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ABSTRACT

Aims. We present a new microscopic hadron-quark hybrid equafistate model for astrophysical applications, from whicmpact
hybrid star configurations are constructed. These are ceeapof a quark core and a hadronic shell with first-order phrassition
at their interface. The resulting mass-radius relatiordraaccordance with the latest astrophysical constraints.

Methods. The quark matter description is based on a QCD motivatedldgiproach with higher-order quark interactions in thebir
scalar and vector coupling channels. For hadronic matteselext a relativistic mean-field equation of state with dgrdependent
couplings. Since the nucleons are treated in the quastlgaftamework, an excluded volume correction has beenuded for the
nuclear equation of state at suprasaturation density vihlas into account the finite size of the nucleons.

Results. These novel aspects, excluded volume in the hadronic pimastha higher-order repulsive interactions in the quarkspha
lead to a strong first-order phase transition with largentalteat, i.e. the energy-density jump at the phase transitibich fulfills

a criterion for a disconnected third-family branch of cowrtpstars in the mass-radius relationship. Thiege stars appear at high
masses+ 2 M) being relevant for current observations of high-massarals

Conclusions. This analysis fiers a unique possibility by radius observations of comptetto probe the QCD phase diagram at
zero temperature and large chemical potential and everpfmostithe existence of a critical point in the QCD phase diagr

Key words. stars: neutron — stars: interiors — dense matter — equétistate

1. Introduction of pure neutron stars. The latter case has been dubbed “mas-
. ) . . uerade” problem_Alford et &l.| (2005). The latter case seems
The physics of compact stars is an active subject of modefn iy pe characteristic to the use of modern chiral quark models
clear astrophysics research since it allows to probe the sfa i vector meson interactiohs Bratovic et &l. (2013) which
matter at conditions which are currently inaccessible ghhi ey similar in their behaviour to standard nuclear EoS AR

energy collider facilities: extremes of baryon density @ | alll, 1098) or DBHE (Fuchs
temperature. It provides one of the strongest observdtouma %) in the tranlsition region (see, elg., Kiahn et al. 00 ’
straints on the_ zero-temperature equation of state (Eo$@by[kiann i [(2013)). However, the opposite case is alssipos
cent high-precision mass measurement of high-mass pllgarg,je. when the phase transition to quark matter is accomganie
Demorestetal.[ (2010) and Antoniadis ef al. (2013). Any SCt 3 Jarge enough binding energy release, correspondiag t
narios for the existence of exotic matter and a phase tlansit 5 in density and thus a compactification of the star, an in-
high density which tend to soften the EoS may be abandoned Wppility may be triggered which eventually will result ihet

less they provide stable compact star configurations witessm g mergence of a third family of compact stellar objects, in ad
not less than M. Still, there are several possibilities for whichyition of white dwarfs and neutron stars. About the existeoic

itis hard or impossible to detect quark matter in compaasstag,c;y 3 pranch of supercompact stellar objects whiatisson-
namely when: @) the phase transition occurs at too hightesisi e ctedfrom the neutron star sequence has long been speculated
exceeding the central density of the maximum mass configufd-gifferent context related to phase transitions in dense mat-
tion, b) the transition occurs only very close to the maximugg, (c.f[Gerlach|. 1968: Kampfef , 1961 Schertler et[@D0O®
mass, beyond the limit of masses for observed high-mass FIZ%'J_en_(:I_61I:Lr:ling_&_lﬁe_tm_dr | _2000). This phenomenon has been
sars, or when c) the transition is a crossover or very Clo8&s® gy gied due to the appearance of pion and kaon condensates in
that the hybrid star characteristics is indistinguishdtaen that [Kampfer [(1981) and Banik & Bandyopadhyay (2001) respec-
tively, as well as hyperons in Scifiaer-Bielich et all [(2002) and

