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 a b s t r a c t

Hadronic stars and strange quark stars could coexist within the so-called two-families scenario. In this respect, 
hadronic matter and strange quark matter correspond to two distinct equilibrium phases described by two differ-
ent equations of state. We perform here the first detailed Bayesian analysis that makes use of astrophysical and 
laboratory data in order to constrain the equations of state adopted within the two-families scenario for hadronic 
and strange quark matter. In particular, in hadronic matter we consider the possible formation of hyperons and 
delta resonances (beside nucleons) within a class of non linear relativistic mean field models and in quark matter 
we consider the possible formation of a color-superconducting phase within a bag-like model. Results of the 
analysis indicate that, while at present both scenarios remain compatible with the data, the comparison of the 
Bayesian evidences shows a preference for the two-families scenario relative to our purely hadronic one-family 
baseline. Evaluating whether the data similarly favor the two-families scenario over a one-family model that 
includes hybrid stars is left to future work. The strength of this preference depends on the adopted dataset: 
it is moderate when only the most conservative astrophysical constraints are used, and becomes strong once 
the small-radius object PSR J0614–3329, the light and compact object HESS J1731–347, and the heavy-ion-
collision flow data are included. Specifically, the two-families framework naturally relieves the tension between 
the intermediate-density softness of the equation of state required by small-radius objects, and the high-density 
stiffness needed to support massive pulsars. Ultimately, future detections of even more massive compact objects, 
very compact ordinary-mass objects, or precise measurements of two distinct masses with the same radius, would 
particularly strengthen the preference for two distinct compact-star families.

1.  Introduction

Determining the equation of state (EOS) of strongly interacting dense 
matter is one of the central open problems in nuclear physics and astro-
physics (Burgio et al., 2021; Kumar et al., 2024). Different regions of 
the quantum chromodynamics (QCD) phase diagram are accessible to 
complementary theoretical and experimental probes: lattice QCD is pre-
dictive at high temperature and small baryon chemical potential (Bor-
sanyi et al., 2020; Borsányi et al., 2021), perturbative QCD applies at 
asymptotically large baryon chemical potential or temperature (Kurkela 
et al., 2014; Komoltsev and Kurkela, 2022), chiral effective field theory 
(𝜒EFT) constrains cold matter up to around nuclear saturation density 
𝑛sat (Drischler et al., 2019, 2021), low-energy nuclear experiments probe 
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matter in the vicinity of 𝑛sat (Lattimer and Lim, 2013; Lattimer, 2023), 
and heavy-ion collisions explore matter at intermediate baryon chemi-
cal potential and finite temperature (Danielewicz et al., 2002; Sorensen 
et al., 2024). None of these tools, however, directly probe the cold 
regime at a few times 𝑛sat that governs the bulk of compact stars.

Compact stars therefore provide the only laboratory in which this 
intermediate-density window can be explored (Lattimer, 2012; Oertel 
et al., 2017). The advent of multimessenger astronomy has turned them 
into quantitative probes of dense matter: the tidal-deformability con-
straints extracted from the binary neutron-star merger gravitational-
wave signal GW170817 (Abbott et al., 2018), the mass–radius inferences 
for the pulsars PSR J0030+0451 and PSR J0740+6620 obtained by 
NICER (Miller et al., 2019b; Riley et al., 2021; Miller et al., 2021b; 
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$R_{\rm HS,max}^{\rm (1F)}=10.94^{+0.17}_{-0.18}\,\mathrm {km}$


$R_{\rm HS,1.4}^{\rm (1F)}=11.89^{+0.14}_{-0.17}\,\mathrm {km}$


$\Lambda _{\rm HS,1.4}^{\rm (1F)}=317^{+26}_{-30}$


$R_{\rm HS,1.4}^{\rm (1F)}$


$\Lambda _{\rm HS,1.4}^{\rm (1F)}$


$M$


$\Lambda $


$M_{\rm HS,max}^{\rm (2F)}=1.54^{+0.03}_{-0.03}\,\Msol $


$R_{\rm HS,max}^{\rm (2F)}=9.94^{+0.25}_{-0.18}\,\mathrm {km}$


$R_{\rm HS,1.4}^{\rm (2F)}=11.13^{+0.17}_{-0.17}\,\mathrm {km}$


$\Lambda _{\rm HS,1.4}^{\rm (2F)}=186^{+24}_{-23}$


$M_{\rm QS,max}^{\rm (2F)}=2.33^{+0.09}_{-0.07}\,\Msol $


$R_{\rm QS,max}^{\rm (2F)}=12.21^{+0.31}_{-0.28}\,\mathrm {km}$


$R_{\rm QS,1.4}^{\rm (2F)}=11.66^{+0.32}_{-0.34}\,\mathrm {km}$


$\Lambda _{\rm QS,1.4}^{\rm (2F)}=764^{+132}_{-110}$


$\Lambda _{1.4}^{\rm QS}$


$x_{\sigma \Delta }=1.15$


$x_{\omega \Delta }=x_{\rho \Delta }=1$


$\phi $


$\Delta $


$\sim 1.4\Msol $


$\sim 1.8\Msol $


$\eta _f^{(2F)}(M)$


$M$


$\Lambda $


$q_{\rm GW170817}(M_1,M_2,\Lambda _1,\Lambda _2)$


$\Lambda _f^{\rm TOV}(M)$


$M_1\geq M_2$


\begin {align}\tilde {\Lambda }_{\rm HSHS}^{\rm GW170817}=239\pm 33,\qquad \tilde {\Lambda }_{\rm HSQS}^{\rm GW170817}=550\pm 42,\\ \tilde {\Lambda }_{\rm QSHS}^{\rm GW170817}=553\pm 48,\qquad \tilde {\Lambda }_{\rm QSQS}^{\rm GW170817}=850\pm 60.\notag \end {align}


$\tilde {\Lambda }$


$\tilde {\Lambda }_{\rm HSHS}^{\rm GW170817}=367\pm 31$


$M_1\simeq 1.47\,\Msol $


$M_2\simeq 1.27\,\Msol $


$q\simeq 0.87$


$M$


$\Lambda $


\begin {align}\prob _{\rm HSHS}^{\rm GW170817}\simeq 0.61,\qquad \prob _{\rm HSQS}^{\rm GW170817}\simeq 0.16,\\ \prob _{\rm QSHS}^{\rm GW170817}\simeq 0.19,\qquad \prob _{\rm QSQS}^{\rm GW170817}\simeq 0.04.\notag \end {align}


$\tilde {\Lambda }$


$\Lambda $


$\Lambda $


$C$


$\pm 5\%$


$\pm 10\%$


$C=M/R$


$C$


$\Lambda $


$\ln \mathcal {Z}$


$\ln \mathcal {B}_{\rm 2F,1F}=\ln \mathcal {Z}_{\rm 2F}-\ln \mathcal {Z}_{\rm 1F}$


$\chi $


$\ln \mathcal {B}_{\rm 2F,1F}=3.0$


$5.7$


$9.2$


$\ln \mathcal {B}_{\rm 2F,1F}$


$3.0$


$6.5$


$5.7$


$8.5$


$9.2$


$11.9$


$\ln \mathcal {B}_{\rm 2F,1F}=11.9$


$\chi $


$\ln \mathcal {Z}_{\rm 1F}=-40.5$


$\ln \mathcal {Z}_{\rm 2F}=-28.6$


$\ln \mathcal {B}_{\rm 2F,1F}=11.9$


$\ln \mathcal {Z}_{\rm 1F}=-40.0$


$\ln \mathcal {Z}_{\rm 2F}=-28.4$


$\ln \mathcal {B}_{\rm 2F,1F}\simeq 11.6$


$B^{1/4}\in [130,220]\,\mathrm {MeV}$


$a_4\in [0.1,1.0]$


$\gap \in [0,300]\,\mathrm {MeV}$


$\ln \mathcal {Z}_{\rm 2F}=-28.1$


$\ln \mathcal {Z}_{\rm 2F}=-28.1$


$\ln \mathcal {Z}_{\rm 2F}=-29.8$


$M_{\min }=0$


$M_{\min }=1.17\Msol $


$-40.46$


$-38.9$


$\ln \mathcal {B}_{\rm 2F,1F}\simeq 10.3$


$M_{\min }^{\rm HS}=0$


$M_{\rm \max }^{\rm HS}=M_{\rm \max }^{\rm TOV}$


$\ln \mathcal {Z}_{\rm 2F}=-32.6$


$\ln \mathcal {Z}_{\rm 2F}=-30.6$


$\ln \mathcal {Z}_{\rm 1F}=-87.5$


$\ln \mathcal {B}$


$\Delta $


$\omega $


$\rho $


$\omega $


$x_{\rho \Delta }=1$


$\Delta $


$\Delta $


$2\Msol $


$\chi $


$\sigma $


$\omega $


$\rho $


$\sigma $


$\rho $


$\sigma $


$\omega $


$x_{\sigma \Delta }$


$x_{\omega \Delta }$


$\Delta $


$\Delta $


$(M,R)$


$\lesssim 11\,\mathrm {km}$


$2\Msol $


$\Delta $


$\chi $


$(M_1,M_2,\Lambda _1,\Lambda _2)$


$\Delta $


$n_B^{( \rm onset \, \Delta )}\simeq 1.8\nsat $


$\Delta $


$M_{\rm HS, \max }^{(1\rm F)}=2.05^{+0.03}_{-0.03}\Msol $


$R_{\rm HS,1.4}^{\rm (2F)}=11.13^{+0.17}_{-0.17}\,\mathrm {km}$


$M^{\rm (2F)}_{\rm HS,max}=1.54^{+0.03}_{-0.03}\Msol $


$M_{\rm QS,max}^{\rm (2F)}=2.33^{+0.09}_{-0.07}\Msol $


$\Delta $


$\ln \mathcal {B}_{\rm 2F,1F}$


$\approx 3$


$\chi $


$\approx 6$


$\approx 12$


$\ln \mathcal {B}_{\rm 2F,1F}$


$x_{\rho \Delta }=1$


$\Delta $


\begin {align}\omega _0 &= \sum _i \frac {g_{\omega i}}{m_\omega ^2}\,n_i,\\ \phi _0 &= \sum _i \frac {g_{\phi i}}{m_\phi ^2}\,n_i, \\ \rho _{03} &= \sum _i \frac {g_{\rho i}(n_B)}{m_\rho ^2}\,I_{3i}\,n_i, \\ m_\sigma ^2\sigma &= - b\,m_N\,g_{\sigma N}(g_{\sigma N}\sigma )^2 - c\,g_{\sigma N}(g_{\sigma N}\sigma )^3 + \sum _i g_{\sigma i}\,n_{s,i}.\end {align}


$i$


$I_{3i}$


$\pm 1/2$


$+3/2,+1/2,-1/2,-3/2$


$\Delta ^{++},\Delta ^+,\Delta ^0,\Delta ^-$


$g_{\phi i}=0$


$i$


\begin {align}n_i &= \frac {2J_i+1}{6\pi ^2}\,k_{F_i}^3, \\ n_{s,i} &= \frac {2J_i+1}{4\pi ^2}\, m_i^* \left [ k_{F_i}E_{F_i}^* - m_i^{*\,2} \ln \!\left (\frac {k_{F_i}+E_{F_i}^*}{m_i^*}\right ) \right ], \label {eq:nsi}\end {align}


\begin {equation}E_{F_i}^*=\sqrt {k_{F_i}^2+m_i^{*\,2}}, \qquad m_i^*=m_i-g_{\sigma i}\sigma . \label {Xeqn45-A.4}\end {equation}


$2J_i+1=2$


$2J_i+1=4$


$\Delta $


\begin {equation}n_B=\sum _i n_i . \label {Xeqn46-A.5}\end {equation}


$i$


\begin {equation}\epsilon _i(k) = g_{\omega i}\omega _0 + g_{\phi i}\phi _0 + g_{\rho i}(n_B) I_{3i}\rho _{03} + \Sigma _r + \sqrt {k^2+m_i^{*\,2}}, \label {eq:ei}\end {equation}


$\mu _i=\epsilon _i(k_{F_i})$


$\rho $


\begin {equation}\Sigma _r = \frac {\partial g_{\rho N}(n_B)}{\partial n_B} \rho _{03} \sum _j x_{\rho j}I_{3j}n_j, \label {eq:Sigmar}\end {equation}


$g_{\rho j}=x_{\rho j}g_{\rho N}$


$x_{\rho N}=1$


$x_{\rho \Delta }=1$


$\Sigma _r$


$\beta $


\begin {equation}\mu _i=\mu _B+C_i\mu _C, \label {Xeqn49-A.8}\end {equation}


$C_i$


$i$


\begin {equation}\mu _\ell =C_\ell \mu _C, \qquad \ell =e,\mu , \label {Xeqn50-A.9}\end {equation}


$\mu _e=\mu _\mu =-\mu _C$


\begin {equation}\sum _i C_i n_i - n_e - n_\mu =0, \label {eq:charge_neutrality}\end {equation}


$n_\mu =0$


$\mu _e<m_\mu $


\begin {equation}\begin {split} \varepsilon _B =&\
\tfrac {1}{2}m_\sigma ^2\sigma ^2 + \tfrac {1}{3}b\,m_N(g_{\sigma N}\sigma )^3 + \tfrac {1}{4}c\,(g_{\sigma N}\sigma )^4 \\ &+ \tfrac {1}{2}m_\omega ^2\omega _0^2 + \tfrac {1}{2}m_\rho ^2\rho _{03}^2 + \tfrac {1}{2}m_\phi ^2\phi _0^2 \\ &+ \sum _i \frac {2J_i+1}{16\pi ^2} \left [ k_{F_i}E_{F_i}^* \left (2k_{F_i}^2+m_i^{*\,2}\right ) - m_i^{*\,4} \ln \!\left (\frac {k_{F_i}+E_{F_i}^*}{m_i^*}\right ) \right ]. \end {split} \label {eq:epsB}\end {equation}


\begin {equation}\begin {split} P_B =&\
-\tfrac {1}{2}m_\sigma ^2\sigma ^2 - \tfrac {1}{3}b\,m_N(g_{\sigma N}\sigma )^3 - \tfrac {1}{4}c\,(g_{\sigma N}\sigma )^4 \\ &+ \tfrac {1}{2}m_\omega ^2\omega _0^2 + \tfrac {1}{2}m_\rho ^2\rho _{03}^2 + \tfrac {1}{2}m_\phi ^2\phi _0^2 + n_B\Sigma _r \\ &+ \sum _i \frac {2J_i+1}{48\pi ^2} \left [ k_{F_i}E_{F_i}^* \left (2k_{F_i}^2-3m_i^{*\,2}\right ) + 3m_i^{*\,4} \ln \!\left (\frac {k_{F_i}+E_{F_i}^*}{m_i^*}\right ) \right ]. \end {split} \label {eq:PB}\end {equation}


\begin {equation}P_B=\sum _i \mu _i n_i-\varepsilon _B \label {Xeqn54-A.13}\end {equation}


$\Sigma _r$


\begin {equation}\varepsilon _H=\varepsilon _B+\sum _{\ell =e,\mu }\varepsilon _\ell , \qquad P_H=P_B+\sum _{\ell =e,\mu }P_\ell . \label {eq:epsP_total_had}\end {equation}


\begin {align}n_\ell &= \frac {k_{F_\ell }^3}{3\pi ^2}, \\ \varepsilon _\ell &= \frac {1}{8\pi ^2} \left [ k_{F_\ell }E_{F_\ell } \left (2k_{F_\ell }^2+m_\ell ^2\right ) - m_\ell ^4 \ln \!\left (\frac {k_{F_\ell }+E_{F_\ell }}{m_\ell }\right ) \right ], \\ P_\ell &= \frac {1}{24\pi ^2} \left [ k_{F_\ell }E_{F_\ell } \left (2k_{F_\ell }^2-3m_\ell ^2\right ) + 3m_\ell ^4 \ln \!\left (\frac {k_{F_\ell }+E_{F_\ell }}{m_\ell }\right ) \right ],\end {align}


$E_{F_\ell }=\sqrt {k_{F_\ell }^2+m_\ell ^2}$


$\mu _\ell =E_{F_\ell }$


\begin {equation}\mu _H\equiv \frac {\varepsilon _H+P_H}{n_B}. \label {eq:mu_avg}\end {equation}


$\beta $


$\mu _B$


\begin {equation}\left (g_{\sigma N},g_{\omega N},g_{\rho N}(\nsat ),b,c,a_\rho \right ), \label {Xeqn57-A.19}\end {equation}


\begin {equation}\left (\nsat ,E_\mathrm {sat},K_\mathrm {sat},m^*/m,E_\mathrm {sym},L_\mathrm {sym}\right ) \label {Xeqn58-A.20}\end {equation}


\begin {equation}P_Q(\mu _q) = -\Omega _Q(\mu _q) = \frac {3a_4}{4\pi ^2}\mu _q^4 - \frac {3}{4\pi ^2} \left (m_s^2-4\gap ^2\right )\mu _q^2 - B . \label {eq:PQ}\end {equation}


$n_q=\partial P_Q/\partial \mu _q$


\begin {equation}n_{B}(\mu _q) = \frac {1}{3}\frac {\partial P_Q}{\partial \mu _q} = \frac {a_4}{\pi ^2}\mu _q^3 - \frac {1}{2\pi ^2} \left (m_s^2-4\gap ^2\right )\mu _q . \label {eq:nQ}\end {equation}


\begin {equation}\varepsilon _Q(\mu _q) = -P_Q(\mu _q)+3\mu _q n_{B}(\mu _q), \label {eq:epsQ}\end {equation}


\begin {equation}\varepsilon _Q(\mu _q) = \frac {9a_4}{4\pi ^2}\mu _q^4 - \frac {3}{4\pi ^2} \left (m_s^2-4\gap ^2\right )\mu _q^2 + B . \label {eq:epsQ_explicit}\end {equation}


\begin {equation}\mu _{Q} \equiv \frac {\varepsilon _Q+P_Q}{n_{B}} = 3\mu _q . \label {eq:muBQ}\end {equation}


$P_Q=0$


$\mu _{Q}(P_Q=0)$


$i$


$M$


$R$


\begin {equation}q_i(M,R). \label {Xeqn64-B.1}\end {equation}


$\prob (\datumi \mid M,R)$


$\datumi $


\begin {align}\mathcal {L}_i^{(\mathrm {1F})}(\theta ) &\equiv \prob (\datumi \mid \theta ,\mathrm {1F}) \nonumber \\ &= \int dM \int dR\, \prob (\datumi ,M,R\mid \theta ,\mathrm {1F}) \nonumber \\ &= \int dM \int dR\, \prob (\datumi \mid M,R,\theta ,\mathrm {1F})\, \prob (M,R\mid \theta ,\mathrm {1F}). \label {eq:L1F_start_appendix}\end {align}


$M$


$R$


\begin {equation}\prob (\datumi \mid M,R,\theta ,\mathrm {1F})=\prob (\datumi \mid M,R), \label {Xeqn65-B.3}\end {equation}


\begin {equation}\mathcal {L}_i^{(\mathrm {1F})}(\theta ) = \int dM \int dR\, \prob (\datumi \mid M,R)\, \prob (M,R\mid \theta ,\mathrm {1F}). \label {eq:L1F_data_term_appendix}\end {equation}


$\theta $


\begin {equation}R=R_{\rm HS}^{\rm TOV}(M;\theta ). \label {Xeqn67-B.5}\end {equation}


$(M,R)$


\begin {equation}\prob (M,R\mid \theta ,\mathrm {1F}) = w_{\rm HS}^{(\mathrm {1F})}(M;\theta )\, \delta \!\left [R-R_{\rm HS}^{\rm TOV}(M;\theta )\right ], \label {eq:MRdist_1F_appendix}\end {equation}


\begin {equation}w_{\rm HS}^{(\mathrm {1F})}(M;\theta )\equiv \prob (M\mid \theta ,\mathrm {1F}) \label {Xeqn69-B.7}\end {equation}


\begin {align}\mathcal {L}_i^{(\mathrm {1F})}(\theta ) &= \int dM \int dR\, \prob (\datumi \mid M,R)\, w_{\rm HS}^{(\mathrm {1F})}(M;\theta )\, \delta \!\left [R-R_{\rm HS}^{\rm TOV}(M;\theta )\right ] \nonumber \\ &= \int dM\, \prob \!\left [\datumi \mid M,R_{\rm HS}^{\rm TOV}(M;\theta )\right ]\, w_{\rm HS}^{(\mathrm {1F})}(M;\theta ). \label {eq:L1F_general_appendix}\end {align}


$R$


$M$


\begin {equation}w_{\rm HS}^{(\mathrm {1F})}(M;\theta ) \propto \mathbf {1}\!\left (M_{\rm HS,min}^{\rm (1F)}(\theta )\le M\le M_{\rm HS,max}^{\rm (1F)}(\theta )\right ), \label {eq:flat_mass_prior_1F_appendix}\end {equation}


$\mathbf {1}(\cdots )$


\begin {equation}\left [M_{\rm HS,max}^{\rm (1F)}(\theta )-M_{\rm HS,min}^{\rm (1F)}(\theta )\right ]^{-1}. \label {Xeqn71-B.10}\end {equation}


\begin {equation}\mathcal {L}_i^{(\mathrm {1F})}(\theta ) \propto \int _{M_{\rm HS,min}^{\rm (1F)}(\theta )}^{M_{\rm HS,max}^{\rm (1F)}(\theta )} dM\, \prob \!\left [\datumi \mid M,R_{\rm HS}^{\rm TOV}(M;\theta )\right ]. \label {eq:L1F_flat_appendix}\end {equation}


