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Description of deconfinement at finite matter density in a generalized NambudJona-Lasinio model
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Recent years have seen extensive applications of the Nambu—Jona-L@&klhjomodel in the study of
matter at high density. There is a good deal of interest in the predictions of diquark condensation and color
superconductivity, with suggested applications to the study of the properties of neutron stars. As the researchers
in this field note, the NJL model does not describe confinement, so that one is limited to the study of the
deconfined phase, which may set in at several times nuclear matter density. Recently, we have extended the
NJL model to include a covariant confinement model. Our model may be used to study the properties of the full
range of light mesons, including their radial excitations, in the 1-3 GeV energy domain. Most recently we have
used our extended model to provide an excellent fit to the properties of(8%7) and»’(958) mesons and
their radial excitations. The mixing angles and decay constants are given successfully in our model. In the
present work our goal is to include a phenomenological model of deconfinement at finite matter density, using
some analogy to what is known concerning “string breaking” and deconfinement at finite temperature. Various
models may be used, but for this work we choose a specific model for the density dependence of the param-
eters of our confining interaction. We perform relativistic random-phase-approxin(&m®® calculations of
the properties of ther(138), K(495), f,(980), ay(980), andK{ (1430) mesons and their radial excitations. In
the model chosen for this work, there are no mesonic states beyond ghgut Stherepyy is the density of
nuclear matterThe density for deconfinement in our model may be moved to higher values by the change of
one of the parameters of the moddlhis inability of the model to support bound hadronic states at large values
of the density is taken as a signal of deconfinement. In addition to the density dependence of the confining
interaction, we use the density-dependent quark mass values obtained in either(2he B SU3)-flavor
versions of the NJL model. We stress that other assumptions for the density dependence of the confinement
potential, other than that used in this work, may be considered in future work, particularly if we are able to
obtain further insight in the dynamics of deconfinement at finite matter density.
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I. INTRODUCTION There has been extensive application of the NJL model in
the study of matter at high density, with particular interest in
In recent years we have developed a generalized Nambudiquark condensation and color superconductiVii§~9].
Jona-Lasinio (NJL) model that incorporates a covariant These studies find application in the study of neutron stars.
model of confinemer{tl—5]. The Lagrangian of the model is The NJL model is the model of choice, since the study of the
properties of matter at finite density in lattice simulations of

G 8 QCD is only in an early stage of development. A problem in
L£=q(i6—-mO)g+ — > [(q\'q)2+ (qi ysh'q)?] these studies is associated with the introduction of a chemi-
2 =0 cal potential, which makes the Euclidean-space fermion de-
G 8 terminant complex10-15.
_ 2V A 24 (g\i 2 The use of the NJL model in the hadronic phase of matter
2 izEO LAy, @)+ (AN ys7,0)°] is limited, since the standard version of the model does not

G contain a model of confinemefi6-18. It is clearly of
b o — value to extend the NJL model so that one can study the full
* 7 tdeta(1+ yg)al+deta(l=ys)ali+ Leonr, range of densities of interest at this point in time.yWe are
(1.1) encouraged in this program by recent results, obtained in
lattice simulations of QCD with dynamical quarks, that pro-

_ vide information on the temperature dependence of the con-
where thex! (=0, .. .,8) are th&ell-Mann matrices, with  fining interaction[19]. It is generally believed that the pres-
N0=2/31, m°=diag(m,m3,mQ) is a matrix of current ence of matter will play a role similar to that of finite
quark masses and.,,s denotes our model of confinement. temperature, with deconfinement taking place at some finite
Many applications have been made in the study of light medensity, which might be several times that of nuclear matter.
son spectra, decay constants, and mixing angles. In thie the present work we make a specific assumption concern-
present work we extend our model to include a description ofng the density dependence of the confining field and then
deconfinement at finite density. calculate meson spectra in the presence of our density-

dependent confining interaction. We also take into account
the density dependence of the constituent quark masses,
*Email address: casbhc@cunyvm.cuny.edu which is calculated in the S@)- or SU3)-flavor version of
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the NJL model. As is well known, the presence of matter . As

leads to a reduction in the magnitude of the quark vacuum (uuy= —4ch

condensates, which represents a partial restoration of chiral

symmetry in matter. . T
Our calculations of the properties of mesons in matter ietc. HereE, (k) =[k*+mg]™=.

made using a covariant random_phase_approxime(m) For studies at finite denSity, we consider the presence of

formalism, which we have developed for the study of me-two ideal Fermi gases of up and down quarks with Fermi

sons in vacuunj1-5]. The organization of our work is as momentunke . We also taken=mg and obtain the density-

follows. In Sec. Il we describe the variation of the up, downdependent equations, witluu),=(dd),,

and strange quark constituent quark masses in matter. In Sec.

d®k  m,
(2m)% 2Ey(k)’

