=+ (a(i ys)Aa)7]
Since the model has no confining mechanism, several draw- a=0
backs are well known. It shouﬁ be noticed, for instance, that +gpi{defq(1 + y5)q] + defq(1 - y5)q]}. (1)
the »' mass is very close to thgg threshold and, depending
on the parametrization, it can be above this threshold. In thislereq=(u,d,s) is the quark field with three flavor$J;=3,
case, this meson is described, even at zero temperature aadd three colorsN.=3. A? are the Gell-Mann matrices
density, a_sﬁq resonance, which would have the unphysical=0 1, ... ,8,)\0:\%1. The explicit symmetry breaking part
decay inqq pairs, and the definition of its mass is unsatis-in (1) contains the current quark massesn
factory. =diagm,,my,my). The last term in(1) is the lowest six-
The behavior o5U3) pseudoscalar mesons in hot matter quark dimensional operator and it has B8} (3) ® SUx(3)
has been studied within the framework of the NJL model injnyariance, but breaks the(1) symmetry. This term is a
[31,32,34,33 Different studies have been devoted to the beyeflection of the axial anomaly in QCD. For general reviews
havior of pions and kaons at finite density in flavor symmet-g, the three flavor version of the NJL model, §26,31,34.

ric [27,28 or asymmetric mattef28,30,3§. o Following a standard hadronization procedure, the follow-
A model aiming at describing hadronic behavior in thejng effective action is obtained:

medium should account for the great variety of particle-hole

excitations that the medium can exhibit, some of them with 1 1

the same quantum numbers as the hadrons under StUd))‘Neﬁ[QD-U]:_E(UaS;éUb)_E(()Dap;t::l;(Pb)_iTrln[i('yﬂé)ﬂ)
[21,23. Particle-hole excitations with the same quantum

numbers of kaons have been discusseflB]. It has been =M+ o A2+ (i) (@ AY)]. (2)
shown, within the framework of NJL models, that low-

energy pseudoscalar modes, which are excitations of th&€he notation Tr stands for the trace operation over discrete
Fermi sea, occur in flavor asymmetric me@¥-29. Such indices (N; and N.) and integration over momentum. The
studies were carried out in quark matter simulating nucleafields ¢® and ¢ are the scalar and pseudoscalar meson non-
matter(p,=pgq ps=0), for charged kaons, and neutron matterets andS,y,, P,, are projectors defined in the Appendix.
without 8 equilibrium, for charged pions. The role of the 't~ The first variation of the actio(®) leads to the gap equa-
Hooft interaction was not taken into account in the last casetions,
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M; = m; — 294(Gia) — 29p(0;d;) (Al 3

with i,j,k=u,d,s cyclic. M; are the constituent quark
masses, and the quark condensates are giverigjoy)=
-i Tr[S(p)], with S(p) being the quark Green function.

PHYSICAL REVIEW @, 025204(2004)

D,/(P) = (A+C) +(C- A +4B?, (10)

with  A=Pgg—Allyo(P), C=Pyo—Allgg(P), B=-[ Pos
+Allgg(P)], and A=PgPgg—Pgg. In the rest frameD} (P
=M 7 PZO):O, D;,}(POZ M7]' , P:O):O The mixing anglw

To calculate the meson mass spectrum, we expand thean be calculated by targ2 2B/(A-C). The coupling con-
effective action(2) over meson fields. Keeping the pseudo- giants are determined 19§). Note that from(6) we have the

scalar mesons only, we have the effective meson action

1 1
Weil 9] = = S ¢TPas ~ Mar(P)1e = = S ¢"Do(P)¢P
4

with I1,,(P) being the polarization operat¢see Appendix
The expression in square bracketg4n is the inverse non-
normalized meson propagatbgé(P). The pseudoscalar me-
son masses are obtained from the conditigrP;IT" (Py
=M,P=0)]=0. For the nondiagonal mesons K, the polar-
ization operator takes the form,
I (Po) = 4{(13 + 1) = [Pg— (M; = M)ZIJ(Po)},  (5)

where the integrals are given in the Appendix.

The quark-meson coupling constants are evaluated as

-2 _

1 9
9viaa =~ S5p b

6
2M P, ©

(PO,

where M is the mass of the bound state containing quarktur

flavorsi, j.

To consider the diagonal mesom$, 7, and 7' we take
into account the matrix structure of the propagato¢4n In
the basis of ther’—»— 7' system we write the projectdt,,
and the polarization operatdl,, as matrices

P33 P30 P38 H33 H30 H38
P.ao=| Pozs Poo Pos | andIly=| g3 Ilgg Ilgg |.
Pgz Pgo Pegs Ilgs Ilgo Ilgg

(7

The nondiagonal matrix element;,=(1/16)gp((qual)

—(dga))., P3g=—(1/3gp((0y0w) ~ (Geaa)), NEY

=V2/3Jyu(Po) = Jad(Po)], and Tzg=1/v3[Jy(Po) = Jua(Po)]

correspond tor®- 7, and #°— %’ mixing. In the cas€q,q,)
=(0q04), the 7#° is decoupled from the)— 7' and these ele-

quantitiesgy,, gs,, andgo,,, gg,» from which we can obtain
9, and g,(,ys USINg standard expressiok®r more
details see for examplg4,39).

