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Hybrid stars can be self-bound
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Based on the properties of uniform nuclear matter at the nuclear saturation density and basic
thermodynamic relations, we first restudy the composition of matter on the surface of normal neutron
stars and hybrid stars. It is found that hybrid stars are composed of uniform hadronic matter on the surface
rather than heavy nuclei. Then we use the Walecka model and the self-consistent NJL model to describe the
equation of state of low-density hadrons and quark matter at high densities respectively. The P-interpolation
method is employed to connect the equation of state at the extreme densities to study hybrid stars. As a result,
we find that the obtained hybrid star mass-radius relation and tidal deformability meet the requirements of the
latest astronomical data. More importantly, we find that the hybrid stars we obtained can be self-bound rather
than gravitationally bound, which is completely different from previous related studies.
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I. INTRODUCTION

Neutron stars are some of the densest manifestations of
massive objects in the Universe. Remarkable progresses
have been made in neutron-star physics, covering from many
directions [1-11] and providing new observational windows
into the microscope physics of dense strongly interacting
matter. First, as the discovery of massive neutron stars, i.e.,
PSR J0348 + 0432 [12] with 2.01 = 0.04 M, many mod-
els with a soft equation of state (EOS) are excluded because
they can not support such massive stars. Second, x-ray
observations provided much more precise measurements of
the radius [13-15], such as 11.01“8’2 km for the 1.4-solar-
mass neutron stars in Ref. [15]. Third, due to the gravita-
tional wave detection, the binary neutron star (BNS) merger
event GW170817 [10] supplies constraints on the tidal
deformability, A < 800 for the 1.4-solar-mass neutron stars,
which rules out models with much stiff EOS. These
astronomical observations give us new ways of inferring
both equilibrium and dynamical properties of neutron stars.
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Although people have accumulated a lot of astronomical
observational data about neutron stars, people still have
great controversy about the internal structure of neutron
stars. At present, it is generally believed that there are three
types of neutron star structure models. The first is to assume
that the neutron star is composed of hadronic matter, and
there is no asymptotically free quark matter inside. The
second is to assume that when the core density of a
traditional neutron star is large enough, a hybrid star/mixed
star with a core of quark matter will be formed [16—18]. The
third is the so-called “strange quark matter” star. Following
the argument from Witten [19] that strange quark matter is
more stable, the existence of quark star is discussed by
many authors [20-25]. In recent years, many authors have
proposed the possible existence of two-flavor quark stars
[26,27]. As discussed in Ref. [28], two-flavor quark matter
can be the stable ground state for the baryon number
A > 300 after taking the bulk effect into account. In this
study, we mainly discuss the so-called hybrid star, that is,
the outer region of the compact star is composed of uniform
hadronic matter, and the inner core is composed of
asymptotically free nonstrange quark matter.

It is generally believed that the surface pressure and
baryon density of ordinary neutron stars and hybrid stars are
zero, and the region of 0.3 — 0.5 ny is made of inhomo-
geneous hadronic matter in a “pasta” phase [6-9,29], where
ng is the nuclear saturation density. As the baryon number
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density goes beyond 0.5 ny, the nuclei begin to coalesce into
the uniform neutron matter. The thermodynamic properties
of strongly interacting matter can be effectively illustrated in
the mass-radius diagram. For instance, the EOS of free
particles requires no particles should exist at zero pressure.
Hence, the mass-radius diagram under such an EOS shows
that as the mass of a compact star decreases [16—18], the
radius of the compact star grows, which reflects the fact that
a small mass can no longer constrain a cluster of particles,
and they tend to expand into the whole space. However, for
self-bound particles, the EOS will be quite different, and the
extremely large radius of the mass-radius diagram naturally
vanishes. In this case, for a small mass object, although the
gravity itself might be too weak to constraint the particles,
the self-bound feature ensures that all particles will be
restricted inside the boundary. It explains why quark stars
have different mass-radius relation as compared with neutron
stars and hybrid stars [18,21].

