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Abstract. The physical properties of asymmetric nuclear matter are studied in the Extended
Nambou-Jona-Lasinio (ENJL) model formulated directly in the nucleon degrees of freedom. It
results that the density dependence of the nuclear symmetry energy and its related quantities are
basically in good agreement with data of recent analyses.

I. INTRODUCTION

In recent years many radioactive beam facilities have been established in the world,
such as FAIR/GSI in Germany, SPIRAL2/GANIL in France, RIB/RIKEN in Japan and so
on. Experimental realizations using radioactive beams with large neutron or proton excess
have created a breakthrough for exploring the role of isospin degree of freedom in modern
nuclear physics. It was shown that most observed phenomena are mainly determined
by the in-medium nucleon-nucleon potentials and the isospin-dependent nuclear equation
of state (EOS), especially the density dependence of the nuclear symmetry energy. As
was known, the latter quantity plays a crucial role for understanding not only a lot of
important issues in nuclear physiscs [1-3], but also many critical problems in astrophysics
[4, 5]. There have been so far a great deal of investigations on this subject based on both
nonrelativistic [6-9] and relativistic [10-17] nuclear theories. The present paper is devoted
to the study of the isospin-dependent equation of state, in particular, the nuclear symmetry
energy and its related quantities. Our starting point is the Extended Nambu-Jona-Lasinio
(ENJL) model, which is able to remove some drawbacks of both nonrelativistic theories
(where the causality is violated at high densities) and relativistic theories (where the chiral
symmetry is absent). In our previous article [18] the chiral phase transition and liquid-gas
phase transition at subsaturation density were scrutinized for symmetric nuclear matter
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by means of the Lagrangian of the ENJL model given as

- A Gs, - - Gy -
Lyg = (0 —mo)Y + 7[(1/)1/1)2 + (YivsT)?] — 35 (Uu¥)?
GSU o . — o
5 [(W09)? + (PinsT) ) ().
Now L, is generalized to the case of asymmetric nuclear matter by incorporating rho
meson into consideration, namely,

L= (id—mo+ou)1 + %[(W)er(i/?i%%)z] — %[(%%)%r(%w“w)z]

Gsv ., - T n - Gro = T 7 7
+ =5 [(00) + (i 70) (99" 9) + (157" 0)* = (0" 59+ (157" 59)%],. (1)
where p = diag(pp, ftn)s fpn = Hg £ 14, /2; Mo is the “bare” mass of the nucleon, 7 is the

isospin Pauli matrices, and Gg, Gy, Gsy, and G, are coupling constants.
In the mean-field approximation we replace

(WTp)® = 20T [PT] — [YTig]?,
WLipyly0)? = (Lol w)® + (Prap[P¢])* — (WLl ¢))?
= WP (UT 0 [D¢] — W) + (9T [T — [PTw]?) [T
—[WT [T )%, (2)
with I' = {1, iv57, 7., 7574}, and the averaging at finite density and temperature denoted

by angular brackets.
Egs. (2) combines with the bosonization

L ) B sz
o=y, T=9ipTY, W=, ¢, =V, 0,= mgw, X, = w%v@m
yielding

L = P(id — mo + Yop) + [Gs + Ge(W? + )] (0 + isTR)Y

—

—[Gu = Guul0® + TN (wy + 15B)8 — Crn" 2 (8, +15%,)¥

—% (0% +7%) + % (w? + %) + % (&® +x%) - 3% (0% +7%)(w® + ¢°).(3)
In (3) we impose u, = 0 since we are not interested to the pion condensation in

what follows.
This paper is structured as follows. Section II deals with the equations of state
and the expression for nuclear symmetry energy . In Section III are presented the results
of numerical computation for nuclear symmetry energy and isospin-dependent EOS. The

conclusion and discussion are given in Section IV.

_l’_

II. EQUATIONS OF STATE

Assume the sigma, pion, omega and rho fields develop the ground state expectation
values

<U> =u, <7Tl> =0, <wu> = p3501“ <Qm’> = P15u05i37 (4>
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in cold nuclear matter. Inserting (4) into (3) leads to

Ly = $(i0 = M* + ")t — Ul(py, ), (5)
where
M* = mg— ésu? GS =G5+ GSUP2B = GS[l + f(pB/p0)2]a §= p?)Gsv/Gs, (6)
/”L;,n = M*B + :U’j/za :U'Z = /~LB - Ev = MB - [Gv - GstQ]PB, (7)
,uf =—Gp,, (8)
1 -
Ulpg,u) = 5 [Gou® = 284p,, + Gup?, — Grp?]. (9)

The solution M* of Eq. (7) is the effective mass of nucleon, which reduces to the
nucleon mass in vacuum.
Based on (5) the grand partition function Z is established

_ B
Z = /Dq,bDwDaDﬁDw“ exp / dr / 3w il
0 1%
Integrating out the nucleon degrees of freedom we arrive at
VU
Z = exp <— ’I/T) det Sil,
in which V' is the volume of system and
det S~ (k; s, u) = (ko — EZ)(ko + EL) (ko — EX) (ko + EY), (10)
with
EXr =Ef¥u,, Ef=FEq+4}/2, E, = k2 + M*2,
Then the effective potential ) is derived