*: e-mail:sanjinb@phy.hr quark matter in_Glendenning & Kettner (2000), Schertledet a
e-mail:blaschke@i ft.uni.wroc.pl (2000), Fraga et dl.[ (2002), Banik & Bandyopadhyay (2003),
*** e-mail:alvarez@theor. jinr.ru |Agrawal & Dhiman (2009), and_Agrawall (2010). All these
" e-mail: fischer@ift.uni.wroc.pl early studies, however, could be ruled out by the recentrehse
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tion of high-mass pulsars. The question arose whether time tWlignani et all | 2012; Gendreau etlal. , 2012; Miller , 2018). |
star phenomenon as an indicator for a first order phase ti@nsi detected, the twin phenomenon would be a compelling astro-
could also concern compact stars with masses as highvas 2 physical signature of a strong first-order phase transition
If answered positively, the observation of significantlffelient the QCD phase diagram at zero temperature and thus strong
radii for high-mass pulsars of the same mass would allow coevidence for the presence of at least one critical end point.
clusions also for isospin symmetric matter as probed in fjtrea\By invoking that the high-mass pulsars PSR J1614-2230 by
ion collisions. [Demorest et al.[(2010) and PSR J038&32 Antoniadis et all.
The ongoing heavy-ion programs at the collider facilities §2013), with their precisely measured masse37 & 0.04 M,
RHIC (US) and LHC at CERN in Geneva (Switzerland), comand 201 + 0.04 M,, respectively, could be such twin stars, we
bined with the success of modern lattice QCD, did lead to tipeedict in this work that their radii shouldftiér at least by about
result that the nature of the QCD transition at vanishingiche 1 km (depending on the model details). It remains to be shown
ical potential and finite temperature is a crossover. ThesipBy whether these values are within the capabilities of futupee
of the QCD phase diagram at finite chemical potential andfinitmental X-ray satellite missions like the Neutron Star tide
temperatures will be subject of research within the futigith Composition Explorer (NICERJ, the Nuclear Spectroscopic
energy facilities at FAIR in Darmstadt (Germany) and NICA iffelescope Array (NUSTARJ andor the Square Kilometer
Dubna (Russia) where one of the main goals is to find a crithray (SKA)B.
cal endpoint (CEP) of first-order transitions or, indicasdor In this work we present a microscopically founded exam-
a first order phase transition at high baryon density like sigle for the class of hybrid EoS that fulfill the criteria (12)(
natures for a quark-hadron mixed phase. In general, a ph&sethe occurrence of a third family of compact stars based on
transition in isospin asymmetric stellar matter is dingat- first-order phase transition from hadronic matter to quast-m
lated to the corresponding phase transition in symmetritana ter. In our case, the nuclear matter phase is described dg-a re
and therefore relevant to the understanding of the QCD phdsgstic mean-field (RMF) model with density-dependent ores
diagram (c.f[ Fukushima & Sasaki, 2013; Fukushira_, 2014)ucleon couplings introduced in Typel & Wolter (1999) using
Since increasing the isospin asymmetry would result in fewethe DD2 parametrization from_Typel et al. _(2010) with finite-
ing the temperature of the CEP to zero (Ohnishi etlal. , 2019lume modifications. The quark matter phase is given by a
the detection of first order phase transition signals in teno- Nambu-Jona-Lasinio model (NJL) with higher-order quark in
perature asymmetric compact star matter like the mass twén pteractions, as introduced i 14). For the phase tra
nomenon would thus prove the existence of at least one CERsition between hadronic and quark matter phases we apply a
the QCD phase diagram_Alvarez-Castillo & Blaschke (2013Maxwell construction. The resulting quark-hadron hybriaSE
IBlaschke et al.| (2013). allows for massive twin star configurations for which their
The major ingredient of compact star physics is thgravitational masses are in agreement with the present,2 M

zero-temperature EoS ig-equilibrium (for recent works, c.f. constraint set by_Demorest etlal. (2010) and Antoniadis.kt al
3;_Masuda et|

Steiner et al. | 201 dl_, 203; Orsaria é{al. 32012013).
Alford et al.|, [201B;| Hebeler et al.., 2013; Inoue et &l., 2013; The paper is organized as follows: in Sect. 2 we introduce our

Klahn et al! , 2013| Fragaetall, 2013; Yasutake etll. , ]201#ew quark-hadron hybrid EoS and in Sect. 3 we discuss charac-
lYamamoto et al. | 2014). More precisely, hybrid EoS can Heristic features of it such as excluded volume, mass-saditl
decomposed into three parts: (a) low-density nuclear mattations and twin configurations. The paper closes with the-su
(b) high-densityexotic matter such as hyperons or quarksnary in Sect. 4.

(c) the phase transition region between low- and high-dgnsi

parts. The conditions for the transition depend on detdils . . .

the underlying microscopic descriptions of matter. For m% Model Equation of State for massive twin

EoS to yield a third family an@r the twin phenomenon, Phenomenon

the following two conditions should be fulfilled (_for desil o, quark matter at high densities we employ the recently pro

Semm—éwwmwmwnsﬁbsed NJL-based model bf Benic (2D14). For the low-density
2013; Alford et all | 2013): region we use the nuclear RMF EJS (Typel & Woltér , 1999)

(1) The latent heat of the phase transition should fupith the well-calibrated DD2 parametrization of Typelef al
fill a constraint Ae >  Agmin al. [ 2007: (2010). In order to maximize the latent heat at the phase tran
Zdunik & Haensel , [ 2013; . [ 2013) wheresition, we correct the standard DD2 EoS by accounting for an
Aemin ~ 0.6 for the schematic hybrid EoS investigated@xcluded volume of the nucleons that results from Paulilbloc
in ,[201B) and(Alvarez-Castillo & Blaschke N9 due thel_r quark subg,tructure. The latter aspect willsther

) with et being the critical energy density for theintroduced in the following subsection.
onset of the transition.