(2.9

Il we provide a short review of our treatment of Lorentz- my(p)=mJ—2Gg(uu),—Gp(dd) (ss),,  (2.6)
vector confinement in our generalized NJL model. In Sec. IV
we discuss some recent work concerning the temperature de- mg(p)=m2— ZGS(§S>,J— GD<Uu>p(ad)p ) (2.7

pendence of the confining interaction, as obtained in lattice

simulations of QCD with dynamical quarks. We also specifyEquation(2.5) is now replaced by
the density dependence of the confining potential that we use

in this work in Sec. IV. In Sec. V we comment upon the —
phenomenon of pion condensatidim our work we intro- (uu),=—4N; o (2m)% 2E4(K) 0 (2m)3 2E,(K)
duce a small density dependence of the coupling constants of Y ! 2.9
the NJL model to simulate effects that prevent the formation :

of a pion condensate in nuclear maftén Sec. VI we dis-  ith Eu(K)=[k2+m>2(p)]1¥2 On the other hand, since we

cuss our covariant RPA calculations of meson properties iy, ot consider a background of strange matter, we have
vacuum and indicate how these calculations are modified in

matter. Results of our RPA calculations of the properties of o As d3%k mg(p)
pseudoscalar mesons in matter are presented in Sec. VII, <ss>p:—4NCf PP
while Sec. VIII contains similar results for scalar mesons. In 0 (2m)” 2E4(k)
the case of scalar mesons, we study #3€980), f,(980),
and K3 (1430) mesons and their radial excitations. Finally,
Sec. IX contains some further discussion and conclusions.

ng d*k  my(p) ‘ko d*k  my(p)

(2.9

with E4(K) =[k2+m2(p)]"2
We may argue that, with respect to our mean-field analy-
sis, the Fermi gases of up and down quarks vyield contribu-
tions to the scalar density that are similar to what would be
Il. CALCULATION OF CONSTITUENT QUARK MASS obtained if the quarks are organized into nucleons. One part
VALUES of the argument is based upon the well-known model-
In this section we report upon our calculation of the den-independent relation for the density dependence of the con-
sity dependence of the constituent quark masses of tiferup densate21]
down) and strange quarks. The role of confinement in the

calculation of the constituent mass was studied in an earlier (9@, _[,_ owe . (2.10
work in which calculations were made in Euclidean space <aq>o f2m2 ’ '

[20]. The results were similar to those obtained in
Minkowski-space calculations in which confinement was newhere o is the pion-nucleon sigma term ampdis the den-
glected and it is the latter calculations which we discuss heresity of the matter. If we takef_=0.0942 GeV, m,

The equations for the quark masses in the(@4lavor  =0.138 GeV, pyy=(0.109 GeV§ and o\=0.050 GeV,

NJL model arg17] we find a reduction of the condensate in nuclear matter of

. o 38%, which is consistent with relativistic models of nuclear
m,=mJ—2Gg(uu)— Gp(dd)(ss), (2.)  matter[22,23.

B o We now consider the corresponding relation for a quark
mg=my—2G«(dd)— Gp(uu)(ss), (2.2  9as of up and down quarks,
mg=m?—2Gg(ss) ~ Gp(uu)(dd), 23 (aa, _ ( 1- P ) , 2.1

<qq>0 f7Tm7T

where(uu), (dd) and(ss) are the quark vacuum conden-

sates. For example where p,, is the density of quarksp(;=3p) and o is a

“quark sigma term.” We have shown in earlier wofR4]
thatoy is in the range of 15-17 MeV, so that E¢2.10 and
. (2.4 (2.11) imply that quite similar mean fields are generated by
(2m)* KP—mi+ie the quark gas and by nuclear matter.
In Table I and in Fig. 1 we show the results obtained when
If this integral is evaluated in a Minkowski-space calcula-ggs. (2.8) and (2.9) are solved WithGs=9.00 GeV 2, Gp
tion, a cutoff is used such thét|<A,. Thus, =—240 GeV'®, A;=0.631 GeV, m}=0.0055 GeV and

4K my,

(uuy= —4Ncif
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TABLE I. Values ofmy(p) andmy(p) obtained from the solu-
tion of Egs. (2.6) and (2.7) are given for various values of the 350 1
ratio p/pym- (Here, k§=0.0192 GeV for nuclear matter, ]
m2=0.0055 GeV, m°=0.130 GeV, A;=0.631GeV, Gg 3007
=9.00 GeV 2, Gp=—240.0 GeV °.) 2504
k my(p) my(p) > 200-
(GeV) plonm (GeV) (Gev) e :
0.00 0.00 0.358 0.532 3 190 ]
0.007 0.364 0.318 0.515 E 100 -
0.010 0.521 0.300 0.508 1
0.0140 0.729 0.276 0.498 50 1
0.0192 1.00 0.242 0.487 1
0.025 1.302 0.200 0.475 °
0.030 1.562 0.162 0.465 000 001 002 003 004 005 006 007 0.08
0.035 1.823 0.121 0.457 sz [GeVY]
0.040 2.083 0.0860 0.452
0.045 2.343 0.0618 0.449 FIG. 2. The solution of Eq(2.12 for my(p) is shown. Here
0.050 2.604 0.0470 0.448 Gs=10.15 GeV2, mJ=0.0055 GeV andA;=0.631 GeV. (See
0.055 2.864 0.0378 0.448 Table V of Ref.[16].) The dashed line is a linear approximation to
0.060 3.125 0.0316 0.448 the result which we use fgr<2pyy . (Nuclear matter density cor-
0.065 3.385 0.0272 0.447  fesponds th=0.0192 GeV).

and have used the parameters specified in the Klevansky re-
m2=0.130 GeV. We note that the dependencemgtp) on  view article[16], Gg=10.15 GeV 2, m{=0.0055 GeV and
density is approximately linear fgs/pyy=<2, with @ 32% A ,=0.631 GeV. The results fom,(p) are similar to that
reduction in the value ofn,(p) whenp/pyy=1. Another  seen in Fig. 2, except that,(0)=0.336 GeV.(See Fig. 2.
point to note is tharns(&) is density-dependent for finite |n this case,m,(p) is reduced by about 32% whep
values ofGp, since the(ss) condensate is modified by the =pyw -
coupling to the up and down quark condensates via the 't
Hooft interaction[16—18. This coupling becomes less im-
portant as the up and down quark condensates are reduced at lll. MODELS OF CONFINEMENT
increasing densitySee Fig. 1. We have also considered the

