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Abstract The nonlocal three-flavor Nambu-Jona-Lasinio model is used to study
quark deconfinement in the cores of neutron stars (NSs). The quark-hadron phase
transition is modeled using both the Maxwell construction and the Gibbs construc-
tion. For the Maxwell construction, we find that all NSs with core densities beyond
the phase transition density are unstable. Therefore, no quark matter cores would
exist inside such NSs. The situation is drastically different if the phase transition is
treated as a Gibbs transition, resulting in stable NSs whose stellar cores are a mixture
of hadronic matter and deconfined quarks. The largest fractions of quarks achieved
in the quark-hadron mixed phase are around 50%. No choice of parametrization
or composition leads to a pure quark matter core. The inclusion of repulsive vec-
tor interactions among the quarks is crucial since the equation of state (EoS) in the
quark-hadron mixed phase is significantly softer than that of the pure hadronic phase.
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1 Introduction

Neutron stars (NSs) are among the most dense astrophysical objects in the Uni-
verse [1]. They have radii of around 12km and masses up to an observed 2.01 Mg
[2—4]. This suggests that these objects have extreme central densities on the order
of 10" g/cm?, greater than the density of an atomic nucleus which is about
2.5 x 10" g/em?. At such extreme densities the primary constituents of NS mat-
ter are neutrons, protons, electrons and muons, and possibly also hyperons [5, 6],
the delta isobar A(1232) [7], and/or deconfined quarks [8, 9]. More than that, if
deconfined quarks should exist in the cores of neutron stars, they are likely to be
in a color superconducting state (see, for instance, [ 10-12] and references therein).
Investigating the possible existence of these building blocks of matter in the cores of
neutron stars is a very active area of research [13] and the focus of this short review
paper. A detailed discussion of the material presented here can be found in [14].

2 Description of Quark Matter

In this paper quark matter is described by an improved version of the nonlocal
SU(3) Nambu-Jona-Lasinio (n3NJL) model [15, 16], which treats the quark-quark
interaction as a one-gluon exchange [17, 18]. A unique scalar (o) and vector (w)
field is assigned to each quark flavor and an additional mixing interaction is included.
These interactions are parametrized by the coupling constants of the model: G is the
strong coupling constant, Gy is the vector coupling constant, and H is the coupling
constant associated with mixing. The quark masses m, = my and m,, Gg, H, and
the nonlocality parameter Ay are determined by fitting the model to empirical values
of the pion mass and decay constant (1, fr), and the pseudoscalar " meson mass
(m,y), while the vacuum pressure (£2) is determined by imposing that the nonlocal
thermodynamic potential equal zero at zero temperature and chemical potential,
ie, 20— 2 (M,T = 0,0 = 0) =0 [17-19]. The n3NJL parametrizations are
provided in Table 1. In the mean-field approximation the thermodynamic potential
of the model is given by [15, 16]

Table 1 Parametrizations of the n3NJL model [20]

Parameters P119 P127

my, = my (MeV) 50 5.5
my (MeV) 119.3 127.8
Ap (MeV) 843.0 780.6
GsAZ MeV?) 1334 14.48
HA> (MeV?) —273.75 —267.24
20 MeV/fm?) —23951 —243.85
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where f €{u, d, s}is thequark flavor, &, and @, are the quark scalar and vector mean
fields respectively, £, = /k? + m} is the quark energy, p} = (ko +ips)* + k% is

the quark four momentum, and §f is the quark auxiliary field given by [15, 16]

3 6 ™ °° My (py)
S;=—— | d dk — 1 2
I H3f0 k@fo 8(py) 21 M) (2

The dynamical quark mass M (p;) = m; + 6;g(py) depends on the form factor
g(py) = exp(— p} /Aﬁ,), which makes the model more consistent with results from
lattice QCD calculations [21]. The scalar and vector mean field equations can be
found by minimizing 2" with respect to the fields,

anRNL . | R aNL dNL
=0;+GsSy+-HSS; =0, =w; —2Gy
2 apy

=0, (3)

35, A,

for f€{u,d, s} and i # j # f. The simultaneous solution of this system is subject
to the conditions of charge neutrality and baryon number conservation,

Z”qu+zn;.Q;.=0, n—lenJr:{), )
S by f

respectively, determines the mean fields (6, @y, f € {u, d, s}) and the baryon and
electron chemical potentials (p,, p.). The individual quark chemical potentials are
then specified by the chemical equilibrium condition

1

u;=§(uu—3qfue) (5)

and the particle number densities follow from n y = 3£2~t/du ;. The total pressure
of the system comes from the quarks, leptons, and the vacuum and is given by