2.1. Excluded nucleon volume in the hadronic Equation of
(2) The high density part of the EoS should béisiently stif. State q

The third family of compact objects is attained via an untabype composite nature of nucleons can be modeled by
branch, which can be realized by a soft EoS in the transi®en ke excluded-volume mechanism as discussed e.g. by

gion, ensured by the condition (1). The condition (2) is 138e€y  (Rischk .,[1991) in the context of RMF models.
for the core matter to withstand the pressure from the hacro onsidering n,ucleons as hard spheres of voluhg, the

shell and thus to provide stability for the new, disconnétte- o\ silaple volumeV,, for the motion of nucleons is only a
brid star branch.

Confirming the existence of high-mass twins represents ah httpy/heasarc.gsfc.nasa.gdecgnicerindex.htm|
outstanding challenge for observational campaigns toldpve 2 httpy/www.nasa.gofmission-pageaustafmain
precise radius measurements for compact stellar objedts (c® httpy/www.skatelescope.org
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fraction® = V,,/V of the total volumeV of the system. The satisfactory results all over the nuclear chart and givedeau

available volume fraction can be written as matter parameters that are consistent with current exe@iih
constraints. In table]l1 the parameters of the new pararaetriz
P=1-v Z ni (1) tion DD2-EV with excluded-volumefeects are given assuming
i=n,p a volume parameter = (1/0.35) fm®. This corresponds to a

nucleon radius ofc ~ 0.55 fm. See_Typel et al.| (20110) for

the definition of the quantities in the table and their relatio

3 the coupling functions. The saturation density; and the par-

(2 nuo)” = 4Voue (2) ticle masses are not changed as compared to the original DD2
parametrization. The DD2-EV parameters were determineld su

if we assume identical radihyc = rn = rp of neutrons and pro- that the binding energy per nucle&fA, the compressibility,

tons. The total hadronic pressure and energy density aem githe symmetry energy and the symmetry energy slope parame-

with the nucleon number densitiasand the volume parameter

1 47

by the following relations: ter L are also identical to that of the DDZective interaction.
1 For the hadronic EoS we use the original DD2 parametriza-
Prot(tns ttp) = = Z Pi + Prmes » (3) tion without excluded-volumefiects at baryon densities below
i=np the saturation densitys,; of the model since these densities are
well tested in finite-nucleus calculations. At densities\smg,;
&tot(n, f1p) = —Prot + Z Ml ) we replace the DD2 model by the DD2-EV parametrization with
=n.p excluded-volume corrections. The maximum baryon denisét t

with contributions from nucleons and mesons. They depend
the nucleon chemical potentiglg andup. The nucleonic pres-
sures are given by

%n be described by this modehigax = 1/v = 0.35 fm™3 due to
choice of the volume parameteAt this density the pressure
diverges and the transition to quark matter has to occumbelo
Nmax- 1IN stellar matter the usual contributions to the pressocke a
energy density of the electrons are added to the hadronic par

- — N ()
Pi = 4 (E,n. -mn, ) ’ ®) Requiring charge neutrality, i.@e = np andg equilibrium, i.e.
) » L Hn = Hp + He, the pressure and energy density become functions
with the nucleon number densities and scalar densities: of a single quantity, the baryon chemical potentigk 1.
()
3r 2.2. NJL model with 8-quark interactions
o _ o ki +Ei . o
N =S Eiki — (m)?In , (7) Inorder to describe cold quark matter that is significantilffes
m than the ideal gas, we employ the recently developed géreral

that contain the energies tion of the NJL model b c_(20114), which includes 8-quark
interactions in both, Dirac scalar and vector channels @).JL
The mean-field thermodynamic potential of the 2-flavor NJL8

Ei= /K + (@)2 =i — Vi — % j:zp:n P; » (8) modelis given as follows:
) _
as well as Fermi momentaand dfective massest =m -S;. @ = U -2Nc Z [ﬁ f dp P°Er - 4&2{(2#3 M?%iir)
The vector potentialy;, scalar potential§; and the mesonic f=ud 0
contribution pmes to the total pressure have the usual form of W“N”