The model is fixed by the coupling constagts gp in the
Lagrangian(l), the cutoff parameter\, which regularizes
momentum space integral§ and 13(P), and the current
quark massesy. For our numerical calculations we use the
parameter set[34], m,=my=5.5 MeV, m;=140.7 MeV,
gsA?=3.67, gpA®=-12.36, andA=602.3 MeV, that has
been determined by fixing the valued),.=135.0, My
=497.7,f,=92.4, andM,,=960.8 MeV. We also hav,
=514.8 MeV, 0(Mf7)=—5.8°, =240, g,x=-3.91,
H(Mfy,):—43.6°,g”qu:2.69, andy,;s=-0.54. For the quark
condensates we havé&y,q,)=(qq0q=-(241.9 MeV}® and
(009 =—(257.7 MeV}®, and M,=My=367.7 MeV, M,
=549.5 MeV, for the constituent quark masses.

Ill. THE MODEL AT FINITE TEMPERATURE AND
CHEMICAL POTENTIAL

Now we generalize the NJL model to the finite tempera-
e and chemical potential case. It can be done by the sub-
stitution (see[40])

dp 1 [ d
em*  -ipl) @m3T

11

where B=1/T, T is the temperature, and the sum is done
over Matsubara frequencies w,=(2n+1)7T, n
=0,%1,+2,..., sahat pp—iw,+u with a chemical poten-
tial u. Instead of integration ovay, we have now the sum
over Matsubara frequencies, which can be evaluated as

> {[1-f(zr)IRegh(wy), zy]

Re z,,#0

+f(zy)Regh(wy), ]},

where f(z) andf_(z) are the Fermi distribution functions for

- %,E h(wy) =

(12

ments vanish. The specific form of the nonvanishing elequarks and antiquarks,

ments of those matrices may be found in the Appendix.
Defining the orthogonal matrix

cosf -—sinf
(o) e

“\sin® cosh

we may find thep—»' mixing angle @ via the condition to
diagonalizeD5(P) as O™D5(P)O=diadD;'(P), D, (P)].

To find the masseM, andM,,, we use the inverse propa-

gators,

D;(P)=(A+C)~\(C~A)?+4B?, (9)

1 . 1
f(Z)=m, f(Z)=m. (13

As 1—f_(z):f(—z), we introduce, for convenience, the Fermi

distribution functions of the positivénegative energy state
of theith quark,

1

+_ —
n=fiEE) = 1 +eBEFw)

(14)

The integrald}, 13(P) that enter in the expressions of the
propagators depend now on the temperaflirand on the
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e QpD=E-TS- X wN, (19
M+M ey i=uds
800{ u s ~o
"2'1\71: """""""""" - N ] whereE, S, andN; are, respectively, the internal energy, the
> 6004 n \ RN entropy, and the number of particles of e quark, that are
2 I NI given by the following expressions:
S 400 K N el
R 1 2+ mM
X N p=+mM; _
, E=-—V f 2dp————(n. = n) B(A? - p?
200 i v 2 i:uz,d,s{ pedp E (ny =) O(A° = p9)
T 1t 10 0 2% - gs__Ed ((@a))* - 2gp(uux(dd)(ss), (16)
T (MeV) Fuds
FIG. 1. Temperature dependence of the pisalid line), kaon N 9 s o
(dotted ling, » (dashed ling and %’ (short-dashed linemasses. S=- ?V. E pdpo(A© - p?)
The curves ™M, and M,+M, (dot-dashed lineshow the tempera- i=u.ds
ture dependence of the quark thresholds. The respective Mott tem- X{[ni+ In ni" +(1- ni*)m(l - ni*)] + [ni* —n 1,
peratures ardy .= Tyx=212 MeV andTy, =180 MeV. 17)

chemical potentials, in a standard waee Appendix Hav- N
ing these integrals,_ we can investigate the phase transition N, = _Cvf p2dp(n” +n’ = 1)8(A% - p?). (18)
and meson properties in hot and dense matter. We analyze L

the mesonic behavior at finite temperature and vanishing, i ha volume of system and the quark density is deter-
chemical potentials. Although such a study was already per.

) e : mined by the relatiom;=N;/V.
formed in[31,34, it is pertinent to present the results here We define the pressure and the energy density, such that
for the sake of comparison with our new findings at finite '

. . . their values are zero in the vacuum,
temperature and density, to be presented in the next sections.

Figure 1 shows the temperature dependencer,0k, » 1
and »' meson masses, as well as df2and M, +M; at u plp,T) =~ V[Q(P’T) -Q(0,M], (19
=0. One can see that, at low temperature, the masses of
mesons(except thesn’ meson that is always unboundre 1
lower than the masses of their constituents. In this case, the e(p,T) = =[E(p,T) - E(0,T]. (20)
integralsly are real. The crossing of the and 7 lines with \4
2M, and theK line with M +My indicates the respective
Mott transition temperatur&,, for these mesons. Mott tran-
sition comes from the fact that mesons are not elementary A. Chiral phase transition at zero temperature

objects, but are composed states of quarks, and is defined by \y start by analyzing the behavior of quark matter at zero

the transition from a bound state to a resonance in the congmherature and, in order to discuss the role of the strange-

tinuum of unbound states. Above the Mott temperature Weyass gegree of freedom, we will consider matter with and
have taken into account the imaginary parts of the integralithoyt g equilibrium and, in the last case, we assume dif-
I} and used a finite width approximati¢84,35. For our set ferent fractions of strange quarks.

of parameters, one can see that Mott temperatureg tund In “neutron” matter in chemical equilibrium, maintained