PuoniL = 20 — 2N — 2, (6)
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where £2y is fixed by the condition that Eq. | vanishes at T = p; =0, and £2, denotes
the lepton thermodynamic potential given by

2= > m.\mf_—mf(uzf——m H(M'Jr'p'er) (7

1272

Finally, the total energy density of the system is given by

Emni. = — PN + an wr+ Zn;. M- (8)
I Py

3 EoS of Quark-Hybrid Matter and Neutron Star Structure

Allowing for the possibility of quark deconfinement, a quark-hadron phase transition
may commence when the pressure of the quark phase equals that of the hadronic
phase. The nature of the phase transition depends on the surface tension, o, between
the two phases that is still quite uncertain. Recent works have typically placeda =30
MeV/fm?, though there are suggestions that values greater than 100 MeV/fm? could
be possible too [22-25]. If @ = 70 MeV/fm? the quark-hadron phase transition will
be one of constant pressure with an equation of state that is discontinuous in energy
density [26, 27]. The result is a sharp interface between phases of pure hadronic
matter and pure quark matter at a given NS radius, as shown schematically in Fig. 1.
The phase transition is achieved by applying the Maxwell construction (at Zero
temperature, T')
PH(#’H!T=0)=PQ(#’H!T=0)! €)

where , is the neutron chemical potential, and Py and Py represent the pressure
of the hadronic and the quark phase, respectively. Alternatively, if @ = 70 Me V/fm?
the phase transition results in the formation of a stable coexistent (mixed) phase,
gradually converting NS matter from hadronic matter to deconfined quark matter
with increasing density, as shown in Fig. 2. This phase transition satisfies the Gibbs

Fig. 1 Hypothetical NS Pure 3-flavor quark

Cross section assuming a matter inner core

constant pressure (Maxwell _'
construction) phase Sharp quark-hadron ——p
transition from hadronic interface (Maxwell)

matter to a pure quark matter .

core [14] Hadronic outer core, —_—

Be{n,p,AZH30 5,20 =

Crust —p
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Fig. 2 Hypothetical NS Pure 3-flavor quark x=1 x=0
cross section assuming a matter inner core?
phase transition from
hadronic matter to a Quark-hadron
quark-hadron mixed phase mixed phase (Gibbs)
(Gibbs construction) and
possibly a pure quark matter Hadronic outer core,
core [14] Be{npA 559,505}
Crust ——p
condition for phase equilibrium,
PH(!J’HS!J’P!T=0)=PQ(MH!!J’8:T=0)S (]'0)

where ¢, is the electron chemical potential. The isospin restoring force favors a pos-
itively charged hadronic phase as an increased number of protons reduces isospin
asymmetry. This necessarily results in a negatively charged quark phase, electric
charge neutrality being achieved globally. Competition between the Coulomb and
surface energies will cause the phases to arrange themselves into energy minimiz-
ing geometric configurations [28]. This rearrangement and its effect on neutrino
emissivity were investigated in [29, 30].

A popular model used to determine Py is the relativistic mean-field (RMF) theory
[31, 32], which is based on a lagrangian of the following type [33-36],

- l
Z = Z 1[[3[}/#(1’3“ = go" — Eg,nr - pt) — (my — 300)]1¢’fﬂ
B

1 1 1 1

+ 5(3#03#0 - m'{zj'(rz) - Ebam-N(gaJ)g' - chr (300)4 - Zw.uv "’ (11)
1 1 1 -

+ Emi“’u ol + Emip.u pt — Zpuv " + Z Vo (i yud® — m) ¥

A=e~ um

This lagrangian describes baryons interacting via the exchange of scalar, vector, and
isovector mesons (o, @, p, respectively). The sum over B sums all baryon states
that are present in neutron star matter at a given density. The quantities g,. go,
and g, are the meson-baryon coupling constants. The coupling constants of cubic
and quartic o-meson self-interactions are denoted b, and ¢,. The quantities "’
(= d*w" — 3"w") and p"* (= d*p" — 3" p") denote meson field tensors. The RMF
approach is parametrized to reproduce the properties of symmetric nuclear matter at
saturation density ng (see Table2): the binding energy per nucleon ( Ey), the nuclear
incompressibility (Kj), the isospin asymmetry energy (J), and the effective mass
(m*/my). In addition, the RMF parametrizations used in this work employ a density-
dependent isovector-meson-baryon coupling constant that can be fit to the slope of
the asymmetry energy (L) at np, and the DD2 and ME2 parametrizations scalar-
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Table 2 Properties of nuclear matter at saturation density for the hadronic parametrizations of this
work

Saturation property SWL [14] GMIL 14, 37] | DD2[38] MEZ2 [39]
np (fim=?) 0.150 0.153 0.149 0.152
Ey (MeV) —16.00 —16.30 —16.02 —16.14
Ko (MeV) 260.0 300.0 242.7 2509
m*/my 0.70 0.70 0.56 0.57
J (MeV) 31.0 325 32.8 323
Ly (MeV) 55.0 55.0 55.3 513

and vector-meson-baryon coupling constants are also density-dependent and are fit
to properties of finite nuclei [14, 38, 39].