2 2
RMF models with density-dependent couplings (for more de- ~ Ky = My
tails, seé Typel & Wolter[, 1999). X \Ji; = MF +3MIn —i){| "% O

with
Table 1. Parameters of the DD2-EV model. The definition of the

quantities are given in Typel et al._(2010). U = 920(¢u 162+ 12940(% g2y - 2902 (w2 + w2
meson w T 0 _12904( W2+ W), (10)
IN(nsay 12920700 1(B26881 2296878
a; 1.693762 1357629 2215411
b -0.002358 (634443 - and energy-momentum relatio; = /p? + M?, with
G 0.050349 1005359 -
d; 2573015 675809 -
My = m+ 492§¢u + 16940¢u + 1694°¢u¢d , (11)
. . ) ~ 02 04 04
In conventional RMF models the in-medium nucleondis = ty - 422w 69 X 169 (12)

2w d :
nucleon interaction is modeled by the exchangeaf«¢ and A
p) mesons between pointlike nucleons. The excluded volurg&pressions foMy andiy are obtained by cyclic permutation of
causes an additionalfective repulsion between the nucleonsndices in [T1) and{12), respectively. The model pararsetes
Hence, the parameters of the RMF model have to be refittedtre 4-quark scalar and vector couplirgys, andgp,, the 8-quark
order to retain the characteristic properties of nucledtand’he scalar and vector couplinggso and gos as well as the current
parameters of the nucleon-meson couplings in the DD2 RMjaark massnand the momentum cufioA which is placed on the
model were determined by fitting to properties of finite nuclalivergent vacuum energy. The const@gtensures zero pressure
(for details, sek Typel et al., 2010). This approach lead®ty in the vacuum.




Sanjin Benic et al.: A new quark-hadron hybrid equationtafesfor astrophysics

The model is solved by means of finding the extremum valieégh-density part is given by the NJL8 EdS (9), where we use
of the thermodynamic potentidl](9) with respect to the mean, = 0.08 and considey, as a free parameter.

fields X = ¢u, ¢d, Wy, wa), i. €. The rationale behind our choice of a low valuefigrand the

50 particular value fow is at this stage purely phenomenological.
— =0, (13) The parametey, controls both the onset of quark matter as well
oX as the stiness of the quark EoS. Note that a measure for the
and the pressure is obtained from the relatioa —Q. stiffness (or softness) of the EoS is the speed of sayddfined

In this work we use the parameter set[of Kashiwa et. avia
(2007),020 = 2.104,940 = 3.069,m = 5.5 MeV andA = 6315

MeV. Furthermore, the vector channel strengths are queditific2 = op = olnps . (18)
by the ratios de  0dlnng
_ Y02 _ Y04 14 When comparing two EoS, the &r one has the steeper slope
2= = (14) " of p(e) while its slope ofn(ug) is lower. In the present model,
G20 Qa0 p p p

i . a larger value fom, would result in more similar quark and
Here, we will concentrate on the parameter space Wheie padronic EoS, and hence disfavor the anticipated condfon
small and usey, to control the stiness of the E0S. Note thatyayimized latent heat at the phase transition. Incidentitice
small 5, ensures an early onset of quark matter, i.e. it refers t0small value ofj» ensures a low onset of quark matter, the nu-
low densities for the onset of quark matter (depending on thgar EoS is insensitive to the detailed behavior oftfanction
stiffness of the nuclear EoS at corresponding densities). close to the maximum densitynayx. Thus we use the traditional

Within this approach we can calculate the partial pressur@fear dependencgl(1) on the nucleon densities.
ps and densitiess = dp¢/ous for f = (u,d). In neutron stars,

neutrino-lesg-equilibrium is typically fulfilled, i.e. the corre-
sponding equilibrium weak process in nuclear matter is the n 200 w

T
clearp-decay:n & p + € + ve. In quark matter, it is replaced i 3\3’// i
by:d & u+ e + v, and hence here the following relation holds B N2 _
- . ; o 150 P
between the contributing chemical potentials = uy + e (neu- g L o i
trino escapes from the star so his chemical potential iscset §
zero). Moreover, the following condition, o 100 .
< i
2n, N — 8
Zziniz_u__d—ne=0, (15 a 50 _
4 3 3 i
i=ud.e
ensures local charge neutrality. The total pressure in tiaekg OF — 11—
phase is then given by the sum of the partial pressyves, - 3\/% s
Pu + Pa + Pe, With electron pressurpe. The latter is calculated 800 W
based on the relativistic and degenerate Fermi gas. Morghbee "E' i ,9/ 1
baryon chemical potential and the baryon density in thelquare Q0 P .
phase Q) and hadronic phasél( are obtained as follows, % i _ - - 1
= 4000 - ]
e = pu+2ua . MR = (16) =400 : 1
9 Ny + N, - D2-EV .
SRR TRAL an 20—+ :
Oug =l D R B L L
with neutron and proton chemical potentigls,,) and densi- 1000 1100 [1“%28] 1300 1400
ties (n, Np). When no confusion arises indic@andH will be Hg

omitted for simplicity.