7 mesons areTy, =180 MeV andTy,=212 MeV. Them  , \yeak interactions and with charge neutrality, the follow-
andK mesons become unbound at approximately the samgly constraints on the chemical potentials and densities of

temperature. quarks and electrons should be imposed:
IV. THE PHASE TRANSITION g = s fhy t Mes (21
The nature of the phase transition in NJL-type models at
finite T and/or u has been discussed by different authors 2 _l S
; - pu= 5 (pa+ pd) = pe=0, (22
[15,19,32,37,4]L At zero density and finite temperature there 3 3

is a smooth crossover, at nonzero densities different situa-.

tions can occur. We will discuss this problem by analyzingWlth

the behavior of the pressure and of the energy per particle as 1, 232 2 5 3

functions of the baryonic density. pi= ?(/-Li = MP)¥260(pf = M{) and pe = /3. (23)
The equilibrium state may be determined as the point

where the thermodynamical potential takes the minimume should note that if the chemical potential of the electron

with the quark condensatég;q;) as variational parameters. exceeds the rest mass of the mugn>M,), it becomes

The baryonic thermodynamic potential has the followingenergetically favorable for an electron to decay inte avia

form: the weak procese”— u”+v,+v, and we can have a Fermi
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sea of degenerate negative muons. Consequently, the condi- 1160 — T T
tion for charge neutrality would bépu—i(pﬁps)‘l)e‘l’u
=0. However, we have found**=95.7 MeV<M,,. So, we 1140- 1
can neglect the muon contribution.
The thermodynamic potential, pressure, and energy de- %
fined in(19) and(20) have to be modified in order to include 2 1120- i
the contribution of electrons. This leads to the following ex- <
pressions for the pressure and energy der{siég[15]): =
4 11001 T=0MeV .
Me
P=-¢e(p,0) + Pt >, 24
e(p,0) i:%s,ulpl 1272 (24) @
1080 —t
u 1201 1
= e
5—6(p,0)+4772. (25) 1001
Therefore, the zeros of the pressure give the following ‘E 80
expression for the energy density: 2 60-
E= 2 wipi+ tepe. (26) g 407
i=u,d,s = 207
Defining the baryonic matter density a§=%(pu+9d+ps) 0
and using the condition®1) and (22), it is straightforward — 7T
to show that the energy per baryon at the zeros of the pres- 0 1 2 3 4
sure takes the form P./P,
£ FIG. 2. Energy per baryon numbéa) and pressurgb) as a
— =yt 2uy. (27 function of density. Solid lineT=0, dashed lineT=56 MeV.
Pn

The pressure has a zero =0, the energy per baryon at chiral symmetry and density;=2.25,, surrounded by a
that point beingM ,+2M (since in vacuum the masses of the Nontrivial vacuum(see alsd6,15,19,3¢). 3
quarksu, d are equal we will from now on denote this quan- _ We will now discuss cases of matter withogtequilib-

tity as 3V1,). If there is another zero of the pressurepat  MuMm. As_ we will show, the results are qualltatlvg!y similar to
+0, that corresponds to a minimum of the energy, the critethose discussed above, although some specific aspects de-
rion for stability of the system at that point ig, S€rve a closer analy§|s. We consider three cases: Case
+2uy<3M,. Let us now analyze our results for the pressure—"neutron matter” without strangenesgpq=2py,ps=0);

and energy per baryon, that are plotted in Figs) and 2b) ~ Case ll—matter with equal chemical potentigls= 4=,

as functions ofp,/p,, Where py=0.17 fnT is the normal =m¢) With isospin symmetry, p,=pg  ps=1/m(u?

nuclear matter density. The pressure has three zeros, resped\ﬂg)mﬁwz—l\/'g); and Case lll—matter entirely flavor
tively at p,=0, 0.4%,, 2.25,, that correspond to extrema of symmetric(py=p,=ps).
the energy per particle. For,<0.2p, the pressure and com- Let us make some comments concerning Case Ill, which

pressibility are positive, so the system could exist in uniformintuitively seems the less natural scenario. Although rather
gas phase, but it will not survive indefinitely, since the zeroschematic, this case simulates a situation where we can ex-
density state is energetically favored; for @, p,<0.45,  plore the hypothesis of absolutely stable SQM. It has been
the system is unstable, since the compressibility is negativergued[15,16 that SQM may only be stable if it has a large
and in fact, p,=0.4%, corresponds to a maximum of the fraction of strange quarkgs~ p,= pg). The speculations on
energy per particle; for 0.4<p,<2.25,, the pressure is the stability of SQM are supported by the following obser-
negative, and the third zero of the pressyre2.2%,, cor-  vations: the weak decay of strange quarks into nonstrange
responds to an absolute minimum of the energy. In fact, atjuarks can be suppressed, or even forbidden, due to Pauli
that point w,+21y4=1099.4 MeV, lower than 4, blocking, and, in addition, the inclusion of a new flavor de-
=1102.9 MeV. Abovep,=2.2%,, that we define ag,, we  gree of freedom allows for a larger decrease of strange quark
have again a uniform gas phase. The phase transition deaass, which can produce a sizable binding energy. As we
scribed in this model is a first-order one, since there is avill see, Case Ill confirms this tendency when compared
region where the pressure and/or compressibility are negavith, for instance, Case |.