¢ ) ! There are several models of confinement in use. One ap-
solution for the SWR2) version of the above equations

proach is particularly suited to Euclidean-space calculations
0 — of hadron properties. In that case one constructs a model of
my(p) =m,—2Gg(uu),, (2.12 the quark propagator by solving the Schwinger-Dyson equa-
0.55 tion. By appropriate choice of the interaction one can con-

1 m struct a propagator that has no on-mass-shell poles when the
0.50 8 . . . . .
¥ propagator is continued into Minkowski space. Such calcu-
0.45 lations have recently been reviewed by Roberts and Schmidt
S 040 [25]. In the past, we have performed calculations of the
e 0.35 ] quark and gluon propagators in Euclidean space and in
= Minkowski space. These calculations give rise to propagators
E 0301 which did not have on-mass-shell polgx6—29. However,
E 0.25 m, for our studies of meson spectra, which included descriptions
£ 020 of radial excitations, we found it useful to work in
. Minkowski space.
015 The construction of our covariant confinement model has
0.10 been described in a number of woillds-5]. In all our work
0.05 we have made use of Lorentz-vector confinement, so that the
1 Lagrangian of our model exhibits chiral symmetry. We begin
000 001 002 o003 obs oos oos oo With the form VC(r)=_Kr exg—ur] and obtain the
K® (GeV?) momentum-space potential via Fourier transformation. Thus,
-
FIG. 1. The solution of Eqs(2.6) and (2.7) for the density- 1 4,“2

dependent constituent quark massag(p) =my(p) andmg(p) are VC(IZ— K’ )=—8mk| ——= - ,
shown. Here Gg=9.00 GeV'2, Gp=-240.0GeV> A, [(k—k")2+u?)? [(k—k")2+u?]®
=0.631 GeV,m’=0.0055 GeV andn?=0.130 GeV. (3.1
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with the matrix form P2 +k P2+ K P2 + K
VC(k—Kk') = CK_K! P = ve
VEk=K)=y"DVEk-K )y, (2), (32 { ﬂ

P2+ k -P2+K -PR2+k

appropriate to Lorentz-vector confinement. The potential of (a

Eqg. (2.1 is used in the meson rest frame. We may write a
covariant version ofvS(k—k’) by introducing the four-
P/2 + k P2+KkK PR2+K P/2 + k' P2 +k

vectors
(k-P)P*

ki =Kkr— . (3.3 PRk PR+K PR+Kk PR4k PRtk
P (b)
and FIG. 3. (a) Bound states in the confining fielvavy line) may
be found by solving the equation for the vertex shown in this figure.
S (k"-P)P* (b) Effects of both the confining field and the short-range NJL in-
k#=k #- p2 : (3.4) teraction (filled circle) are included when solving for the vertex
shown in this figure.
Thus, we have ) )
V(r), in the case where dynamical quarks are present. We
o 1 reproduce some of the results of that work in Fig. 4. There,
VC(k—k')=-8mk T a—— the filled symbols represent the results fof/T,
[—(k=k")"+p?] =0.68,0.80,0.88 and 0.94 when dynamical quarks are
42 present. This figure represents definite evidence of “string
)7

breaking,” since the force between the quarks appears to
: (3.9 o .
approach zero for>1 fm. This is not evidence for decon-
finement, which is found fof =T . Rather, it represents the
Originally, the parametep.=0.010 GeV was introduced 10 ¢reation of a secondq pair, so that one has two mesons
simplify our momentum-space calculations. However, inggier string breaking. Some clear evidence for string breaking
light of the following discussion, we can remark thamay 4t zero temperature and finite density is reported in F36f.
be mterpr(_ated as dgscnblng screening effects as they affect |, order to study deconfinement in our generalized NJL
the confining potentig[19]. In our work, we found that the - model, we need to specify the interquark potential at finite
use of k=0.055 GeV¥ gave very good results for meson genity. We start with our model that was described in Sec.

(kRO 2P

spectra. _ _ II. In that case we ha¥®(r)= «kr ex — ur]. For the model
The potentialVe(r) = «r exd —ur] has a maximum at

=1/u, at which point the value sV, .,=«k/ue 3000

=2.023 GeV. If we consider pseudoscalar mesons, which )

havelL =0, the continuum of the model starts B&¢,,.=m;

+My+Vpay, SO that form;=m,=m,=my=0.364 GeV, 2500 - A

E.oni=2.751 GeV. It is also worth noting that the potential /,/",;*g‘a -

goes to zero for very large Thus, there are scattering states S 2000 | * ¢ ao° °

whose lowest energy would ba;+m,. However, barrier 2 AT

penetration plays no role in our work. The bound states in theZ ,,5"; 0"

interior of the potential do not communicate with these scat-5, 1500 - N ¢ 1

tering states to any significant degree. It is not difficult to ;D’/B“ R }h"}; i “;; it

construct a computer program that picks out the bound state 1000 k ,f" LS R TR

from all the states found upon diagonalizing the random- f"

phase-approximation Hamiltonian. £
Bound states in the confining field may be found by solv- 500 Ll , : . . . -

ing the equation for the mesonic vertex function shown in 0 05 1 15 2 25 3 35 4

Fig. 3(@). Inclusion of the short-range NJL interaction leads

to an equation for the vertex shown in Figb® We will FIG. 4. A comparison of quenche@pen symbols and un-
return to a consideration of Fig(l9 when we discuss our quenched resultilled symbols for the interquark potential at fi-
covariant RPA formalism in Sec VI. nite temperaturg19]. The dotted line is the zero temperature
quenched potential. Here, the symbols fb+0.94T. (open tri-
IV. DENSITY AND TEMPERATURE DEPENDENCE OF angles, T=0.88T; (open circley T=0.80T. (open squargsrep-
THE CONFINING FIELD resent the quenched results. The results with dynamical fermions