$q_i(M,R)$


$I$


$(M,R)$


\begin {equation}\prob (M,R\mid \datumi ,I) = \frac {\prob (\datumi \mid M,R)\,\pi _I(M,R)}{Z_i^I}, \label {eq:posterior_MR_appendix}\end {equation}


$\pi _I(M,R)$


\begin {equation}Z_i^I\equiv \prob (\datumi \mid I) \label {Xeqn74-B.13}\end {equation}


\begin {equation}\prob (\datumi \mid M,R) = Z_i^I\, \frac {\prob (M,R\mid \datumi ,I)}{\pi _I(M,R)} \propto \frac {\prob (M,R\mid \datumi ,I)}{\pi _I(M,R)}. \label {eq:q_from_post_appendix}\end {equation}


$q_i(M,R)$


$\prob (M,R\mid \datumi ,I)$


$\pi _I(M,R)$


$(M,R)$


\begin {equation}\prob (\datumi \mid M,R)\propto q_i(M,R). \label {eq:flat_prior_approx_appendix}\end {equation}


\begin {equation}\mathcal {L}_i^{(\mathrm {1F})}(\theta ) \propto \int _{M_{\rm HS,min}^{\rm (1F)}(\theta )}^{M_{\rm HS,max}^{\rm (1F)}(\theta )} dM\, q_i\!\left [M,R_{\rm HS}^{\rm TOV}(M;\theta )\right ], \label {eq:L1F_post_appendix}\end {equation}


$q_i(M,R)\propto \prob (\datumi \mid M,R)$


$(M,R)$


$(M,R)$


$(M_1,M_2,\Lambda _1,\Lambda _2)$


$\Lambda _i$


$0\le \Lambda _i \le 5000$


$M$


$R$


\begin {align}\mathcal {L}_i^{(\mathrm {2F})}(\theta ) &\equiv \prob (\datumi \mid \theta ,\mathrm {2F}) \nonumber \\ &= \sum _{f\in \{{\rm HS},{\rm QS}\}} \int dM \int dR\, \prob (\datumi ,M,R,f\mid \theta ,\mathrm {2F}) \nonumber \\ &= \sum _{f\in \{{\rm HS},{\rm QS}\}} \int dM \int dR\, \prob (\datumi \mid M,R,f,\theta ,\mathrm {2F})\, \prob (M,R,f\mid \theta ,\mathrm {2F}). \label {eq:L2F_start_appendix}\end {align}


$q_i(M,R)$


$(M,R)$


$M$


$R$


\begin {equation}\prob (\datumi \mid M,R,f,\theta ,\mathrm {2F})=\prob (\datumi \mid M,R). \label {eq:conditional_independence_2F_appendix}\end {equation}


$(M,R)$


$M$


$R$


$(M,R)$


$f\in \{{\rm HS},{\rm QS}\}$


\begin {equation}R=R_f^{\rm TOV}(M;\theta ), \label {Xeqn79-B.19}\end {equation}


\begin {equation}\prob (M,R,f\mid \theta ,\mathrm {2F}) = w_f^{(\mathrm {2F})}(M;\theta )\, \delta \!\left [R-R_f^{\rm TOV}(M;\theta )\right ], \label {eq:MRdist_2F_appendix}\end {equation}


\begin {equation}w_f^{(\mathrm {2F})}(M;\theta )\equiv \prob (M,f\mid \theta ,\mathrm {2F}) \label {Xeqn81-B.21}\end {equation}


\begin {align}\mathcal {L}_i^{(\mathrm {2F})}(\theta ) &= \sum _{f\in \{{\rm HS},{\rm QS}\}} \int dM \int dR\, \prob (\datumi \mid M,R)\, w_f^{(\mathrm {2F})}(M;\theta )\, \delta \!\left [R-R_f^{\rm TOV}(M;\theta )\right ] \nonumber \\ &= \sum _{f\in \{{\rm HS},{\rm QS}\}} \int dM\, \prob \!\left [\datumi \mid M,R_f^{\rm TOV}(M;\theta )\right ]\, w_f^{(\mathrm {2F})}(M;\theta ). \label {eq:L2F_general_appendix}\end {align}


\begin {equation}w_f^{(\mathrm {2F})}(M;\theta ) \propto \eta _f^{(\mathrm {2F})}(M;\theta )\, \mathbf {1}\!\left (M_{f,\rm min}^{\rm (2F)}(\theta )\le M\le M_{f,\rm max}^{\rm (2F)}(\theta )\right ), \label {eq:wf_eta_appendix}\end {equation}


\begin {equation}\eta _f^{(\mathrm {2F})}(M;\theta )\equiv \prob (f\mid M,\theta ,\mathrm {2F}), \qquad f\in \{{\rm HS},{\rm QS}\}, \label {Xeqn83-B.24}\end {equation}


\begin {equation}\mathcal {L}_i^{(\mathrm {2F})}(\theta ) \propto \sum _{f\in \{{\rm HS},{\rm QS}\}} \int _{M_{f,\rm min}^{\rm (2F)}(\theta )}^{M_{f,\rm max}^{\rm (2F)}(\theta )} dM\, \prob \!\left [\datumi \mid M,R_f^{\rm TOV}(M;\theta )\right ]\, \eta _f^{(\mathrm {2F})}(M;\theta ). \label {eq:L2F_flat_appendix}\end {equation}


\begin {equation}\mathcal {L}_i^{(\mathrm {2F})}(\theta ) \propto \sum _{f\in \{{\rm HS},{\rm QS}\}} \int _{M_{f,\rm min}^{\rm (2F)}(\theta )}^{M_{f,\rm max}^{\rm (2F)}(\theta )} dM\, q_i\!\left [M,R_f^{\rm TOV}(M;\theta )\right ]\, \eta _f^{(\mathrm {2F})}(M;\theta ), \label {eq:L2F_post_appendix}\end {equation}


$\chi $


$\chi $


$\chi $


$\chi $


$\chi $


$\chi $


\begin {equation}\{n_B^k\}_{k=1,\dots ,N_{\chi {\rm EFT}}}, \label {Xeqn86-C.1}\end {equation}


$\overline {E}_{\chi {\rm EFT}}^k$


$\sigma _{\chi {\rm EFT}}^k$


$\theta $


\begin {equation}E_H^{\rm PNM}(n_B^k;\theta ) \equiv \frac {\varepsilon _H(n_B^k,Y_C=0,Y_S=0,Y_L=0,T=0;\theta )}{n_B^k}. \label {eq:app_Epnm}\end {equation}


$\varepsilon _H$


$\chi $


\begin {equation}d_{\chi {\rm EFT}}^k(\theta ) \equiv \frac { \left |E_H^{\rm PNM}(n_B^k;\theta )-\overline {E}_{\chi {\rm EFT}}^k\right | }{ \sigma _{\chi {\rm EFT}}^k }. \label {eq:app_d_chieft}\end {equation}


$d_{\chi {\rm EFT}}^k \le 1$


$\chi $


$n_B^k$


$d_{\chi {\rm EFT}}^k > 1$


$\chi $


\begin {equation}\ell _{\chi {\rm EFT}}^k(\theta )= \begin {cases} 1, & d_{\chi {\rm EFT}}^k(\theta )\le 1,\\ \exp \!\left [-\dfrac {1}{2}\left (d_{\chi {\rm EFT}}^k(\theta )-1\right )^2\right ], & d_{\chi {\rm EFT}}^k(\theta )>1. \end {cases} \label {eq:app_l_chieft}\end {equation}


$\chi $


\begin {equation}\mathcal {L}_{\chi {\rm EFT}}(\theta ) = \prod _{k=1}^{N_{\chi {\rm EFT}}} \ell _{\chi {\rm EFT}}^k(\theta ). \label {eq:app_L_chieft_prod}\end {equation}


\begin {equation}\mathcal {L}_{\chi {\rm EFT}}(\theta ) = \exp \!\left [ -\frac {1}{2} \sum _{k=1}^{N_{\chi {\rm EFT}}} \left ( {\textrm {max}}\!\left \{0,d_{\chi {\rm EFT}}^k(\theta )-1\right \} \right )^2 \right ]. \label {eq:app_L_chieft}\end {equation}


$\chi $


$(n_B,P)$


\begin {equation}P_{{\rm HIC,low}}(n_B), \qquad P_{{\rm HIC,up}}(n_B). \label {Xeqn92-C.7}\end {equation}


\begin {equation}\{n_B^k\}_{k=1,\dots ,N_{\rm HIC}}, \label {Xeqn93-C.8}\end {equation}


\begin {equation}n_B \le 3\nsat , \label {Xeqn94-C.9}\end {equation}


\begin {equation}P_{{\rm HIC,low}}^k \equiv P_{{\rm HIC,low}}(n_B^k), \qquad P_{{\rm HIC,up}}^k \equiv P_{{\rm HIC,up}}(n_B^k). \label {Xeqn95-C.10}\end {equation}


$3\nsat $


$\Delta $


$(2$


$3)\nsat $


$\theta $


\begin {equation}P_H^{\rm SNM}(n_B;\theta ) \equiv P_H(n_B,Y_C=0.5,Y_S=0,Y_L=0,T=0;\theta ), \label {eq:app_Psnm}\end {equation}


$Y_C=0.5$


\begin {equation}d_{{\rm HIC,low}}^k(\theta ) \equiv {\textrm {max}}\!\left [ 0,\, P_{{\rm HIC,low}}^k - P_H^{\rm SNM}(n_B^k;\theta ) \right ], \label {eq:app_d_HIC_low}\end {equation}


\begin {equation}d_{{\rm HIC,up}}^k(\theta ) \equiv {\textrm {max}}\!\left [ 0,\, P_H^{\rm SNM}(n_B^k;\theta ) - P_{{\rm HIC,up}}^k \right ]. \label {eq:app_d_HIC_up}\end {equation}


$d_{{\rm HIC,low}}^k$


$d_{{\rm HIC,up}}^k$


\begin {equation}\sigma _{{\rm HIC,low}}^k = \alpha \,P_{{\rm HIC,low}}^k, \qquad \sigma _{{\rm HIC,up}}^k = \alpha \,P_{{\rm HIC,up}}^k, \label {eq:app_sigma_HIC}\end {equation}


\begin {equation}\alpha = 0.15. \label {Xeqn100-C.15}\end {equation}


\begin {equation}\ell _{{\rm HIC,low}}^k(\theta ) = \exp \!\left [ -\frac {1}{2} \left ( \frac {d_{{\rm HIC,low}}^k(\theta )} {\sigma _{{\rm HIC,low}}^k} \right )^2 \right ], \label {eq:app_l_HIC_low}\end {equation}


\begin {equation}\ell _{{\rm HIC,up}}^k(\theta ) = \exp \!\left [ -\frac {1}{2} \left ( \frac {d_{{\rm HIC,up}}^k(\theta )} {\sigma _{{\rm HIC,up}}^k} \right )^2 \right ]. \label {eq:app_l_HIC_up}\end {equation}


\begin {equation}\mathcal {L}_{\rm HIC}(\theta ) = \prod _{k=1}^{N_{\rm HIC}} \ell _{{\rm HIC,low}}^k(\theta )\, \ell _{{\rm HIC,up}}^k(\theta ). \label {eq:app_L_HIC_prod}\end {equation}


\begin {equation}\mathcal {L}_{\rm HIC}(\theta ) = \exp \!\left [ -\frac {1}{2} \sum _{k=1}^{N_{\rm HIC}} \left ( \frac {d_{{\rm HIC,low}}^k(\theta )} {\sigma _{{\rm HIC,low}}^k} \right )^2 - \frac {1}{2} \sum _{k=1}^{N_{\rm HIC}} \left ( \frac {d_{{\rm HIC,up}}^k(\theta )} {\sigma _{{\rm HIC,up}}^k} \right )^2 \right ]. \label {eq:app_L_HIC}\end {equation}
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Choudhury et al., 2024; Vinciguerra et al., 2024), and precise radio-
timing measurements that have established the existence of compact 
stars with masses above 2M⊙ (Antoniadis et al., 2013; Fonseca et al., 
2021; Romani et al., 2022) now place complementary constraints on the 
pressure–density relation of compact-star matter. At the same time, un-
usually compact low-mass objects such as the central compact object in 
HESS J1731–347 may probe the opposite end of the mass distribution, 
although their interpretation remains less settled (Doroshenko et al., 
2022a; Di Clemente et al., 2024; Sagun et al., 2023).

The microscopic composition of compact stars, however, remains de-
bated. At supranuclear densities, exotic hadronic degrees of freedom are 
expected to become energetically favored: hyperons can soften the EOS 
and reduce the maximum mass, leading to the hyperon puzzle (Chatter-
jee and Vidaña, 2016; Vidaña, 2018; Tolos and Fabbietti, 2020; Lonar-
doni et al., 2015; Logoteta et al., 2019); Δ resonances can appear al-
ready at a few times 𝑛sat and produce a similar softening (Drago et al., 
2014b; Li et al., 2018; Ribes et al., 2019). Whether, and at which den-
sity, quark matter is deconfined inside compact stars is likewise an open 
question (Annala et al., 2020; Alford et al., 2013; Weissenborn et al., 
2011; Baym et al., 2018).

A key but often implicit assumption shaping this discussion concerns 
the true ground state of strongly interacting matter. If ordinary nuclear 
matter is absolutely stable, deconfinement in compact stars leads to 
the formation of hybrid stars, characterized by a deconfined quark core 
and a hadronic outer part (Han et al., 2019; Annala et al., 2020; Weis-
senborn et al., 2011; Alford et al., 2013; Constantinou et al., 2023, 2025; 
Baym et al., 2018). The alternative, first formulated by Bodmer and 
Witten (Bodmer, 1971; Witten, 1984), posits that three-flavour strange 
quark matter (SQM) is absolutely stable with respect to nuclear mat-
ter, so that self-bound strange quark stars (QSs) can exist (Alcock et al., 
1986; Madsen, 1999; Weber, 2005; Haensel et al., 1986).

This hypothesis underlies the two-families scenario (Drago et al., 
2014a, 2016; Drago and Pagliara, 2016; Burgio et al., 2018), in which 
hadronic stars (HSs) and quark stars (QSs) coexist and populate two dis-
connected branches of compact stars. Since hadronic matter is not the 
absolute ground state, the hadronic branch is only metastable with re-
spect to conversion into QSs. In this picture, hyperons and Δ resonances 
are allowed to soften the hadronic EOS, producing compact hadronic 
stars with relatively small radii and limiting the maximum mass of the 
metastable HS branch, while a sufficiently stiff SQM EOS supports the 
heaviest observed compact stars on an independent stable QS branch. 
The scenario therefore offers a natural way to reconcile the possible 
coexistence of very compact stars and very massive compact objects, 
while effectively removing the hyperon puzzle. It has also been invoked 
to interpret candidates at both extremes of the mass distribution, such 
as the ∼ (2.5–2.67) M⊙ secondary of GW190814 as a very massive QS 
rather than a black hole (Bombaci et al., 2021), and the unusually light 
and compact object in HESS J1731–347 as a low-mass QS (Di Clemente 
et al., 2024).

The two-families scenario also leads to a characteristic dynamical 
phenomenology. Quark deconfinement, which triggers the conversion 
of a HS into a QS (Drago and Pagliara, 2016, 2015; Drago et al., 2016), 
may in principle operate through several evolutionary channels, includ-
ing the proto-neutron-star phase (Guerrini et al., 2025), fallback accre-
tion following core collapse, compact-binary mergers (De Pietri et al., 
2019), and later spin-down or mass accretion in binaries (Becerra et al., 
2026), and it has been connected to gamma-ray bursts and other en-
ergetic transients (Berezhiani et al., 2003; Drago and Pagliara, 2015; 
Pagliara et al., 2013; Drago et al., 2018). In this context, the central 
issue is not merely whether SQM is energetically favored, but whether 
the metastable hadronic phase can decay on the relevant evolutionary 
timescale. The conversion can start only if a critical SQM droplet is nu-
cleated, thereby triggering the subsequent macroscopic transformation 
of the star (Guerrini et al., 2025; Drago et al., 2016; Bombaci et al., 
2016). In particular, it has long been suggested that a sufficient amount 
of strangeness must be produced locally in the metastable hadronic 

phase in order to favor the formation of the first SQM seed and make the 
conversion possible (Bombaci et al., 2016; Drago et al., 2016; De Pietri 
et al., 2019; Bombaci et al., 2021). Recent developments on metastabil-
ity and nucleation in the two-families scenario are discussed in Guerrini 
et al. (2025).

In parallel with these theoretical issues, Bayesian inference has be-
come a standard framework for constraining the compact-star EOS from 
multimessenger observations (Cartaxo et al., 2026; Dietrich et al., 2020; 
Huth et al., 2022; Pang et al., 2022; Gorda et al., 2023). Agnostic and 
phenomenological analyses have used piecewise-polytropic represen-
tations (Raaijmakers et al., 2019, 2021), speed-of-sound parametriza-
tions (Raaijmakers et al., 2021; Brandes et al., 2023), and non-
parametric reconstructions (Landry and Essick, 2019; Legred et al., 
2021). More physics-informed analyses have instead used relativistic 
mean-field models (Traversi et al., 2020; Passarella et al., 2025; Char 
et al., 2020; Malik et al., 2022; Huang et al., 2024a), non-relativistic 
Skyrme-type effective interactions (Beznogov and Raduta, 2024), and 
nuclear metamodels based on empirical parameters around satura-
tion (Margueron et al., 2018; Montefusco et al., 2026). Within this 
broader effort, targeted Bayesian studies have examined the role of non-
nucleonic degrees of freedom, including hyperons (Malik and Providên-
cia, 2022; Char et al., 2025; Huang et al., 2024b), Δ resonances (Parmar 
et al., 2025), and deconfined quark matter in hybrid stars (Albino et al., 
2024, 2026; Ayriyan et al., 2025; Shahrbaf et al., 2023; Takatsy et al., 
2023; Köpp et al., 2025; Pang et al., 2024; Annala et al., 2023; Grundler 
and Li, 2025).

These analyses provide important constraints on dense matter, but 
they all assume that SQM is not absolutely stable. Thus, when quark mat-
ter is included, it appears as a deconfined core inside hybrid stars, which 
may form either a single connected sequence or, for sufficiently strong 
first-order transitions, disconnected twin-star branches (in which, how-
ever, all branches still arise from the same equilibrium EOS). Bayesian 
analyses of self-bound QSs, and therefore of absolutely stable SQM, have 
also been performed (Li et al., 2021; Miao et al., 2021; Traversi et al., 
2022). These works, however, constrain the QS EOS under the assump-
tion that the relevant observed sources are QSs. On the other hand, the 
two-families scenario has not yet been explored within a Bayesian frame-
work, and this is the goal of the present work. We aim to constrain si-
multaneously the parameters of the metastable hadronic EOS and of the 
absolutely stable SQM EOS, while testing whether present data are bet-
ter described by a single hadronic population or by a mixed population 
of HSs and QSs.

We contrast two physically distinct scenarios on the same footing. In 
the one-family (1F) scenario, all observed compact stars are described as 
hadronic stars belonging to a single relativistic mean-field (RMF) EOS 
including nucleons, hyperons, and Δ resonances. In the two-families (2F) 
scenario, the same metastable hadronic sector coexists with a self-bound 
SQM branch, described by a color-flavor-locked (CFL) bag-model EOS 
satisfying the absolute-stability condition for strange quark matter. The 
two hypotheses are explored within the same Bayesian framework, us-
ing up to 14 EOS parameters: 11 parameters for the hadronic sector and, 
in the 2F case, three additional parameters for the SQM sector. We com-
bine astrophysical constraints from electromagnetic and gravitational-
wave observations, laboratory information from heavy-ion collision ex-
periments, and low-density theoretical constraints from ab-initio calcu-
lations. We emphasize that hybrid stars are not included as an addi-
tional 1F hypothesis in the present analysis and are left to future work. 
As a consequence, throughout this paper, statements that the 2F sce-
nario is favored should be understood as favored relative to our specific 
hadronic-only baseline, not as evidence against a general one-family 
scenario including hybrid stars.

The paper is organized as follows. Section 2 introduces the hadronic 
RMF model with hyperons and Δ resonances and the CFL bag-model de-
scription of SQM. Section 3 presents the Bayesian framework, including 
the parameter space and priors, the likelihoods built from electromag-
netic, radio, gravitational-wave, 𝜒EFT, and heavy-ion constraints, the 
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marginalization over family labels in the 2F scenario, and the numeri-
cal setup. Section 4 discusses the posterior constraints on the EOS pa-
rameters, the stellar properties, and the Bayes factor comparing the 1F 
and 2F hypotheses. Section 5 summarizes our main findings and their 
implications. Technical details on the EOS and likelihood construction 
are collected in the Appendices.

We will use natural units ℏ = 𝑐 = 1, 𝐺 = 1 and 𝑘𝐵 = 1.

2.  Equations of state

In this work we compare two physical scenarios for compact stars: 
the one-family (1F) scenario, in which all observed compact stars are 
hadronic HSs, and the two-families (2F) scenario, in which hadronic 
HSs and QSs coexist as two disconnected branches. The two scenarios 
require, respectively, a single hadronic EOS and a pair of independent 
EOSs, one describing the metastable hadronic matter and one for ab-
solutely stable SQM. This section introduces the two models adopted 
for computing both EOSs. The explicit field equations, the equations for 
the thermodynamical variables and the mapping between the couplings 
in the Lagrangian and the nuclear empirical parameters (NEP) are col-
lected in Appendix A.