tive and, given that at the critical densjiy,+2uy<3M, (we So, in spite of the simplicity of our assumptions, we think
notice that the satisfaction of this condition is dependent orthat the analysis of these types of matter could be useful as a
the parameter choigethe behavior described allows the in- guideline to understand the role of the strangeness degree of
terpretation that the uniform gas phase will break up intofreedom in matter that is supposed to exist in neutron stars
stable droplets of nonstrange quarks with partially restoreénd in matter that might be formed in an early stage of
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1350 . . - T y . - the constituent quark masses drop to the current quark
1 masses, indicating a transition from the chirally broken to

13004"-. approximately chirally symmetric phase. This would happen
] at asymptotic densities, when the Fermi momentum equals

12504 the cutoff. However, at densities considerably lower, one can

see, or not, a clear tendency to the restoration of chiral sym-
metry depending on the quark sector considered and on the
strangeness fractiofl6]. To illustrate this point, we plot in

Fig. 4 the dynamical quark masses and chemical potentials

E/A (MeV)
I
N
o
(@]

11504

e Beq. 1 as functions o,/ po- The nonstrange quark masses decrease
— CASET 4 sharply in all cases, reflecting the quick restoration of chiral
1100+ ST T CASEII+ symmetry in this sector and, as expected, the behavior of the
T CASE III; strange quark mass depends strongly on the amount of
1050 : . - . . . - strange quarks in the medium. In all cases, except Case lll,
0 2 4 6 8 the mass decrease up t&2p, is due to the 't Hooft contri-

bution in the gap equations. In Case | it remains constant
afterwards, since strangeness is put equal to zero by hand; in
Case Il and inB equilibrium, at densities abovepd and
3.8py, respectively, the mass becomes lower than the chemi-
heavy-ion collisions. This will also be relevant for the dis- cal potentia[ 'and a more pronounced decrease is observed.
' These densities are the onsets for the appearance of strange

Egif'ggcgfo;he mesonic behavior that will be presented in thﬁ“/alence guarks, which become more important as the density

: . . - increases. In Case Ill, there are always strange valence
We notice that in all cases there is an absolute minimu Y g

of the ener er particle at nonzero density and zero rené_uarks present, so the strange quark mass decreases more
dy per p . y P strongly, although, even in this case, is still away from the
sure, lower than the vacuum constituent quark masses, so W

have a first-order phase transition with the formation Ofs?range current quark mass. We observe that in mattr in

uark dropletsisee Fig. 3 However, this minimum of the equilibrium, there is a tendency to the restoration of flavor
q rop 9. ’ S symmetry, as the density increases: the chemical potentials
energy is always higher than 930 MeV, which is the energy and 1, become closer ang, decreases
u e "

per baryon number in atomic nuclei, and therefore we do nof'd™#s
find absolutely stable quark matter. The lower energy per
baryon is for Case Il, and the higher binding energy, com- g chiral phase transition at finite temperature and density

pared to the vacuum constituent quark masses, is for Case , .
IIl. The minimum of the energy occurs pt=2.25, in mat- Now we discuss the phase transition in hot and dense

ter in 8 equilibrium and in Case I, ai,=2.33, for Case I, matter, and cor_13|qler only matt_er,mequmbrlum(the other
and atp,=3.5(, for Case IIl. Only in the last case we find cases are qualltatlvelly_ similarSince for very low tempera-
stable SOM, since in the other cases the minimum occurs if!rés the absolute minimum of the energy tums to be at zero
the region where strange quarks do not egdse Fig. 4, right density, the phase transition is still first order but the system

FIG. 3. Energy per baryon number for all types of quark matter
considered afT=0.

pane). is unstable against expansion. With increasing temperature,
Finally, we add some considerations about the restoratiolt® will have a crossover above> T =56 MeV. The point
of chiral symmetry. When chiral symmetry is brokeh ini- | =26 MeéV, p,=1.53, where the pressure is already posi-

tio, one can talk about the restoration of chiral symmetry iftive @nd the compressibility has only one z¢see Fig. 20)],
is identified, as usual, as the critical end point that connects

600 the first-order phase transition and the crossover regions. At
this point we have a second-order phase transition, once the
500-\&

end point of a first-order line is a critical point of the second

2 4004 N order. The values of the chemical potentials a{g=304.5,
% M= pms=353.3, andu,=(uy+ pgt+pg)/3=337.0 MeV.
- 300+ In order to get a better insight on the nature of the phase

s 500  caspl - | transition in hot and dense matter, we plot in Figa)3he
o CASBI pressure in thél -p plane. The region of Fhe surface with
100+ o casem T oA negative curvature corresponds to the region of temperatures
S8 T and densities where the phase transition is first order.
00 2 2 ‘ 0 2 2 ‘ 3 We can also illustrate the degree of restoration of chiral
o./p, o./p, symmetry in different flavor sectors by plotting the constitu-

ent quark masses in thE-p plane. In Fig. fb) (see also
FIG. 4. Constituent quark massés, Mg, M and chemical [32]) one can see a clear manifestation of the restoration of
potentialss,, ug, me as functions of density af=0. Left panel: ~ chiral symmetry for the light quarks that is indicated by the
without B equilibrium (M ;=M in Cases Il and I)\. Right panel:  pronounced flattening of the surface with increasing tem-
with B equilibrium. perature and density. Fig(® shows a more smooth behav-
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FIG. 5. Combined effects of temperatuf® and density(p,/pg) in neutron matter irB equilibrium: (a) pressure(b) M, and(c) M.