) are given atT=0.68T; (solid downward-pointing triangleés T
In part, our study has been stimulated by the results pre=0.80r, (solid upward-pointing trianglés T=0.88T. (solid
sented in Ref[19] for the temperature-dependent potential, circles, andT=0.94T,, (solid squares
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nuclear matter densitySee Fig. 5.9 of Ref.32].)
1.2 In our work we will model the effects that prevent pion
condensation by introducing a density-dependent interaction
1.0 for the pionic states calculated in the NJL model. We write
2 oA G(p)=G(0)[1-0.08%/ pyw], (5.
2 o
— where the second term in EG.1) represents medium effects
g 0.6 that reduce the pion self-energy in matter. Herg0) is the
> linear combination of5g andGp given on page 269 of Ref.
0.4 [18],
Gy —
0.2 G, =Get 7D<ss) . (5.2)
00 o 1 2 a4 s Equation(5.1) represents our scheme for parametrizing the
r (fm) nuclear matter effects that prevent pion condensation. In
our calculations of pionlike excitations we pus_(0)

FIG. 5. Values of V(r,p) are shown, whereV(r,p) =13.49 GeV'?, and we used a constant value &,
=«rexf—up)r] and wu(p)=wpo/[1—(p/pc)?]. Here pc  =11.46 GeV 2. We may check that our choice 6, (0) is
=2.2%yu and uo=0.010 GeV. The values op/pyy are 0.0  reasonable by using E¢5.2) with Gs=11.84 GeV 2 and
(solid line), 0.50 (dotted ling, 1.0 (dashed ling 1.50 (dashed-  —180 GeV °<Gp=<—240 GeV °. These values oB5 and

dotted ling, 1.75 (dashed-dotted-dotted line2.0 (short-dashed G, were obtained in our extensive study of the eta mesons
line), and 2.1(small dotted ling [1]. Thus, if we take<§s>= —(0.258 GeV¥ and Gp=
—190 GeV °, we findG,(0)=13.47 GeV 2. This analysis

we study in this work, we write ) .
y suggests that, once we fix our parameters in the study of the

VE(r,p)=«r exd — u(p)r] (4.1  etamesons, we can then infer the parameters needed for our
study of the pion in vacuum.
and put For this work, in our study of the kaon, we u&s(0)
=13.07 GeV 2 andG,=11.46 GeV 2. Note that[18]
Mo
u(p)=—"7—7, (4.2) Gp —
- (ﬁ) G(0)=Gs+ 5 (dd)o. 5.3
pc

With pe= 2250y and we=0.010 GeV. With this modifica- T_We take Gs=11.84 GeV? Gp=-190 GeV ® and
tion our results for meson spectra in the vacuum are un¢uu)=—(0.240 GeV§, we find Gy(0)=13.15 GeV?,
changed. Other forms than those given in Edsl) and(4.2) ~ Which is close to the value @& (0)=13.07 GeV * used in
may be used. However, in this work we limit our analysis toOUr calculations. In our work we have used

the model presented in these equations. The corresponding

potentials for our model of Lorentz-vector confinement are Gk(p)=Gk(0)[1—-0.087/ pnwm]- (5.9

shown in Fig. 5 for several values pfpyy - In the case of the kaon, about 40% of the assumed density

dependence o6« (p) may be attributed to the density de-

V- PION CONDENSATION AND THE CHOICE OF THE pendence O(Uu>p or (Hd),). We consider the relation

PARAMETERS OF THE INTERACTION

It was suggested many years ago that the ground state of _ & p
nuclear matter might have an unusual structure due to the Gk(p)=Cs(p) + 2 (da),, .9
presence of pionlike excitatio81]. In finite nuclei such
effects could imply anomalous behavior in states with ~ and note that we may use a somewhat smaller reduction of
=07,1%,27, ..., etc. However, the nucleon-nucleon inter- Gs(p) for the kaon than that used for the pion in E§.5),
action is sufficiently repulsive in the relevant channel so thasince the reduction ofuu), or (dd), in matter effectively
pion condensation does not take place at normal nuclear mateduces the interaction strength.
ter densities. That matter has been discussed in[B2}. A In the absence ofa,—f, coupling we have G§3
constantg’ pa'rametrlzes the strength of a nuclear force in_ G, =Gs—(Gpl2)(ss) [18]. If we again put Gg
the spin-isospin channel that represents short-range correla- “° 5 5 _
tion effects and exchange effecfSee Eq.(5.113 of Ref. ~=11.84GeV?, ~ Gp=-190GeV>, ~ and (ss)=