For the construction of the phase transition, we app
Maxwell's condition in the pressure-chemical potentisdr,
i.e. pressures in quark and hadronic phases must be e
pr(ul) = po(u?) at coexistencgl = w3, in order to ensure
thermodynamic consistency. This approach is tantamouas-to
suming a large surface tension at the hadron-quark interfidee
critical baryon chemical potential is obtained by matchihg
pressures from the hadronic (DD2-EV) and quark (NJL8) EOSs.
With this setup, a first-order phase transition is obtaineddn- . )
struction with a significant jump in baryon density and egerg®1- Hybrid Equation of State
denSity as illustrated in Flm 1. It will be further discudse the The new quark-hadron hybnd EoS, based on DD2-EV and
subsequent Sect. 3. NJL8, is shown in the upper panel of Fig. 2 illustrating the
pressure-energy density plane, for fixgd= 0.08 and varying
vector-coupling parameterg. Note that with increasing vector
coupling parametersy, andn,, the sound speed rises which is
The model parameters used to calculate the hybrid EoS ah®wn in the lower panel of Fifl 2. Note further that th&edi
as follows. We modify the DD2 EoS with the excluded volent dimensionality of the 4-quark and 8-quark vector omesat
ume mechanism as described in Subdeci. 2.1 (DD2-EV). Téeparates the region in density in which the respectiveabper

rig. 1. (Color online) Upper panel: Maxwell construction in
he P — ug plane for the DD2 EoS (brown solid line) and the
@%‘{8 EoS (red dashed line) fap = 0.08,n4 = 0.0, as well

S'the DD2-EV EO0S (violet solid line) and the same NJL8 EoS
parametrization. Lower panel: the same construction aken t
upper panel for the correspondiag ug plane.

3. Results
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300 ter E0S at the phase transition densities, a2 1/3. The re-
o sulting maximized jump in energy density at the phase ttamsi
o5 L from DD2-EV to NJL8 is illustrated in Fid.]2 for the parameter
£200- T rangens = 0.0-30.0, for which we obtaim\e ~ (0.81-0.70)sci.
S - Our approach for the construction of a quark-hadron phase
g i transition with large latent heat extends beyond the phemam
= 100~ logical model of_Zdunik & Haensel| (2013) and Alford et/al.

), known as ZHAHP. In their approach, the latent heat
/ﬂ' . Ae is a free parameter and the quark EoS is defined by a con-
0 : ‘ : stant speed of soum:g. Nevertheless, in providing as one of

1 N the major requirements for the existence of the third farttity
) rule of thumb that the latent heat be around =~ 0.6, the
0.8 ZHAHP approach proves to be extremely practical (see, e.g.,
~ 0.6 Alvarez- illo & Blaschkel, 2013). However, it is unphogai
o’ treatingcé andAe as mutually independent parameters. Within
0.4 a microscopic description for the EoS both quantities are al
ways correlated, e.g., the relativef8iess of the EoS between
0.2 1 | hadronic and quark phases defines the latent heat
0 | | |
400 600 800 1000 orit etz | 2 3n§ , onf
€ [MeV/fma] Ag = ug (nQ NH) = (:uB ) Co s it H s it . (19)

Fig.2. (Color online) Upper panel: Hybrid EoS built from DD2-|; the apove formula all the quantities are evaluated atritiea
EV and NJL8 with phase transition via the Maxwell construGspemical potential of the transitigry = uC".

tion, for the NJL8 parameter, = 0.08 and varyingy4 from 0.0
—30. Lower panel: squared speed of sound for these hybrid EoS
For comparison, in both panels the hadronic EoS DD2 is sho@r®. Mass-radius relationship

(solid brown line). Based on our novel quark-hadron hybrid EoS we calcu-

late the mass-radius relations from solutions of the Toknan
influences the speed of sound. In particular, whilecontrols OPPenheimer-Volkfi (TOV) equations. For a selection of

the stifness of the EoS in the low density regiom stiffens the quark matter parameters, i.e. constapt = 0.08 and vary-

EoS in the high density region. This can be seen from [Hig.?9 74 = 0.0 — 300, we show the resulting mass-radius
wheren, = 0.08 andy, is varied fromps = 0.0 (red dashed Curves in FiglB. Horizontal colored bands mark the constsai

line) tons = 30.0 (violet solid line). In addition to the selectedfoM high-precision mass measurements 3%9%5 pul
values shown in Fid.]2, we explored the total parameter rang@S PSR J1614-2230 and PSR JOJ3B2 b . .