The main motivation of this paper is to try to use the
known properties of the strongly interacting matter at the
nuclear saturation density n, and some basic thermodynamic
relationships to readdress the properties of the strongly
interacting matter at low density and then to study hybrid
stars. According to the fact that the density of nuclear matter
saturates at ng, the energy per baryon E/A at n, has a
minimum value (E/A),., = Ho [30] (see below), which is
exactly the baryon chemical potential. It implies that the
density converges directly to n,, where the pressure is zero,
while states with the density less than n, are unstable.
Otherwise, the most stable state will be replaced by such a
state. Unlike the past picture of hybrid stars where the
pressure vanishes as the density becomes zero, the uniform
hadronic matter at large densities is stable to be self-bound
now. However, it seems contradictory that the most stable
state of nuclear matter is the iron nucleus, which, with a
density lower than n, are not supposed to be stable. In fact,
the statement that iron nucleus is the most stable state is
attributed to the fact that the bulk effect (E, = —16 MeV),
the surface energy (E, = 184~/ MeV), and the Coulomb
repulsion (E, = 0.7Z>A7%/3, where Z is the number of
protons), impose a huge influence on E/A for a finite baryon
number A. On the contrary, for neutron stars, the baryon
number A is large enough so that the bulk effect is
insignificant and the strong interaction dominates. Under
this situation, the uniform hadronic matter appears only
when the baryon number density is larger than n,.

Due to the fact that uniform hadronic matter is the most
stable state of strongly interacting matter, neutron stars or
hybrid stars without inhomogeneous hadronic matter on the
crust are possible to exist in the Universe. With the self-
bound hadronic matter on the surface, a small mass compact
star will have a limited radius, and it is different from the
mass-radius relation of classic neutron stars and hybrid stars
that have increasing radius with decreasing mass.

This paper is organized as follows. In Sec. 11, the reason
that enormous asymmetric hadronic matter is more stable
than iron nuclei is presented. In Secs. Il and IV, The

Walecka model and a self-consistent NJL. model are
engaged for the description of hadronic matter and quark
matter, respectively. In Sec. V, The P-interpolation method
is employed to smoothly connect the EOS between
hadronic matter and quark matter, and the mass-radius
relations are illustrated, which satisfy the astronomical
observations for massive neutron stars. In Sec. VI, our
conclusions are presented.

II. THE MOST STABLE STATE

Since we can not derive the properties of cold dense
matter at finite density from the first principles of QCD, the
experiments of nuclear matter at nuclear saturation density
ng provide us the most reliable constraints on the strongly
interacting matter. First of all, the energy per particle has a
minimum value at n,

Oe/n|
on =0, (1)

ngy

here ¢ is the energy density of cold dense matter, and 7 is
the baryon number density. Besides, with the thermody-
namical relation of

e =—P+ un, (2)
and combining Eq. (1) and Eq. (2), we have
P(ng) = 0. (3)

Substituting Eq. (3) into Eq. (2), we get the baryon
chemical potential p at the nuclear saturation density ny,

w=(2) . )

As long as the chemical potential u is lower than p, the
baryon number density should be zero,
n(u) =0, for u < . (5)

If the baryon number density n(u) is nonzero at u < uy,
then because e(u)/n(u) > e(uy)/n(uy) so that

P(u)
—— > gy > 6
n(u) 0 (6)
we would have
P(u) <0, forn(u) >0,  u<p, (7)

which is unstable. Hence, the baryon number density is
expected to be zero until the chemical potential y shifts to y
where it is the most stable state. Once the chemical potential
reaches po, the baryon number density discontinuously
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jumps up to ny. As a result, we conclude that the baryon
number density does not gradually grow from zero but
appears suddenly to 7.

Since the vacuum pressure is usually divergent and could
not be directly measured, people usually assume that the
vacuum pressure is equal to zero [31]. In fact, with the
universal zero-temperature finite-density pressure relation-
ship [16-18,32,33],

Pm=Pw:m+£%@w, (8)

and considering the experimental data at the nuclear
saturation density of the strongly interacting matter
P(uy) = 0 and Eq. (5), the vacuum pressure becomes

Pm—m—ifwww—a (9)

which is model independent as well. It implies that the no-
sea approximation [31] is not necessary but is constrained
by the nature.