2.1.  Hadronic sector

For the hadronic phase we adopt a non-linear relativistic mean-field 
(RMF) model (Glendenning and Moszkowski, 1991), in which baryons 
interact through the exchange of the 𝜎, 𝜔, 𝜌, and 𝜙 mesons. The La-
grangian density reads:
𝐻 =

∑

𝑏
𝜓̄𝑏

[

𝑖𝛾𝜇𝜕
𝜇 − 𝑚𝑏 + 𝑔𝜎𝑏𝜎 − 𝑔𝜔𝑏𝛾𝜇𝜔𝜇 − 𝑔𝜙𝑏𝛾𝜇𝜙𝜇 − 𝑔𝜌𝑏(𝑛𝐵) 𝛾𝜇𝑰𝑏 ⋅𝝆𝜇

]
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1
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𝜙𝜇𝜈𝜙
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𝜙 𝜙𝜇𝜙

𝜇 , (1)

where 𝑏 ∈ {𝑛, 𝑝,Λ,Σ+,Σ0,Σ−,Ξ0,Ξ−} runs over the baryon octet and 
𝑑 ∈ {Δ++,Δ+,Δ0,Δ−} over the Δ quartet. The spin-1∕2 baryons are de-
scribed by Dirac spinors 𝜓𝑏, while the spin-3∕2 Δ resonances are de-
scribed by Rarita–Schwinger spinors 𝜓𝜈𝑑  (Drago et al., 2014a,b). The 
operators 𝑰𝑏 and 𝑰𝑑 denote the isospin generators in the appropriate rep-
resentation for each baryon species. In homogeneous matter and within 
the mean-field approximation only the time-like third component of the 
𝜌 field survives, so that the interaction reduces to the standard form 
which is proportional to 𝐼3𝑖𝜌03. The 𝜙 meson, being an 𝑠̄𝑠 state, cou-
ples only to strange baryons, therefore 𝑔𝜙𝑏 = 0 for nucleons and Δ reso-
nances.

The mesonic sector contains the kinetic and mass terms of the 𝜎, 𝜔, 
𝜌, and 𝜙 fields, together with the non-linear self-interactions of the 𝜎
meson. The latter are controlled by the parameters 𝑏 and 𝑐 and are in-
troduced to reproduce the empirical incompressibility of symmetric nu-
clear matter. Note that Eq. (1) builds on the nucleonic RMF framework 
adopted in Passarella et al. (2025) and extends it to include hyperons 
and Δ resonances, following Drago et al. (2014a,b).

A key feature of the parametrization is the density dependence of the 
hadrons-𝜌 coupling, which is introduced to control the slope of the sym-
metry energy without affecting the isoscalar sector at saturation (Typel 
and Wolter, 1999; Typel, 2005; Typel et al., 2010; Drago et al., 2014b, 
2016):

𝑔𝜌𝑖(𝑛𝐵) = 𝑥𝜌𝑖 𝑔𝜌𝑁 ( 𝑛sat ) exp
[

−𝑎𝜌

(

𝑛𝐵
𝑛sat

− 1
)]

, (2)

where 𝑖 runs over the baryon octet and delta resonances, 𝑥𝜌𝑖 ≡ 𝑔𝜌𝑖∕𝑔𝜌𝑁 , 
𝑛𝐵 is the baryon number density and 𝑛sat is the nuclear saturation

density. In the absence of this density dependence, the model pre-
dicts values of the symmetry-energy slope parameter 𝐿sym of order 90
MeV (Drago et al., 2014b), significantly larger than the empirically fa-
vored range 40 ≲ 𝐿sym ≲ 62 MeV (Lattimer and Lim, 2013; Lattimer, 
2023). The additional parameter 𝑎𝜌 therefore provides a minimal and 
efficient way to tune 𝐿sym while preserving the remaining isoscalar sat-
uration properties.

The choice of this hadronic framework is motivated by two consider-
ations. First, its parameterization can be expressed in terms of standard 
nuclear empirical parameters at saturation, making it convenient for 
Bayesian inference, since physically motivated priors can be assigned 
directly to quantities with a clear interpretation in nuclear physics. 
Second, the model is flexible enough to span the range of stiffness al-
lowed by present nuclear and astrophysical constraints, while remain-
ing simple enough to be used in repeated EOS evaluations as required 
in Bayesian analyses.

The inclusion of the Δ quartet is especially relevant in this context. 
Once 𝐿sym is restricted to the empirically favored range, the thresh-
old density of the Δ− decreases to ∼ (2–3) 𝑛sat , namely the same density 
range in which hyperons are expected to appear, and the Δ− may even 
occur before the Λ (Drago et al., 2014b). The early onset of Δ resonances 
softens the hadronic EOS at intermediate densities and leads to small 
stellar radii, a feature that is particularly important for the hadronic 
branch in the two-families scenario (Drago et al., 2014a, 2016).

The hadronic EOS is fully specified by six nuclear empirical parame-
ters defined at saturation in symmetric nuclear matter: the saturation 
density 𝑛sat , the binding energy per baryon 𝐸sat , the incompressibil-
ity 𝐾sat , the symmetry energy 𝐸sym, its slope 𝐿sym, and the Dirac ef-
fective mass ratio 𝑚∗∕𝑚. In the nucleonic sector these quantities are 
in a one-to-one correspondence with the six independent couplings 
(𝑔𝜎𝑁 , 𝑔𝜔𝑁 , 𝑔𝜌𝑁 ( 𝑛sat ), 𝑏, 𝑐, 𝑎𝜌) (Passarella et al., 2025).

The hyperon couplings to the vector mesons are fixed according to 
SU(6) symmetry relations (see e.g. Fortin et al., 2018), while the scalar 
hyperon couplings are determined from the phenomenological hyperon 
optical potentials in symmetric nuclear matter at saturation, 𝑈Λ, 𝑈Σ, and 
𝑈Ξ. For the Δ sector, the scalar and vector coupling ratios

𝑥𝜎Δ ≡
𝑔𝜎Δ
𝑔𝜎𝑁

, 𝑥𝜔Δ ≡
𝑔𝜔Δ
𝑔𝜔𝑁

, (3)

are treated as free parameters in the inference, while

𝑥𝜌Δ ≡
𝑔𝜌Δ
𝑔𝜌𝑁

= 1 (4)

is kept fixed throughout.
For each parameter set we compute the hadronic EOS under the 

relevant physical conditions: for stellar-structure calculations, we use 
cold charge-neutral matter in weak equilibrium, including electrons and 
muons as free relativistic Fermi gases. The uniform-matter core EOS is 
matched at 𝑛𝐵 ≃ 0.08 fm−3 to the Baym–Pethick–Sutherland crust (Baym 
et al., 1971). For the comparison with low-density nuclear theory and 
heavy-ion data, we instead compute pure neutron matter and symmet-
ric nuclear matter with zero strangeness, no leptons, and fixed electric 
charge fraction 𝑌𝐶 ≡ 𝑛𝐶∕𝑛𝐵 = 0 and 𝑌𝐶 = 0.5, respectively. Additional 
technical details are reported in Appendix A.

2.2.  Quark sector

In the two-families scenario, the second branch of compact stars is 
identified with self-bound QSs composed of absolutely stable SQM. At 
asymptotically large baryon density and low temperature, QCD predicts 
color superconducting color-flavor-locked (CFL) phase (Alford et al., 
2008). At the densities relevant for compact-star interiors, however, 
the structure of the phase diagram is unknown. Nevertheless, since 
pairing lowers the free energy of three-flavor quark matter, a color-
superconducting SQM phase is a natural candidate for the absolutely 
stable state required by the Bodmer–Witten hypothesis.
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In this work we describe the deconfined phase by means of the phe-
nomenological CFL bag-model EOS presented in Alford et al. (2008, 
2001), Weissenborn et al. (2011) and used, e.g. in Bombaci et al. 
(2021), Becerra et al. (2026). Using the average quark chemical poten-
tial 𝜇𝑞 ≡ 𝜇𝐵∕3, the grand thermodynamic potential reads

Ω𝑄(𝜇𝑞) = −
3𝑎4
4𝜋2

𝜇4𝑞 +
3

4𝜋2
(

𝑚2
𝑠 − 4Δ2

CFL
)

𝜇2𝑞 + 𝐵. (5)

Here 𝑚𝑠 is the strange-quark mass, ΔCFL is the CFL pairing gap, 𝐵 is 
an effective bag constant accounting for the energy density difference 
between the non–perturbative-QCD vacuum and the perturbative one, 
and 𝑎4 parametrizes the leading perturbative-QCD correction to the free 
fermions term.

The thermodynamic quantities follow from Eq. (5) by standard ther-
modynamic identities and are reported in Appendix A.

To be compatible with the Bodmer–Witten hypothesis, the quark EOS 
must satisfy the standard stability window at zero pressure. On the one 
hand, bulk three-flavor quark matter must be absolutely stable, so that 
SQM is energetically favored with respect to ordinary nuclei. On the 
other hand, bulk two-flavor quark matter must not be absolutely stable, 
which ensures that ordinary nuclei do not dissolve into deconfined up-
down quark matter. We stress that this second condition refers to non-
strange two-flavor quark matter, which cannot be in the CFL phase: CFL 
pairing requires the simultaneous participation of 𝑢, 𝑑, and 𝑠 quarks and, 
in bulk, implies equal quark number densities and no electrons.

The pairing gap lowers the grand potential and therefore makes SQM 
more stable. This is an important feature in the present context. The pa-
rameters 𝐵 and ΔCFL play different and complementary roles in the stel-
lar sequence: 𝐵 mainly sets the zero-pressure point and the characteris-
tic self-bound energy density, thus affecting the overall compactness of 
the star, while ΔCFL increases the pressure through the pairing contribu-
tion and is especially effective in raising the maximum mass. By varying 
𝐵 and ΔCFL simultaneously, one can tune both the mass and radius of 
the QS sequence. In the standard unpaired bag model this additional 
freedom is absent. The parameter 𝑎4 provides a further correction to the 
stiffness of the EOS in the 𝑝 − 𝜇𝐵 plane, but values that are too small may 
lead to rehadronization, namely to a regime in which hadronic matter 
becomes energetically favored over SQM at high density.

In the present work we fix 𝑚𝑠 = 100 MeV, while 𝑎4, 𝐵, and ΔCFL are 
treated as free parameters in the Bayesian analysis.

For each parameter set, we compute stellar equilibrium sequences by 
solving the TOV equations for a cold, 𝛽-equilibrated bare QS, namely a 
self-bound configuration composed entirely of homogeneous quark mat-
ter at 𝑇 = 0. In principle, QSs may possess a crust, such as an outer crys-
talline color-superconducting layer (Alford et al., 2008; Anglani et al., 
2014). Since our goal here is to isolate the impact of the bulk quark 
EOS and to keep the model minimal, we neglect crustal structures in 
the baseline stellar calculations. Furthermore, when evaluating the tidal 
deformability, we incorporate the required boundary correction at the 
star’s surface to properly account for the sharp energy density discon-
tinuity characteristic of bare configurations, following the prescription 
described in Han and Steiner (2019), Takátsy and Kovács (2020).

3.  Method

We aim to infer the posterior distribution of the EOS parameters 
within a Bayesian framework, considering two alternative hypotheses 
for the compact-star population: the one-family (1F) and two-families 
(2F) scenarios. According to Bayes’ theorem, the posterior probability 
distribution of the parameter set 𝜃, given the data set {𝑖} and condi-
tioned on the hypothesis  ∈ {1F, 2F}, is


(

𝜃 ∣ {𝑖},
)

=
()(𝜃)𝜋()(𝜃)
()

(

{𝑖}
) , (6)

where

()(𝜃) ≡ 
(

{𝑖} ∣ 𝜃,
)

(7)

is the likelihood, 𝜋()(𝜃) ≡ (𝜃 ∣ ) is the prior on the EOS parameters, 
and

()({𝑖}
)

≡ ∫ 𝑑𝜃 ()(𝜃)𝜋()(𝜃) (8)

is the Bayesian evidence. The evidence plays no role in parameter es-
timation at given , but it is a key quantity for model comparison be-
tween the 1F and 2F hypotheses.

Assuming that the observational data 𝑖 are statistically indepen-
dent, the total likelihood factorizes as:
()(𝜃) =

∏

𝑖
()
𝑖 (𝜃), (9)

where

()
𝑖 (𝜃) ≡ 

(

𝑖 ∣ 𝜃,
)

(10)

is the contribution of the datum 𝑖. In practice we evaluate the log-
likelihood,

ln()(𝜃) =
∑

𝑖
ln()

𝑖 (𝜃), (11)

which is numerically more stable than the direct product of many small 
likelihood factors (see Appendix D).

For each parameter set 𝜃1, solving the TOV equations yields the theo-
retical mass–radius and mass–tidal-deformability relations for all stable 
stellar branches
𝑅TOV
𝑓 (𝑀 ; 𝜃), ΛTOV

𝑓 (𝑀 ; 𝜃), (12)

where 𝑓 = HS,QS labels the stellar family. In the 1F scenario only the 
hadronic branch is present, whereas in the 2F scenario both HS and QS 
branches may contribute.

The purpose of the analysis is therefore twofold: first, to infer the 
EOS parameters favored by the data within each hypothesis; second, to 
determine whether the data prefer the 1F or 2F scenario through the 
corresponding Bayesian evidences.

3.1.  Parameter space and priors

It is convenient to separate the hadronic and the quark parameter 
spaces as follows: 
𝜃𝐻 ≡ { 𝑛sat , 𝐸sat , 𝐾sat , 𝐸sym, 𝐿sym, 𝑚

∗∕𝑚,𝑈Λ, 𝑈Σ, 𝑈Ξ, 𝑥𝜎Δ, 𝑥𝜔Δ}, (13)

and

𝜃𝑄 ≡ {𝑎4, 𝐵,ΔCFL}. (14)

The full parameters vector depends on the hypothesis under considera-
tion. In the 1F scenario it reduces to the hadronic sector alone, 𝜃 = 𝜃𝐻 . 
In the 2F scenario it includes both the hadronic and quark parameters, 
𝜃 = (𝜃𝐻 , 𝜃𝑄).

For our analysis we adopt broad uniform priors on the hadronic pa-
rameters. The prior ranges are chosen to span the whole regions allowed 
by present nuclear and hypernuclear data.

The priors on 𝑛sat , 𝐸sat , 𝐾sat , 𝐸sym, 𝐿sym, and 𝑚∗∕𝑚 are guided by re-
cent compilations of nuclear empirical parameters and symmetry-energy 
constraints (Lattimer, 2023; Kumar et al., 2024; Drischler et al., 2024). 
In particular, we adopt broad ranges for 𝐿sym and 𝑚∗∕𝑚. For the for-
mer indeed, different experiments suggest significantly different values 
(see for example parity-violating electron-scattering measurements of 
the neutron skin in 208Pb by PREX-II and in 48Ca by CREX Adhikari 
et al., 2021, 2022; Reed et al., 2021; Reinhard et al., 2021; Zhang and 
Chen, 2023; Zhao et al., 2025). Similarly, the broad range for 𝑚∗∕𝑚 re-
flects the fact that our RMF parameter is the Dirac effective mass, while 
phenomenological constraints usually refer to nonrelativistic or Landau 

1 Throughout the paper, the same symbol 𝜃 denotes the full parameter vector 
of the hypothesis under consideration: 𝜃 = 𝜃𝐻 in the 1F case and 𝜃 = (𝜃𝐻 , 𝜃𝑄) in 
the 2F case.

Journal of High Energy Astrophysics 55 (2027) 100715

4



L. Passarella, M. Guerrini, G. Pagliara et al.

effective masses associated with the single-particle spectrum or the den-
sity of states. The relation between these effective masses is model de-
pendent, so we keep this prior deliberately broad.

For the strange-baryon sector, we use data on hypernuclei to define 
broad flat priors on the single-particle potentials at saturation (Gal et al., 
2016; Tolos and Fabbietti, 2020). The Λ potential is relatively well es-
tablished and attractive, the Ξ potential is weakly attractive, whereas 
the Σ sector is the most uncertain and is often inferred to be repulsive. 
The adopted windows of variations, reported in Table 2, are chosen in 
order to take into account the large uncertainties that still affect those 
potentials.

For the Δ sector we fix 𝑥𝜌Δ = 1 and sample 𝑥𝜎Δ and 𝑥𝜔Δ from broad 
uniform priors. Since terrestrial data constrain mainly the Δ potential in 
nuclear matter and specific combinations of the couplings, rather than 
the individual couplings separately, we further restrict the prior support 
by discarding parameter sets that violate the phenomenological bounds 
discussed in Drago et al. (2014b), Ribes et al. (2019), Li et al. (2018):
0 ≲ 𝑥𝜎Δ − 𝑥𝜔Δ ≲ 0.2 (15)

𝑉𝑁 ( 𝑛sat ) − 30MeV ≲ 𝑉Δ( 𝑛sat ) ≲ 𝑉𝑁 ( 𝑛sat ), (16)

Here 𝑉𝑁 ( 𝑛sat ) and 𝑉Δ( 𝑛sat ) denote, respectively, the nucleon and Δ
isoscalar single-particle potentials in cold symmetric nuclear matter at 
saturation density 𝑛sat .

For the quark-sector parameters (𝑎4, 𝐵,ΔCFL), we assign broad, 
weakly informative flat priors spanning the range commonly explored in 
CFL bag-model studies of QSs (Alford et al., 2008; Bombaci et al., 2021; 
Weissenborn et al., 2011). Because these parameters are not directly 
constrained by terrestrial experiments at densities relevant for compact 
stars, they are restricted only by the astrophysical likelihoods and by 
the imposed strange-matter stability conditions. In the 2F scenario, we 
require the Bodmer–Witten hypothesis to hold, namely:

𝜇𝑄(𝑃 = 0) =
𝜀𝑄
𝑛𝐵

|

|

|

|𝑃=0
< 930 MeV, (17)

and, to exclude rehadronization after deconfinement, we impose over 
the pressure range relevant for the stellar configurations considered
𝜇𝑄(𝑃 ) < 𝜇𝐻 (𝑃 ), (18)

where 𝜇𝑄 and 𝜇𝐻  are the Gibbs energy per baryon of the SQM and 
hadronic phases, and correspond to the baryon chemical potentials in 
weak equilibrium, see Appendix A.

EOS parameter sets that violate either of these conditions are ex-
cluded from the prior support.

Finally, we impose the basic physical requirements of mechanical 
stability and causality, namely
0 < 𝑐2𝑠 ≤ 1, (19)

and discard all parameter sets that violate them.

3.2.  Data and likelihoods

The likelihood construction depends on the type of observational 
constraint. In this work we consider four classes of data. A list of the 
used data is reported in Table 1

3.2.1.  Mass–radius joint observations
Recent NICER analyses provide joint constraints on the masses and 

radii of several pulsars. In this work we use the posteriors released 
for PSR J0740+6620 (Miller et al., 2021b), PSR J0030+0451 (Miller 
et al., 2019b), and PSR J0614–3329 (Mauviard et al., 2025b). In addi-
tion, we include the mass–radius constraint inferred from X-ray obser-
vations of the central compact object in HESS J1731–347 (Doroshenko 
et al., 2022a). We choose to disregard sources for which currently avail-
able analyses yield mutually inconsistent constraints for the same ob-
ject, such as PSR J1231–1411 (Salmi et al., 2024; Qi et al., 2025) and 
PSR J0437–4715 (Miller et al., 2025; Choudhury et al., 2024).

For each source 𝑖, we reconstruct from the released samples a smooth 
estimate of the posterior density
𝑞𝑖(𝑀,𝑅) ≡ (𝑀,𝑅 ∣ 𝑖) (20)

using kernel density estimation (KDE).
In the 1F scenario, the observed object is assumed to belong to the 

single hadronic family. The corresponding likelihood associated with 
the observation 𝑖 is obtained by integrating the reconstructed posterior 
density along the theoretical mass–radius curve determined by the TOV 
solution, while marginalizing over the unknown stellar mass:

(1F)
𝑖 (𝜃) ∝ ∫

𝑀 (1F)
HS,max(𝜃)

𝑀 (1F)
HS,min(𝜃)

𝑑𝑀 𝑞𝑖
[

𝑀,𝑅TOV
HS (𝑀 ; 𝜃)

]

. (21)

Here we assume a constant mass prior between the limiting masses 
𝑀 (1F)

HS,min(𝜃) and 𝑀
(1F)
HS,max(𝜃), and a vanishing prior outside this interval. 

A derivation of Eq. (21), together with the underlying assumptions, is 
provided in Appendix B. The choices for the integration limits 𝑀 (1F)

HS,min(𝜃)

and 𝑀 (1F)
HS,max(𝜃) are discussed in Section 3.3.

