Universidade Federal do ABC

We perform a systematic study of hybrid star configuraticsisgisev-
eral parametrizations of a relativistic mean-field hadtdeoS and the
NJL model for three-flavor quark matter. For the hadronicsehae
use the stiff GM1 and TM1 parametrizations, as well as thg saff
NL3 model. In the NJL Lagrangian we include scalar, vectar d@n
Hooft interactions. The vector coupling constapnis treated as a free
parameter. We also consider that there is a split betweeatettmnfine-
ment and the chiral phase transitions which is controlle@dhmnging
the conventional value of the vacuum pressufe, in the NJL ther-
modynamic potential by- (€2 + 6€2y), beingd(2, a free parameter. We
find that, as we Increase the valuedi,, hybrid stars have a larger
maximum mass but are less stable, i.e. hybrid configuratarasta-
ble within a smaller range of central densities. For largeugo(),
stable hybrid configurations are not possible at all. Theaefbf in-
creasing the coupling constapt is very similar. We show that stable
hybrid configurations with a maximum mass larger than theentesl
mass of the pulsar PSR J1614-2230 are possible for a largerefy
the parameter space gf andod(), provided the hadronic equation of
state contains nucleons only. When the baryon octet isdieclun the
hadronic phase, only a very small region of the parameteresaiiows
to explain the mass of PSR J1614-2230. We compare our regtlits
previous calculations of hybrid stars within the NJL moda&fe show
that it Is possible to obtain stable hybrid configuratiors®ah the case

0y = 0 that corresponds to the conventional NJL model for which tlge

pressure and density vanish at zero temperature and clgmoieatial.

To describe the quark matter phase we use the SU(3) NJL mathel
scalar-pseudoscalar, isoscalar-vector and 't Hooft smien interac-
tion. The Lagrangian density of the model is:

Lo = Ylinud! —m)y
S
+ g5 ) _[WA) + (PinsA")7]
a=0
S

— g0 > (@7 P)” + (57X ¥)]
a=0

+ gi{det|P (1 + v5)9] + det[yp(1 — 5)v]}, (1)

wherey = (u,d,s) denotes the quark fields\"(0 < a < 8) are
the U(3) flavour matricesp = diagm,, m4, ms) is the quark current
mass, andy, g, andg; are coupling constants. The mean-field the
modynamic potential density for a given baryon chemical potential
patl =0, Is given by
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where the sum is over the quark flavar = u,d, s), the constants
n = 2 and N, = 3 are the spin and color degeneracies, ang a
regularization ultraviolet cutoff to avoid divergenceshe medium in-
tegrals. The Fermi moment of the partiéles given bykp; = 0(u; —
M;)+/ (u? — M?), wherey* is the quark chemical potential modified
by the vectorial interaction, i-@‘z,d,s = Uy.d.s — 49v<¢w>u,d,s-

The conventional procedure for fixing thg) term in Eq. (2) is to
assume that the grand thermodynamic poteftialust vanish at zerp
and7'. Nevertheless, this prescription is no more than an arigitvay
to uniquely determine the EoS of the NJL model without anyhfesr
assumptions [1]. In view of this, [2] adopt a different sé@gt. They
fix a bag constant for the hadron-quark deconfinement to aaicile
same chemical potential as the chiral phase transitions fathod
leads to a significant change in the EoS with respect to theecional
procedure. Differently, we may explore the above poss$yoaf having
chiral restoration and deconfinement occurring at diffegamsities.
To this end, we shall substitutg) in Eq. (2) by the new valugy+ €2,

whered(), Is a free parameter:
Qg — Qo+ 08y in Eq. (2). (3)

With this change, the thermodynamic potenfiadan be non-vanishing

at zerop and?’, and theu of the deconfinement transition can be tuned.

In order to illustrate the dependence of the EoS on the neanpar

ter 6¢)y we depict in Fig. 1 the pressure as a function of the chemidal

potential for different values a¥()y and the pressure of the deconfine
ment transition?,;,; as a function ob{),. Notice that a small change
In the value obH {2y may result in a significant modification of the phas
transition density, and consequently, in a very differefirid EoS.
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Fig. 1: (a) Pressure as a function of the chemical potentiadifferent values of the parameter
0Q)y. (b) Pressure of the deconfinement phase transition as &doraf 6¢), for different values of
the coupling constanj,. Notice that a small change i1}, can produce a significant change in the

pressure of the phase transition.

We have solved the Tolman-Oppenheimer-Volkoff equationspher-
iIcally symmetric and static stars in order to investigateittiluence of
gy andof)y on the maximum mass of hybrid stars. In Figs. 2 and 3
show the EoS for some specific parametrizations and thespmnel-
Ing stellar configurations in a diagram of magsversus central energy
densitye.. The plateaus represent the hadron-quark phase trans#io
a consequence of a first order Maxwell construction.
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Fig. 2: (a) Pressure as a function of the baryon number demsitinits of the nuclear saturation
density p, (we assumegh, = 0.17fm™%). (b) Mass of hybrid stars as a function of the central

mass-energy density. We use)(), = 0 and different values af,.
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Fig. 3: Same as Fig. 2 but adopting/g; = 0.2 and different values o2, (labels forj<), are in
MeV fm ™).

In Fig. 4 we have represented the maximum mass of hybrid &iars
different parametrizations of the NJL model (more dealstsedabel
of Figure). An interesting feature of Fig. 4, is that largesses are
situated on the right-upper corner but stable configuratame located
on the left-lower corner of the figure (or left side of the figun the
case of NL3). This clearly illustrates the difficulty of olsteng stable
hybrid stars with arbitrarily large masses. Concerningetffiect of the
hadronic model we see that stable hybrid stars have higheesaf
the maximum mass for the stiffer hadronic EoS.

The observed mass of PSR J1614-2230 can be explained bygtaram
within the large region located between the red dashed Imkethe
solid black line in each panel of Fig. 4. However, a hypottatiuture
observation of a neutron star with a mass a0% larger than the mass
of PSR J1614-2230 will be hard to explain within hybrid stadals
using the GM1 and TM1 EoS (see panels (a) and (b) of Fig. 4) alhd
require a very stiff hadronic model such as NL3.
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Fig. 4. Background colors represent the maximum mass ofithghairs for different parametrizations

of the NJL model (i.e. different values @f andd()y). In each panel we use a different hadronic
EoS (without hyperons): (a) GM1, (b) TM1 and (c) NL3. Notidet the color scale is different
for each panel. The solid contour lines indicate specificaeslof the maximum mass. The black
solid line represents the boundary between parametrimtioat allow for stable hybrid stars and
parametrizations that do not. The red dashed line indicatesaluel.97M., corresponding to the
observed mass of PSR J1614-2230 [3]. The region betweerthéashed line and the solid black
line allows to explain the mass of PSR J1614-2230.

The effect of hyperons is shown in Fig. 5 where we consideiNbg
parametrization with the inclusion of the baryon octet. @anmed with
the case without hyperons, the maximum mass values arealvgra
few percent.
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Fig. 5. Same as panel (c) of Fig. 4 but for the NL3 model withdrngms. Hybrid stars are not
possible for the set of parameters within the white regiomy@ very small region near the upper-left

corner of the colored region allows to explain the mass of B85R.4-2230.
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