A question is aroused concerning what is y, for the
strongly interacting matter. To answer the question, we
need to consider the binding energy defined as the energy
per baryon [30],

€ — My - (NMy—E)/N =My —E,,  (10)
n

where M is the mass of nucleon, E/V = ¢, N/V = n, and
the binding energy Ey = (NMy — E)/N. Because the most
stable state has a minimum g, the binding energy E| in
turn becomes the maximum value. Empirically, we know
that the most stable state is the iron nucleus with N = A =
56 and E; = 8 MeV, where N and A are particle number
and baryon number, respectively. For a nucleus with finite
size, the bulk effect plays a crucial role in the binding
energy. In the core of the nucleus where particles are
isotropic, the electromagnetic interaction is weak and can
be omitted as comparing with the strong interaction. So, the
central density of the nuclei is approximately n,. However,
the situation changes on the surface of the nucleus, where
the strong interaction is absent from the outside. Hence, the
electromagnetic interaction can no longer be ignored,
which leads to the bulk effect of hadronic matter with
finite size. The stability of nuclei is thus prominently
influenced by the bulk effect. The Weizsacker formula
tells us that [30]

1 1
EO:al—azm—c@sz, (11)

where a; ~ 16 MeV, a, = 18 MeV, a3 ~ 0.7 MeVand Z is
the number of protons. Thus, for the nuclear matter with a
finite size, E; goes up to the maximum value at A = 56,

Ey= 8.7 MeV and y = ug~931 MeV, so that the iron
nucleus becomes the most stable state. Nevertheless, the
radius of a massive neutron star is of the order of 10 km,
and the hadronic matter on the surface of neutron stars is
insufficient as comparing with the total baryon number A.
Therefore, the bulk effect is ignorable. Although the real
phase structure on the surface remains unknown, the stable
condition can provide some constraints. For a hybrid star,
the outer layer is composed of hadronic matter and the inner
core is composed of quark matter. They must coincide in
the middle-density region. As the density goes down, the
quark matter in the core gradually transforms into the
uniform hadronic matter through the deconfinement, and
then the density of uniform hadronic matter stops declining
when the pressure is zero, corresponding to the stable
density ny. No more structures are necessary to cover the
uniform hadronic matter.

I1II. WALECKA MODEL

Following other researchers, we use the Walecka model
to describe the hadronic matter [1,9,29,31,34-39],

L=y(i) — My + 9,0 — 9,07 — g,p737" )@

1 1 1
+ 5 (0,000 — mie?) — ngN(g{;a)3 - Zc(g(,a)4

1 1 1 1
-2 @, " + 3 m2w? — Zpﬂ,,p’“’ + 3 m2p?
1
+5AG P, (12)

where g,, g,,, g, are the nucleon coupling constant for o, @
and p mesons, b and c¢ are the coupling constants for the
self-interactions of ¢ mesons. w, and p, are defined as

w,, = 0,0, — 0,0, (13)
Puw = 8/4/)v - 61//)/4’ (14)

The gap equations are obtained by variation of the
Lagrangian,

M}, = My — g,0, (15)

. 1
Hp = Hp = 9o® = 5 9,P (16)

. 1
Hin = Hn = 9@ + 5 9P, (17)
m2e + bMygio® + cgie® = g,n,, (18)
m2m + Agg,glz,pza) = go(n, + ”p)’ (19)
2 AR Pty — 1 20
m,p + Gu9p@0~pP = Egﬂ(nn - np)’ ( )
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where

3 *
n =N, [ 4P My
s f (

3
n=2w, [ (‘2’7”)3@- £, (22)

(f=+s9. @

Here f* = W(Epim] is the fermion distribution, and

E,=+/ p* + M3?. The thermodynamical potentials are
required to illustrate which phase is more stable at a certain
situation. Then we have

3
Q= —2Nf/d—p3{Tln(1 + exp[—p(E, + u)])
(27)

+ TIn(1 +exp[-A(E, —p)])}

- %mﬁpz - %miaﬂ - %Agﬁg?opzwz

+ lm(z,a2 + leNm§,03 + lcmﬁ*,a“. (23)

2 3 4

Following Ref. [31], we take the parameters as My =
939 MeV, m, =550 MeV, m, =783 MeV, m,=
770 MeV, b =17.950 x 1073, and ¢ = 6.952 x 107*. We
further take gZ/4r = 6.003, g2 /4m =5.948, g, = 4.583
and A = 8.431, then the binding energy is obtained as
Ey=16.317 MeV. And other features at the saturation
point are shown in Table L.