As discussed in Section 3.4 and Appendix B, the normalization of the 
mass prior must be included explicitly in order to compute the Bayes 
factor correctly. Eq. (21) should therefore be multiplied by
[

𝑀 (1F)
HS,max(𝜃) −𝑀

(1F)
HS,min(𝜃)

]−1
. (22)

In the 2F scenario, the family label is not known a priori and must 
be marginalized over together with the mass. The likelihood associated 
with the observation 𝑖 is therefore:

(2F)
𝑖 (𝜃) ∝

∑

𝑓∈{HS,QS}
∫

𝑀 (2F)
𝑓,max(𝜃)

𝑀 (2F)
𝑓,min(𝜃)

𝑑𝑀 𝑞𝑖
[

𝑀,𝑅TOV
𝑓 (𝑀 ; 𝜃)

]

𝜂(2F)𝑓 (𝑀 ; 𝜃) ≡

(2F)
HS,𝑖(𝜃) + (2F)

QS,𝑖(𝜃), (23)

where

𝜂(2F)𝑓 (𝑀 ; 𝜃) ≡ (𝑓 ∣𝑀,𝜃, 2F), 𝑓 ∈ {HS,QS}, (24)

encodes the relative population weight of each family at fixed mass.
As in the 1F case, we assume a constant mass prior between the 

limiting masses 𝑀 (2F)
𝑓,min(𝜃) and 𝑀

(2F)
𝑓,max(𝜃), and a vanishing prior outside 

this interval. Again, the proper normalization of the mass prior must 
be included explicitly, see Section 3.3. Therefore, both contributions 
𝑓 = HS,QS must be multiplied by
[

𝑀 (2F)
𝑓,max(𝜃) −𝑀

(2F)
𝑓,min(𝜃)

]−1
. (25)

A derivation of Eq. (23), together with the underlying assumptions, 
is provided in Appendix B. The choices for the integration limits and for 
𝜂(2F)𝑓 (𝑀 ; 𝜃) are discussed in Section 3.3.

Note that the total likelihood in the 2F scenario is a sum of the like-
lihood contributions from the HS and QS branches. This does not mean 
that a given observed star is simultaneously a HS and a QS. Rather, for 
each source there is a single true family assignment, but that assignment 
is not known from the observation alone. The statistically correct proce-
dure is therefore to treat the family label as a latent discrete variable and 
marginalize over it. As a result, if the data are compatible with either 
branch, both possibilities contribute to the total likelihood, weighted by 
the corresponding population priors. In this respect, the sum reflects our 
uncertainty about the family assignment of the source, not the physical 
coexistence of the two interpretations.

3.2.2.  Mass-only observations
We now consider observations that constrain only the gravitational 

mass of a compact object. In this work, we use this category of obser-
vations primarily to impose a lower bound on the maximum mass sup-
ported by the EOS. In particular, we include the black widow pulsar 
PSR J0952–0607 (Romani et al., 2022), and we also examine, for com-
parison, the possibility that the secondary component in GW190814 
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Table 1 
Summary of the observational and laboratory inputs used in the analysis. Mass-only constraints are implemented as Gaussian likelihoods in 
the gravitational mass. Mass–radius constraints are reconstructed by kernel density estimation (KDE) from the released posterior samples. 
For GW170817 we use the full joint posterior in (𝑀1,𝑀2,Λ1,Λ2), reconstructed through a four-dimensional KDE. Here  ≡ (𝑀1𝑀2)3∕5(𝑀1 +
𝑀2)−1∕5 denotes the chirp mass, and Λ̃ ≡ 16

13
(𝑀1+12𝑀2)𝑀4

1Λ1+(𝑀2+12𝑀1)𝑀4
2Λ2

(𝑀1+𝑀2)5
 the effective tidal deformability. The 𝜒EFT and HIC inputs are 

implemented as soft likelihood factors based on the adopted low-density pure-neutron-matter and symmetric-matter bands, respectively. 
For PSR J0952–0607 we use the rotation-corrected non-rotating equivalent mass proposed in Ref. Ayriyan et al. (2025). 
 Category Label Info Likelihood representation
𝑀 PSR J0952–0607 𝑀 = 2.24 ± 0.17 M⊙ (Romani et al., 2022)a Gaussian in 𝑀
𝑀 GW 190814 𝑀 = 2.59 ± 0.05 M⊙ (Abbott et al., 2020) Gaussian in 𝑀
𝑀 − 𝑅 PSR J0030+0451 𝑀 = 1.44+0.15−0.14 M⊙ , 𝑅 = 13.02+1.24−1.06 km

(Miller et al., 2019b)
𝑞(𝑀,𝑅) KDE from posterior samples 
(Miller et al., 2019a)

𝑀 − 𝑅 PSR J0740+6620 𝑀 = 2.08 ± 0.07 M⊙ , 𝑅 = 13.7+2.6−1.5 km
(Miller et al., 2021b)

𝑞(𝑀,𝑅) KDE from posterior samples 
(Miller et al., 2021a)

𝑀 − 𝑅 PSR J0614–3329 𝑀 = 1.44+0.06−0.07 M⊙ , 𝑅 = 10.29+1.01−0.86 km (Mau-
viard et al., 2025b)

𝑞(𝑀,𝑅) KDE from posterior samples (Mau-
viard et al., 2025a)

𝑀 − 𝑅 HESS J1731–347 𝑀 = 0.77+0.20−0.17 M⊙ , 𝑅 = 10.4+0.86−0.78 km
(Doroshenko et al., 2022a)

𝑞(𝑀,𝑅) KDE from posterior samples 
(Doroshenko et al., 2022b)

𝑀 − Λ GW 170817  = 1.186 ± 0.001 Λ̃ = 300+420−230 (Abbott 
et al., 2019)

𝑞(𝑀1 ,𝑀2 ,Λ1 ,Λ2) KDE from posterior 
samples (Gravitational Wave Open Sci-
ence Center, 2020; Abbott et al., 2018)

𝑛𝐵 − 𝐸PNM
𝐻 𝜒EFT PNM band for 𝐸PNM

𝐻 (𝑛𝐵 ), 𝑛𝐵 ≤ 𝑛sat soft band likelihood from (Passarella et al., 
2025; Tews et al., 2016; Drischler et al., 
2019, 2020)

𝑛𝐵 − 𝑃 SNM
𝐻 HIC SNM band for 𝑃 SNM

𝐻 (𝑛𝐵 ), 𝑛𝐵 ≤ 3 𝑛sat soft band likelihood from (Danielewicz 
et al., 2002)

a Since this pulsar rotates rapidly, the measured mass 𝑀 = (2.35 ± 0.17) M⊙ may exceed the mass of the corresponding non-rotating 
configuration. We therefore use the correction proposed in Ref. Ayriyan et al. (2025), obtaining 𝑀 = (2.24 ± 0.17) M⊙.

(Bombaci et al., 2021; Abbott et al., 2020) was a compact star rather 
than a black hole.

We do not include upper bounds on 𝑀max
TOV inferred from multi-

messenger interpretations of GW170817 (Rezzolla et al., 2018; Shibata 
et al., 2019) as likelihood constraints, because their applicability to the 
2F scenario is not straightforward2 We will nevertheless discuss the com-
patibility of our posterior predictions with these constraints in the re-
sults.

For a mass-only datum 𝑖 ≡𝑀𝑖 ± 𝜎𝑖, we reconstruct a one-
dimensional probability density

𝑞𝑖(𝑀) = 1
√

2𝜋𝜎2𝑖

exp

[

−
(𝑀 −𝑀𝑖)2

2𝜎2𝑖

]

. (26)

Assuming a constant prior on the object mass within an interval of 
each branch and a vanishing prior outside it, the likelihood contribution 
associated with the observation 𝑖 in the 1F scenario is

(1F)
𝑖 (𝜃) ∝ ∫

𝑀 (1F)
HS,max(𝜃)

𝑀 (1F)
HS,min(𝜃)

𝑑𝑀 𝑞𝑖(𝑀). (27)

In the 2F scenario, the family of the observed object is not known 
a priori and must be marginalized over. Assuming that the mass-only 
observation does not further distinguish between the HS and QS inter-
pretations at fixed 𝑀 , the likelihood becomes

(2F)
𝑖 (𝜃) ∝

∑

𝑓∈{HS,QS}
∫

𝑀 (2F)
𝑓,max(𝜃)

𝑀 (2F)
𝑓,min(𝜃)

𝑑𝑀 𝑞𝑖(𝑀) 𝜂(2F)𝑓 (𝑀 ; 𝜃), (28)

As in the mass–radius case, the total likelihood in the 2F scenario is 
therefore a sum of the HS and QS contributions, reflecting the fact that 
the family assignment of the source is not known a priori.

2 These bounds are derived under a standard 1F interpretation of GW170817. 
In the 2F scenario, the remnant could be a QS, having in general different ro-
tational increase of the maximum mass, collapse threshold, angular-momentum 
and energy losses during the differentially rotating phase, and ejecta properties. 
A dedicated multimessenger interpretation of GW170817 within the 2F scenario 
is left to future work.

The formal derivation of Eqs. (27) and (28) follows the same argu-
ment as for the mass–radius likelihood discussed in Appendix B. More-
over, for the computation of the Bayes factor, the proper normaliza-
tion of the mass prior must be included explicitly, namely Eq. (27) 
and each term of Eq. (28) should be multiplied by Eqs. (22) and (25)
respectively.

3.2.3.  GW170817 mass-tidal joint observations
Gravitational-wave observations of binary compact-star mergers 

constrain the component masses and tidal deformabilities, (𝑀1,Λ1) and 
(𝑀2,Λ2), where conventionally 𝑀1 ≥𝑀2. The signal does not determine 
the properties of the two stars independently; rather, it constrains com-
binations of binary parameters, namely the chirp mass  and the ef-
fective tidal deformability Λ̃. As a consequence, the inferred values of 
(𝑀1,𝑀2,Λ1,Λ2) are correlated and must be described through a single 
joint probability density rather than through two independent single-
star constraints.

In this work we use the posterior samples released for GW170817 
(Abbott et al., 2018). From these samples we reconstruct, by means of 
KDE, a smooth four-dimensional density that we denote by
𝑞GW170817(𝑀1,𝑀2,Λ1,Λ2). (29)

In the 1F scenario, both components are assumed to belong to the 
single hadronic family. Assuming a constant prior on the component 
masses within a chosen interval and a vanishing prior outside it, the 
likelihood contribution associated with GW170817 reads:

(1F)
GW170817(𝜃) ∝ ∫

𝑀 (1F)
HS,max(𝜃)

𝑀 (1F)
HS,min(𝜃)

𝑑𝑀1 ∫

𝑀 (1F)
HS,max(𝜃)

𝑀 (1F)
HS,min(𝜃)

𝑑𝑀2 𝑞GW170817
[

𝑀1,𝑀2,

ΛTOV
HS (𝑀1; 𝜃),ΛTOV

HS (𝑀2; 𝜃)
]

. (30)

The formal derivation follows the same logic discussed in Ap-
pendix B.

In the 2F scenario, the family labels of the two components are latent 
variables. The likelihood is therefore obtained by summing over the four 
possible binary-family assignments,
 = {HS-HS,HS-QS,QS-HS,QS-QS}. (31)
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(2F)
GW170817(𝜃) ∝

∑

(𝑓1 ,𝑓2)∈
∫

𝑀 (2𝐹 )
𝑓1 ,max

𝑀 (2𝐹 )
𝑓1 ,min

𝑑𝑀1 ∫

𝑀 (2𝐹 )
𝑓2 ,max

𝑀 (2𝐹 )
𝑓2 ,min

𝑑𝑀2 𝑞GW170817
[

𝑀1,𝑀2,

ΛTOV
𝑓1

(𝑀1; 𝜃),ΛTOV
𝑓2

(𝑀2; 𝜃)
]

𝜂(2𝐹 )𝑓1𝑓2
(𝑀1,𝑀2; 𝜃). (32)

where 𝜂(2F)𝑖-𝑗  is the prior probability that the heavier star belongs to 
family 𝑖 and the lighter one to family 𝑗, at fixed (𝑀1,𝑀2).

A simple factorized choice is
𝜂(2F)𝑖-𝑗 (𝑀1,𝑀2; 𝜃) = 𝜂(2F)𝑖 (𝑀1; 𝜃) 𝜂

(2F)
𝑗 (𝑀2; 𝜃), (33)

The expanded form of Eq. (32), together with the numerical KDE imple-
mentation, is reported in Appendix D.

Again, for the computation of the Bayes factor, Eq. (30) and each 
integral of Eq. (32) should be multiplied by Eqs. (22) and (25) respec-
tively.

Moreover, one may wish to impose additional prior information on 
the allowed binary compositions. If some configurations are disfavored 
or excluded on the basis of external considerations, this can be imple-
mented as a hard prior by setting the corresponding 𝜂(2F)𝑖-𝑗  to zero and 
renormalizing the remaining weights so that they still sum to unity over 
the allowed set. For instance, if QS–QS mergers are excluded as a possi-
ble source of GW170817, one sets
𝜂(2F)QS-QS(𝑀1,𝑀2; 𝜃) = 0 (34)

and renormalizes the remaining 𝜂(2F)𝑖𝑗  over the three surviving channels. 
The same procedure applies also if one excludes (for some physical rea-
son) HS–HS mergers, or any other subset of binary configurations.

A possible motivation for such a restriction comes from the inter-
pretation of GW170817 within the two-families scenario. In that frame-
work, and for the soft hadronic branch, GW170817 is more naturally in-
terpreted as a mixed HS-QS merger than as HS-HS or QS-QS. Indeed, an 
HS-HS binary with total mass comparable to that of GW170817 would 
likely undergo a prompt collapse to a black hole, making it difficult to 
account for the bright kilonova AT2017gfo and the sGRB (Drago and 
Pagliara, 2018; De Pietri et al., 2019). On the other hand, QS-QS merg-
ers are expected to produce a strongly suppressed kilonova signal (Miao 
et al., 2025). By contrast, a HS-QS system is more naturally compati-
ble with the production of substantial ejecta and with the formation of 
a sufficiently long-lived hypermassive remnant (De Pietri et al., 2019; 
Burgio et al., 2018). At the same time, the detailed interpretation of 
specific GW events in the two-families scenario, especially concerning 
the remnant evolution and the associated kilonova, are still not well 
known. For this reason, in the present work we do not impose a unique 
astrophysical interpretation of GW170817, but simply test whether our 
qualitative results are affected by suppressing some channels, such as 
HS–HS and/or QS–QS, through hard priors on the corresponding 𝜂(2F)𝑖-𝑗 .

3.2.4.  Chiral effective field theory
At low baryon density, microscopic calculations based on chiral 

effective field theory (𝜒EFT) provide the natural benchmark for the 
hadronic EOS of cold pure neutron matter. In the present work we fol-
low the same approach adopted in Passarella et al. (2025): rather than 
imposing 𝜒EFT as a hard prior or cut, we include it as a likelihood factor 
that rewards EOSs which are consistent with the low-density band and 
smoothly suppresses those that deviate from it.

More explicitly, for each sampled hadronic EOS we compare the pre-
dicted energy per baryon in cold pure neutron matter with the adopted 
discretized 𝜒EFT band over the density interval covered by the mi-
croscopic calculations. EOSs lying inside the band receive no penalty, 
whereas EOSs outside it are exponentially down-weighted according to 
their distance from the band boundary. The explicit discretization and 
the analytic form of the likelihood are given in Appendix C.

3.2.5.  Constraints from heavy-ion collisions
Complementary information on the hadronic EOS above satura-

tion density is provided by collective-flow observables in intermediate-

energy heavy-ion collisions (HIC), which constrain the pressure of sym-
metric nuclear matter. In the present work we use the flow band 
of Danielewicz et al. (2002) as a phenomenological constraint on cold 
symmetric matter, but we deliberately implement it as a soft likelihood 
rather than as a hard cut, since the extraction of the band relies on 
transport-model simulations and is therefore not fully model indepen-
dent (Danielewicz et al., 2002), and since the band is not provided as a 
posterior distribution.

In Huth et al. (2022), the HIC likelihood is built primarily from the 
more recent FOPI and ASY-EOS constraints (Le Fèvre et al., 2018; Rus-
sotto et al., 2016). The flow constraint of Danielewicz et al. (2002) is 
used only as supplementary information for symmetric nuclear matter in 
the range 2–3 𝑛sat , namely in the overlapping ASY-EOS-sensitive range. 
In the same spirit, in the present work we use the band of Danielewicz 
et al. (2002) only up to 3 𝑛sat . We account phenomenologically for the 
residual model dependence of this constraint by allowing smooth ex-
cursions outside the band, that is, by exponentially down-weighting 
EOS models according to their distance from the band boundary in the 
pressure–baryon-density plane of symmetric nuclear matter. The explicit 
reconstruction of the band and the corresponding likelihood function are 
reported in Appendix C.

3.3.  Mass and family-assignment priors

We now discuss the priors associated with the stellar masses enter-
ing the likelihood functions. In the present work, we separate this prior 
information into two conceptually distinct ingredients. The first one is 
the support in mass space, specified by the integration limits 𝑀 ()

𝑓,min(𝜃)

and 𝑀 ()
𝑓,max(𝜃), with 𝑓 ∈ {HS,QS} and  ∈ {1F, 2F}. The second one is 

the function 𝜂()
𝑓 (𝑀 ; 𝜃), which encodes the relative probability that an 

object of gravitational mass 𝑀 belongs to the family 𝑓 , given the EOS 
parametrization 𝜃.

The integration limits set the mass interval in which a configura-
tion of a given family is admitted in the hypothesis under consideration. 
More explicitly, they define the support of the prior in mass space and 
can be represented by an indicator function (with the proper normaliza-
tion, that corresponds to Eqs. (22) and (25))

𝟏
[

𝑀 ()
𝑓,min(𝜃) ≤𝑀 ≤𝑀 ()

𝑓,max(𝜃)
]

𝑀 ()
𝑓,max(𝜃) −𝑀

()
𝑓,min(𝜃)

, (35)

which assign equal prior weight to all masses within the corresponding 
interval and zero weight outside it. This simple choice avoids introduc-
ing additional assumptions on the mass probability distribution of given 
family branch, which would be difficult to constrain given the limited 
number of available observations.

A zeroth-order choice is to identify the available mass interval of 
each family with the full stable branch obtained from the TOV solutions. 
In that case one may set
𝑀 ()

𝑓,min(𝜃) ≃ 0, 𝑀 ()
𝑓,max(𝜃) =𝑀max

𝑓,TOV(𝜃), (36)

where the lower limit can in practice be replaced by the minimum mass 
returned by the numerical TOV solver. Since none of the observational 
constraints used in this work probes the very low-mass region, the pre-
cise value of this technical lower bound has negligible impact on the re-
sults. This corresponds to a flat prior support over the full stable branch 
of each family.

Beyond this minimal choice, the integration limits can be used to in-
corporate astrophysically motivated prior information. On the hadronic 
side, current core-collapse supernova calculations do not provide a ro-
bust formation channel for neutron stars with masses substantially be-
low ∼ 1.17–1.19M⊙ (Suwa et al., 2018; Müller et al., 2025). Motivated 
by these studies, we adopt as an astrophysically informed lower bound: 
𝑀 ()

HS,min(𝜃) = 1.17M⊙. (37)
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By contrast, viable formation channels for low-mass QSs have been at 
least qualitatively discussed in the literature; see, e.g. Di Clemente et al. 
(2024). For this reason, a natural baseline choice is
𝑀 (2F)

QS,min(𝜃) ≃ 0. (38)

Following this reasoning, in the 2F scenario we enforce the 1.17M⊙
lower bound for HSs, relying on the proposed QS formation mechanisms 
to account for exceptionally low-mass objects such as HESS J1731-347. 
In contrast, for the 1F scenario, we will use ≃ 0 as default; otherwise, a 
purely hadronic framework would be unable to explain the HESS mea-
surement. However, we will later perform consistency tests using differ-
ent choices to test their impact on the final results.

The upper integration limits can also be refined beyond the purely 
structural stability condition. In the two-families scenario, HSs are 
metastable with respect to conversion into QSs, and the conversion prob-
ability is expected to increase with stellar mass because the central den-
sity and strangeness content increase, thereby reducing the free-energy 
barrier against deconfinement (Drago et al., 2016; Bombaci et al., 2016; 
Guerrini et al., 2025). This suggests a microphysics-motivated prior on 
the maximum mass effectively accessible to the hadronic branch in the 
2F scenario. Instead of identifying the upper limit with the maximum 
mass of the full stable TOV sequence, one may set
𝑀 (2F)

HS,max(𝜃) =𝑀conv(𝜃), (39)

where 𝑀conv(𝜃) denotes the mass at which quark-matter nucleation be-
comes efficient in the HS center, triggering the conversion. In this way, 
hadronic configurations with 𝑀 > 𝑀conv are assumed to convert into 
QSs and are therefore removed from the prior support of the hadronic 
branch.

As a simple phenomenological prescription, we adopt the criterion 
proposed in De Pietri et al. (2019) and subsequently used in Bombaci 
et al. (2021), Becerra et al. (2026), namely that conversion is triggered 
when the strangeness density in the center of the star reaches the nuclear 
saturation density, 𝑛𝑆,𝑐 = 𝑛sat . This criterion is motivated by the idea 
that strange quarks in the hadronic phase must be sufficiently close to 
interact and seed the first drop of deconfined matter. Accordingly, we 
set

𝑀conv(𝜃) =𝑀
(

𝑛𝑆,𝑐 = 𝑛sat
)

. (40)

We stress that this should be regarded only as a first phenomenological 
implementation of a microphysically motivated prior. A fully consistent 
determination of the maximum HS mass effectively reachable in nature 
within the two-families scenario would require following the forma-
tion and evolution of the star along all relevant astrophysical channels, 
including the proto-neutron-star phase and the conditions for quark-
matter nucleation along the corresponding evolutionary paths (see e.g. 
Guerrini et al., 2025).

