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Introduction and motivation

The question we would like to answer in this work concerns the 
robustness of the third family phenomenon (aka twins: stars with 
same masses and different radii) when the deconfinement phase 
transition in the compact star interior is not described by a Maxwell 
construction with a jump in energy density at constant pressure for 
which the speed of sound in matter vanishes, but when the 
transition proceeds rather with a finite pressure gradient. In the 
latter case, a mixed phase can be realized in the hybrid star 
structure for which the speed of sound develops a dip but does not 
vanish. Such a case may occur when the phase transition proceeds 
under global charge conservation for systems with several 
conserved charges. A mixed phase appears provided the surface 
tension between quark and hadron phases does not exceed a 
critical value estimated as σ

c
60 MeV/fm∼ −2. It can lead to the 

formation of structures and such a mixed phase is then dubbed 
”pasta phase”, more details and a recent calculation are given in 
Yasutake et. al. Phys. Rev. C. 69 (2014) 065803

Fig. 1. The mixed phase 
construction (solid line) for 
given hadronic matter (dashed 
line) and quark matter 
(dash-dotted line) EoS models 
employed in this work.
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Conclusions

For the introduced class of hybrid star EoS we have investigated 
the robustness of the mass-twin (aka third family) feature against 
effects of finite size structures in the mixed phase, so-called ”pasta 
phases”. To this end a phase transition construction mimicking the 
pasta phase was employed which introduces an additional 

parameter, the dimensionless pressure shift ∆
P
 at the chemical 

potential μ
c
 of the Maxwell transition. We found that values of ∆

P
 up 

to 5% do not exclude the existence of the third family of compact 
stars which has been obtained for the Maxwell construction. This 
limiting value corresponds to a lowering of the onset pressure by 
about 40% and to a broadening of the phase transition region in the 
pressure of the order of the critical pressure P

c
 for all 

parametrisations within the present class of models. At least the 
heavier of the neutron stars of the binary merger GW170817 could 
have been a hybrid star or even a member of the third family.

Mixed phase transition construction

When the hadronic and quark matter phases are described with 
EoS given by relations between the pressure and chemical potential 
(for T=0, which is relevant for the NS modeling) P

H
(μ) and P

Q
(μ) 

correspondingly, one can find the critical value of the baryochemical 
potential μ

c
 from the condition of equal pressures: 

P
Q
(μ

c
) = P

H
(μ

c
) = P

c
, for which the phases are in mechanical 

equilibrium with each other. The value P
c
 defines the Maxwell 

construction. Assuming the surface tension to be smaller than the 
critical value σ

c
, a mixed phase could have an influence on the 

compact stars structure. Instead of the full solution with taking into 
account properties of structure we would like to use a simple 
modification of the Maxwell construction which mimics the result of 
pasta matter studies. We are assuming that close to the phase 
transition point (that would be obtained using the Maxwell 
construction) the EoS of both phases are changing due to finite size 
and Coulomb effects (see Fig. 1), so that the effective mixed phase 
EoS P

M
(μ) could be described in the parabolic form

P
M
(μ) = a(μ − μ

c
 )2 + b(μ − μ

c
) + (1 + ∆

P
)P

c          
 (2)

Here we have introduced the pressure shift ∆
P
 at μ

c
 as a free 

dimensionless parameter of the model which determines the mixed 
phase pressure at this point.

Results

In Figs. 2-3 we present results of the mixed phase construction 
where as inputs enter the fixed hadronic EoS (KVORcut02) and the 
quark matter EoS of the string-flip model. For the latter, we vary the 
value of the excluded volume parameter α (0.18, 0.20, 0.22, 0.24 
and 0.30) which corresponds to an effective reduction of the string 
tension in a dense medium.

These hybrid EoS models have been used to solve the 
Tolman-Oppenheimer-Volkoff equations for structure and stability of 
compact star configurations. The results are shown in Figs. 4-5. 
A pressure shift up to 5% allows the existence of a third family. For 
higher values of additional pressure the branches of families join. 
In Fig. 5 we show together with the M-R sequences also the 2M

SUN
 

mass constraint and two constraints which have recently been 
extracted from GW170817 under the assumption of no direct 
collapse in this binary neutron star merger event. From GW170817 
a constraint for the mass ranges of the merging neutron stars has 
been derived for the low and high spin cases. We show the low-spin 
case in Fig. 5 and compare with our class of hybrid star EoS for 
α=0.3. In this case, at least one of the two neutron stars in the 
merger could belong to the third family branch.

Fig. 2. Hybrid EoS cons- 
tructed with the mixed phase 
construction for the string 
screening parameter α = 0.18 
and 0.22 and the mixed phase 
parameter ∆

P 
= 0% (Maxwell 

construction limit) 3%, 5% 
and 7%.

Fig. 3. Speed of sound 
squared as a function of 
energy density, derived from 
the set of EoS for α = 0.22 and 
different mixed phase parame- 
ters ∆

P
 = 0 . . . 7%.

Fig. 4. Mass-radius diagram 
for the hybrid star sequences 
for α = 0.18, 0.20, 0.22, 0.24 
and the mixed phase 
parameter ∆

P
=0% (solid lines), 

3% (dash-double-dotted lines), 
5% (dotted lines) and 7% 
(double-dash-dotted lines).

Fig. 5. Mass-radius diagram 
for α = 0.3 and ∆

P
 = 0% (solid 

line), 3% (dash-double-dotted 
line), 5% (dotted line), 7% 
(double-dash-dotted line) and 
10% (long-dashed line). The 
mass ranges (m 1 and m 2 ) 
for the two neutron stars in 
the merger event GW170817.