ior of the strange quark, which reflects the well-known factthe same quantum numbers of the hadrons under investiga-
that, as already discussed, chiral symmetry shows a slotion and, therefore, influence hadron properties in medium.

tendency to get restored in the strange sector. Other many-body effects, such as the Pauli principle, lead to
modifications of hadronic properties, as well. How these ef-
V. MESONS IN COLD QUARK MATTER fects are related with partial restoration of chiral symmetry is

. . . challenging problem in many-body physics. As it will be
In this section we present our resuits on.the beha\{lor Oi;sihown, bgthgeleects are preserzlt in tr{epb()a/havior of the flavor

pseudoscalar mesons in quark matteTa0, giving special multiplets of pions and kaons

attention to matter ir8 equilibrium. The presence of strange ' - 0o

valence quarks is related to a change in different observables. L€t us+ana(!yze_the results for the masse&dfk™, K° K

In order to discuss the relevance of the strange quark, we witnd fora”, ", 7, that are plotted as functions pf/po in

show the results for the mesonic behavior also in mattefigs- 6, 7, and 9. _

without 8 equilibrium. _ As it was a_lready shown in oth_er worl{27,2€_3,3], two
One of our aims is to discuss what in-medium pseudo-k'_”d? of solutlons may be_ found in asymmetric matter for

scalar meson properties can tell us about the possible restBlonic and kaonic modes in the NJL model, corresponding

ration of symmetries. If to discus§s(1) symmetry it is respectively to excitations of the Dirac sea, 'Fhat are mOdIerd'

enough to study neutral mesons, this is not sufficient if ondY the presence of the medium, and excitations of the Fermi

also wants to study chiral symmetry, especially in the strang§€- Here, in order to appreciate the role of the strangeness

sector. Strangeness enters explicitly in the structurg,of ~ d€gree of freedom, we start by comparing the results ob-

and of kaons, and influences the behavior of pions througffined in matter with3 equilibrium and without, Case |.

the 't Hooft interaction. So, in order to have a comprehensive N Order to get a better insight of the results, we plot the

view of restoration of chiral symmetry, we have to include IMits of the Dirac and of the Fermi sea continuaquf ex-

the study of pions and kaons. citation§ Wit.h the quantum numbers. of the mQS()Zns 2under
study in Figs. 7 and 9(dashed lines w'=yMZ+\S
A. Behavior of pions and kaons +y/MZ 4 +\Z is the lower limit of the Dirac continuum, and

Hadronic systems created in realistic heavy-ion collisiongvup= VMZ+NZ- \/Mzu(d)+)\zsv Wjow= \/Mzs”\u(d)‘ﬂu(d) are
are strongly interacting. Many-body excitations may carrythe upper and lower limits of the Fermi sea continuum, with
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FIG. 6. Pion masses as functions of density with@eft pane) 0.0 ) , , . (d)
and with (right pane) 8 equilibrium atT=0. 0 2 4 6 0

P./p, p.lp,

\; the Fermi momentum of the quark These limits can be
obtained by inspection of the expressions for the mesop, .
propagatorgfor details, seq27,37). We do not show the

corresponding limits for the pions because, in the range of | et us now analyze the other type of solution, which we
densities studied, the pion modes remain outside the congenoted by the subscri@ Below the lower limit of the

tinuum. . . o Fermi sea continuum of particle-hole excitations, there are
Concerning the Dirac sea excitations, we observe the 5w bound states with quantum numberskot K® and =

pected splitting between charge multiplets: the increase Oespectively. These low-energy modes are associated with a
the masses df*, K° and =~ with respect to those d€", K% first-order phase transition. As a matter of fact, it was shown
and =, respectively, is due to Pauli blocking. At the critical jp [19,3§ that in the NJL model including vector mesons,
denSity the antikaons enter in the Continuum, but, in matteWhere a Crossover occurs, the Sp“tung between the excita-
with B equilibrium, they become again bound states abovgions of the Dirac sea is more pronounced and the low-
po~ 4po. The difference between the behavior of mesons inenergy solutions do not appear. A general conclusion from
matter with and without strange valence quatke right and  our exploration of the high-density region, whether or not we
left panels of Figs. 6 and 7, respectively more evident for  haye matter ing equilibrium, is that the low-energy modes in
kaons than for pions, as expected, since the strange degreetffs region are poorly collective and, therefore, have little
freedom for pions only contributes explicitly through the strength, contrary to what happens in the low-density region.

projectorP,y, [see(A3)], and for kaons it contributes through The pion low-energy mode merges even in Fermi sea con-
its quark structure. The dominant effect is the reduction ofj,um just afterp,=pS" [37].

the splitting between the kaon and antikaon masses, which is gjpce the strangeness degree of freedom is more relevant
a combination of many-body effects and restoration of chirakor kaons than for pions, we will analyze the results for ka-
symmetry(Fig. 7). ons in more detail, in particular, discussing what happens in

Cases Il and lll. Complementary information concerning the

FIG. 8. Density dependence of meson-quark coupling constants
T=0: Case l(a) and(c), and with 8 equilibrium (b) and(c).