na = 0.0 — 300 in steps ofAns = 1.0. Above the maximum ) and_Antoniadis et al.| (2013), respectively. In Hiy. 3
value ofns = 30.0 the transition from DD2-EV to NJL8 violates thg_green fh"’_‘dei \t/ﬁrtlca_llll_bandsdmarlk thePrSeI:\S,u‘;t&%f?tZ(;lrgabss-
the requirement of causality, see also Elg. 2, which takasepl F2dius analysis ol the milisecond pulsar + - y
ate ~ 340 MeV fnr3. We ha)\//e checkedltEhbat in all our case:ﬁH@Qg-q—aﬂoy [(2013), with &, 20 and 3 confidence level as-
causality limit is reached only at energy densities beyohity SUMing & mass of 1.76 M These data form the basis of a new

the mass-radius sequences turn unstable. Bayesian analysis of constraints for hybrid EoS paranegidns
Exploring the available parameter spaces in both, hadrofivarez-Castillo et al. [(2014) which ought to supersedéfitise

and quark matter phases, we have found the maximized latgid Of this kind by Steiner et all_(2010). In addition, wewh
heat in the combination of two aspects: (a) taking into antoydat@ from the X-ray spin phase-resolved spectroscopig sitid
finite-size éfects of the nucleons using the excluded volunﬁ%%?mm isolated neutron star RX J1856.5430Y
and (b) applying small values g for the NJL8 quark-matter Har I 4), indicating potential compactoess
model. This is illustrated on Fig] 1 where we compare the hagiraints. The solid brown line in Fig] 3 corresponds to theefyu
transition constructions from DD2 (blue) and DD2-EV (ligh adronic EoS DD2, i.e. without excluded volume correctjons
blue) to NJL8 (red) withy, = 0.08 andns = 0.0. The up- [Or comparison with DD2-EV. ,
per panel of FiglJL shows pressure vs. chemical potentt) fr The here mtroduc_ed excluded volume approa(_:h results in
which it becomes clear that our excluded volume approach fatge neutron star radiR ~ 14.75 km forM = 1.5 M, in com-
duced the critical chemical potential for the onset of quagt- Parison to DD2 R =~ 13 km). It can be understood in terms
ter. Furthermore, it also increases théafiences between theOf the significant sttening of the nuclear EoS above saturation
slopes of the pressure curves for hadronic and quark Eo® at #§nSity (sar = 0.149 fr®). At the phase transition the stellar
phase transition. The latter aspect results in an increlasext configuration leaves the stable_hadr_omc branch onto araungt
heat,Ae, which is shown in the bottom panel of Fid. 1. For thdle branch, marked by dotted lines in Fig. 3. The mass-radius
here explored NJL8 parameters (= 0.08,74 = 0.0), we find _coordmate_s where this ha_pper_]s are defined by the_crmmhe_h
As ~ 0.34sc for the transition with DD2 ande ~ 0.81s for ical potentlaIpCB”‘, or denS|_tynCB”‘, of the cor.resp_ondlng hybnd
the transition with DD2-EV. EoS. Note that for all hybrid EoS explored in this study, thie ¢

With the given choice of nuclear matter parameters, tfiga! density isng™ ~ 1.5ns More in detail, the initially stable
excluded volume correction generates df stuclear EoS at hadronic configuration gif" grows by a tiny amount of mass
suprasaturation densities, close to the limit of causaléyc, ~ (~ 5 x 10 M) while the radius remains constant, into a still
1. Furthermore, the choice of small ensures a soft quark mat-stable hybrid branch. We estimate the size of the resultiraglq
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N Ny o R8T 1 3.3 Radii difference of the high-mass twins
24l @ 30 20 1o o ] - .
i g,‘z’ N 1 The most striking consequence of a strong first order phase tr
L & & 1 sition in compact star matter is the possible existence bfrd t
2oL A S 1 family of compact stars, a branch of stable hybrid star coméig
“H 3): 4  tions in the mass-radius diagram disconnected from thenskeco
i - Q ] family branch of ordinary hadronic stars entailing the tyire-
2 Of PSR J0348+0432_ : S ] nomenon: for a certain range qf masses there e_xist pairaltsf st
— T PSRU1614-2230 1T~ 1 (twins) with the same gravitational mass butfelient internal
Z i N 1  structure. In order to quantify the unlikeness of the twinsaa
2, 1.8 = n=60 | ' 1 measure of the pronouncedness of the phase transition we con
s b __ n,=5.0 ] sider the radii diferenceSR = Rmax — Rwin _between the radius
i | ] at the maximum masklax on the hadronic branch and that of
[ -—-- n~100 1 the corresponding mass twin on the third family branch of hy-
1.6p n,=15.0 4 brid star configurations. In Tatlé 2, we ligR at fixedn, = 0.08
I n,=20.0 ] for selected values of the dimensionless eight-quarkaatem
- 41  strengthy, in the range where it allows for the twin phenomenon
1.4 i —— | (see also Fid]3 for comparison).
17300 n;=0.04
\