. . _ — 2 ;
[32].] The phenomenological value gf, obtained from the —(0.258 GeV§, we haveG, =10.21 GeV ?, which places
study of nuclear excitations, is sufficiently large so that pionthe a3(980) at 1.13 GeV. However, in the case of the scalar
condensation does not take place until about three timemesons there exist significant contributions to the interaction
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from processes that describe the scalar meson decay to two- There is a strong analogy that can be made between the
meson channels. An extended discussion of these effects waarticle-hole RPA calculations described above and the cal-
given in an early work on scalar mesdi®s]. In the case of culation of mesonic excitations. For example, a “hole” in the
the f4(980) we presented a discussion of such terms as theyround statdthe vacuumis an antiquark, while the particle
affect the energy predicted for tHg(980) in Ref.[34]. state is the quark. If we perform relativistic RPA calculations
In order to take into account these effects, which are nofor the pion and its radial excitations, an imaginary energy
included in our RPA calculations, we increase the value otalculated for the pion is a signal of pion condensation.
theag coupling constant tG,,=13.10 GeV 2. That has the Random-phase-approximation equations may be derived
effect of moving theay(980) mass down to 980 MeV. using the vertex equation of Fig(l8. The RPA equations'for '
We also introduce some density dependence of the intefhe study of the pion, kaon, and eta mesons were derived in

action to avoid an 4, condensate,” which would otherwise Ref. [1]. In the case of the pion and kaon we include
take place atp=1.7%yy, if we use my(p)=my(p) pseudoscalar—axial-vector coupling. The most complex case

=0.0055+0.3585(1-0.4p/pyy). Thus, we useG, (p) is 'gh;’:\t oftthe eta rlneso_ns vxllhich, @n ?d;jiticintto pselgdogcezlk?r—
=G, (0)[1-0.045/ py] when we allow for the rapid de- 5o Ye> 7 COUPING, IVOIVES SINGIELOCTEL CoUpiing in e
crease in the value ainy(p)=mqy(p) given by the above |n this work we only record the equations in the simplest
expression. It is possible that the small reducuorGgg(p) example, that of RPA calculations for tag mesong37]. In

in matter given above has it origin in a somewhat smalletthis case the large component is denoteebagk), while the
attraction generated at the larger densities by the real part gmall component isp~ (k). These functions are found to
the polarization operator that describes decay to the twosatisfy coupled equations for mesons in vacuum:

meson channelg33,34. We will provide further details of

our treatment of the scalar mesons in Sec. VIII. . , , , N
2E (k)™ (k) + | dk'[Hc(k,k") +Hyy(k,K")]p™(K")

VI. RANDOM PHASE APPROXIMATION FOR MESONIC , o o
EXCITATIONS +f dk'Hyj(k,k") ™ (k") =P @™ (k), (6.2)

In this work we report upon covariant random-phase-
approximation (RPA) calculations of meson spectra in —2E (Kb (k _f dk'TH~(k.K")+H Kk )b (K’
vacuum and in dense matter. Before writing the equations of u(k) ¢~ (k) [He(kik)+Hyy (ki kD16 (k")
our model, it is worth discussing some properties of RPA
calculations made for many-body systefi®%,3¢. For ex- , Ay
ample, such calculations have been performed to study ex- — | dk'Hnyu(k,k") ¢ (K")=P"¢™ (k), (6.2
cited states of nuclei. In the RPA one usually does not at-
tempt to construct the wave function of the ground stateyhereE, (k)=[k2+ m2]/2
Rather, one considers amplitudes of particle-hole operators

taken between the excited state and the ground state. The 1 [ZVS(k k' )k2k' 2+ mPkk' VE(k,k')]
dominant amplitude usually involves the creation of a hole inH(k,k")= — i e ,
the ground state and the creation of a particle in what are (2m)? Eu(K)Eu(k")
predominantly unoccupied states. Smaller amplitudes are (6.3

found if one destroys a hole in the ground state and destroys
a particle in the predominantly unoccupied states. Thes&"
smaller amplitudes are only nonzero, if one allows for cor- 22 2 2
relations in the ground state. 8N, Kk'?G, e K T2etgmk "2e

Such RPA calculations are particularly important for HNJL:(ZW)Z E,(K)E (k') ' (6.4
states that are collective with respect to matrix elements of u u
electromagnetic transition operators, for example. In hadron
physics the most “collective state” is the(138). In this
case the “large” and “small” components of the wave func- 1 o
tion, in the sense of the RPA, are comparable in magnitude V|C(k,k’)=f dxP(x)VE(k—k"). (6.5
and approach equality in magnitude as one approaches the -1
chiral limit, whenm_—0. ) )

Another important feature of RPA calculations is that theyHere’X; cos¢ and Py(x) IS a Lezgendre function. The terms
may be considered as an investigation of the properties gXH —K72a"] and exp—k'“/2a“] are regulators witha
small oscillations about the ground state. Thus, if one obtains 0.605 GeV. ) )
an imaginary energy value for the ground state, one infers In order to solve these equations in the presence of matter,
that the ground state is unstable. A new ground state must B¥ée replacemy, G, and o by my(p), G, (p) and u(p).
constructed that will yield real eigenvaluéblote that imagi-  (Recall thatu(p) = uo/[1— (p/pc)?].) In our calculation
nary eigenvalues may be obtained, since the RPA Hamilfor the a, states we have taken mu(p):mﬁ
tonian is not Hermitian. +0.3585 GeY1-0.40/pym]  and G, (p) =G, (0)[1

In Eq. (6.3) we have introduced
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~ FIG. 6. The mass values for the pion and its radial excita- G 7. Mass values of th mesons are shown as a function of
tions are presented as a function of the density of matter. Hergpqo density of matter. Here we u(0)=13.07 GeV'2, Gy(p)
G(p)=G(0)[1-0.087%/pyu] anod my(p) =mMy(p) =M = Gy(0)[1—0.08/pym], Gy=11.46 GeV'2 and u=po/[1
+0.3585 Ge\ylfo."p/pNM], with mu=0.0055 GeV. We use _(P/PC)Z]: with ©,=0.010 GeV andp.=2.25yy. The mass

G,(0)=13.49, Gy=11.46 GeV?* and u=puo/[1=(p/pc)’],  values given in Table | are used.

pl pym=1.50 only the nodeless pion wave function is bound
and that state is no longer supported beypihglyy=1.80.