1000 . results shown in Figs. 6 and 7 is given by the quark-meson
8004 ° coupling constants displayed in Fig. 8. The coupling constant
& 6004 for kaons decreases with density, which is consistent with the
=S 400_‘*‘»1 increasing of its mass; for antikaons, it remains constant
; when the modes are in the continuum, but, if they get outside
20052z of the continuum it increases again, which is consistent with
. - - ; the interpretation given above that they are bound states in
12004(0) K° 1) K° that region of densities. Concerning the low-energy antikaon,
o 10001 IS // it becomes less bound as the density increases.
g 8009 In Fig. 9 the results for the masses and meson-quark cou-
= 6009 .- pling constants are shown for Cases Il and lIl. In Case IlI
2 4001 (matter completely flavor symmetjiall the charged and
202‘ neutral kaons and antikaons are degenerated, as expected; its

mass increases and its coupling constant decreases accord-

ingly. The low-energy antikaon does not exist, which is in

agreement with its origin: a particle-hole excitation due to
FIG. 7. Kaon and antikaon masses as functions of densify at the flavor asymmetry of matter. The behavior for Case Il is

=0: Case (a) and(c), and withB equilibrium(b) and(d). '’ isthe  qualitatively similar to matter in8 equilibrium, which is

lower limit of the Dirac sea continuumg,, wp,, are the limits of ~ natural, since the strange valence quarks only appear at some

the Fermi sea continuum. density. The main differences are that the neutral kaons are
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FIG. 9. Kaon and antikaon massgsft pane) and meson-quark FIG. 10. » and 7 masses as functions of density withaleft
coupling constantgright panej as functions of density for Cases II pane) and with (right pane) 8 equilibrium atT=0. w,, wgy are the
and Ill atT=0. In Case IK®, K° andK$ are degenerated witki*,  limits of the Dirac continua.

K™, and Kg, respectively. In Case Il all kaons are degenerated
(dash-dot-dot ling threshold forp,<2.5p, and it is a resonant state. After that

. : : ensity, then’ becomes a bound state. This is due to the fact
degenerated with the charged ones, due to isospin symmetr%at the limits of the Dirac sea increase with density,q

and the upper antikaon gets out the continuum at a highe > .
density than in the case @ equilibrium and is less bound, =2#ud @nd ws=VMg+Ag at p#0, instead ofw;=2M; at p
which is due to later appearance and smaller fraction of 0)- ) _ _ ) o
strange valence quarks, in this case. Intere;t in the study of |n.—med|um proper_tlesmfn’.ls in

Finally, some remarks are in order concerning our results?@rt motivated by the conjecture that their behavior could
Below the critical density the system is in a mixed phasediVe indications of possible restoration of thig(1) symme-
therefore, there is no clear definition of hadron masses. Thaty, in particular, their masses could eventually be degener-
is why we plotted the masses as dotted lines in this regio@ted. We will show that within our model this does not hap-
(they should be understood as average values, meaningf@en; the behavior ofy and 7' essentially reflects the
only from a qualitative point of vieyv Moreover, it is clear tendency to restoration of chiral symmetry in different sec-
that a Fermi sea of quarks is certainly not a good descriptioffrs-
of nuclear matter in the confined phase, and the results in It has been argued that, in principle, there is no reason
that region within NJL models should be taken with caution.why the parameters used to fix the model in vacuum
The results for the high-density region are more reliableshould not depend on density or temperature[3fj a de-
since at such densities the quarks are supposed to be decdgndence on temperature of the coupling cons{gptT)
fined and a Fermi sea of quarks is a reasonable description &@p(0)exd—(T/To)?]). was used in order to investigate the
matter in that region. restoration with temperature of thé,(1) symmetry, that is

A question that can be naturally raised is if our modelexplicitly broken in this model by the 't Hooft interaction. In
allows for the possibility of kaon condensation. The idea ofthe present calculation our parameters, inclugjpgare kept
kaon condensation and the recognition of its relevance fogonstant, so it would be expected that no indications of res-
astrophysics have been explored since the 198048,42.  toration ofU,(1) symmetry would be found.
In our present approach, however, the criterion for the occur- The masses, plotted in Fig. 10, exhibit a tendency to level
rence of kaon condensation is not satisfied, since the antérossing but, after the critical density, they split again, with
kaon masses are always larger than the difference betwedine splitting being more pronounced in the case of matter
the chemical potential of strange and nonstrange quarks. Owithout strange quarks. This is due to the absence of strange
results should be understood as a starting point for furthevalence quarks in this case, and is related with the in-
refinements, since it is known that in matter of high densitymedium behavior of the mixing anglé, betweenn and 7'.
and low temperature the system might undergo one or morAs it was shown if38], abovep = 3.5, the angle becomes
phase transitions. For instance, we have not taken into agositive and increases rapidly; a similar behavior with tem-
count the effect of color superconductivity that is expected tgerature was found in the framework of themodel [43].
provide an extra binding mechanism. This mechanism isherefore, the strange quark content of the mesons changes:
more important for strange quarks, leading to the CFL phasat low density, ther’ is more strange than thg but the
[5,6], with kaon condensates, and is supposed to have inteopposite occurs at high density. So, in a medium without
esting consequences for the structure of neutron stars. This $$range quarks the mass should stay constant in the region
out of the scope of the present paper, but work in this direcwhere its content is dominated by the strange quark.
tion is in progress. Finally, we add some remarks on the approximations
made in the study of;, ' in medium. Let us focus again on
the projectoP,, andlIl, (7). The nondiagonal elements that

Now, we analyze the results for the massesyaind 7'. describe the mixing of°- 7 and of 7~ 7' are proportional
As we can see, the’ meson lies above the quark-antiquark to {q,q,)—{(dsdq) for P,, and toJd,,(Pg) —Jgs(Po) for I, In