- e Table 2. Parameters of high-mass twin neutron star configura-
10 11 12 1% [kr]r-ll]l 15 16 17 18 tions for the relevant range of dimensionless eight-quascac-
tion couplings;, in the vector meson channel at fixegd= 0.08.
Fig. 3. (Color online) Mass-radius relations for our hybrid DD2For details see text.
EV NJL8 Eo0Ss for constanj, = 0.08 and varyingn, =

0.0 — 30.0. Horizontal color bands mark the current 2, Mon- M Mmac Rmac Rwin - 0RAe
straints from high-precision mass measurement of highsmas Mol km]  [km] _[km] [ el
0.0 1.89 1521 1361 159 0.81
pulsars, PSR J1614-2230 (red) by Demorest et al. (2010) and 50 192 1524 1409 116 079
PSR J03480432 (blue) by Antoniadis et all (2013). For com- 100 195 1528 1427 091 077
parison with DD2-EV, the mass-radius curve for the hadronic 150 198 1531 1461 070 0.75
EoS DD2 is shown in addition (solid brown line). Furthermore 200 201 1534 1482 052 0.73
we show results from the mass-radius analysis of the niltisd 25,0 2.04 1538 15.01 0.36 0.72
pulsar PSR J0437-4715 by Bogdah 013), and constraints 300 207 1536 1523 013 0.70

from the X-ray spectroscopic study of the thermally emgtin
isolated neutron star RX J1856.5-3754 [by Hambaryan et al.
). The largest radii dference we obtain fon, = 0.0, how-
ever, for M below the current maximum mass constraint of
IDemorest et al.| (2010) and Antoniadis ef al. (2013). In agree
ment with these latter constraints are the parametrizatipr:
5.0 - 30.0, with 6R = 1.16 - 0.13 km. The reduced radii dif-

core to be~ 80 cm with significantly increased density. Onlyference for increasing, can be understood not only from the
after that, the configuration turns to the unstable branemgu stiffening of the quark matter EoS at high densities but also from
which the quark core grows. The unstable branch recovels b&ie reduced latent heat, i.e. the reduced jump in energy den-
to another stable branch due to the strong repulsive foresk  Sity going from the hadronic EoS to the hybrid EoS (see[Rig. 2)
interaction of the NJL8 EoS at high densities. also listed in Tablg]2. From the required conditit> 0.6,

Our selection of nuclear and quark matter parameters gﬁgﬁ?ergefz ;:nlear f(;oom ng‘g lzzgr]st “ﬁ"gggqﬂgugigzgstggs?m
4 = U — .U, 4 2 . -

lows not only for high mass hadronic and quark configuration® . - .
in agreemer):t with %he 2 Mpulsar data froqnmhlal.q'on to quark matter proceeds without developing a discotate

(2010) and Antoniadis et al.| (2013), but also for the Consigyrd_famny branch - all configurations on this sequencealhe
tent transition from the hadronic branch to the quark-hadrg'ax'mum mass are stable (see alsoHg. 3).

hybrid branch. Here we identify the latter as the third-figmi

of compact stellar objects, with maximum masses in the range
Mmax = 1.92 — 2.30 My, which are above those of the under-"
laying hadronic model DD2-EV. Moreover, we confirm that alCompact stars harbor central densities in excess of nuségar
hybrid EoS fulfill the condition of causality, i.e. the maxim yration density, conditions which are currently inacdalssin
speed of sound of the hybrid star configurations is in the@anguclear high-energy experiments. Their study contribitea

c5 = 0.34-0.82. In addition, our results are in agreement witkey direction of research in nuclear and hadron physics, i.e
the mass-radius analysis of the millisecond pulsar PSR73043he possible transition from a state of matter with nuclesr d
4715 by Bogdanov/ (2013) withinc3confidence level (see thegrees of freedom to a deconfined state with quark and gluon
green vertical bands in Fif] 3), as well as with the compaategrees of freedom. Despite the success of lattice QCD at
ness study of the isolated neutron star RX J1856.5-3754 \m@nishing chemical potential and high temperatures iélenti
Hambaryan et al.| (2014) (see the yellow box in [Elg. 3) wheieg the nature of the transition as crossover, for finite daem
radius of around 14 18 km at a mass range of5L- 1.8M, were cal potentials only phenomenological models can be uséd (c.

found within the I confidence level (see also Trumper, 2011)Lattimer & Prakash | 2010; Klahn et al., 2013; Buballa et al.