The baryon number density is shown in Fig. 1. Different
colors in the figure represent the three solutions of gap
equations from Egs. (15)—(20) with different initial values.
Unlike the usual picture of free particles that the density
increases with the growing chemical potential, the density
of red solutions declines as the chemical potential
increases. In fact, it indicates a liquid-gas phase transition
by the Maxwell construction. In order to obtain the physical
EOS of uniform hadronic matter, stable solutions must be
distinguished from unstable ones. For this purpose, the
thermodynamical potential of uniform hadronic matter is
presented in Fig. 2. It is shown that the red solutions always
have a higher thermodynamical potential, and thus it can
not be the most stable states. As the chemical potential
grows, the blue solutions shift to the black one. The
intersection between blue and black solutions implies the
position of a first-order phase transition, y = 923 MeV, as

TABLE 1. The empirical and theoretical value at nuclear
saturation density.

no(fm™) K MeV) Egyp (MeV) L (MeV)
MFT 0.155 258213 30.8098 80.3535
Empirical 0.16 £0.01 2404+20 31.74£32 58.7+28.1
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p (MeV)
FIG. 1. The baryon number density as a function of the

chemical potential with different initial values.

indicated by the Maxwell construction in Fig. 1. Therefore,
in Fig. 1, the density of uniform hadronic matter has a
singularity at o = 923 MeV. At low chemical potentials,
no particles can be excited from the vacuum, but the density
directly jumps to ny = 0.155 fm™ as the chemical poten-
tial reaches pu,. Besides, to show that such solutions are
indeed stable, more details about the solutions are shown in
Fig. 3, where the pressure as a function of the baryon
number density is plotted. Apparently, for the red solutions,
we have OP/0n < 0. It clearly shows that this is an
unstable state. On the contrary, the black solutions are
physical and stable. To sum up the above analysis, the
Walecka model is consistent with the deduction in Sec. 11
that the baryon number density jumps from zero to the
nuclear saturation density n, when the pressure is zero, and
the matter with a baryon number density less than ng is
unstable and could not exist.

Q (MeV/im?)
||

-8 " . -
900 910 920 930 940 950 960
p (MeVv)

FIG. 2. The thermodynamical potential as a function of the
chemical potential with different initial values.
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FIG. 3. The pressure as a function of the baryon number density
with different initial values. The grey line corresponds to zero
pressure.

In order to describe the hadronic matter in hybrid stars,
the electronic and chemical equilibriums should be
included,

Hp + e = Hps (24)
Hp My = iy (25)
n,—n,—n, =0. (26)

As shown in Fig. 4 and Fig. 5, the thermodynamical
properties under electronic and chemical equilibriums
are similar to the case without such conditions, but
the zero pressure point moves from p; = 923 MeV to
o = 937 MeV. Correspondingly, the baryon number den-
sity moves from n, = 0.155 fm™ to py, = 0.1 fm™3.

— T T T T T T T T T T T T T T
0.8 - —

04 |- -
OOF 4 @ 2 @ 4 ¥ z L I I 4
-04 [ -

-0.8 - u 4

Q (MeV/fim®)
| |

_20 L 1 " 1 " 1 n 1 " 1 " 1 L 1 " 1 " 1 "
930 932 934 936 938 940 942 944 946 948 950

i (MeV)

FIG. 4. The thermodynamical potential as a function of the
chemical potential under electric and chemical equilibrium.

40 . . . . . .
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05| n -

0.0 O I I =
-0.5 e

0.00 0.05 0.10 0.15 0.20
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FIG.5. The pressure as a function of the baryon number density
with different initial values. The grey line corresponds to zero
pressure.