For the Gibbs transition (10), the nonlinear systems of equations following from
(3) and (11) must be solved simultaneously along with the global charge neutrality

condition
D nsgp+ ) npqr+ Y mag =0, (12)
B 7 1

where np denotes the number density of baryon B carrying an electric charge ¢p.
To parametrize the amount of quark matter in the mixed phase, the parameter x is
introduced, which represents the volume fraction of quark matter at a given density.
This parameter enters into the nonlinear, coupled system of equations through the
condition of baryon number conservation,

1
n—(l—x)znﬂ—gxznf=0. (13)
B s

The EoS can then be calculated from the relations

1
eng = — e+ xeq, PHQ=§(PH+PQ) , (14)

where e and e¢ are the respective energy densities of hadronic matter and quark
matter in the mixed phase.

The system of Eqgs. (3) and (11) is easier to solve for the Maxwell phase transition
(9), where hadronic matter and quark matter are separately charge neutral and in
chemical equilibrium so that Egs. (3) and (11) are decoupled.
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Fig. 3 Mass versus radius for NSs with a phase transition from hadronic matter to deconfined quark
matter modeled using the Maxwell construction [14]. The dark (light) green shading indicates the
lo (30) uncertainty range in the mass of PSR J0348 +0432. The circle markers indicate the location
of the phase transition which happens to coincide with the maximum mass for all parametrizations
and compositions. (Left column) Only nucleons and leptons are included in the hadronic phase.
(Center column) Hyperons are included with the vector meson-hyperon coupling constants given
by the SU(3) ESCO8 model. (Right column) Delta isobars are also included with the following
couplings: X, 4 = x,4 = l.1and x,4 = 1.0

3.1 The Maxwell Phase Transition

The mass-radius curves for quark-hadron hybrid EoSs constructed for the Maxwell
transition with the P119 and P127 n3NJL parametrization are given in Fig. 3. EoSs
that include pure deconfined quark matter are too soft to support stable NSs for all
particle configurations and parametrizations. One interesting interpretation of this
result is that the phase transition to deconfined quark matter is the limiting factor for
the NS mass and density. Further, almost all configurations in Fig. 3 are consistent
with the mass constraint set by PSR J0348+0432 at the 1o level, with the exception of
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SWL with hyperons and As, and GMI1L with As, both satisfying the mass constraint
only at 3o. Finally, no vector coupling was considered in the n3NJL EoS as this
would simply lead to even higher density phase transitions guaranteed to result in
the same instability as observed for Gy = 0.
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Fig. 4 The mass versus radius for NSs with a phase transition from hadronic matter to deconfined
quark matter modeled using the Gibbs construction and the P119 n3NJL parametrization [14]. The
dark (light) green shading indicates the lo (30') uncertainty range in the mass of PSR J0348 +0432.
The circle markers indicate the location of the phase transition. (Left column) Only nucleons and
leptons are included in the hadronic phase. (Center column) Hyperons are included with the vector
meson-hyperon coupling constants given by the SU(3) ESC08 model. (Right column) Delta isobars
are also included with the following couplings: x5 4 = xua = 1.1 and x,4 = 1.0
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3.2 The Gibbs Phase Transition

The mass-radius curves for quark-hadron hybrid EoSs constructed using the Gibbs
transition with the P119 n3NJL parametrization are given in Fig. 4. As an extreme we
can first consider a quark-hadron hybrid EoS in the absence of hyperons or As (npep
matter). In this case the SWL and GM 1L parametrizations require the inclusion of the
vector interaction to be consistent with the mass constraint, the maximum falling in
the 1o range. The DD2 and ME2 parametrizations satisfy the mass constraint at the
lo level without requiring the inclusion of the vector interaction. All parametrizations
have a fairly discoverable 0.15-0.2 M, range in the mass-radius curve in which a
quark-hadron mixed phase appears in the core. The phase transition occurs in the
fairly low density range 2.5-3 np, leading to quark matter fractions of 38-45% in the
core. Free quarks are found to make up as much 4-6.3% of the total quarks in a NS,
accounting for 6-8.8% of the total mass, both fractions increasing with the softness
of the EoS.

