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Abstract. In this contribution we extend the recently developed two-flavor quark-matter
string-flip model by including strange quarks. We discuss implications for compact stars.

1 Introduction
The state of matter at extreme densities encountered, e.g., in the interior of neutron stars is highly
unknown. In particular, the appearance of additional particle degrees of freedom, such as hyperons or
the transition to the quark-gluon plasma, are challenged by the observations of pulsars with masses
on the order of 2 M [1–3], as they tend to generally soften the equation of state (EOS). Despite
the yet unresolved hyperon problem, it has been demonstrated recently that vector repulsion between
quarks in the deconfined phase provides the necessary stiffness to yield massive neutron stars of 2 M
or more [4–6]. Solutions of Quantum Chromodynamics (QCD) – the theory of strong interactions
among quarks and gluons – at vanishing chemical potential and finite temperature predict a smooth
crossover transition at T  154 ± 9 MeV [7] from hadrons to quarks and gluons. For astrophysical studies at low temperatures and large densities, only phenomenological approaches are available,
such as, the thermodynamic bag model [8] and models based on the Nambu-Jona-Lasinio (NJL) approach [9–11]. These models feature a first-order hadron-quark phase transition for a given hadronic
EOS and take (de)confinement into account effectively. Note that perturbative QCD is valid only at
extremely high densities and temperatures [12], when quarks and gluons are no longer strongly interacting. This goes far beyond the conditions encountered in astrophysical applications, e.g., neutron
stars and supernovae. Recently, a new approach has been developed, which starts from an effective relativistic density-functional [13] that implements quark confinement based on the string-flip
model (SFM) [14, 15]. According to the SFM, the color interactions between quarks are saturated
among nearest neighbors. In hadronic matter they are confined to the same hadron, while in deconfined matter the situation is described by a string-length distribution and an effective string tension as
sketched in Fig. 1.
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Figure 1. Illustration of the effective
reduction of the string tension (density
of color field lines) at high densities.
At low densities (a) the field lines are
compressed to thin flux tubes by the
dual Meissner effect while at high densities (b) this pressure is reduced and
consequently the effective string tension is lowered. Figure from [13].
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2 String-flip model for two-flavor quark matter
In the mean-field approximation, the correlation energy can be obtained by folding the string-length
distribution function for a given density with some interaction potential [15–17]. Moreover, the average string length between quarks in uniform matter is related to the scalar density, ns , being pro. Hence, one obtains a contribution to the energy density functional of quark matter
portional to n−1/3
s
correspondingly [18]. In analogy to the Walecka model of nuclear matter [19], the relativistic densityfunctional approach to interacting quark matter can be obtained from the path integral approach based
on the partition function [13],



 β 



qu
dτ
d3 x Leff + q̄γ0 µ̂q , with q =
,
(1)
Z=
Dq̄Dq exp
qd
V
0

with effective Lagrangian density Leff = Lfree − U(q̄q, q̄γ0 q). The interaction is given by the potential
U(q̄q, q̄γ0 q), which is a nonlinear functional of the scalar and vector quark field-currents. In the meanfield approximation, this potential can be expanded around the expectation values of the field currents,
ns and nv respectively,
U(q̄q, q̄γ0 q) = U(ns , nv ) + (q̄q − ns )Σs + (q̄γ0 q − nv )Σv + . . . ,

(2)

with scalar and vector self-energies, Σs and Σv . Moreover, the following density functional of the
interaction is adopted,
2
U(ns , nv ) = D(nv )n2/3
s + anv +

bn4v
.
1 + cn2v

(3)