B. Behavior of n and #»’
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FIG. 11. Pion masses as functions of temperature and density.

the cases here considered of matter with isospin asymmetiypesons are still bound states in the chiral restored phase.
(matter in B equilibrium and Case)) these quantities are Here, similarly to the finite temperature and zero density
nonzero. Here we did the approximation of neglecting thentase, theyq threshold for the different mesons is at the sum
and we checked, by means of a simple estimation, that this igf the constituent quark masses, so the mesons dissociate at
a reasonable approximation. densities and temperatures close to the critical ones. A sec-
ond feature to be noticed is that the mesons that are remnants
of Goldstone bosons show more clearly the difference be-
tween the chiral symmetric and asymmetric phases. The

As it has been discussed in Sec. IV, the phase transition ialight differences of behavior inside each flavor multiplet are
hot and dense matter is of first order beldw~56 MeV.  due to many-body effects. It can be seen in the diagrams that
Above T, we have a crossover. We define the critical pointthere is a “line” separating the regions of the surface with
as the temperature and density where the pion becomes udiferent curvatures. This is very clear for the case of pions
bound(Mott transition point. Since the model has no con- (Fig. 11) and kaongFig. 12, and, as shown ifi38], this is
finement, the system is unstable against expansion, but, @lso apparent for the;. We may call this line the “Mott
spite of these drawbacks, we think it is illustrative to plot thecircle,” since it separates the region where the mesons are
meson masses as functions of temperature and density. Vil@und states from the region where they are in the con-
consider here only the case of neutron mattegiequilib-  tinuum.
rium. As already discussed in Sec. V A, in order to investi- \We notice that in the context of our model, the Mott tran-
gate the possible restoration of symmetries, it is important tition is certainly related with the chiral transition but cannot
study the mesons that have phenomena of symmetry breake seen as a mechanism for quark deconfinement. In fact, the
ing at their origin, whether it is chiral dd,(1) symmetry. As  NJL model is suitable to describe the chiral phase transition
it will be shown, the dominant effect found in our results is but not the deconfinement phase transition, since it has no
the restoration of chiral symmetry. confining mechanism. However, in spite of this drawback,

A first conclusion is that there are differences in the me-the model gives a reasonable description of a quark phase, at
sonic behavior as compared to the zero temperature case diigh densities and temperatures, where interacting quarks
cussed in the last section, where we have seen that sométh small constituent mass are supposed to exist. In this

VI. MESONS IN HOT AND DENSE MATTER
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FIG. 12. Kaon masses as functions of temperature and density.

phase the mesons are unstable resonances, decaying in paitstt transition point that occurs when the meson masses

of quark-antiquark states.
The behavior of the;’ is more involved, since this meson

equal the sum of the masses of their constituents. After that
point, which sets the corresponding threshold ofdbecon-

is not a Goldstone boson associated with spontaneous chirinuum, the mesons cease to be bound states and become
symmetry breaking, and, in the present model is described d§sonances.

a qq resonance, even at zero temperature and de(sity
Fig. 10. Only at zero temperature and fpg>3.0p it be-
comes a bound statéor more details seg38]).

Finally, we notice that, as soon as the system heats, a
since very low temperatures, the low-energy modes stay i
side the low continuum and, unlike the zero-temperatur
case, they do not become bound states.

VIl. SUMMARY AND CONCLUSIONS

New features occur at zero temperature and finite density,
in flavor asymmetric mediungii). In order to discuss the
nature of the phase transition, we plot the pressure and en-

gy per particle versus baryonic density. For a suitable
choice of the parameters we have a mixed phase, which may

e interpreted as the system having a hadronic phase with
partially restored chiral symmetry embedded in a nontrivial
vacuum. After the critical density we have a quark phase. We
notice that in flavor asymmetric matter the energy of the
stable hadronic phase, gi,, is in a region where strange
valence quarks are still absent, so SQM only could exist in a

In the present paper we have investigated phase transinetastable state. Only for the case of an equal number of
tions in hot and dense matter, and the in-medium behavior afuarksu, d, s we found stable SQM, but with a higher en-

the pseudoscalar mesons, in the framework ofSbE3) NJL
model, including the 't Hooft interaction, which breaks the
Ua(1) symmetry.

Three scenarios were considerég:zero chemical poten-
tial and finite temperatureji) zero temperature and finite

ergy per particle than atomic nuclei. Concerning the masses
of the mesons, there is a splitting between the flavor multip-
lets in flavor asymmetric matter and, for kaons and pions,

low-energy modes with quantum numberszdf K-, andK®
appear. Our results for kaons in flavor asymmetric matter

chemical potential in four types of quark matter and, finally,show that the splitting between kaons and antikaons in-
(iii) finite temperature and density. Although in all the casesreases with density, which is compatible with experimental

we found (partial) restoration of chiral symmetry, different
features occur in several observables.