Within those intervals, the relative family weight is encoded in the 
function 𝜂()

𝑓 (𝑀 ; 𝜃). In the 1F scenario this quantity is trivial, since only 
the hadronic branch is present. One may therefore either omit it alto-
gether, or equivalently set:
𝜂(1F)HS (𝑀 ; 𝜃) = 1, 𝜂(1F)QS (𝑀 ; 𝜃) = 0. (41)

In the 2F scenario, by contrast, the family assignment is nontrivial and 
we define
𝜂(2F)HS (𝑀 ; 𝜃) ≡ (𝑓 = HS ∣𝑀,𝜃, 2F), (42)

𝜂(2F)QS (𝑀 ; 𝜃) ≡ (𝑓 = QS ∣𝑀,𝜃, 2F), (43)

with the normalization condition
𝜂(2F)HS (𝑀 ; 𝜃) + 𝜂(2F)QS (𝑀 ; 𝜃) = 1. (44)

In the absence of detailed information on the relative abundance of 
HSs and QSs at fixed mass, we adopt as a simple baseline choice

𝜂(2F)HS (𝑀 ; 𝜃) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1, 𝑀 ∈ [𝑀 (2F)
HS,min(𝜃),𝑀

(2F)
HS,max(𝜃)] and𝑀 ∉ [𝑀 (2F)

QS,min(𝜃),𝑀
(2F)
QS,max(𝜃)]

1∕2, 𝑀 ∈ [𝑀 (2F)
HS,min(𝜃),𝑀

(2F)
HS,max(𝜃)] and𝑀 ∈ [𝑀 (2F)

QS,min(𝜃),𝑀
(2F)
QS,max(𝜃)]

0, 𝑀 ∉ [𝑀 (2F)
HS,min(𝜃),𝑀

(2F)
HS,max(𝜃)] and𝑀 ∈ [𝑀 (2F)

QS,min(𝜃),𝑀
(2F)
QS,max(𝜃)]

(45)

The corresponding QS weight is then fixed by normalization,
𝜂(2F)QS (𝑀 ; 𝜃) = 1 − 𝜂(2F)HS (𝑀 ; 𝜃). (46)

Thus, equal prior weight is assigned to the two families only in the mass 
range where both are allowed, while outside the overlap region the full 
weight is assigned to the only family that is available.

This simple prescription is sufficient for the exploratory analysis pre-
sented here. It separates the role of structural stability and astrophysical 
accessibility, encoded in the mass intervals, from the relative assignment 
of a given mass to one family or the other, encoded in 𝜂(2F)𝑓 . More sophis-
ticated choices, based for instance on population-synthesis calculations 
or on explicit conversion probabilities, can be implemented straightfor-
wardly within the same framework.

3.4.  Bayes factor: one family versus two families

The global comparison between the one-family (1F) and two-families 
(2F) scenarios is quantified by the Bayes factor

2F,1F ≡
(2F)({𝑖})
(1F)({𝑖})

, (47)

where the Bayesian evidence ()({𝑖}) associated with the hypothesis 
 ∈ {1F, 2F} has been defined in Eq. (8). Equivalently,
ln2F,1F = ln(2F)({𝑖}) − ln(1F)({𝑖}). (48)

The Bayes factor quantifies how the data update the prior odds between 
the two hypotheses. In particular,
(2F ∣ {𝑖})
(1F ∣ {𝑖})

= 2F,1F
(2F)
(1F)

. (49)

Therefore, 2F,1F > 1 means that the data favor the 2F scenario over 
the 1F scenario only in the sense of likelihood updating; if equal prior 
probabilities are assigned to the two hypotheses, then 2F,1F > 1 also 
implies posterior preference for 2F.

The parameter spaces have different dimensionalities under the two 
hypotheses. This is fully consistent with Bayesian model comparison: 
the evidence automatically accounts for the different prior volumes of 
the competing hypotheses, so that a more flexible model is favored only 
if the improvement in likelihood compensates for the larger parame-
ter space over which the likelihood is averaged. Concretely, since the 
prior is normalized to unit integral, adding parameters enlarges the do-
main of integration and lowers the prior density everywhere, so that 
a higher-dimensional model yields a smaller evidence unless the addi-
tional parameters produce a compensating gain in likelihood.

In the present analysis, the evidences entering Eq. (47) are computed 
using the likelihood construction described in Section 3.2, together with 
the EOS parameter priors and the mass-support assumptions discussed 
in Section 3.3. In particular, all multiplicative factors that depend on 
the EOS parameters 𝜃 or differ between the two hypotheses must be 
retained in the numerical implementation.

The proportionality signs appearing in the likelihood constructions 
of Section 3.2 are harmless only if the omitted factors are independent 
of 𝜃 and common to both hypotheses. In that case, they factor out of 
the evidence integrals and cancel exactly in the Bayes factor. In the 
present analysis, the proportionality factors left implicit in the likeli-
hood expressions arise only from source-dependent normalizations of 
the reconstructed 𝑞𝑖 and are independent of both 𝜃 and , so that they 
cancel exactly in the Bayes factor.

3.5.  Numerical setup

We perform the Bayesian inference with the dynesty package (Spea-
gle, 2020; Koposov et al., 2025), using dynamic nested sampling. This 
choice is well suited to the present problem because it provides pos-
terior samples and Bayesian evidences within the same run. For each 
hypothesis, the sampler uses a prior transform from the unit hypercube 
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Table 2 
Prior ranges, marginalized posterior estimates (median and 1𝜎 credible intervals) detailed in Figs. 1 and 2, and 
highest-likelihood values for EOS parameters in the 1F and 2F scenarios. Due to the use of uniform priors, the 
highest-likelihood estimates match the maximum a posteriori values. 
 Parameter  Prior  Marg. Posterior 1F  Max. Likelihood 1F  Marg. Posterior 2F  Max. Likelihood 2F

 [min, max]  (Median ±1𝜎)  (Median ±1𝜎)
𝑛sat (fm−3) [0.145, 0.165] 0.1506+0.0061−0.0039 0.1499 0.1552+0.0063−0.0065 0.1575
𝐸sat (MeV) [−16.4,−15.6] −16.01+0.27−0.27 −16.24 −15.97+0.26−0.28 −15.71
𝐾sat (MeV) [210.0, 270.0] 222.52+15.64−8.49 214.22 245.65+16.22−18.03 256.11
𝐸sym (MeV) [27.0, 35.0] 29.85+1.49−1.32 28.89 31.24+1.62−1.47 32.29
𝐿sym (MeV) [30.0, 80.0] 40.57+6.58−5.37 35.69 46.09+9.32−8.17 53.46
𝑚∗∕𝑚 [0.55, 0.85] 0.70+0.02−0.01 0.68 0.80+0.03−0.03 0.79
𝑈Λ (MeV) [−30.5,−24.5] −27.12+1.83−2.15 −26.18 −27.62+2.11−1.96 −25.21
𝑈Σ (MeV) [10.0, 30.0] 20.15+6.87−6.76 13.89 20.17+6.56−6.77 28.44
𝑈Ξ (MeV) [−22.0,−10.0] −15.59+3.86−4.20 −11.00 −15.54+3.68−4.18 −20.67
𝑥𝜎Δ [0.6, 1.4] 1.26+0.07−0.06 1.27 1.08+0.16−0.13 0.83
𝑥𝜔Δ [0.6, 1.4] 1.23+0.08−0.07 1.23 1.00+0.19−0.15 0.74
ΔCFL (MeV) [0.0, 200.0]  —  — 125.96+51.13−66.48 157.08
𝑎4 [0.6, 1.0]  —  — 0.82+0.12−0.13 0.92
𝐵1∕4 (MeV) [130.0, 180.0]  —  — 149.67+11.12−12.62 158.21

to the physical parameter vector and a log-likelihood function return-
ing ln()(𝜃). We use multi-ellipsoidal bounding and slice sampling, and 
continue the baseline exploration until the estimated remaining contri-
bution to the evidence satisfies Δ ln < 0.01.

4.  Results

In this section we discuss how the combined astrophysical and lab-
oratory inputs constrain the EOS parameters and how these constraints 
map into macroscopic stellar properties.

4.1.  Parameter posteriors

The posterior distributions of the EOS parameters for the 1F and 2F 
scenarios are shown in Figs. 1 and 2, respectively, while the correspond-
ing marginal credible intervals for the parameters and the parameter set 
associated with the maximum total likelihood (which, given the flat pri-
ors adopted in this work, also coincides with the maximum-a-posteriori 
point) are summarized in Table 2.

In the 1F scenario, the posterior prefers comparatively small values 
of 𝑛sat , 𝐾sat , 𝐸sym, and 𝐿sym, together with an intermediate value of the 
Dirac effective mass, whereas 𝐸sat remains essentially uninformed by 
the data. The three hyperon potentials remain broad over their prior 
support, indicating that the present dataset carries little direct informa-
tion on the strange sector. By contrast, the delta resonance sector shows 
a preference for large values of both 𝑥𝜎Δ and 𝑥𝜔Δ. Their visible corre-
lation is partly inherited from the prior strip enforced by Eqs. (15, 16), 
but the data reinforce it further by pinning the joint distribution toward 
the upper part of the allowed strip.

A sequence of intermediate 1F runs, in which individual likelihood 
contributions are added one at a time, clarifies the origin of these trends. 
With the 𝜒EFT likelihood alone, the dominant effect is on the isovec-
tor sector: the low-density PNM band efficiently constrains 𝐸sym and 
𝐿sym and shows a preference for comparatively large values of 𝑚∗∕𝑚. 
Adding the HIC information without astrophysical constraints leaves 
the low-density isovector structure largely intact, while further select-
ing the isoscalar sector: 𝑚∗∕𝑚 peaks around 0.8 and 𝐾sat settles in a re-
gion around 240 ± 20MeV. Including instead the astrophysical dataset 
without HIC yields a comparable constraint on 𝐾sat , but pushes 𝑚∗∕𝑚 in 
the opposite direction, toward significantly smaller values, and drives 
the Δ-resonances couplings to the large values found in the final 1F
posterior.

The clearest tension between the HIC and astrophysical data there-
fore concerns 𝑚∗∕𝑚: HIC prefers a comparatively large effective mass, 
whereas the astrophysical constraints favor a substantially smaller one. 

The final 1F posterior can thus be read as the outcome of a nontrivial 
compromise between these two tendencies. The effective mass settles at 
an intermediate value between the HIC-only and astro-only cases; 𝐸sym
and 𝐿sym shift slightly downward with respect to the astro-only case 
while remaining broadly compatible with the 𝜒EFT-only result at the 
1𝜎 level; and 𝐾sat sits near the lower edge of the ∼ 240 ± 20MeV region 
preferred by the partial runs.

At the same time, the Δ resonances sector is driven to large couplings, 
so that the model exploits the early appearance of Δ resonances to soften 
the EOS at intermediate densities, while relying on the associated repul-
sion to preserve sufficient high-density support for the heaviest pulsars. 
This structural behavior is qualitatively reminiscent of recent Bayesian 
hybrid-star analyses (Ayriyan et al., 2025), in which the favored solu-
tions feature an early onset of quark matter, softening the EOS at low and 
intermediate densities, together with a sufficient high density stiffening 
mediated by vectorial repulsive interaction to sustain large maximum 
masses. In the present 1F posterior the same structural pattern emerges, 
but the mechanism remains entirely hadronic and is mediated by the Δ
resonances sector rather than by deconfinement.

To be more precise, we can identify two different contributions from 
astrophysical data to the parameter posterior. Astrophysical data sug-
gesting intermediate mass and relatively low radii, such as PSR J0614-
3329 and GW170817, provide a posterior very similar to the one ob-
tained from HIC (namely, high 𝑚∗∕𝑚). On the other hand, massive PSR 
J0740+6620 and PSR J0952-0607 are the contributions requiring a 
small 𝑚∗∕𝑚, which provide the main tension, and higher values for the 
delta couplings. Thus, again, the tension is not actually between astro-
physical and HIC data, but between HIC plus astrophysical data prefer-
ring small radii for ∼ 1.4M⊙ objects and high-mass astrophysical data.

The 2F posterior differs from the 1F one in precisely the way ex-
pected if the support of the heaviest observed objects is shifted to the QS 
branch. The hadronic sector no longer needs to account for masses above 
∼ 2 M⊙ and thus it is no longer forced into the finely balanced compro-
mise between intermediate-density compactness and high-density sup-
port that characterizes the 1F posterior. This is reflected in the posterior 
by a preference for larger 𝑚∗∕𝑚 and a smaller and less constrained Δ res-
onance couplings than in the 1F case. On the other hand, the symmetry-
sector parameters remain compatible with the 1F case.

The quark-sector parameters are only moderately constrained. Very 
small values of 𝑎4 are disfavored, consistently with the fact that they 
tend to promote rehadronization, which is excluded at the prior level 
through the condition Eq. (18). The bag constant 𝐵1∕4 and the CFL pair-
ing gap ΔCFL are not sharply pinned down individually, but they display 
a clear positive correlation, reflecting the fact that both contribute to 
setting the compactness and maximum mass of the QS branch: larger 
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Fig. 3. Pressure 𝑃  as a function of baryon density 𝑛𝐵 for the (a) 1F and (b) 2F scenarios. Shaded envelopes represent the 68% highest-likelihood intervals, while the 
thick central lines denote the highest-likelihood models. Hadronic matter in the 1F scenario is shown in black, whereas in the 2F scenario, hadronic matter is shown in 
red and SQM in green. The star and circle markers indicate the central baryon density of respectively a 1.4M⊙ and a 𝑀max

𝑓,TOV compact object for the highest-likelihood 
parametrization, while the triangle marks the point where the strangeness density equals the saturation density for the HS in the 2F scenario, which sets 𝑀conv.

Fig. 4. Probability density distributions of the central baryon density of the maximum TOV mass configuration (gray), the hyperon onset density (orange), and the 
Δ-resonance onset density (cyan). Panel (a) shows the results for the 1F scenario, while panel (b) corresponds to the 2F scenario. These distributions are evaluated 
using the parametrizations that fall within the 68% credible region (i.e., those producing the envelopes in Fig. 3). Dashed vertical lines denote the posterior means 
for each distribution.

Finally, the relative ordering of the Δ and hyperon thresholds has 
an additional implication for the 2F scenario. The early appearance of 
Δ resonances delays the buildup of strangeness in the hadronic phase, 
as already discussed in Drago et al. (2014b). This is relevant because 
hyperons provide the strange degrees of freedom from which an SQM 
seed may nucleate. Thus, the Δ sector plays a dual role: it softens the 
hadronic EOS and, by postponing the appearance of the strangeness frac-
tion needed for conversion to the QS branch, allows the HS branch to 
reach larger masses with respect to the case in which only hyperons are 
considered.

As shown in Fig. 5, HSs in the 1F and 2F scenarios exhibit dis-
tinct average compositions regarding Δ and hyperon populations. Con-
sequently, analyzing the thermal evolution of these compact stars pro-
vides a complementary method to discriminate between the two frame-
works. Moreover, transport properties such as bulk and shear viscosity 

are highly sensitive to particle composition; therefore, phenomena like 
r-mode instability windows could be rather different between the two 
scenarios. Extending this analysis to incorporate cooling data will be 
taken into account for future research.

4.3.  Compact star properties

We now discuss the macroscopic stellar properties and how the re-
sults for the EOSs presented in Sections 4.1 and 4.2 reflect into the mass–
radius (𝑀-𝑅) and mass–tidal-deformability (𝑀-Λ) relations. The 68%
credible envelopes are shown in Figs. 6 and 7.

In the 1F scenario, the 𝑀-𝑅 envelope is shaped by a single-
sequence compromise between compactness at intermediate masses 
and support for the heaviest pulsars. The strongest pull toward com-
pact configurations comes from the HIC likelihood, the tidal infor-
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Fig. 5. Particle fractions 𝑌𝑖 = 𝑛𝑖∕𝑛𝐵 of hadronic matter as a function of the baryon density 𝑛𝐵 for the highest-likelihood models in the 1F (a) and 2F (b) scenarios. 
Both panels illustrate the composition of charge-neutral matter in 𝛽−equilibrium.

mation from GW170817, and especially the small radius inferred for 
PSR J0614–3329. Since PSR J0614–3329 lies close to the canonical 
HS mass, its small inferred radius directly constrains the intermediate-
density part of the EOS. At the same time, the same hadronic se-
quence must remain sufficiently stiff at higher densities to support 
PSR J0740+6620 and PSR J0952–0607. In order to fulfil those con-
straints, the resulting 𝑀-𝑅 relation develops the quasi-inflection visible 
in Fig. 6(a). This feature is the macroscopic counterpart of the rapid 
Δ-driven softening followed by stiffening discussed in Section 4.2.

The same compromise is visible in the 𝑀-Λ relation shown in 
Fig. 7(a). In the 1F case, the posterior envelope follows a relatively 
narrow hadronic band: the EOS must be soft enough to keep Λ small 
for intermediate values of the mass, as required by GW170817, but not 
too soft to violate the two-solar-mass limit. It is important, however, 
not to interpret the two GW170817 shaded regions in Fig. 7 as two 
independent measurements of the two component stars. They are two-
dimensional projections of the full four-dimensional posterior density 
𝑞GW170817(𝑀1,𝑀2,Λ1,Λ2) used in the likelihood. The component masses 
and tidal deformabilities are correlated through the accurately measured 
chirp mass, the mass ratio, and the effective tidal deformability Λ̃. Thus, 
Fig. 7 should be read only as a visualization of the marginal support of 
the GW posterior, while the actual constraint entering the inference is 
the joint four-dimensional one.

The posterior distributions of the main macroscopic quantities in 
the 1F scenario are summarized in Fig. 8. The maximum mass is 
tightly concentrated around 𝑀 (1F)

HS,max = 2.05+0.03−0.03 M⊙, close to the lower 
edge allowed by the heaviest precisely measured pulsars. This value 
satisfies the robust ∼ 2 M⊙ constraint, but it is marginally consis-
tent with the PSR J0952–0607 constraint. It is also compatible with 
the upper bounds inferred from the standard one-family interpreta-
tions of GW170817, which typically suggest 𝑀 (1F)

HS,max ≲ 2.2–2.3 M⊙, Rez-
zolla et al. (2018), Shibata et al. (2019). The corresponding radii 
and tidal deformability, 𝑅(1F)

HS,max = 10.94+0.17−0.18 km, 𝑅
(1F)
HS,1.4 = 11.89+0.14−0.17 km, 

and Λ(1F)
HS,1.4 = 317+26−30, place the 1F posterior in a relatively compact 

region of the standard HS parameter space. The value of 𝑅(1F)
HS,1.4 is 

close to the lower side of many multimessenger EOS reconstructions, 
consistently with the small-radius pull from PSR J0614–3329 and the 
tidal constraints from GW170817, while Λ(1F)

HS,1.4 is sufficiently small 
to avoid the large-tidal-deformability region disfavored by the inspiral
data.

In the 2F scenario, the same observational requirements are accom-
modated in a structurally different way. The posterior support separates 
into a compact hadronic branch and a stiffer self-bound QS branch, as 
shown in Fig. 6(b). The hadronic branch occupies the low-radius, low- 
and intermediate-mass region. The high-mass constraints, instead, are 
supported by the QS branch.

This separation is also evident in Fig. 7(b). The hadronic branch pre-
dicts smaller tidal deformabilities at intermediate masses, while the QS 
branch extends to larger masses and follows a distinct 𝑀–Λ trajectory.

The macroscopic posteriors for the 2F scenario, displayed in Fig. 9, 
make the division of roles between the two branches explicit. The 
hadronic branch has 𝑀 (2F)

HS,max = 1.54+0.03−0.03 M⊙, 𝑅(2F)
HS,max = 9.94+0.25−0.18 km, 

𝑅(2F)
HS,1.4 = 11.13+0.17−0.17 km, and Λ

(2F)
HS,1.4 = 186+24−23. These values would be ex-

cluded in a one-family interpretation, because such a branch cannot sup-
port the heaviest pulsars.

The QS branch, by contrast, reaches 𝑀 (2F)
QS,max = 2.33+0.09−0.07 M⊙, with 

𝑅(2F)
QS,max = 12.21+0.31−0.28 km, 𝑅

(2F)
QS,1.4 = 11.66+0.32−0.34 km, and Λ

(2F)
QS,1.4 = 764+132−110. 

Thus, the QS branch comfortably supports the largest masses used in 
the present analysis, including the PSR J0952–0607 constraint, while 
remaining inside the Bodmer–Witten stability window imposed in the 
prior. The relatively large value of ΛQS

1.4 compared with the hadronic 
branch, despite comparable radii, reflects the different internal struc-
ture and surface properties of self-bound stars.

As a useful benchmark, Fig. 6 also shows two reference SFHo-HD 
sequences commonly adopted in two-families scenario studies (Bombaci 
et al., 2021; Becerra et al., 2026; Guerrini et al., 2025), for which 𝑥𝜎Δ =
1.15 and 𝑥𝜔Δ = 𝑥𝜌Δ = 1, with and without the 𝜙 field. These curves are 
broadly compatible with the inferred 2F hadronic band, but they lie 
on its more compact side: relative to our maximum-likelihood EOS, the 
standard SFHo-HD setup produces a stronger softening associated with 
the onset of Δ resonances.