Hyperons are included in all parametrizations with the vector meson-hyperon
coupling constants given by the SU(3) ESC0O8 model [40]. The presence of hyperons
lowers the maximum mass by less than 2% in almost all cases (exception DD2 with
vector interaction), and moves the SWL and GM 1L parametrizations outside the lo
range of the mass constraint even with the inclusion of the vector interaction. The
DD2 parametrization with hyperons requires the vector interaction to satisfy the mass
constraint, while ME2 still does not. Without the vector interaction the quark-hadron
mixed phase exists in about a 0.2 Mg range for SWL and GMI1L, but a smaller
somewhat less discoverable 0.08 — 0.12 Mg range for DD2 and ME2. Including
the vector interaction reduces the overall mixed phase mass range to = 0.06 Mg,
with a range of only 0.01 Mg, for DD2, seriously limiting discoverability. Hyperons
soften the EoS delaying the quark-hadron phase transition slightly without the vector
interaction but drastically when the vector interaction is included. The quark matter
fraction in the core reaches 35—42%, smaller than with the purely nucleonic hadronic
EoSs, with a similar decrease in the total quark matter fraction and quark matter mass
fraction.

Including As in addition to hyperons further delays the onset of the quark-hadron
phase transition. However, the quark-hadron mixed phase EoS with As is very soft,
with the result that the maximum masses are almost the same as with hyperons
alone. The critical masses are within 0.02 Mg, of the maximum mass (excluding SWL
for Gy = 0), leaving an extremely small range for discoverability. Surprisingly, in
this small mass range the highest mixed phase quark matter fractions are achieved
at almost 50%. However, even with these large x values the high critical density
indicates an extended hadronic phase and leads to a total quark matter fraction and
quark matter mass fraction that are comparatively small.

Figure 5 shows the particle number densities for the DD2 parametrization for all
particle configurations both with and without the vector interaction. Charge neutrality
and the reduction of isospin asymmetry drive the NS composition in the quark-hadron
mixed phase. At the onset the negatively charged d quark dominates the other quarks

fweber@sdsu.edu
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Fig. 5 The relative number density of particles as a function of baryon number density (in units of
the saturation density) for the DD2 parametrization [ 14]. The gray shading indicates baryon number
densities beyond the maximum. (Top row) Only nucleons and leptons are included in the hadronic
phase. (Center row) Hyperons are included with the vector meson-hyperon coupling constants
given by the SU(3) ESCO8 model. (Bottom row) Delta isobars are also included with the following
couplings: X, 4 = x,4 = l.1and x,4 = 1.0

and replaces high energy leptons and negatively charged baryons. The s quark has
a relatively high mass for a quark but it is still quite low compared to the baryons,
so it also helps remove high energy leptons and negatively charged baryons from
the system. The positively charged u quark replaces high energy protons and has a
positive isospin ({, = +1,/2) which helps reduce isospin asymmetry. In npept and
hyperonic matter the proton number density actually continues to increase at the onset
of the mixed phase reducing isospin asymmetry. The negatively charged hyperons
and As on the other hand all rapidly decline in number density, vanishing before the
end of the mixed phase. Finally, the protons, neutrons, and As all exist up to the limit
of the mixed phase.

4 Summary

We presented the nonlocal SU(3) Nambu-Jona-Lasinio model for the modeling of
deconfined quark matter, and combined it with different quantum hadrodynamical
models (RMFL, DDRMF) [14] to construct models for the quark-hadron hybrid EoS.
The quark-hadron phase transition was modeled using the Maxwell construction
given a high surface tension (Z 70 MeV/fm?), and it was found that NSs with core
densities beyond the phase transition density are unstable. Therefore, no pure quark
matter core exists and the phase transition mass marks the endpoint of the NS mass-
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radius curve. Given a relatively low surface tension (= 70MeV/fm?) the quark-
hadron phase transition was modeled using the Gibbs construction, resulting in a
stable NS core where hadronic and deconfined quark matter coexist. The largest
fractions of quark matter achieved in the quark-hadron mixed phase were around
50%; no choice of parametrization or composition led to a pure quark matter core.
Finally, hybrid EoSs employing the SWL and GMI1L hadronic parametrizations
were shown to require the vector interaction to satisfy the mass constraint set by
PSR J0348+0432.
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