IV. THE SELF-CONSISTENT NJL MODEL

The standard Lagrangian of the two-flavor NJL model
[40-48] with chemical potential is

L = w(iy*d, — mo + uy°)y + Gl(pw)* + (wiyswy)?],
(27)

where G is the four-fermion coupling constant, m, is the
current quark mass matrix and t is the pauli matrix. The
NJL model as an effective field theory can not be solved by
the perturbation method. The mean field approximation has
to be employed for thermodynamical properties of quark
matter [49],

Legy = p(iy*d, —mg 4 2Go + uy® )y — Go*,  (28)

where ¢ = (py) is the quark condensate. The effective
quark mass is obtained as

M = my - 2Go. (29)

The quark condensate is derived by setting stationary point
of the thermodynamical potential of quark matter with
respect to the effective quark mass to be zero,

4
o= () = / éT’;Tr[sw, (30)

where S(p) represents the dressed quark propagator, and
the trace operates on the Dirac, flavor and color space. Here
it should be noted that the NJL. model does not possess the
property of confinement. Normally, it is believed that the
chiral phase transition and phase transition of deconfine-
ment happen at the same time. Thus, the scalar condensate
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manifests the chiral phase transition along with the
deconfinement.

Since we only concern about the situation of finite
chemical potential at zero temperature. The quark con-
densate is

3
o= —2N6Nf/(‘;7’;3%[1 —0u—-E,).  (31)

where E, = /p* + M?. The Fierz-transformation of the
four-fermion interaction in the two-flavor NJL model is

F = o 2w)* + 2irsty)* = 2(wew)* = 2(wirsw)?
— 4(pytw ) — A(wiytysy)?
+ (pow)* — (o' zy)?], (32)

where color terms are neglected. We only keep the scalar
term and the vector term from the Fierz-transformed four-
fermion interaction. As the Fierz transformation is just a
mathematical technique, the original Lagrangian and Fierz-
transformed Lagrangian can be combined at any propor-
tions. The weighting factor a reflects the competition
between scalar interaction channels and vector interaction
channels [24,26,27,50-53].

Lr=(l—a)l+ aLlp, (33)

where L is the original Lagrangian and Ly is Fierz-
transformed Lagrangian. However, this situation is differ-
ent when we employed the mean field approximation,
because the Fierz-transformation and mean-field approxi-
mation are not commutative,

a
M=my—2G|1- , 34
m G ( a+ 4NC> o ( )
Ga , |,
"=p———(y'y), 35

A vy (v w) (35)
where G’ = ?IG_(ZT; . It is clear that the gap equations are

INg

affected by a [52], and the vector interaction between
quarks becomes dominant with the increase of a. We will
show that the parameter a is crucial to the EOS of quark star
and can be constrained from astronomical observations.
As indicated by the divergence of quark condensates, the
three-momentum cutoff is usually adopted. But 5-10 n, of
the central density of hybrid stars corresponds to quark
chemical potential over 700 MeV. In this region, the 6
function of the equation is malfunctioning, because the
quark chemical potential is beyond the cutoff of the
momentum. We have the mathematical identity,

1 1 o 1 ©
— = _/ d,n.n—le—rA N _/ dTT"_le_TA,
A (n) 0 F(l’l) 0y
(36)
where zyy is set to regularize the divergence. Thus the

proper-time regularization is employed, and the quark
condensate now can be altered into the form of

© M ., Bp M
a:—ZNCNf[/ dT—e_TEP—/ —0O(u—FE,)|.
w T (27 E, !

(37)

In our calculations, the parameters will be fixed as my=
5.0MeV, 75y =10922MeV, and G’ =3.086x 10~ MeV 2,
which fit the pion decay constant and pion mass at zero
temperature and chemical potential [27].

Similar to the hadronic matter, quark matter should be in
electronic and chemical equilibrium as well,

Hu + He = Has (38)
My + Ky = Ha» (39)
2 1
gnu—gnd—ne—nﬂzo. (40)

Due to the asymmetry between u-quark and d-quark in the
beta equilibrium system, the pressure of quark matter is
given as [32,33]

ﬂll - ~
P(pys prg) = P, = 0, g = 0) + A Pulfiy ug = 0)dji,
Ha - -
+ A Pa(bus fia)dfig. (41)

Because no free quarks are observed in nature, following
the MIT bag model, the vacuum pressure, P(u, = 0, u; =
0) in Eq. (41), is set to make the pressure of quark matter
appears at 2 times of nuclear saturation density 2n,, where
the deconfinement happens,

u@2ng)
Plu=0) == [ pap. (42)

where u(2ng) = 1029 MeV, which is derived from the
Walecka model.