A possibly interesting complementary analysis concerns the popula-
tion of compact stars. The observed mass distribution of compact stars, 
in particular of recycled millisecond pulsars, has been argued to be bi-
modal, with a low-mass component near ∼ 1.4M⊙ and a high-mass com-
ponent near ∼ 1.8M⊙ (Antoniadis et al., 2016). While such a feature is 
naturally ascribed to distinct formation channels and birth masses, we 
note that in the 2F scenario a bimodal-looking population could also 
arise as the superposition of two individually unimodal distributions 
associated with the HS and the QS branches, which populate partially 
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Fig. 6. Mass–radius relations for the 1F and 2F scenarios obtained from the TOV equations. Shaded envelopes and color schemes follow the conventions described 
in Fig. 3. Panel (a) shows the results for the 1F scenario, while panel (b) corresponds to the 2F scenario. Overlaid probability contours represent the 68% and 95% 
credible intervals for astrophysical constraints from NICER, HESS J1731–347, and GW170817. The blue and orange dashed/dot-dashed curves show the standard 
SFHo-HD reference models (Becerra et al., 2026; Bombaci et al., 2021; Drago et al., 2014a) with 𝑥𝜎Δ = 1.15 and 𝑥𝜔Δ = 𝑥𝜌Δ = 1, respectively with and without the 𝜙
field.

Fig. 7. Mass-tidal deformability Λ relations for the 1F a and 2F b scenarios. Shaded envelopes and color schemes follow the conventions described in Fig. 3.

offset mass ranges. Assessing this possibility would require modeling the 
formation and production scenarios of the two families and their relative 
abundance as a function of mass, i.e. the weights 𝜂(2𝐹 )𝑓 (𝑀) introduced 
in Section 3.3; such a population-level analysis is beyond the scope of 
the present work but could provide additional means of discriminating 
between the 1F and 2F scenarios.

As in the 1F case, the GW170817 contours shown in the figure are 
only two-dimensional projections of the full four-dimensional posterior. 
This point is especially important in the 2F scenario, because each point 
in the GW170817 posterior can be associated with different latent family 
assignments for the two components: HS–HS, HS–QS, QS–HS, or QS–QS. 
The probability of a given channel is therefore not obtained by inde-
pendently matching the two components to projected 𝑀–Λ contours, 
but by evaluating the joint density 𝑞GW170817(𝑀1,𝑀2,Λ1,Λ2) along the 
corresponding pair of theoretical branches, as in Eq. (32).

To illustrate this point, we consider the EOS with the highest like-
lihood, shown by the solid red and green curves in Fig. 7(b). For 
this EOS we evaluate the four branch-conditioned contributions to the 
GW170817 likelihood by imposing the theoretical ΛTOV

𝑓 (𝑀) relation

using the highest likelihood parametrization and by marginalizing over 
the component masses. Here the first label refers to the more mas-
sive component, 𝑀1 ≥𝑀2. The corresponding EOS-conditioned effec-
tive tidal deformabilities are

Λ̃GW170817
HSHS = 239 ± 33, Λ̃GW170817

HSQS = 550 ± 42, (50)

Λ̃GW170817
QSHS = 553 ± 48, Λ̃GW170817

QSQS = 850 ± 60.

Replacing one HS with a QS moves the binary toward larger tidal de-
formability, and the QS–QS interpretation gives the largest Λ̃ among the 
four possibilities. For comparison, the same estimation in the 1F sce-
nario gives Λ̃GW170817

HSHS = 367 ± 31, namely between the 2F HS-HS and 2F 
mixed channels. Again for the maximum-likelihood EOS, the branch-
conditioned reconstruction of GW170817 gives essentially the same 
mass sector in all 2F channels, with 𝑀1 ≃ 1.47 M⊙, 𝑀2 ≃ 1.27 M⊙, and 
𝑞 ≃ 0.87. The relevant channel dependence appears instead in the tidal 
deformabilities, since the same mass distribution is projected onto dif-
ferent HS or QS 𝑀–Λ branches.
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Fig. 8. Macroscopic observable posteriors for the HSs in the 1F scenario.

Normalizing the four channel likelihoods for the same maximum-
likelihood EOS gives

GW170817
HSHS ≃ 0.61, GW170817

HSQS ≃ 0.16, (51)

GW170817
QSHS ≃ 0.19, GW170817

QSQS ≃ 0.04.

Thus, for this particular EOS3 and for the adopted branch priors, 
the HS–HS interpretation is the most probable one. However, the mixed 
channels are not negligible: taken together, HS–QS and QS–HS account 
for about one third of the normalized likelihood. This shows that, with 
the data included in the present analysis alone, the family assignment 
of the two compact objects in GW170817 cannot be uniquely inferred. 
The QS–QS channel is instead disfavored by the GW170817 posterior 
for this EOS, mainly because the corresponding tidal deformability lies 
in the high-Λ̃ tail of the distribution.

Additional multimessenger information may help to further discrim-
inate among the possible interpretations. In particular, the kilonova 
AT2017gfo associated with GW170817 constrains the ejecta properties 
and the post-merger evolution, and may therefore provide complemen-
tary information on the nature of the binary; see the discussion in Sec-
tion 3.2.3.

Finally, Fig. 10 shows the tidal deformability as a function of the 
compactness 𝐶 =𝑀∕𝑅 of the 1F posterior and of the two branches of 
the 2F posterior, and compare them with the quasi-universal 𝐶–Λ rela-
tion (Maselli et al., 2013; Yagi and Yunes, 2017; Godzieba et al., 2021; 
Lowrey et al., 2025), shown as the purple band. The 1F posterior and 
the HS branch of the 2F posterior follow the hadronic band, while the 
QS branch departs from it. A direct test based on Fig. 10 alone would 
require an independent measurement of the compactness of the inspi-

3 These numbers should not be interpreted as final posterior probabilities for 
the four possible GW170817 compositions. They are conditional on a single rep-
resentative EOS, namely the maximum-likelihood model, and on the adopted 
branch priors. A complete probability assignment would require computing 
the normalized channel evidences, i.e. marginalizing each channel likelihood 
over the full EOS-parameter posterior rather than evaluating it only at the best-
likelihood point. The present calculation should therefore be regarded as a di-
agnostic of the best-fit EOS rather than as a population-level inference of the 
GW170817 family assignment.

Table 3 
Bayesian log-evidence ln evaluated for different combinations 
of observational and laboratory constraints. The last column 
reports the log-Bayes factor ln2F,1F = ln2F − ln1F. 
 Data (𝜒EFT +) ln1F ln2F ln2F,1F

 Astro. (no HESS, no J0614) −28.5 −25.5 3.0

 Astro. (no HESS) −32.2 −26.5 5.7

 All astro. −37.6 −28.4 9.2

 HIC + astro. (no HESS, no J0614) −32.1 −25.5 6.5

 HIC + astro. (no HESS) −34.8 −26.3 8.5

 HIC + all astro. −40.5 −28.6 11.9

ral components, which the gravitational-wave inspiral signal cannot
provide.

4.4.  Model comparison

Table 3 reports the Bayesian evidence for the 1F and 2F hypotheses 
under different combinations of astrophysical and laboratory data. Since 
the 2F hypothesis contains three additional parameters for the SQM EOS, 
the comparison cannot be based on the highest-likelihood alone. The rel-
evant quantity is the Bayesian evidence, which averages the likelihood 
over the prior volume and therefore accounts for the larger parameter 
space of the 2F model. All rows include the 𝜒EFT constraint, while the 
last three rows additionally include the HIC flow data.

The 2F scenario is favored, relative to our purely hadronic 1F base-
line, for all dataset combinations considered. In the most conservative 
astrophysical setup, where both HESS J1731–347 and PSR J0614–3329 
are removed, we already find ln2F,1F = 3.0. This indicates that, within 
the explored priors, the additional QS branch is not penalized by the 
evidence and already helps to accommodate the combination of heavy-
pulsar and tidal constraints without forcing all objects to lie on a sin-
gle hadronic sequence. Including PSR J0614–3329 while still excluding 
HESS raises the preference to 5.7. PSR J0614–3329 contributes in the 
expected direction because its small inferred radius for an intermediate 
value of the mass enhances, in a 1F interpretation, the tension between 
intermediate-density softness and the high-density stiffness required to 
support the massive pulsars. Adding HESS J1731–347 further raises the 
preference to 9.2. The role of HESS J1731–347 is qualitatively different: 
a very light and compact object is difficult to accommodate on a single 
ordinary hadronic sequence, while in 2F it can be naturally associated 
with the low-mass part of the QS branch.

The inclusion of the HIC flow constraint further increases the 
preference for 2F across all astrophysical sub-datasets. Without the 
HESS J1731–347 and PSR J0614–3329 data, ln2F,1F increases from 3.0
to 6.5; with PSR J0614–3329 included, from 5.7 to 8.5; and for the full 
dataset, from 9.2 to 11.9. As discussed above, the HIC constraint restricts 
the allowed values of the pressure at intermediate densities. This makes 
the 1F compromise more difficult: the same hadronic branch must re-
main sufficiently soft to satisfy the low-radius and HIC information, but 
also stiff enough at higher densities to support PSR J0740+6620 and 
PSR J0952–0607. In the 2F scenario this tension is relaxed, because the 
hadronic branch can remain relatively soft while the heaviest compact 
stars can be described by the QS branch.

Overall, the Bayes factors indicate that the current dataset is more 
naturally organized by two disconnected compact-star families than by 
a single purely hadronic sequence. For the complete dataset we find 
ln2F,1F = 11.9, corresponding to a strong preference for the 2F sce-
nario on conventional Bayes-factor scales. This qualitative label should 
not be overinterpreted, since the numerical evidence depends on the 
adopted EOS models, parametrization, prior ranges, source-mass priors, 
and dataset selection. The robustness of this conclusion with respect to 
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Fig. 9. Macroscopic observable posteriors for the HSs (panel a) and QSs (panel b) in the 2F scenario.

Fig. 10. Compactness-tidal deformability Λ relations for the 1F and 2F scenar-
ios. Shaded envelopes and color schemes for the hadronic and strange quark 
branches follow the conventions described in Fig. 6. The purple curve shows 
the Λ–𝐶 quasi-universal relation introduced in Maselli et al. (2013) and plotted 
using the updated fit of Godzieba et al. (2021). The purple shaded bands are 
indicative ±5% and ±10% relative-error envelopes motivated by the residuals 
quoted in Godzieba et al. (2021), and should not be interpreted as Bayesian 
credible intervals.

specific modeling assumptions and analysis choices is examined in Sec-
tion 4.5.

We stress, as already discussed in Section 3.4, that the two hypothe-
ses are not on the same footing in terms of theoretical constraints: the 
hadronic EOS is tightly constrained by 𝜒EFT and HIC data, whereas the 
SQM sector is only loosely bounded by theory, so that the 2F scenario 
effectively introduces an additional model with considerable freedom 
to accommodate the data. This apparent advantage is, however, auto-
matically compensated in the Bayes factor. Since the prior is normalized 

to unit integral over the parameter space, enlarging that space lowers 
the prior density at every point; the evidence, being the likelihood aver-
aged against this normalized prior, is therefore reduced by the inclusion 
of the additional SQM parameters, and the 2F scenario can be favored 
only if the resulting improvement in the description of the data out-
weighs this reduction. The greater flexibility of the quark sector is thus 
not a cost-free advantage.

Finally, we point out that in our analysis the second branch is mod-
eled specifically as a sequence of self-bound QSs, so the preference re-
ported here is obtained within this concrete realization. Nonetheless, the 
feature that actually drives the statistical preference is largely qualita-
tive: the data favor the existence of a second, disconnected, stiff branch, 
supporting the most massive compact stars, in addition to a soft hadronic 
sequence. It is therefore plausible that any alternative model having sim-
ilar macroscopic properties would yield a comparable preference. For 
this reason, the robust outcome of the model comparison is best under-
stood as a preference for such a two-branch (soft plus stiff) structure, 
rather than as direct evidence for the existence of QSs and thus for the 
Bodmer–Witten hypothesis specifically.

4.5.  Consistency checks

The model comparison in Section 4.4 shows a preference for the 2F 
scenario. We now test how stable this conclusion is under a few changes 
in the analysis setup. The purpose of these checks is not to define new 
baseline models, but to verify that the preference for 2F is not driven by a 
single technical choice. Unless otherwise stated, all tests are performed 
for the HIC+all-astrophysical dataset, for which the baseline result is 
ln1F = −40.5, ln2F = −28.6, and ln2F,1F = 11.9.

First, fixing the hyperon potentials to the central values of their 
priors gives ln1F = −40.0 and ln2F = −28.4. The corresponding log-
Bayes factor remains essentially unchanged, ln2F,1F ≃ 11.6. The re-
sult is also stable with respect to a broadening of the SQM prior sup-
port. Using the enlarged ranges 𝐵1∕4 ∈ [130, 220]MeV, 𝑎4 ∈ [0.1, 1.0], 
and ΔCFL ∈ [0, 300]MeV, we find ln2F = −28.1, very close to the base-
line value. Thus, the preference for 2F is not driven by the precise bound-
aries of the adopted SQM prior nor by the marginalization over the 
hyperon-potential ranges.
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We also tested the treatment of the GW170817 source-family chan-
nels. Motivated by the discussion in Section 3.2.3 on the kilonova inter-
pretation, removing the QS–QS channel gives ln2F = −28.1. Removing 
both the QS–QS and HS–HS channels gives instead ln2F = −29.8. The 
latter choice has a larger impact, but even in this case the 2F evidence 
remains well above the 1F value.

The most relevant shifts are associated with the source-mass prior. 
For the 1F hypothesis, raising the lower mass bound from 𝑀min = 0 to 
𝑀min = 1.17M⊙ increases the evidence from −40.46 to −38.9. Although 
this may look counterintuitive because it removes most of the low-mass 
region preferred by HESS J1731–347, it is a natural prior-volume ef-
fect: the HESS J1731–347 likelihood is reduced, but the mass inter-
val over which the likelihood is averaged is also reduced for all mass–
radius sources. The net result is therefore an increase in the 1F evidence. 
Even with this more favorable choice for 1F, the Bayes factor remains 
large, ln2F,1F ≃ 10.3. A similar conclusion holds for the 2F source-mass 
prior. Allowing the hadronic branch to extend over the broader interval 
𝑀HS

min = 0 to 𝑀HS
max =𝑀TOV

max  lowers the evidence to ln2F = −32.6. This 
decrease is expected: the enlarged HS mass support adds prior volume 
and additional source-family configurations without a corresponding 
gain in likelihood. Nevertheless, the resulting log-Bayes factor remains 
positive and sizeable.

As an additional strong test, we considered the possibility that the 
secondary component of GW190814 is a compact star rather than a 
black hole. Including this object as a compact-star constraint gives 
ln2F = −30.6, while the 1F evidence drops to ln1F = −87.5. This be-
havior is expected, since such a large compact-star mass can be accom-
modated by the QS branch in the 2F scenario, whereas it is essentially 
inaccessible to the purely hadronic 1F sequences considered here.

Overall, these checks show that the numerical value of the Bayes 
factor is sensitive to source-mass-prior choices and to the assumed 
GW170817 channel content, yielding maximum variations in ln of up 
to some units. However, none of the tested variations reverses the model 
comparison. The preference for the 2F scenario relative to the purely 
hadronic 1F baseline therefore appears robust when considering the full 
dataset, which includes both the HIC and all astrophysical constraints. 
In contrast, given the systematic spread highlighted by these tests, the 
statistical preference for the 2F scenario in the minimal dataset (exclud-
ing HESS J1731-347, PSR J0614-3329, and HIC data) is less solid.

4.6.  Limitations and comparison with previous works

Although we have structured this analysis to be as data-driven as pos-
sible within a physics-informed framework, certain model dependencies 
and methodological limitations remain.

First, compared with agnostic parametrizations of the pressure or 
sound speed, our framework is less flexible. Its advantage is instead its 
direct physical interpretability: the inferred EOS behaviour can be re-
lated to microscopic quantities such as nuclear empirical parameters, 
hyperon potentials, Δ-resonance couplings, and SQM bag-model param-
eters. Consequently, our results remain tied to the specific choice of the 
RMF Lagrangian. Adding further non-linear meson interactions, such as 
𝜔–𝜌 cross couplings or 𝜔 self-interaction terms, considering additional 
density-dependent couplings, see e.g. Fortin et al. (2018), or relaxing 
the assumption 𝑥𝜌Δ = 1, could provide extra freedom to tune the den-
sity dependence of the EOS and, in particular, to partially disentangle its 
low- and high-density behavior. Such extensions could therefore affect 
the quantitative strength of the Bayes factors comparing the 1F and 2F 
scenarios.

Our results for the 1F scenario are qualitatively consistent with 
the Bayesian analysis of hadronic stars considering hyperons and Δ-
resonances by Parmar et al. (2025), in which it has been found that 
Δ-resonances can efficiently soften the EOS at low and intermedi-
ate densities while preserving enough high-density stiffness to satisfy 

the 2M⊙ constraint. A direct quantitative comparison is however not 
straightforward, because the two analyses differ both in the adopted 
dataset and in the underlying Lagrangian. On the observational side, 
Parmar et al. constrain their models using nuclear saturation proper-
ties, 𝜒EFT information for symmetric and pure neutron matter, NICER 
constraints on PSR J0030+0451 and PSR J0740+6620, and tidal in-
formation from GW170817. In our case, the 1F posterior is further con-
strained by the small-radius inference for PSR J0614–3329, the excep-
tionally light and compact object HESS J1731–347, the high mass of 
PSR J0952–0607, and HIC collective-flow information. These additional 
constraints sharpen the tension between compact configurations at low 
and intermediate masses and the requirement of supporting the heav-
iest observed pulsars. The two analyses also differ at the Lagrangian 
level. Parmar et al. adopt a density-dependent relativistic hadron frame-
work in which the 𝜎, 𝜔, and 𝜌 meson couplings are explicit functions of 
density, while the mesonic sector contains only the standard quadratic 
terms. By contrast, our 1F model is based on a non-linear RMF La-
grangian with 𝜎 self-interactions and a density-dependent 𝜌 coupling, 
but density-independent isoscalar 𝜎 and 𝜔 couplings. Moreover, Parmar 
et al. vary 𝑥𝜎Δ and 𝑥𝜔Δ independently and keep the hyperon optical 
potentials fixed, whereas here we vary the hyperon potentials within 
phenomenological ranges and restrict the allowed Δ couplings through 
laboratory-motivated constraint. The quantitative comparison of macro-
scopic stellar properties yields compatible conclusions. The main differ-
ence is the significantly narrower posterior obtained in our 1F inference. 
Intermediate runs, in which different datasets are incorporated one at 
a time, indicate that this narrowing is not solely a consequence of the 
larger dataset, but is also tied to the more restricted density dependence 
of our hadronic functional. Similarly, the quasi-first-order behavior at 
the Δ onset is not primarily induced by the additional data. Instead, it is 
most likely connected to this same restricted density dependence within 
our hadronic Lagrangian.

A related structural limitation is that hybrid stars, namely hadronic 
stars with deconfined quark cores, are not included as a third com-
peting hypothesis in the present Bayesian comparison. Therefore, our 
Bayes factor explicitly compares a purely hadronic 1F scenario with a 
disconnected 2F scenario, but it does not decide whether the same data 
would instead favor hybrid-star configurations. Recent physics-informed 
Bayesian analyses have found that hybrid EOSs with a hadron–quark 
phase transition remain compatible with current multimessenger con-
straints, and may even be statistically preferred over purely hadronic 
baselines for specific quark-matter models (Ayriyan et al., 2025; Albino 
et al., 2026).

A complete model-selection analysis should include a third hybrid-
star hypothesis. We will leave this analysis for a future work.

Finally, our observational dataset is deliberately conservative. We 
have not included radius and mass–radius constraints derived from 
thermonuclear X-ray bursts or from quiescent low-mass X-ray binaries, 
such as the compilation of Özel and Freire (2016) and the analysis of 
4U 1702–429 of Nättilä et al. (2017); see also Drago et al. (2016), Bom-
baci et al. (2021) and references therein.

Nevertheless, these data point in a direction that is naturally ac-
commodated by the 2F scenario and that exacerbates the tension in 
the 1F one, for the same reason as PSR J0614–3329: a small radius 
at a canonical stellar mass is difficult to reconcile, within a single 
hadronic sequence, with the simultaneous requirement of supporting 
the heaviest pulsars, whereas in 2F it is naturally associated with the 
compact hadronic branch. Concretely, the (𝑀,𝑅) region inferred for 
4U 1702–429 (Nättilä et al., 2017) is broadly compatible both with the 
QS branch of our 2F posterior and with the HS configurations of our 
1F posterior, while the ≲ 11 km canonical-mass radii suggested by some 
qLMXB and burst analyses (Özel and Freire, 2016) would increase the 
pressure on the 1F sequence and thus further strengthen the statistical 
preference for 2F.
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5.  Summary and conclusions

Determining the EOS and the QCD phases of cold dense matter re-
mains one of the central open problems in nuclear physics and astro-
physics. The two-families scenario, in which HSs and QSs coexist on two 
disconnected branches, offers a natural way to reconcile observations of 
very compact ordinary-mass objects with the existence of compact stars 
exceeding 2M⊙, while at the same time relieving the hyperon puzzle. 
Although the scenario has been extensively explored at the model level, 
it had not yet been confronted with a Bayesian analysis of the available 
astrophysical and laboratory data.