That represents the beginning of the deconfined phase in the
case of the pion for the model introduced in this work.

bl Ink_our gnarllysifsr, V‘{e havlg Seglelcteldttr:jef effecl;cs if Pauli ™ g newhat similar behavior is found for the kaon and its
ocking. such eflects could be calculated for a bac groun(iiadial excitations, as may be seen in Fig. 7. Here we

of ideal Fermi gases of up and down quarks. However, mth%?ve used the mass values given in Table | &p)

hadronic phase the quarks are confined to hadrons. We do noi B . B 5
know how to calculate Pauli blocking in the confined phase._GK(O)[l 0'0827p/pNM] with G (0)=13.07 GeV * and
v=11.46 GeV “. Again we see only a small increase of

We suggest that such effects may be small. On the oth
hand, we have presented an argument in Sec. Il that, wit € mass (?f the nodeless state, t.he pseudo—Go!dstone boson,
! ' plpym IS increased. We again find deconfinement for

respect to our mean-field analysis, we may use a backgrounaoS

of ideal Fermi gases of quarks without making large errors irﬁ/pt’\'h’\">1'8' The <jt$]nsity dep:cetﬂder!ce @}_ff(p) s ta.ketrf]].to
the hadronic phaséSee Eqs(2.10 and (2.11) ] e the same as in the case of the pion. However, in this case,

we have noted previously that about 40% of the reduction of

Gk(p) with increasing density may be ascribed to the den-

VII. RESULTS OF NUMERICAL CALCULATIONS: sity dependence of the up and down quark condensates,
PSEUDOSCALAR MESONS (uu), and(dd),. The calculation of the density dependence

The choice of the parameters in the case of theof the coupling constants in our model is a major undertak-

pion and its radial excitations was discussed in Sec. \/.ng and is beyond the scope of this work.
We use G,.(p)=G,(0)[1-0.08p/pym] and my(p)
=my(p)=0.0055+0.358%51—0.40/pyy] Wwith  G_(0)

—0.04%/pym], with m8=0.0055 GeV. As an alternative,

the mass values fan,(p) = my(p) may be taken from Table
l.

=13.49 GeV'2 and Gy=11.46 GeV2. Also, u(p) VIIl. RESULTS OF NUMERICAL CALCULATIONS:
=uol[1—(plpc)?] with uo=0.010GeV and pc SCALAR MESONS
=2.2pNm - We have recently discussed the properties off§{680),

The results of our calculations are shown in Fig. 6.0At giving particular attention to the role of the polarization dia-
:0, the first radial excitation of the pion i1s found at 1.319 grams that describe the decay of ]ﬂ'be'nesons to thermT or

GeV..The large numbgr of states.above 1.3 GeV have WaVREchannels[34]. (See Fig. 2 of Ref[34].) However, when
functions that are dominated by either fagor yoys Vertex. \yq giagonalize the RPA Hamiltonian we do not take those

Thﬁ pion v;/lave f.unctionf h:S mainly s virtex ;tlructure, terms into account. Calculations of such effects are more
with a small admixture of thgys vertex.(The axial-vector g4l made if we construct a quark-antiquarkatrix. For a
part of the wave function makes a significant contribution Ngingle channel example we may write

the calculation of the pion decay constahj,.)

It may be seen from the figure that with the reduction of
the value of the constituent mass and of the confining field
with increasing values ob/pyy, the radial excitations that t(p?)=— L (8.1
appear as bound states become fewer in number. Beyond 1-GJ(p?)
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FIG. 8. Mass values for th&, mesons are given as a function of
the matter density. Here, we have usgg(0)=13.10 GeV?2and FIG. 9. The figure shows the mass values of thenesons as
Gao(P):Gao(o)[1—0~045P/PNM]- We have used mu=m8 a function of density. The mass values for the quarks are taken
+0.3585 GeY1—0.4p/pyy] with m0=0.0055 GeV. The dotted from Table Ié In a singlet-octet rgpresentation, we have ussed the
line results, if we putG, (p)=G,,(0)[1—0.087%/pyy] and use constants GO%: 14.25 G_evz, Gpz=0.4953 GeV? and Ggg
the mass values of Table I. The dotted curve is similar to the curve 10.65 GeVv “. Deconfinement tages .place somewhat abpve
for the a, mass given in Ref[37]. The curves representing the — L-8onm- Here u=uo/[1=(p/pc)"] with 1,=0.010 GeV and
masses of the radial excitations are changed very little when we ud&™ 2.2%nm -

the second form foGG, (p) given above. L . .
0 esta, state with increasing density is made somewhat uncer-

whereG is the appropriate coupling constant for that channetaIn because of our lack of knowledge of the appropriate

o . o orm for G, (p).