V. HYBRID STARS

To obtain a smooth EOS of hybrid star, an interpolation
approach to connect the hadronic matter at low densities
and quark matter at large densities is employed. In
Refs. [54-56], the P-interpolation and e-interpolation
approaches in the P-p and e-p plane are adopted. In this
paper, the P-interpolation on the P-u plane is employed
with an extra parameter «; introduced as in Refs. [16-18],
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P(u) = Pu(p)f-(u) + Po(u)f+(u), (43)

fi= % <1 + tanh (ﬂajl“ﬁ) ) . (44)

Here, Py and P represent the pressures of hadronic matter
and quark matter respectively. The interpolation functions
f+ are introduced to make the region of deconfined phase
transition smoothly shifting. It is usually assumed that the
deconfinement happens at 2 n, and finishes at 4—7n, [3].
So, the region of window are set from 2 nyto4 ng, ji —I' <
u < ji+7T (Fig. 6), where ji and I" are set as the chemical
potential corresponding to the particle number density at 3
and 1 times of nuclear saturation density respectively, for
the reason that no single EOS of hadronic matter or quark
matter alone is reliable to describe the deconfinement.
Taking into account the thermodynamical relation of
Eq. (2), the energy density in such a region is

e(p) = en(u)f-(u) +eo(u)f+(u) + Ae, (45)
Ae = M(PQ = Py)g(u), (46)

whete g(u) = Zx(¢” + )2 and ¥ = (u— i)/ (aT).

With the above interpolation function, the constituent
fractions for neutron, proton, electron and quark are
defined as

)((i) — Pi i
pll+pp+pe+pﬂ+pq

i=n,p.enuq,
(47)

where p is the baryon or lepton number density and the
subscripts of n, p, e, 4 and q stand for neutrons, protons,

400 T T T T v T T T T T
L e hadron
350 — 0, = (.5 —
r — = ()7
300 e = 0.9 p
s~ 250 b
e L
=
> 200 - 4
()]
Ei L
n 150 |- -
100 B
50 - -
0 ____-=‘f—‘ ! 1 N 1 N | . 1 N
900 1000 1100 1200 1300 1400 1500

i (MeV)

FIG. 6. The pressure as a function of the chemical potential
with different a. The black line is the pressure of hadronic matter,
and the colorful lines are for quark matter. The two vertical grey
lines represent the window between 1029 MeV and 1272 MeV,
corresponding to 2 ny and 4 n,, where deconfinement happens.

electrons, muons and quarks respectively. The correspond-
ing results for different @ ’s are shown in Fig. 7. As the
density increases, hadronic matter transforms into quark
matter. Note the muon is also present, but its fractions are
all below 1%, hence not plotted. (The muon number density
is generally suppressed as compared to electron as leptons
are treated as free fermion gas here.) The discontinuities in
these curves are artifacts of our interpolation scheme. The
good thing is that the jumps at these discontinuities are
indeed insignificant in magnitude. a; = 0.17 is assumed in
Eq. (44), so the hadronic matter fraction declines from 0.8
to 0.2. If a; decreases further, the tidal deformability of the

a=0.9

0.1

0.01

0.1

0.01
1

0.1

0081

FIG. 7. The particle fraction of protons (p), neutrons (n),
electrons (e) and quarks (q) as a function of the baryon number
density.
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FIG. 8. The pressure as a function of the energy density for
different a.

1.4-solar mass compact star will exceed the upper limit
from astronomical observations [10].

By employing such an interpolation, the overall EOS
covering all the density ranges can be calculated. The result
is shown in Fig. 8.

The sound velocity can be calculated from the EOS as

, dP
C; = T (48)
The sound speed can reflect the stiffness of the EOS. The
results are illustrated in Fig. 9. We see that as a grows, the
velocity also becomes larger, which means a stiffer EOS.
Therefore, a stronger vector interaction can support a larger
pressure.

0.6 E
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FIG. 9. The velocity of sound as a function of the chemical
potential for different a.
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FIG. 10. The mass-radius relation for different a.