In this work we have performed such an analysis. We compared 
two physically distinct hypotheses on the same footing: a one-family 
(1F) scenario in which all observed compact stars are HSs described 
by a single RMF EOS including nucleons, hyperons, and Δ resonances, 
and a two-families (2F) scenario in which the same hadronic sector 
(but metastable) coexists with an SQM branch, described by a CFL bag-
model EOS satisfying the Bodmer–Witten absolute-stability condition. 
Both hypotheses were explored within a common Bayesian framework, 
using up to 14 EOS parameters, 𝜒EFT constraints on cold pure neu-
tron matter, heavy-ion-collision (HIC) flow data on symmetric matter, 
and astrophysical inputs from PSR J0030+0451, PSR J0740+6620, 
PSR J0614–3329, HESS J1731–347, PSR J0952–0607, and GW170817. 
In the 2F case the family label of each source was treated as a latent 
variable and marginalized over, and the binary nature of GW170817 
was implemented through the full joint four-dimensional posterior in 
(𝑀1,𝑀2,Λ1,Λ2).

The parameter posteriors, the inferred EOS, and the correspond-
ing stellar properties show that the 1F and 2F scenarios realize the 
same observational requirements through structurally different EOS-
level mechanisms. In the 1F case, a single hadronic sequence must com-
bine intermediate-density softening, required by the HIC band and by 
the small radii and tidal deformability inferred for ordinary-mass ob-
jects, with sufficient high-density stiffness to support the heaviest pul-
sars. The 1F posterior accommodates this compromise through an early 
onset of Δ resonances, at 𝑛(onset Δ)𝐵 ≃ 1.8 𝑛sat , followed by a strong high-
density stiffening mediated again by the Δ couplings. The macroscopic 
counterpart of this compromise is a characteristic quasi-inflection of the 
mass–radius relation and a maximum mass of 𝑀 (1F)

HS,max = 2.05+0.03−0.03M⊙. 
In the 2F case, these roles are separated. Non-nucleonic degrees of free-
dom make the metastable hadronic soft, leading to a compact HS branch 
(𝑅(2F)

HS,1.4 = 11.13+0.17−0.17 km, with 𝑀
(2F)
HS,max = 1.54+0.03−0.03M⊙), while absolutely 

stable SQM supports the most massive compact stars on the QS branch 
(𝑀 (2F)

QS,max = 2.33+0.09−0.07M⊙). Correspondingly, the 2F hadronic posterior 
prefers a larger effective mass and a less extreme tuning of the Δ sector 
than its 1F counterpart. The 1F tension visible in the posterior is there-
fore not between HIC and astrophysical information taken separately, 
but between the combination of HIC plus the small-radius astrophysical 
observations on one side, and the heavy-pulsar constraints on the other.

The Bayesian model comparison reflects this picture quantitatively. 
The 2F scenario is favored relative to the purely hadronic 1F baseline for 
all dataset combinations considered, and the log-Bayes factor grows as 
observational constraints sensitive to small radii and to large masses are 
added. In particular, across the datasets considered in this work, ln2F,1F
ranges from ≈ 3, when only the 𝜒EFT and astrophysical data (without 
HESS J1731–347 and PSR J0614–3329) are used, to ≈ 6 once the labora-
tory HIC information is added, and up to ≈ 12 for the full dataset that fur-
ther includes HESS J1731–347 and PSR J0614–3329, corresponding to 
a strong preference for the 2F scenario (see Table 3). PSR J0614–3329, 
HESS J1731–347, and the HIC flow band each contribute in distinct 
ways: PSR J0614–3329 enhances the 1F tension between intermediate-
density softness and high-density stiffness at an ordinary stellar mass; 
HESS J1731–347 introduces a low-mass and compact object that the 2F 
scenario can naturally place on the QS branch; HIC restricts the stiffness 
at intermediate densities and therefore makes the 1F hadronic compro-
mise more difficult. The consistency checks of Section 4.5 show that 

varying the prior assumptions (the hyperon-potential priors, the SQM 
prior support, the GW170817 source-family channels, and the source-
mass prior) changes ln2F,1F by up to a few units. Thus, for the com-
plete dataset the preference for the 2F scenario remains robust under 
all these variations. For the more conservative dataset, however, which 
omits PSR J0614–3329, HESS J1731–347, and the HIC flow band, the 
log-Bayes factor is comparable to the few-unit spread induced by the 
prior choices, so that the preference cannot be regarded as robust in 
that case.

Several limitations should be kept in mind. Our results are condi-
tional on the adopted RMF framework for the hadronic sector, and could 
be refined by enlarging the model space, for instance by including addi-
tional density-dependent or non-linear meson couplings, or by relaxing 
the assumption 𝑥𝜌Δ = 1. The most important structural extension is the 
inclusion of hybrid stars in the 1F scenario. These extensions are left to 
future works.

Ultimately, achieving a more definitive conclusion will require a 
larger and more precise body of data. In general, future observations 
providing stronger indications of small radii or tidal deformability at 
canonical stellar masses (or, equivalently, a soft EOS at intermediate 
densities from HIC data), the detection of even more massive compact 
objects, or, crucially, the precise measurement of two distinct masses 
with the same radius would substantially increase the statistical weight 
in favor of two distinct compact-star families.
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Appendix A.  Details of the equations of state

This appendix collects the mean-field equations and the thermody-
namic quantities used to construct the hadronic and quark EOS.

A.1.  Hadronic sector

In uniform matter at the mean-field level, spatial derivatives van-
ish and only the time-like components of the vector fields survive. For 
baryons belonging to the octet and to the Δ quartet, the Euler–Lagrange 
equations obtained from Eq. (1) reduce to 
𝜔0 =

∑

𝑖

𝑔𝜔𝑖
𝑚2
𝜔
𝑛𝑖, (A.1a)
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𝜙0 =
∑

𝑖

𝑔𝜙𝑖
𝑚2
𝜙

𝑛𝑖, (A.1b)

𝜌03 =
∑

𝑖

𝑔𝜌𝑖(𝑛𝐵)

𝑚2
𝜌

𝐼3𝑖 𝑛𝑖, (A.1c)

𝑚2
𝜎𝜎 = −𝑏𝑚𝑁 𝑔𝜎𝑁 (𝑔𝜎𝑁𝜎)2 − 𝑐 𝑔𝜎𝑁 (𝑔𝜎𝑁𝜎)3 +

∑

𝑖
𝑔𝜎𝑖 𝑛𝑠,𝑖. (A.1d)

Here the index 𝑖 runs only over baryons. Leptons do not couple to the 
meson fields and therefore do not contribute to Eq. (A.1); they enter 
only the charge-neutrality condition and the total thermodynamic quan-
tities below. The third component of isospin is denoted by 𝐼3𝑖, with 
eigenvalues ±1∕2 for the nucleon doublet and +3∕2,+1∕2,−1∕2,−3∕2
for Δ++,Δ+,Δ0,Δ−. The hidden-strangeness coupling satisfies 𝑔𝜙𝑖 = 0 for 
non-strange baryons.

At zero temperature, the number and scalar densities of baryon 𝑖 are

𝑛𝑖 =
2𝐽𝑖 + 1
6𝜋2

𝑘3𝐹𝑖 , (A.2)

𝑛𝑠,𝑖 =
2𝐽𝑖 + 1
4𝜋2

𝑚∗
𝑖

[

𝑘𝐹𝑖𝐸
∗
𝐹𝑖

− 𝑚∗ 2
𝑖 ln

(𝑘𝐹𝑖 + 𝐸
∗
𝐹𝑖

𝑚∗
𝑖

)]

, (A.3)

where

𝐸∗
𝐹𝑖

=
√

𝑘2𝐹𝑖 + 𝑚
∗ 2
𝑖 , 𝑚∗

𝑖 = 𝑚𝑖 − 𝑔𝜎𝑖𝜎. (A.4)

The spin degeneracy is 2𝐽𝑖 + 1 = 2 for the baryon octet and 2𝐽𝑖 + 1 = 4
for the Δ quartet. The total baryon density is
𝑛𝐵 =

∑

𝑖
𝑛𝑖. (A.5)

The single-particle energy of baryon 𝑖 is

𝜖𝑖(𝑘) = 𝑔𝜔𝑖𝜔0 + 𝑔𝜙𝑖𝜙0 + 𝑔𝜌𝑖(𝑛𝐵)𝐼3𝑖𝜌03 + Σ𝑟 +
√

𝑘2 + 𝑚∗ 2
𝑖 , (A.6)

and its chemical potential is 𝜇𝑖 = 𝜖𝑖(𝑘𝐹𝑖 ). The rearrangement contribu-
tion induced by the density dependence of the 𝜌 coupling is

Σ𝑟 =
𝜕𝑔𝜌𝑁 (𝑛𝐵)
𝜕𝑛𝐵

𝜌03
∑

𝑗
𝑥𝜌𝑗𝐼3𝑗𝑛𝑗 , (A.7)

where 𝑔𝜌𝑗 = 𝑥𝜌𝑗𝑔𝜌𝑁 , 𝑥𝜌𝑁 = 1, and 𝑥𝜌Δ = 1 in the models considered here. 
The term Σ𝑟 is required for thermodynamic consistency in the presence 
of density-dependent couplings.

In 𝛽-equilibrated stellar matter, the baryon chemical potentials are 
written as
𝜇𝑖 = 𝜇𝐵 + 𝐶𝑖𝜇𝐶 , (A.8)

where 𝐶𝑖 is the electric charge of species 𝑖. For leptons,
𝜇𝓁 = 𝐶𝓁𝜇𝐶 , 𝓁 = 𝑒, 𝜇, (A.9)

so that 𝜇𝑒 = 𝜇𝜇 = −𝜇𝐶 when muons are present. Charge neutrality reads
∑

𝑖
𝐶𝑖𝑛𝑖 − 𝑛𝑒 − 𝑛𝜇 = 0, (A.10)

with 𝑛𝜇 = 0 whenever 𝜇𝑒 < 𝑚𝜇 . For symmetric nuclear matter and pure 
neutron matter, the same mean-field equations are solved with the ap-
propriate fixed isospin composition, and with the lepton and strange 
sectors switched off.

The baryonic contribution to the energy density is
𝜀𝐵 = 1

2𝑚
2
𝜎𝜎

2 + 1
3 𝑏𝑚𝑁 (𝑔𝜎𝑁𝜎)3 +

1
4 𝑐 (𝑔𝜎𝑁𝜎)

4

+ 1
2𝑚

2
𝜔𝜔

2
0 +

1
2𝑚

2
𝜌𝜌

2
03 +

1
2𝑚

2
𝜙𝜙

2
0

+
∑

𝑖

2𝐽𝑖 + 1
16𝜋2

[

𝑘𝐹𝑖𝐸
∗
𝐹𝑖

(

2𝑘2𝐹𝑖 + 𝑚
∗ 2
𝑖

)

− 𝑚∗ 4
𝑖 ln

(𝑘𝐹𝑖 + 𝐸
∗
𝐹𝑖

𝑚∗
𝑖

)]

.

(A.11)

The baryonic pressure is

𝑃𝐵 = − 1
2𝑚

2
𝜎𝜎

2 − 1
3 𝑏𝑚𝑁 (𝑔𝜎𝑁𝜎)3 −

1
4 𝑐 (𝑔𝜎𝑁𝜎)

4

+ 1
2𝑚

2
𝜔𝜔

2
0 +

1
2𝑚

2
𝜌𝜌

2
03 +

1
2𝑚

2
𝜙𝜙

2
0 + 𝑛𝐵Σ𝑟

+
∑

𝑖

2𝐽𝑖 + 1
48𝜋2

[

𝑘𝐹𝑖𝐸
∗
𝐹𝑖

(

2𝑘2𝐹𝑖 − 3𝑚∗ 2
𝑖

)

+ 3𝑚∗ 4
𝑖 ln

(𝑘𝐹𝑖 + 𝐸
∗
𝐹𝑖

𝑚∗
𝑖

)]

.

(A.12)

The rearrangement contribution appears explicitly in the pressure, but 
not in the energy density. Equivalently, Eq. (A.12) follows from
𝑃𝐵 =

∑

𝑖
𝜇𝑖𝑛𝑖 − 𝜀𝐵 (A.13)

once the chemical potentials include Σ𝑟.
For stellar matter, the total energy density and pressure also include 

the free degenerate lepton gas,
𝜀𝐻 = 𝜀𝐵 +

∑

𝓁=𝑒,𝜇
𝜀𝓁 , 𝑃𝐻 = 𝑃𝐵 +

∑

𝓁=𝑒,𝜇
𝑃𝓁 . (A.14)

At zero temperature,

𝑛𝓁 =
𝑘3𝐹𝓁
3𝜋2

, (A.15)

𝜀𝓁 = 1
8𝜋2

[

𝑘𝐹𝓁𝐸𝐹𝓁
(

2𝑘2𝐹𝓁 + 𝑚2
𝓁

)

− 𝑚4
𝓁 ln

(𝑘𝐹𝓁 + 𝐸𝐹𝓁
𝑚𝓁

)]

, (A.16)

𝑃𝓁 = 1
24𝜋2

[

𝑘𝐹𝓁𝐸𝐹𝓁
(

2𝑘2𝐹𝓁 − 3𝑚2
𝓁

)

+ 3𝑚4
𝓁 ln

(𝑘𝐹𝓁 + 𝐸𝐹𝓁
𝑚𝓁

)]

, (A.17)

with 𝐸𝐹𝓁 =
√

𝑘2𝐹𝓁 + 𝑚2
𝓁 and 𝜇𝓁 = 𝐸𝐹𝓁 . The Gibbs energy per baryon is

𝜇𝐻 ≡
𝜀𝐻 + 𝑃𝐻

𝑛𝐵
. (A.18)

For cold charge-neutral matter in 𝛽 equilibrium, Eq. (A.18) reduces to 
the baryon chemical potential 𝜇𝐵 .

Finally, the nucleonic RMF couplings
(

𝑔𝜎𝑁 , 𝑔𝜔𝑁 , 𝑔𝜌𝑁 ( 𝑛sat ), 𝑏, 𝑐, 𝑎𝜌
)

, (A.19)

are fixed by the six nuclear empirical parameters
(

𝑛sat , 𝐸sat , 𝐾sat , 𝑚
∗∕𝑚,𝐸sym, 𝐿sym

)

(A.20)

defined at saturation in symmetric nuclear matter using the analytic 
mapping reported in Passarella et al. (2025).

A.2.  Quark sector

The quark phase is described by the zero-temperature CFL bag-model 
parametrization of Eq. (5), following Refs. Alford et al. (2008), Weis-
senborn et al. (2011). The pressure is

𝑃𝑄(𝜇𝑞) = −Ω𝑄(𝜇𝑞) =
3𝑎4
4𝜋2

𝜇4𝑞 −
3

4𝜋2
(

𝑚2
𝑠 − 4Δ2

CFL
)

𝜇2𝑞 − 𝐵. (A.21)

The quark number density is 𝑛𝑞 = 𝜕𝑃𝑄∕𝜕𝜇𝑞 . Therefore the baryon num-
ber density is

𝑛𝐵(𝜇𝑞) =
1
3
𝜕𝑃𝑄
𝜕𝜇𝑞

=
𝑎4
𝜋2
𝜇3𝑞 −

1
2𝜋2

(

𝑚2
𝑠 − 4Δ2

CFL
)

𝜇𝑞 . (A.22)

The energy density follows from the zero-temperature Euler relation,
𝜀𝑄(𝜇𝑞) = −𝑃𝑄(𝜇𝑞) + 3𝜇𝑞𝑛𝐵(𝜇𝑞), (A.23)

or equivalently

𝜀𝑄(𝜇𝑞) =
9𝑎4
4𝜋2

𝜇4𝑞 −
3

4𝜋2
(

𝑚2
𝑠 − 4Δ2

CFL
)

𝜇2𝑞 + 𝐵. (A.24)

The Gibbs energy per baryon of the CFL phase (which corresponds to 
the baryon chemical potential) is

𝜇𝑄 ≡
𝜀𝑄 + 𝑃𝑄
𝑛𝐵

= 3𝜇𝑞 . (A.25)

At the surface of a self-bound quark star, 𝑃𝑄 = 0. The correspond-
ing value 𝜇𝑄(𝑃𝑄 = 0) enters the Bodmer–Witten stability condition dis-
cussed in Section 2.2.
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Appendix B.  Derivation and details of the mass–radius likelihood

In this appendix we derive the likelihood contribution associated 
with a mass–radius observation for a single source 𝑖, both in the one-
family (1F) and in the two-families (2F) scenarios. For a given source, 
the stellar mass 𝑀 and radius 𝑅 are not known exactly and therefore 
they play the role of latent variables. The source likelihood is obtained 
by marginalizing over them. In the 2F scenario, the family label is an 
additional latent variable and it must also be marginalized over.

The publicly available posterior samples used in this work are pos-
terior samples in the mass–radius plane. From these samples we recon-
struct, by means of kernel density estimation (KDE), a smooth density 
that we denote by
𝑞𝑖(𝑀,𝑅). (B.1)

As discussed below, this reconstructed density is not, strictly speaking, 
identical to the likelihood (𝑖 ∣𝑀,𝑅), but can be used as a proxy 
for it under suitable assumptions on the prior adopted in the original 
parameter-estimation analysis.

B.1.  One-family scenario

In the 1F scenario, the observed object is assumed to belong to the 
single hadronic family. The likelihood contribution associated with the 
data set 𝑖 is therefore
(1F)
𝑖 (𝜃) ≡ (𝑖 ∣ 𝜃, 1F)

= ∫ 𝑑𝑀 ∫ 𝑑𝑅(𝑖,𝑀,𝑅 ∣ 𝜃, 1F)

= ∫ 𝑑𝑀 ∫ 𝑑𝑅(𝑖 ∣𝑀,𝑅, 𝜃, 1F)(𝑀,𝑅 ∣ 𝜃, 1F). (B.2)

This expression is obtained by marginalizing the joint probability over 
the unobserved source parameters 𝑀 and 𝑅.

We assume that, once the source mass and radius are specified, the 
observational model is fully determined. Under this assumption,
(𝑖 ∣𝑀,𝑅, 𝜃, 1F) = (𝑖 ∣𝑀,𝑅), (B.3)

so that Eq. (B.2) becomes

(1F)
𝑖 (𝜃) = ∫ 𝑑𝑀 ∫ 𝑑𝑅(𝑖 ∣𝑀,𝑅)(𝑀,𝑅 ∣ 𝜃, 1F). (B.4)

For a fixed EOS parameter set 𝜃, the TOV equations determine a 
unique radius for each stellar mass along the stable hadronic branch,
𝑅 = 𝑅TOV

HS (𝑀 ; 𝜃). (B.5)

Hence the EOS-induced probability distribution in the (𝑀,𝑅) plane has 
support only on the corresponding TOV curve and can be written as
(𝑀,𝑅 ∣ 𝜃, 1F) = 𝑤(1F)

HS (𝑀 ; 𝜃) 𝛿
[

𝑅 − 𝑅TOV
HS (𝑀 ; 𝜃)

]

, (B.6)

where

𝑤(1F)
HS (𝑀 ; 𝜃) ≡ (𝑀 ∣ 𝜃, 1F) (B.7)

is the prior weight assigned to the stellar mass along the stable hadronic 
branch. Substituting Eq. (B.6) into Eq. (B.4) yields

(1F)
𝑖 (𝜃) = ∫ 𝑑𝑀 ∫ 𝑑𝑅(𝑖 ∣𝑀,𝑅)𝑤(1F)

HS (𝑀 ; 𝜃) 𝛿
[

𝑅 − 𝑅TOV
HS (𝑀 ; 𝜃)

]

= ∫ 𝑑𝑀 
[

𝑖 ∣𝑀,𝑅TOV
HS (𝑀 ; 𝜃)

]

𝑤(1F)
HS (𝑀 ; 𝜃). (B.8)

The marginalization over 𝑅 restricts the likelihood to the theoretical 
mass–radius curve predicted by the EOS, while the marginalization over 
𝑀 remains because the stellar mass is not known exactly.