and J(p”) is the corresponding vacuum polarization opera- 0 ) ,

tor. In our modeld(p?) is calculated with the confining ver- For our ;tudy of thef, mesons we Wor.k in a singlet-octet

tex function that appears in Fig(8 as a crosshatched re- fépresentation ands use the coupling congtar@io

gion. (See Fig. 1 of Ref[34].) The resulting(p?) is a real —14.25 GeV?,  Gg=10.65GeV? and Ggg=Gg

function, which is singular at the values pf for which ~ =0.4953 GeV?. This choice yields 980 MeV for the mass

there is a bound state in the confining field. If we includeof the fo(980). The fact thaGg,>Gg is a feature of the 't

polarization diagrams that describe coupling to two-mesorHooft interaction[16—18§ and leads to the,(980) being

decay channels, E@8.1) is modified to read mainly a singlet statg34]. [For the »(547) the behavior of
the ’t Hooft interaction is such thabzg> G5, [18,34 and,
therefore, then(547) is predominantly a flavor octet meson

t(p?)=— © @2 [ - .
1—-G[J(p?) +ReK(p?)+ilmK(p?)] In our study of thef, mesons at finite density we use the
mass values of Table | and do not introduce any density

dependence foBg,, G5z andGgg. The results of our calcu-

The calculation ofJ(p?) and K(p?) has been extensively lati h " Fig. 9. Th | v d
discussed in our earlier work. In the case of the scalar me—aI 'OT argtrs], ownl N :‘g%OC.) M eVTasf’hV&} ue onyt (tacretases
sons, inclusion of R€(p?) can move the mass of the lowest- siowly, with a value o eV for the lowedy, state a

energy state down by about 70-100 ME38,34] plpym=1.82, where deconfinement sets in. However, if we
In the case of the,(980), the use ofss and G, deter-  US€ the same temperature dependenc&fgr Ggs andGgg
mined in our study of the eta mesons places aE980) that is used fOGaO, the mass values calculated for the low-

at 1.13 GeV. In the present work we have increased th@stfy anda, states are quite similar. In R¢B4] we provide
coupling ~constant from G, =10.21 GeV? to G, a discussion of thd matrix for the singlet-octet channels.

=13.10 GeV 2 to move the lowesh, state down to 980 There the role of_<§0(p2), Koa(p?) aanssg(pz) in lowering
MeV. That creates a problem ofa, condensation” which the energy predicted for th&)(980) is discussed in some
we avoid by takingG, (p) =G, (0)[1-0.045/pyy]. One  detail.

may speculate that the effects that increase the effective cou- Our. reéyltslsrlthtfh.energy levels of the; mtesct)ns lare f
pling  strength  from G, =10.21 Gev2 to Ga, given in Fig. 10. In this case we use a constant value for

5 , Gy*=10.25 GeV 2. The results are hardly modified if we
=13.10 GeV “ have some density dependence that reduces "o

the induced attraction at the higher densities. allow for a small density dependence ®k:x . Since theK

In Fig. 8 we show our results for tre mesons. There we mesons contain a strange quark, the density dependence of
see deconfinement at abopit2.0py Which is a slightly  their energies is not as marked as that of semesons
larger value of the density than that found for the other mewhich only contain up and down quarks in our model. Again
sons studied in this work. However, the behavior of the low-we see deconfinement fpr>1.8oyy -
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35r shows the calculated masses of the nodeless pipanda,
3.0 _ K* mesons for 6 p/pyu=3.5. They also give the result for an
“E 0 fy excitation. (The fy and f; exhibit singlet-octet mixing.
25 E Cor_npared to our results,.their value of lh)ejwass fal!s more
F— rapidly than ours, becoming degenerate with the pion mass at
S 20 Q aboutp/pyy=3. On the other hand, the mass of thgin
) - their work is about 600 MeV gi/pyy=2. They are able to
g 15 derive systematic low-density expansions for various quanti-

in numerical studies. They also show that effects due to finite
quasiparticle size are important in stabilizing the density and
temperature dependence of the pion mass. The main defi-
o 55 1'0 ! 1'5 - 2'0 ciency of their work is t_he absence of a model of confine-

’ ’ : ) ment. Therefore, we believe our work provides a natural ex-
P/Pnm tension of the work reported in Rdf38].

It is worth noting that deconfinement takes place in our
model at aboutp=1.8oyy, While the confining potential
goes to zero gh=pc=2.25%ym - That suggests that the spe-
cific form we have chosen for the density dependence,
w(p)=mol[1—(plpc)?], is not particularly important.
What is more important is the behavior of our confining
IX. DISCUSSION potential, V¢(r,p), shown in Fig. 5. There we see that the
potential still has a substantial magnitudeat1.75\ and

1.0 \ ties which provide important insight into the results obtained

FIG. 10. The figure shows the mass values obtained foKghe
mesons as a function of density. Here we use a consﬁa(rgt
=10.25 GeV 2. Deconfinement takes place somewhat abpve
=1.8onm - The quark mass values were taken from Table |.

We originally chosepc=2.2%\w , Since the curve in Fig.

1 that shows the values ofi,(p) seemed to change its be- P~ 2-10nu- _ . .

havior at aboutk®=0.045 GeV, which corresponds tg Since the analysis of R€f38] is made in the absence of a
~2.3 We ceFm attempt to’see i that is a reasonabl model of confinement, many analytic results can be obtained
—_ . NM .

choice by noting that “string breaking” should occur whenefor th_e behavior of various quantitigs when small changes in
ensity and temperature are considered. Indeed, the work of

the energy of the extended string is equal to the energy of th !
lowest two-meson state that can be formed when the strin _at reference provides some support for our treatment of the

ion and kaon. It is shown that the Goldstone boson remains

breaks. Therefore, we may writ,,,,=m;+m,, wherem; ; o :
. . at zero mass in the chiral limit as long as the system remains
+m, are the masses of the mesons in the final state. We then

use V.= «/ u(p)e to find a valuew(p) and obtainp/p in the Goldstone-Nambu mode of symmetry breaking. For
max— C s i . .
from the expressiom(p)=,u0/[1—(p/pc)2]. We then put finite current quark masses, we quote the result given in Eq.