Conclusions
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[2014, and references therein). Such models, in partictilr wohenomenon, where two stars of the same mass h#ezetit
the phase transition from nuclear to quark matter, have bewdlii. In the present paper, we even found high-mass twitts wi
very useful also in astrophysical application, e.g., insim M ~ 2 Mg, with radius diferences on the order of about 1 km. It
lations of protoneutron star cooling (clf. Pons et al., 200temains to be shown whether future surveys that are devoted t
IPopov et al. | 2006; Blaschke et! 13) and simulations wéutron star radii determinations, such as the X-ray #ateflis-
core-collapse supernovae (C.f. Sagert et al. ,2009; Fistha, sions NICER, SKA and NUSTAR, will have the required sensi-
2011; Nakazato et all , 2014). It is therefore of paramouetin tivity of less than 1 km, in order to resolve the twin phenomen
est to develop quark-hadron hybrid models from which it is-polt would, in turn, provide a unique signature of a first-orgdlease
sible to deduce observables that allow us to further coingtia transition to exotic superdense matter in compact starianse
yet highly uncertain QCD phase diagram, e.g., the possitide e =~ The aspects discussed in this paper may have important con-
tence of a critical point. Such identification will be podsitvith  sequences when taken into account consistently in dynamica
the discovery of a first-order phase transition at low terappges simulations of supernova collapse and explosions, binargm
and large chemical potential, conditions which refer todtage ers and so on, where during the phase transition the gaimin gr
of matter at compact star interiorsgrequilibrium. itational binding energy will be available to the system aath
In this paper, we took on this challenge and developedwéich in turn can trigger the local production of neutrinased
novel quark-hadron hybrid EoS. It is based on the nuclear EaSthe diferents-equilibrium condition obtained. Furthermore,
DD2, which is a relativistic mean-field model with densitythe current work improves on the previous phenomenologlcal
dependent couplings. While such models treat nucleonsias postudies of Alford et al.[(2013) a -
like quasi-particles, here we take in addition finite sifieets (2013), where the latent heat and the speed of sound were con-
of the nucleons into account via an excluded-volume approagidered as mutually independent parameters.
above nuclear saturation density. The excluded volumescerr
tion introduced here is an attempt to account for the Paatilol
ing at the quark level. However, at the current status itils st
quite basic and will be improved in an upcoming study. For thefe gratefully acknowledge numerous discussions and col-
quark matter EoS we apply the NJL model formalism, includaboration work on the topic addressed in this contribu-
ing higher order repulsive quark interactions. The lateszdime tion with our colleagues, in particular with A. Ayriyan,
dominantin particular at high densities. Note that theenirsta- G. A. Contrera, H. Grigorian, O. Kaczmarek, T. Klahn,
tus of research for the vector interactions in quark maéierains E. Laermann, R. tastowiecki, M. C. Miller, G. Poghosyan,
unsettled (for details, see elg. Steinheimer & Schramm 420%5. B. Popov, M. Sokolowski, J. Trimper, D. N. Voskresensky
L_2Q1L4) and its impact on the possible existginceand F. Weber. This research has been supported by Narodowe
the CEP remains an open question (see Bratovic et al. | 20€&ntrum Nauki within the “Maestro” programme under con-
(Contrera et al.|, 2014; Hell et al., 2013, and reference®thpr tract number DEC-20302/A/ST2/00306. The visits of S. B.
The quark-hadron phase transition has been constructégtapand D. E. A.-C. at the University of Wroclaw were supported by
ing the Maxwell criterion, which results in a strong firsder the COST Action MP1304 “NewCompStar” within the STSM
phase transition. The excluded volume on the hadronic 8ide programme. S. B. acknowledges partial support by the Gmoati
combination with the sfi quark EoS, results in not only in anScience Foundation under Project No. 8799. D. B. acknovesdg
early onset of quark matter but also in a large latent hedteat tsupport by the Polish Ministry for Science and Higher Ediacat
phase transition. under grant number 10091FT/14. D. E. A-C. is grateful for
From our novel hybrid EoS which we provide to the comsupport by the Heisenberg-Landau programme for collatmorat
munity for different values of the higher order quark interactiobetween JINR Dubna and German Universities and Institutes.
strength, we have constructed the mass-radius relatiosedbaS. T. acknowledges support by the Helmholtz Association
on TOV solutions. Our main findings can be summarized as fgHGF) through the Nuclear Astrophysics Virtual InstitutéH-
lows: VI-417), and by the Heisenberg-Landau programme.
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