A simple and commonly used choice is a constant prior on the mass 
within an interval. Up to normalization, this can be written as

𝑤(1F)
HS (𝑀 ; 𝜃) ∝ 𝟏

(

𝑀 (1F)
HS,min(𝜃) ≤𝑀 ≤𝑀 (1F)

HS,max(𝜃)
)

, (B.9)

where 𝟏(⋯) denotes the indicator function. The normalized form would 
contain the factor
[

𝑀 (1F)
HS,max(𝜃) −𝑀

(1F)
HS,min(𝜃)

]−1
. (B.10)

Eq. (B.8) then reduces to

(1F)
𝑖 (𝜃) ∝ ∫

𝑀 (1F)
HS,max(𝜃)

𝑀 (1F)
HS,min(𝜃)

𝑑𝑀 
[

𝑖 ∣𝑀,𝑅TOV
HS (𝑀 ; 𝜃)

]

. (B.11)

We now relate this formal expression to the reconstructed density 
𝑞𝑖(𝑀,𝑅). Let 𝐼 collectively denote the assumptions adopted in the orig-
inal parameter-estimation analysis underlying the released samples, in-
cluding the prior in the (𝑀,𝑅) plane. Bayes’ theorem then implies

(𝑀,𝑅 ∣ 𝑖, 𝐼) =
(𝑖 ∣𝑀,𝑅)𝜋𝐼 (𝑀,𝑅)

𝑍𝐼
𝑖

, (B.12)

where 𝜋𝐼 (𝑀,𝑅) is the prior used in the original analysis and
𝑍𝐼
𝑖 ≡ (𝑖 ∣ 𝐼) (B.13)

is the corresponding evidence. Therefore,

(𝑖 ∣𝑀,𝑅) = 𝑍𝐼
𝑖
(𝑀,𝑅 ∣ 𝑖, 𝐼)
𝜋𝐼 (𝑀,𝑅)

∝
(𝑀,𝑅 ∣ 𝑖, 𝐼)
𝜋𝐼 (𝑀,𝑅)

. (B.14)

The KDE-reconstructed density 𝑞𝑖(𝑀,𝑅) is our approximation to the re-
leased posterior (𝑀,𝑅 ∣ 𝑖, 𝐼). If the prior 𝜋𝐼 (𝑀,𝑅) is constant, or suf-
ficiently slowly varying, over the relevant region of the (𝑀,𝑅) plane, 
then

(𝑖 ∣𝑀,𝑅) ∝ 𝑞𝑖(𝑀,𝑅). (B.15)

Under this approximation, Eq. (B.11) becomes

(1F)
𝑖 (𝜃) ∝ ∫

𝑀 (1F)
HS,max(𝜃)

𝑀 (1F)
HS,min(𝜃)

𝑑𝑀 𝑞𝑖
[

𝑀,𝑅TOV
HS (𝑀 ; 𝜃)

]

, (B.16)

which is the form used in the main text.
In practice, the quality of the approximation 𝑞𝑖(𝑀,𝑅) ∝ (𝑖 ∣

𝑀,𝑅) depends on the priors and assumptions adopted in the origi-
nal parameter-estimation analysis. For the standard NICER mass–radius 
products of PSR J0030+0451 and PSR J0740+6620, this identifica-
tion is reasonably well justified because the original analyses employ a 
jointly uniform prior in the (𝑀,𝑅) plane within the prior support (Raai-
jmakers et al., 2021). Although these NICER products are not model in-
dependent, since they still rely on pulse-profile modeling assumptions, 
they remain comparatively clean in the variables of interest. By con-
trast, the posterior for PSR J0614–3329 is more prior-informed along 
the mass direction because the inferred mass is essentially constrained 
by MeerKAT radio-timing priors (Mauviard et al., 2025b). The baseline 
HESS J1731–347 samples are obtained from spectral fits with a carbon-
atmosphere model and Gaia parallax information; while the baseline 
analysis adopts flat priors on mass and radius, the inferred (𝑀,𝑅) pos-
terior is more model dependent than the standard NICER products be-
cause it also relies on specific spectral-atmosphere assumptions and dis-
tance priors (Doroshenko et al., 2022a). Finally, the GW170817 source-
properties samples are not mass–radius products but posteriors in the 
binary-parameter space (𝑀1,𝑀2,Λ1,Λ2); in that space the priors are rel-
atively simple, with Λ𝑖 taken to be uniform in the range 0 ≤ Λ𝑖 ≤ 5000
and the source masses effectively uniform over the region relevant to 
the analysis, but the result still depends on the adopted waveform model 
and spin prior (Abbott et al., 2019). Accordingly, for PSR J0614–3329, 
HESS J1731–347, and GW170817 the reconstructed densities should be 
interpreted more cautiously as approximate, prior-informed compatibil-
ity densities rather than exact likelihoods.

B.2.  Two-families scenario

In the 2F scenario, the family of the observed object is not known 
a priori. The family label is therefore an additional latent variable and 
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must be marginalized over together with 𝑀 and 𝑅. The source likelihood 
is then
(2F)
𝑖 (𝜃) ≡ (𝑖 ∣ 𝜃, 2F)

=
∑

𝑓∈{HS,QS}
∫ 𝑑𝑀 ∫ 𝑑𝑅(𝑖,𝑀,𝑅, 𝑓 ∣ 𝜃, 2F)

=
∑

𝑓∈{HS,QS}
∫ 𝑑𝑀 ∫ 𝑑𝑅(𝑖 ∣𝑀,𝑅, 𝑓 , 𝜃, 2F)(𝑀,𝑅, 𝑓 ∣ 𝜃, 2F).

(B.17)

The released observational product reconstructed by 𝑞𝑖(𝑀,𝑅) con-
strains the source only in the (𝑀,𝑅) plane and does not include any 
family label. We therefore assume that, once 𝑀 and 𝑅 are fixed, the 
observational information used in the present analysis does not further 
distinguish between the HS and QS interpretations. Under this assump-
tion,

(𝑖 ∣𝑀,𝑅, 𝑓 , 𝜃, 2F) = (𝑖 ∣𝑀,𝑅). (B.18)

This does not imply that the family label is determined by (𝑀,𝑅): a 
HS and a QS may in principle correspond to the same values of 𝑀 and 
𝑅. Rather, they are treated here as observationally degenerate at fixed 
(𝑀,𝑅), and are distinguished only through their prior weights in the 2F 
model.

Moreover, for each branch 𝑓 ∈ {HS,QS} the EOS predicts a deter-
ministic TOV curve,
𝑅 = 𝑅TOV

𝑓 (𝑀 ; 𝜃), (B.19)

so that
(𝑀,𝑅, 𝑓 ∣ 𝜃, 2F) = 𝑤(2F)

𝑓 (𝑀 ; 𝜃) 𝛿
[

𝑅 − 𝑅TOV
𝑓 (𝑀 ; 𝜃)

]

, (B.20)

where

𝑤(2F)
𝑓 (𝑀 ; 𝜃) ≡ (𝑀,𝑓 ∣ 𝜃, 2F) (B.21)

is the joint prior weight assigned to mass and family. Substituting 
Eq. (B.20) into Eq. (B.17) gives
(2F)
𝑖 (𝜃) =

∑

𝑓∈{HS,QS}
∫ 𝑑𝑀 ∫ 𝑑𝑅(𝑖 ∣𝑀,𝑅)𝑤(2F)

𝑓 (𝑀 ; 𝜃) 𝛿
[

𝑅 − 𝑅TOV
𝑓 (𝑀 ; 𝜃)

]

=
∑

𝑓∈{HS,QS}
∫ 𝑑𝑀 

[

𝑖 ∣𝑀,𝑅TOV
𝑓 (𝑀 ; 𝜃)

]

𝑤(2F)
𝑓 (𝑀 ; 𝜃). (B.22)

Eq. (B.22) shows that the total likelihood in the 2F scenario is a sum
of the HS and QS contributions. This does not mean that a given star 
is simultaneously a HS and a QS. Physically, each source belongs to 
one family only. The sum appears because the family assignment is not 
known a priori from the observation and must therefore be marginal-
ized over. The two terms in Eq. (B.22) reflect our uncertainty about the 
family assignment of the source, not a physical coexistence of the two 
possibilities.

To recover the form used in the main text, we write, up to normal-
ization,

𝑤(2F)
𝑓 (𝑀 ; 𝜃) ∝ 𝜂(2F)𝑓 (𝑀 ; 𝜃) 𝟏

(

𝑀 (2F)
𝑓,min(𝜃) ≤𝑀 ≤𝑀 (2F)

𝑓,max(𝜃)
)

, (B.23)

where

𝜂(2F)𝑓 (𝑀 ; 𝜃) ≡ (𝑓 ∣𝑀,𝜃, 2F), 𝑓 ∈ {HS,QS}, (B.24)

encodes the relative population weight of each family at fixed mass. 
Eq. (B.22) then becomes

(2F)
𝑖 (𝜃) ∝

∑

𝑓∈{HS,QS}
∫

𝑀 (2F)
𝑓,max(𝜃)

𝑀 (2F)
𝑓,min(𝜃)

𝑑𝑀 
[

𝑖 ∣𝑀,𝑅TOV
𝑓 (𝑀 ; 𝜃)

]

𝜂(2F)𝑓 (𝑀 ; 𝜃).

(B.25)

Using Eq. (B.15), this becomes

(2F)
𝑖 (𝜃) ∝

∑

𝑓∈{HS,QS}
∫

𝑀 (2F)
𝑓,max(𝜃)

𝑀 (2F)
𝑓,min(𝜃)

𝑑𝑀 𝑞𝑖
[

𝑀,𝑅TOV
𝑓 (𝑀 ; 𝜃)

]

𝜂(2F)𝑓 (𝑀 ; 𝜃), (B.26)

which is the form used in the main text.

Appendix C.  Low-density and heavy-ion likelihoods

In this appendix we collect the explicit expressions used to imple-
ment the low-density 𝜒EFT input and the heavy-ion collision (HIC) 
constraint in the Bayesian likelihood. In both cases, we use soft like-
lihood factors rather than hard cuts: EOSs compatible with the adopted 
reference bands are left unpenalized, whereas EOSs lying outside the 
bands are smoothly suppressed according to their distance from the 
corresponding boundaries. The 𝜒EFT and HIC inputs constrain differ-
ent sectors of the hadronic EOS and are therefore complementary. The 
𝜒EFT likelihood constrains the low-density neutron-rich regime through 
the energy per baryon of cold pure neutron matter, whereas the HIC 
likelihood constrains the pressure of nearly symmetric matter at supra-
saturation density. In the full Bayesian analysis, these two likelihood 
factors are multiplied together with the astrophysical likelihood contri-
butions described in the main text.

C.1.  Implementation of the 𝜒EFT likelihood

At low baryon density, microscopic calculations based on chiral ef-
fective field theory (𝜒EFT) provide a benchmark for the hadronic EOS of 
cold pure neutron matter (PNM). In the present work, following Ref. Pas-
sarella et al. (2025), we use exactly the same discretized 𝜒EFT band 
adopted there. More precisely, we consider the set of density points
{𝑛𝑘𝐵}𝑘=1,…,𝑁𝜒EFT , (C.1)

together with the corresponding reference values 𝐸𝑘𝜒EFT and uncertain-
ties 𝜎𝑘𝜒EFT for the energy per baryon in cold PNM, as reported in Table 
II of Ref. Passarella et al. (2025).

For a given hadronic EOS parameter set 𝜃, we evaluate the energy 
per baryon in cold pure neutron matter as

𝐸PNM
𝐻 (𝑛𝑘𝐵 ; 𝜃) ≡

𝜀𝐻 (𝑛𝑘𝐵 , 𝑌𝐶 = 0, 𝑌𝑆 = 0, 𝑌𝐿 = 0, 𝑇 = 0; 𝜃)

𝑛𝑘𝐵
. (C.2)

Here 𝜀𝐻  is the hadronic energy density computed from the RMF EOS for 
homogeneous matter with zero temperature, zero strangeness fraction, 
zero lepton fraction, and vanishing charge fraction, i.e. pure neutron 
matter.

We then quantify the distance of the EOS prediction from the adopted 
𝜒EFT band through the dimensionless variable

𝑑𝑘𝜒EFT(𝜃) ≡

|

|

|

|

𝐸PNM
𝐻 (𝑛𝑘𝐵 ; 𝜃) − 𝐸

𝑘
𝜒EFT

|

|

|

|

𝜎𝑘𝜒EFT
. (C.3)

By construction, 𝑑𝑘𝜒EFT ≤ 1 means that the model prediction lies inside 
the adopted 𝜒EFT band at the density point 𝑛𝑘𝐵 , while 𝑑𝑘𝜒EFT > 1 means 
that it lies outside the band.

The pointwise 𝜒EFT likelihood factor is defined as

𝓁𝑘𝜒EFT(𝜃) =

⎧

⎪

⎨

⎪

⎩

1, 𝑑𝑘𝜒EFT(𝜃) ≤ 1,

exp
[

−1
2

(

𝑑𝑘𝜒EFT(𝜃) − 1
)2

]

, 𝑑𝑘𝜒EFT(𝜃) > 1.
(C.4)

Thus, EOSs lying inside the band are not penalized, whereas EOSs out-
side the band are suppressed with a Gaussian penalty that depends on 
the distance from the band boundary.

The full 𝜒EFT likelihood is then taken as the product over all sampled 
density points,

𝜒EFT(𝜃) =
𝑁𝜒EFT
∏

𝑘=1
𝓁𝑘𝜒EFT(𝜃). (C.5)

Equivalently,

𝜒EFT(𝜃) = exp
⎡

⎢

⎢

⎣

−1
2

𝑁𝜒EFT
∑

𝑘=1

(

max
{

0, 𝑑𝑘𝜒EFT(𝜃) − 1
})2⎤

⎥

⎥

⎦

. (C.6)
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This implementation therefore leaves unpenalized all EOSs that re-
main inside the adopted 𝜒EFT band over the full sampled density inter-
val, while smoothly down-weighting those that deviate from it.

C.2.  Implementation of the heavy-ion likelihood

Complementary information on the hadronic EOS at supra-saturation 
density is provided by collective-flow observables in intermediate-
energy heavy-ion collisions. In the present work, we use the pressure 
band extracted in Ref. Danielewicz et al. (2002) from transverse and 
elliptic flow data as a phenomenological constraint on cold symmetric 
nuclear matter (SNM).

Since Ref. Danielewicz et al. (2002) provides the allowed region only 
graphically in the (𝑛𝐵 , 𝑃 ) plane, the HIC input is implemented by dig-
itizing the original pressure band from that paper. More precisely, we 
extract from the published figure a discrete set of points along the lower 
and upper boundaries of the band and use them to reconstruct the func-
tions

𝑃HIC,low(𝑛𝐵), 𝑃HIC,up(𝑛𝐵). (C.7)

In practice, we then evaluate these reconstructed boundaries on a com-
mon discrete density grid
{𝑛𝑘𝐵}𝑘=1,…,𝑁HIC

, (C.8)

restricted to the interval
𝑛𝐵 ≤ 3 𝑛sat , (C.9)

thus obtaining the corresponding lower and upper pressure values
𝑃 𝑘HIC,low ≡ 𝑃HIC,low(𝑛𝑘𝐵), 𝑃 𝑘HIC,up ≡ 𝑃HIC,up(𝑛𝑘𝐵). (C.10)

We do not extend the constraint beyond 3 𝑛sat , since at larger densities 
the purely nucleonic interpretation underlying the flow extraction be-
comes increasingly questionable in the present hadronic model, where 
hyperons and Δ resonances may already appear in the (2–3) 𝑛sat range.

For a given parameter set 𝜃, we evaluate the hadronic pressure in 
cold symmetric nuclear matter as
𝑃 SNM
𝐻 (𝑛𝐵 ; 𝜃) ≡ 𝑃𝐻 (𝑛𝐵 , 𝑌𝐶 = 0.5, 𝑌𝑆 = 0, 𝑌𝐿 = 0, 𝑇 = 0; 𝜃), (C.11)

where 𝑌𝐶 = 0.5 corresponds to symmetric matter, with zero strangeness, 
no leptons, and zero temperature.

To quantify violations of the lower and upper boundaries of the flow 
band, we define the positive deviations

𝑑𝑘HIC,low(𝜃) ≡ max
[

0, 𝑃 𝑘HIC,low − 𝑃 SNM
𝐻 (𝑛𝑘𝐵 ; 𝜃)

]

, (C.12)

𝑑𝑘HIC,up(𝜃) ≡ max
[

0, 𝑃 SNM
𝐻 (𝑛𝑘𝐵 ; 𝜃) − 𝑃

𝑘
HIC,up

]

. (C.13)

By construction, 𝑑𝑘HIC,low is nonzero only when the EOS lies below the 
lower boundary of the allowed band, while 𝑑𝑘HIC,up is nonzero only when 
the EOS lies above the upper boundary.

To account phenomenologically for the residual model dependence 
of the transport extraction, we associate to each boundary a tolerance 
proportional to its pressure value,
𝜎𝑘HIC,low = 𝛼 𝑃 𝑘HIC,low, 𝜎𝑘HIC,up = 𝛼 𝑃 𝑘HIC,up, (C.14)

and in the present work we adopt
𝛼 = 0.15. (C.15)

This choice is meant to encode, at a phenomenological level, the residual 
systematic uncertainty associated with the transport-model dependence 
of the extracted flow band.

We then define the pointwise likelihood factors

𝓁𝑘HIC,low(𝜃) = exp
⎡

⎢

⎢

⎣

−1
2

(

𝑑𝑘HIC,low(𝜃)

𝜎𝑘HIC,low

)2
⎤

⎥

⎥

⎦

, (C.16)

𝓁𝑘HIC,up(𝜃) = exp
⎡

⎢

⎢

⎣

−1
2

(

𝑑𝑘HIC,up(𝜃)

𝜎𝑘HIC,up

)2
⎤

⎥

⎥

⎦

. (C.17)

These factors are equal to unity when the EOS lies inside the HIC band 
and decrease smoothly when the EOS violates either boundary.

The full heavy-ion likelihood is finally defined as the product over 
all density points of the lower- and upper-bound contributions,

HIC(𝜃) =
𝑁HIC
∏

𝑘=1
𝓁𝑘HIC,low(𝜃)𝓁

𝑘
HIC,up(𝜃). (C.18)

Equivalently,

HIC(𝜃) = exp
⎡

⎢

⎢

⎣

−1
2

𝑁HIC
∑

𝑘=1

(

𝑑𝑘HIC,low(𝜃)

𝜎𝑘HIC,low

)2

− 1
2

𝑁HIC
∑

𝑘=1

(

𝑑𝑘HIC,up(𝜃)

𝜎𝑘HIC,up

)2
⎤

⎥

⎥

⎦

. (C.19)

Appendix D.  Numerical details

Evaluating the continuous two-dimensional integral in 
Eqs. (30), (32) over a finely resolved mass grid at every stochastic 
sampling step is computationally prohibitive. Instead, we implement a 
highly optimized discrete Monte Carlo integration scheme that bypasses 
the construction of a continuous four-dimensional probability surface. 
Given 𝑁 discrete posterior samples {𝑀 (𝑘)

1 ,𝑀 (𝑘)
2 ,Λ(𝑘)

1 ,Λ(𝑘)
2 }𝑁𝑘=1 provided 

by the posterior samples of GW170817 (Gravitational Wave Open Sci-
ence Center, 2020), the expected marginal likelihood is approximated 
by evaluating a two-dimensional Gaussian kernel directly at the sample 
nodes. For a specific EOS and parameter set 𝜃, the theoretical tidal 
deformabilities ΛTOV

1,𝑐  and ΛTOV
2,𝑐  are interpolated exactly at the discrete 

sample masses 𝑀 (𝑘)
1  and 𝑀 (𝑘)

2 . The total numerical log-likelihood 
lnGW170817(𝜃) is then computed as:

lnGW170817(𝜃) ≈ ln

( 𝑁
∑

𝑘=1

∑

𝑐∈
exp

[

ln𝑊 (𝑘)
𝑐 (𝜃) + ln𝐾 (𝑘)

𝑐 (𝜃)
]

)

− ln𝑁,

(D.1)

where  = {HS-HS,HS-QS,QS-HS,QS-QS} represents the set of possible 
binary phase configurations, and 𝑊 (𝑘)

𝑐 (𝜃) is the normalized prior weight 
for configuration 𝑐, which includes the phase assignment prior Eq. (33) 
and the mass prior Eq. (35):

𝑊 (𝑘)
𝑐 (𝜃) = 𝜂(2𝐹 )𝑓1−𝑓2

(𝑀 (𝑘)
1 ,𝑀 (𝑘)

2 ; 𝜃) ×
𝟏[𝑀 (2𝐹 )

𝑓1 ,𝑚𝑖𝑛
(𝜃) ≤𝑀 (𝑘)

1 ≤𝑀 (2𝐹 )
𝑓1 ,𝑚𝑎𝑥

(𝜃)]

𝑀 (2𝐹 )
𝑓1 ,max(𝜃) −𝑀

(2𝐹 )
𝑓1 ,min(𝜃)

×
𝟏[𝑀 (2𝐹 )

𝑓2 ,min(𝜃) ≤𝑀 (𝑘)
2 ≤𝑀 (2𝐹 )

𝑓2 ,max(𝜃)]

𝑀 (2𝐹 )
𝑓2 ,max(𝜃) −𝑀

(2𝐹 )
𝑓2 ,min(𝜃)

. (D.2)

The log-kernel ln𝐾 (𝑘)
𝑐 (𝜃) isolates the tidal deformability deviations:

ln𝐾 (𝑘)
𝑐 (𝜃) = −

(

ΛTOV
1,𝑐 (𝑀 (𝑘)

1 ; 𝜃) − Λ(𝑘)
1

)2

2𝜎2Λ1

−

(

ΛTOV
2,𝑐 (𝑀 (𝑘)

2 ; 𝜃) − Λ(𝑘)
2

)2

2𝜎2Λ2

− ln
(

2𝜋𝜎Λ1
𝜎Λ2

)

. (D.3)

The kernel bandwidths 𝜎Λ𝑖  are fixed dynamically using the standard 
deviation of the empirical samples scaled by 𝑁−1∕6. This discrete ap-
proach preserves the complex physical correlations inherent in the joint 
GW170817 posterior while maximizing computational throughput, and 
it has been used in recent multi-messenger EOS inferences (see, e.g., 
Huth et al., 2022; Raaijmakers et al., 2021; Dietrich et al., 2020; Cartaxo 
et al., 2026). To ensure rigorous numerical stability across the highly 
varied posterior landscape, the summation in Eq. (D.1) is executed in 
logarithmic space utilizing the logsumexp operation.
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