The first term captures aspects of (quark) confinement through the density dependent scalar self, defining the effective quark mass M = m + Σs (see Fig. 2). We also employ
energy, Σs = 23 D(nv )n−1/3
s
higher-order quark interactions [4], by inclusion of the third term in Eq.(3), for the description of
hybrid stars (neutron stars with a quark matter core) in order to obey the observational constraint of
2 M . To this end, the denominator in the last term of Eq.(3) guarantees that for the√ appropriate
choice of the parameters b and c, causality is not violated (i.e., the speed of sound cs = ∂P/∂ε does
not exceed the speed of light). All terms in Eq.(3) that contain the vector density contribute to the
2bcn5
4bn3
v ) 2/3
shift defining the effective chemical potentials µ∗ = µ − ΣV , Σv = 2anv + 1+cnv2 − (1+cn2v)2 + ∂D(n
∂nv n s .
v
v
The SFM modification takes into account the effective reduction of the in-medium string tension,
D(nv ) = D0 Φ(nv ). It is understood as a consequence of the modification of the pressure on the color
field lines by the dual Meissner effect, since the reduction of the available volume corresponds to
the reduction of the non-perturbative dual superconductor QCD vacuum that determines the strength
of the confining potential between the quarks. The reduction of the string tension is modeled via
2
a Gaussian functional, Φ(nv ) = e−αnv , where α is a parameter for the available volume fraction. A
detailed discussion of the role of the parameters a, b, c and α is given in Ref. [13].
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Figure 2. β-equilibrium SFM EOS for two- and √
three-flavor quark matter, as well as corresponding hybrid-star
configurations, for the parameters α = 0.2 fm6 , D0 = 240 MeV, a = −2.0 MeV fm3 , b = 2.0 MeV fm9 , and
c = 0.036 fm6 . (a) Effective quark masses, effective chemical potentials and pressure. The vertical dotted line
shows the onset of strange quarks. (b) Maxwell construction of the phase transition between the DD2 hadronic
and three quark matter EOS. (c) Mass-radius relation for the three resulting hybrid EOS: dotted lines indicate
instability of the configuration against gravitational collapse.

3 Extension to strange matter – implications for compact stars
In order to extend the SFM to three-flavors, we extend quark spinor field, (qu , qd ) −→ (qu , qd , qs ).
Note that flavor-dependent interactions are neglected at this stage, and, hence, all quark flavors couple
and contribute to the mean fields equally. Consequently, the total scalar and vector densities of quarks
are given by the following expressions, nv = nuv + ndv + nvs and ns = nus + nds + nss , respectively. We are
interested in applications of the SFM to compact stars, where matter is in the state of β-equilibrium
at zero temperature via weak processes, resulting in the relation between the chemical potentials for
electrons (µe ), up (µu ), down (µd ) and strange (µs ) quarks, so that µs = µd = µe + µu . However, strange
quarks have a significantly higher bare mass compared to the light up and down quarks. Here we
assume ms = 100 MeV and mu = md = 5 MeV. The density dependence of the effective chemical
potentials and effective masses is illustrated in Fig. 2 (a). This aspect is similar to chiral quark models
like the NJL. The difference is in the behaviour at the onset. Up to the density where µs = ms , two- and
three-flavor quark matter are indistinguishable. Beyond this point (vertical dashed line in Fig. 2 (a))
up- and down-quark masses drop significantly faster with density. Note further that since strange
and down quarks carry the same negative charge, their chemical potentials are somewhat lower in the
three-flavor case than the down quark chemical potential in the two-flavor case.
Since we work in the mean-field approximation, the SFM cannot provide the EOS of the confined
phase. For the hadronic EOS we select the relativistic mean-field EOS with density-dependent couplings (DD2) from Ref. [20] (Fig. 2 (b)). The hadron-quark phase transition is obtained by a Maxwell
construction. SFM parameters (given in the caption of Fig. 2) are selected such that massive hybrid
star configurations are obtained with maximum masses  2 M (see Fig. 2 (c)), featuring here the
‘twin-phenomenon’ [21, 22] where stable hadronic and hybrid star branches are disconnected by an
unstable branch [23] (thin black dotted lines in Fig 2 (c)). It has recently been shown [24] that this feature can also be obtained within the multi-polytrope approach [25]. The appearance of strange quarks
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softens the EOS significantly, which results in the shift of the phase-transition onset to somewhat lower
densities for the same SFM parameters (see Fig 2 (b)) and a lower onset mass (see Fig 2 (c)). This is
compensated
when re-adjusting the parameter set for the three-flavor case accordingly (α = 0.14 fm6 ,
√
D0 = 240 MeV, a = −1.0 MeV fm3 , b = 4.0 MeV fm9 , c = 0.036 fm6 ).

4 Summary
Consequences of strangeness in quark matter for compact stars are studied within the SFM, a new
phenomenological approach to quark-matter with an effective confining mean field. We observe an
onset of strange quarks at much lower densities than the deconfinement phase transition. This leads to
the simultaneous appearance of all flavours, in contrast to the commonly employed NJL-type models
with sequential deconfinement [5, 26]. We have found that the inclusion of the strange quark flavor lowers the onset of the deconfinement transition, but SFM parameters can be selected such that
hybrid star sequences in the mass-radius diagram of two- and three-flavor quark matter are nearly
indistinguishable.
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