pc=2.2%\ym and calculate the value qf/ pyy Where we (5.6) of Ref.[38] for T=0,
might expect string breaking. We consider the final states

mm, 7K, 75 andKK. The corresponding values pf pyy dm?, —(1—2m2<r2))d<au>
are 2.09, 1.86, 1.83, and 1.61 fpg=2.2%\y . Note that me 'S <Uu> '

the K(495) andKj (1430) mesons can break up into thi i

izztr?r:zl V;T::; Eg?(;’)(?gozof Isetéogglt{] fgl{[ﬁ:d tzn;hz% Here,rg is the quasiparticle radius. That quantity is defined
' 0 P g in terms of the form factoFg(p—p’) that appears in the

channels. On the whole, the values pfpyy calculated atrix element of therauark scalar densit
above are generally consistent with the value of that quantit)m X qu 1y

that leads to deconfinement in our model. That result tends to o o
suggest that, for light mesons, the density that leads to string  (u(p ’)| uu(0)| u(p)}=Fs(p—p "Hu(p "Hu(p).
breaking may be similar to the density for deconfinemént. (9.2
general, however, these processes are distinct and further
studies would be needed to see if string breaking and decon- - . . .
finement are related at finite densitWe may suggest that if In Eq. (9.'2) u(p) denotes the Dirac spinor of a constituent
the initial meson is of the same type as the mesons thagyarl.( with four-momentunp. The scalar mean-squared ra-
appear upon string breaking, it becomes reasonable to su ius is then
gest that the instability of the initial mesons is also felt by the
final state mesons, giving rise to the relation of string break- ) d 5
ing and deconfinement suggested above for light mesons. (rs>=6pln Fs(g%)[q2=0- 9.3

A comprehensive discussion of meson properties at finite q
temperature and density has been presented by Lutz, Klimt
and Weisg 38]. Since those authors did not include a model[See Eq(A.7) of Ref.[38] for an explicit expression fafr %}
of confinement, they were able to calculate values of then terms of the parameters of the NJL mod&Vith the well-
meson masses for large values of the density. Their Fig. &nown relation[21]

9.9
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d(uu) o
(uy — mifl

(9.9
Eqg. (9.1) becomes

oNp
dmi=—(1—2mﬁ(r§))fl2. (9.5)

If one ignores the quasiparticle size, one hamff

— (onp/ F2) [39,40, which implies pion condensation at a
critical density peri=f2m%/oy=(0.148 GeV§, which is
about 2'5pNM .

The second term in Eq9.5) works against condensation.
With m,=0.364 GeV and s=0.40 fm [38] one finds that

PHYSICAL REVIEW D 66, 074016 (2002

similar. For the larger values of density, the useG;fO(p)
=Ga0(0)[1—0.045p/pNM] in the model leads to a rather

small mass for the for p~2pyw - (See Fig. 8.

Our treatment of the, mesons is less satisfactory than
that of = and K mesons, since coupled channel effects are
important in the case of the scalar mesons. Using the values
of Gg and Gy obtained in our study of the eta mesdins,
we found the lowesa, state at 1.13 GeV. To place tlag at
980 MeV, we increased the value GfaO(O). That increase

led to the possibility of ara, condensation, which was re-
moved by reducing the coupling constant with increasing
density.(See Fig. 8. However, it might be preferable to ac-
cept the value of 1.13 GeV for the mass of thg and,
therefore, avoid the problem @f, condensation. Our diffi-

dme increases slowly with increasing density, as born out byculty in this case arises since we do not know the density
the calculations reported in Rgf38]. Our choice ofG .(p) dependence of the processes that moveghmass from our
=G,(0)[1-0.08%/pym] reproduces the almost constant predicted value to the experimental value of 980 MeV.
value of m.. We see that the density-dependent term in In our model we see some relation between the partial
G ,(p) plays a similar role in our model as that played by therestoration of chiral symmetry and deconfinement. With ref-
second term in Eq9.5). erence to Fig. 1, we see that the (g down quark mass

We have some confidence in our treatment of the pion androps in a roughly linear manner with increasing density up
kaon at finite density. We recall that we were able to findto about 2 or 2.5 times nuclear matter density. With the re-
satisfactory values oB,(0) andGg(0) using the values of duction of the magnitude of the confining field, as seen in
Gs and Gp obtained in our study of the eta mesofis. Fig. 5, the combined effect of the smaller confining field and
Therefore, our work provides a unified approach for thereduced quark mass values leads to deconfinement at about
nonet of pseudoscalar mesons in the presence of a model df8 pyy . For theK and K§ mesons, the reduction of the
confinement. mass of the quarks is less important, since these mesons have

Since confinement is important for the,(980) and one strange quark. However, deconfinement still takes place
fo(980) mesons, it is uncertain whether the results of Refat aboutp= 1.8y, for these mesons.
[38] for the properties of these mesons can be trusted. These In future work we will study the dependence of the de-
mesons are in the continuum of the NJL model without con-confinement process on both temperature and density. In ad-
finement and various assumptions need to be made as to haition, it would be desirable to have some understanding of
the formalism is to be applied. For a small increase in denthe mechanism by which the increased matter density modi-

sity, the mass of the, in our model and in Ref[38] are

fies the confining interaction.
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