T
Qpg,u) = ivan =Ul(py,u) +iTrin S (p,,u)

3
= Ulpg,u)+2 /(;W];, [2Ek +TlIn(n_n;) + Tln(nfni)], (11)

with n$ being the Fermi distribution function, n$ = [eEi/T +1] -1
The pressure P is defined by means of (11)

P = _Qtaken at minimum-

The energy density is obtained by the Legendre transform of P,

E(pp u) =Upp,u) + TS+ pppy + 1P,
1~ d*k
— 2[Gsu2+GUpQB+Grpf]+2/(27r)3Ek [(n:—knl—l)—i—(nf—kni—l) , (12)
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with the entropy density defined by

3
¢ = -2 /(gﬂl; [n: Inn” 4+ (1-n2)In(l —n")+n Inny + (1 —-ny)n1—ni)

+nfInnt + (1 —nD)In(l —nd) +nInnd + (1 —ni)In(l —ni)|.

The ground state of nuclear matter is determined by the minimum conditions

o_. e _, .

do 7 dw, | 00y =0
u = 2/(3:’:;3]\;’: [(n_+n1—1)+(n++ni—1)}, (13)
Py = Q/éljf)?{(n:—n;)#—(nf—ni)} (14)
p, = /(gjr];[(n‘+n;—1)—(n++ni—1)} (15)

which are usually called the gap equations.
In terms of the baryon density (14) the expression for P is rewritten as

(mO_M*)2 Gy s

Gr 2 * d°k — + P
P=- 26, 5P —1—7;)[ +(NB_NB)pB_2/(27T):3 [2E,+T In(r_ny)+ T In(nf nl)], (16)
and the energy density takes the form
E = T+7p3+7p1+2 WE}C (nZ4+ny -1)+(n+ni-1)|, (17)

Starting from (16) and (17) we have that
(1) The binding energy per nucleon

Euin = — My + €/, (18)
(2) The nuclear symmetry energy
Pr 0*¢
E = =— 19
o = R, (19)
(3) The compressibility
oP
K(p,,a) =9—, (20)
B A,

where « is isospin asymmetry, o = (p, — p,)/p;-
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It obvious that all the thermodynamic properties of our system are governed by the
equations of state (16) and (17). However, in this article we restrict ourselves to consider
only cold nuclear matter, "= 0, in which case Egs. (13) - (20) are simplified to

1 A M* A M*
- = k2dk— k2dk— 21
. WQ[ [rea | E;J (21)
Fp Fn,

1 3 3
pB = ﬁ [ka + an] 9 (22)

1 3 3
Pr = @[@p—kﬂ]v (23)

and
(mo—M*)? Gy 5 Gy o, 1 /A 5 /A 2

- Y0 ) iy S k2dkE kK2dkE,|. 24
& 2 t St ST . ke + . k (24)

III. NUMERICAL COMPUTATIONS AND RESULTS

In order to proceed to the numerical computation the in-vacuum mass of nucleon
is chosen to be M, = 939 MeV. Five parameters mg, Gs, Gy, £, and A were determined
together with the in-medium mass of nucleon M* and the incompressibility Ko in Ref. [18]
for symmetric nuclear matter (G, = 0). Their values are listed in Table 1.

Table 1. Values of parameters and physical quantities.

A (MeV) Gy (fm?) G,/Gs mo(MeV) &  M*/M, Kyo(MeV)
400 8.507 0.933 41.264 0.032 0.684 285.91

As to fixing G, let us employ the expansion of nuclear symmetry energy around pg
L (pB— po Ksym (pB—po\>
Esym = —
v a4+3< w )78 U )7

with a4 being the bulk symmetry parameter of the Weiszaecker mass formula. Experi-
mental data provide ay = 30 — 35 MeV; L and Ky, are related to slope and curvature of
NSE at saturation density pg

OFsym
L = 3po( o ) , (25)
PB PB=PO
9% Egym
KSYm = 9/%( asz > (25b)
PB 7 pp=po

Then G, is fitted to give as = 32 MeV, its value is G, = 0.417G,. Thus, all of the
model parameters are fixed, they allow us to calcualate the isospin-dependent EOSs of
asymmetric nuclear matter.
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In Fig. 1 we show the dependence of binding energy Epin(p,, @) on density p,/po
and «. For comparison with the results of the relativistic Brueckner-Hatree-Fock approach
with and without the momentum-dependent self-energies [11] given in Fig. 2 we plot in
Fig. 3 the density dependence of &y (p,, @) at several values of a. From these figures we
deduce that in our model the asymmetric matter is less stiff and the isospin dependence
of saturation density is strong enough.
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Fig. 1. The dependence of Fig. 2. The equation of state of asym-
binding energy on nuclear metric nuclear matter from the rela-
density and isospin asym- tivistic Brueckner-Hartree-Fock calcu-
metry a. lations. Taken from Ref. [11].
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Fig. 3. The equation of state Fig. 4. The p,/po dependence of Egy,, (solid
of asymmetric nuclear matter line), B1 = 32(p, /P0)0‘7 (dotted line), and
derived from our chiral model. Es = 32(p, /po)*! (dashed line).