Concerning casé) we mainly reproduce results obtained
by other author$32], in order to allow for comparison with
situations(ii) and (iii) that represent our original contribu-

results[25] that indicate a reductiotenhancemeitof kaon
(antikaon production in medium. In the high-density region
the splitting has a different behavior according to whether
there are strange quarks present or not. However, although
the splitting is reduced in matter with strangendse

tion. The main feature is the dissociation of mesons at themaller splitting is in matter i equilibrium, where there is
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a larger fraction of strange quapkghe upper antikaon be- Integrals
comes more bound in this case, so it is I|kgly that the split- The polarization operator in Eq5) in the momentum
ting can also be observed. The lower antikaons are morg

. ; . ... Space has the form,
bound in the low-density region; these modes do not exist in
flavor symmetric matter. Although we find kaons as bound dp
states in the high-density re,glon,_we do not find kaon con- ,(P) = iNcJ (z_yxtrD[si(p)()\a)ij(i)’s)Sq(p‘* P)
densation. Concerning and#’, their masses come closer up ™
to the critical density, but after that point they split again, the X (N2 (i ys)], (A4)
splitting being more pronounced in the case of neutron mat- .
ter without 8 equilibrium, which is related to the change of where tp is the trace over Dirac matrices.
the strangeness content of the mesons. In the expressions df! in Eq. (5), at T=0 andp=0, we

In situation(iii ), hot and dense matter, the phase transitiorhave used the following integrals:

becomes a crossover above the critical “end poift”

=56 MeV, p= 1.5300,. the system havipg a mixed pha§e be- - d*p 1 N, A p?dp
fore that point. In this case, thgg continuum turns again to =N [ ——2—5 2= 2| T o (A5)
: \ (2m*p?-M? 472 E
beat the sum of the constituent quark masses. By plotting the ! o
meson masses we see that there is a line along which the
curvature of the surfaces changes, indicating the partial res- N g4 1
toration of chiral symmetry. Beyond that line, the mesons 13(Po) =iN J P
. y [ 2 27
become resonances. (2m* (p* = MA)[(p+ Po)* - M]]
_Ne f “pfdp E+E (A6)
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count the imaginary part of the second integral. It may be
APPENDIX found, with help of theie prescriptionP3— P3-ie, that

In this Appendix we give some details about the calcula- . No (" p’dp E+E N, p*
tion of the effective actio_n and of the integrals gppearing in 12(Po) = FP o EE PS— (E + Ej)z +I16’7T(ET +E)’
the meson propagators, in the vacuum and at finite tempera- !
ture and density. (A7)

with the momentum
Calculation of the effective action
The model Lagrangianl) can be put in a form suitable p* = V[P5— (M; = M)?][P5 - (M; + M;)2]/2P,
for the usual bosonization procedure after an adequate treat- X
ment of the last term that contains a six-quark interaction. T@nd the enerngi]j:\/(p* )2+Mﬁj.
obtain a four-quark interaction from the six-quark interaction = Concerning the calculation of the propagators of the diag-
we make a shiftqhq) — (Q\3g) +{gA3q), where(gA3g) is  onal mesonst®, #, and 7', the projectorP,, and the polar-
the vacuum expectation value, and contract one bilineaization operatodl,, [see Eq.(7)] are matrices that, in the
(gh3q). Then, the following effective quark Lagrangian is case(q,a,)=(0qdq), have the nonvanishing elements,
obtained:

. . — P33=0s+ 9o(0ss); (A8)
Lo =i 73, ~ M)q+ S, (GA°0) (0] BTES I
+ P (G ys\ %) (G ys\°0) ], (A1) 5 2 (G + o + o) (A9)
where the projectorS,, Py, are of the form, 00~ 85~ B0l % G,
Sab: gs5ab + gDDabc<q_)\C®y (AZ) 1
Pgs=0gs* Z0p(2(q,0w + 2(Aqda) —(a0s),  (A10)
Pab: gs5ab_ gDDabc@CQ>- (A3) % ° 3 P o °

The constantd,;,. coincide with theSU@3) structure con-
stantsd,,. for a,b,c=(1,2,...,9 and Dgyp=—(1/16)5,p,

Dooo= \E. The hadronization procedure can be done by the
integration over the quark fields in the functional integral
with | A, leading to the effective actio(R). and

1
Pog=Pgo= EQD(@:QJ +(0q0a) — 2(0s9s), (A11)
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2
oo(Po) = g[Juu(PO) +J4d(Po) + JsdPo)],  (A12)

Mso(Po) = 513ulPo) + 4a(Po) + 41dPoll, (ALY

2
Hog(Po) = Mgl Po) = [3uu(Po) * JaelPo) = 234 Po)],

PHYSICAL REVIEW @0, 025204(2004)

. PE
Ji(Po) =4 |1_E|2(Po) : (A15)

At finite temperature, and with two chemical potentigls,
and u;, the integrald’, 14, 15 take the form,

(A14) N 2
i p p + —
where 1= —ﬁf ?i(ni -n), (A16)
|
14 (Po, T, i, ) = =N d'p [ = L - ! n
1] uu"vM' == - L —-— N
2o °J @m3L 26 (B + Py~ (= p))*~E} " 2Ei (i = Po+ (u; — pj))* ~ E}
1 1 . 1 1 -
T 2_g2"i Top 2_=2N | (A17)
2E; (Ej = Po+ (i = 1)~ E 2E; (Ej+ Py = (i = )"~ E
wheren; are the Fermi distribution functiond4), defined in Sec. Ill.
For the case=j, with imaginary part, we have the expression,
) N p%dp . .N 4m? Po)  _[Po
B(PoT,ui) == =P | = = -m)-i—/1-—=-|n| = |-n| <] | A18
2( o0 T 41) 2 E, Pg_4Ei2( i |) 4 Pé i\ 2 i\ 2 ( )
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