Now that the EOS of hybrid stars has been achieved, the
Tolman-Oppenheimer-Volkoff equations (TOV) can be
adopted (as G=c=1) to solve the structure of the
compact star,

dP  (e+P)(M+4zr’P)

dr r(r—2M) ’ (49)

ii;[ = 4znr’e. (50)

Figure 10 shows that, for a larger a, the hybrid star can be
significantly more massive than 2-solar-mass. Unlike the
usual mass-radius relation of hybrid stars, for which a small
mass object usually has a large radius, our hybrid stars with
uniform nuclear matter on the surface are self-bound;
therefore the radius of the hybrid star shrinks as the mass
decreases.

Additionally, as demonstrated in Ref. [11], a 2-solar-
mass neutron star may have a 6.5 km quark core, with the
square of sound velocity Cs? lower than 1/3. In Fig. 11, the
radius of quark core (R,) is plot. For the 2-solar-mass
hybrid star, the radius of quark core is 6.38 km when
a=0.5, and it is 6.51 km when a = 0.7. The results are
compatible with the constraints in Ref. [11]. However, the
square of the sound velocity in the NJL model with vector
interacting channel is larger than 1/3, which requires
further study in the future.

The tidal deformability can be calculated with the tidal
Love number k,, and the Love number measures the
distortion of the surface of a star by an external gravity.
In the unit G = ¢ = 1, the relation between k, and the tidal
deformability is

ky :51\(%)5. (51)
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FIG. 11. The radius of the quark core as a function of mass for
hybrid stars.

The [ = 2 tidal Love number k, is calculated as [57]

k, :§c5(1 —202[2+2C(y—1) —y]
x {2C[6—3y+3C(5y-8)]
+4C[13 =11y +C(3y=2) +2C*(1 +y)]
+3(1=20)22—y+2C(y—1)]In(1-2C)}"",  (52)

where C = M/R is the compactness of the quark
star and

RB(R) 4zR’e

Y =7

HR) M (53)

Here ¢, represents the surface energy density of the
quark star.

The dimensionless parameter y is obtained by solving
two differential equations,

dH

—=h. (54)

% - %ﬁm {—271'[58 +9P + de/dP(e + P)]
e A ARl
e

Ast — 0, H(r) = ayr* and p(r) = 2ayr. ay can be any
number, because we only concern about the ratio between
H and p.

In Fig. 12, the tidal deformability A versus the stellar
mass is plot. We see that the tidal deformability decreases

T T T T
2800 | i
2400 4
2000 - =05
— =07
1600 - [——a=09] i
< I
1200 - 4
800 |- (1.4 M,) < 800
400 |-
0 " 1 n 1 " 1 L
1.0 1.2 14 16 1.8 2.0

FIG. 12. Tidal deformability.

as the mass of the hybrid star increases. The astrono-
mical constraint of A < 800 ([10]) can be satisfied as long
as «a is smaller than 0.9. Hence, we conclude that hybrid
stars with a uniform surface of two-flavor quark matter can
satisfy the current constraints from the astronomical
observations.

VI. SUMMARY AND CONCLUSION

In this paper, the stability condition of the hadronic matter
is discussed. It is pointed out that the most stable state has
minimum energy per baryon, (E/A),., = Mo, Where nuclear
saturation density ng is zero pressure. It implies chemical
potentials lower than y, is unstable for particles. As for the
fact that the iron nucleus is the most stable state, the bulk
effect takes responsibility. But in hybrid stars, the bulk effect
may not be inappreciable. In addition, unlike a nucleus in a
lattice, where pressure appears along with the density,
uniform hadronic matter exists at zero pressure. If the inner
layer of the hybrid star is the uniform hadronic matter,
which is described by the Walecka model, the matter of
nuclei is not necessary to be the crust over them. Because, in
the description of a nucleus in a lattice, zero pressure must
be zero densities, and density at n & p, has finite pressures.
However, the hadronic matter has no pressure at n = p,
which makes two phases unable to connect. As a result,
hybrid stars or neutron stars with uniform hadronic matter
on the surface becomes possible to exist in the Universe. For
precise explanation, the Walecka model and self-consistent
NJL model are employed to construct the hybrid stars, and
P-interpolation is used to smoothly connect the EOSs of
uniform hadronic matter and quark matter. The mass-radius
relations are obtained, which is self-bound rather than
gravitationally bound. The astronomical observations pro-
vides that two-solar-mass neutron stars exist and 1.4-solar-
mass neutron stars has upper limit of tidal deformability
A < 800, which are all satisfied by our model.
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