Now the density dependence of nuclear symmetry energy is concerned. It is known
that besides the constraints extracted from astrophysical observation [19] we get significant
progress in constraining the behavior of NSE around and below the nuclear saturation
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density from various experiments [20]. However, the predictions for behavior of NSE at
supra-saturation densities are quite divergent. In this regard, the prediction made by our
model could provide some insight into this issue. Taking into account Egs. (13), (14),
(15) and (19) altogether and the implementing the numerical computation with the aid
of MATHEMATICA [21] we arrive at Fig. 4 describing the density dependence of nuclear
symmetry energy. Here, we also plot the graphs of the functions By = 32(p, /po)*" and
Ey = 32(p,/po)tt. It is evident that

- Around and below the nuclear saturation densities our predicted graph is close
to the Brueckner-Hartree-Fock prediction [22].

- B < Egym < E5 for p, < 2pg and p, > 3po,

- Lgym > Ey > Ey for 2pg < P < 3p0-

This behavior of Egyy,, at supra-saturation densities is basically in agreement with the
analysis of Refs. [23-25].

Next the theory is highlighted by studying the behaviors of the pressure P and
effective nucleon mass M* at high density. In Fig. 5 we show the p,/po dependence of
pressure P at different isospin asymmetry and in Fig. 6 is shown the high-density behavior
of the pressure for neutron matter. The shaded region in Fig. 5 (Fig. 6) denotes the
constraint on high-density behavior of the pressure corresponding to symmetric nuclear
matter (neutron matter) derived from the simulations of flow data in heavy-ion collision
experiments [2]. The density dependence of M* is represented in Fig. 7 which manifests
the chiral restoration at high density.
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Fig. 5. The EoS of cold asymmetric nuclear matter at high baryon density at several

isospin asymmetry a. The shaded area means a constraint on the behavior of the pressure
of symmetric nuclear matter consistent with the experimental flow data [2].

Finally let us turn to the determination of several interesting quantities.
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Fig. 6. The EoS and constraint (shaded region) on the high-density behavior of the
EoS for neutron matter [2].
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Fig. 7. The density dependence of effective nucleon mass M*.

(1) Egs. (25) provide immediately the values of slope and curvature of NSE: L =
96.732 MeV and Kgy, = —347.786 MeV. It is clear that L is consistent with
the constraint 46 MeV < L < 111 MeV obtained from heavy-ion data and the
analyses of other models [24, 26] and Ky, is also within the analyses based on
the in-medium NN cross section in the IBUU04 model [27]: Kqym = —500 =+ 50
MeV.
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(2) At the nuclear saturation density pp and around « = 0, the isobaric incom-
pressibility of asymmetric nuclear matter can be expressed to the second-order
of alpha as

K(a) = Ko + Kasy?,
here, K,sy is the isospin-dependent part

Kasy = Kgym — 6L

characterizing the density dependence of NSE. The information on this quan-
tity can be extracted experimentally by measuring the giant monopole reso-
nance of neutron-rich nuclei. Our calculation yields K,sy = —928.18 MeV.
This value is different from the recently experimental measurements [28] that
give Kysy = —550 = 100 MeV.

(3) The symmetry pressure and the shift of nuclear saturation density with asym-
metry at lowest order in alpha are obtained, respectively

Paym(po) = poL/3 = 5.482 MeV /fm?,
. 3[)0L

Apg = = —0.173 fm 3.
Po Ky 0.173 fm

The calculated values of the model parameters and physical quantities are listed in
Table 2 and 3

Table 2. Values of the model parameters.

A(MeV) Gy(fm?) G,/Gs G./Gs mo(MeV) €&
400 8.507 0.933 0417 41.264  0.032

Table 3. Values of the model physical quantities.

MM, KfMeV) a(MeV) L(MeV) Kym(MeV) Kay(MeV) Pyn(MeV/fm?) Apy(fo?)

0.684  285.91 32 96.732  -347.786  -928.181 5.482 -0.173

IV. CONCLUSION AND DISCUSSION

Developing the previous work [18] we have carried out in this article a more realistic
study of nuclear asymmetric matter, where it is found that

- Most calculated physical quantities listed in Table 2 are in agreement with the
recent analyses derived from various models as well as experimental constraints.
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- Most calculated physical quantities, in particular, the quantities Koy, Ksym,
and L, listed in the Table 3 are in agreement with experimental constraints as
well as recent analyses of various models except for Ky, where the theoretical
value much differs from the experimental one. The formulae K,sy = Ksym —
6L indicates that the experimental measurement for K,s, is probably not in
accordance with those obtained for Kgyn, and L.

Experimental realizations at high energies in radioactive beam facilities are expected

to create a good chance to explore the high density-behavior of NSE and other EoSs.
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