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Adapted from Watts et al. 2016 [1501.00042]

Strong interaction is fast. 
Strong equilibrium→ P (T, μB, μQ, μS)

μi = Bi  μB + Qi  μQ + Si  μS

Long weak-interaction timescales set:
   n→ p + e− + ̅νe 

      Λ → p + e− +  ̅νe

       μQ = - μe = - μμ

μS = 0
nQ, net = 0

Weak Equilibrium + CN→P(T, μB)
 

μS = 0, yS≠0

μS = 0, yS=0

<yS>≈ 0

μS = 0, yS≠0

Adapted from Watts et al. 2016 [1501.00042]

YS

Phase diagram: degrees of freedom 

https://arxiv.org/abs/1501.00042
https://arxiv.org/abs/1501.00042


μS = 0, yS≠0

μS = 0, yS=0

μS = 0, yS≠0
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Adapted from Watts et al. 2016 [1501.00042]

Heavy-ions: probe <yS> ≈ 0, <yQ> ≈ 0.4 

NICER + GW inspiral: probe T= 0, μS = 0

BNS Mergers: out-of-equilibrium; 

μQ ≠ μe ≠ μμ

 μS ≠ 0

 
Strangeness is not just extra particle species

It is a thermodynamic direction

Phase diagram: degrees of freedom 

<yS>≈ 0

YS

https://arxiv.org/abs/1501.00042


4

The Chiral Mean Field model

● Baryon octet and decuplet enter as SU(3) multiplets
● Deconfinement is modeled  by a Polyakov-like field
● Meson multiplets mediate the interactions
● Dynamic mass generation
● Interactions built with SU(3) flavor symmetry
● Calculable in the full {T, μB, μQ, μS} space

Papazoglou+ [9706024,9806087]
Dexeimer+ [0802.1999,0901.1748]
Cruz Camacho+ [2409.06837,2603.16019]

Buchmann A.  [0712.4383]

What is the phase structure of the 
model in the (T, μB, μQ, μS) space?

https://arxiv.org/abs/nucl-th/9706024
https://arxiv.org/abs/nucl-th/9806087
https://arxiv.org/abs/0802.1999
https://arxiv.org/abs/0901.1748
https://arxiv.org/abs/2409.06837
https://arxiv.org/abs/2603.16019
https://arxiv.org/abs/0712.4383


Stability requires: 

Jacobian method:

RC4

Gholami, [2501.05192]
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Stability of the EOS

https://arxiv.org/abs/2501.05192


Stability of the EOS

Stability requires: 

Jacobian method:

RC4
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Gholami, [2501.05192]

https://arxiv.org/abs/2501.05192


The baseline phase diagram
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The C4/RC4 couplings have significantly less strangeness
- Finite bare mass term m0
- Weaker coupling to the scalar (attractive) mesons 

20+ free parameters

Few parametrizations
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A strangeness-dominated phase transition
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The C3/RC3 couplings have significantly more strangeness;
- Zero bare mass term m0
- Stronger coupling to the scalar (attractive) mesons

Cruz Camacho+ [2409.06837]

Why does this parametrization 
favor strange matter?

https://arxiv.org/abs/2409.06837


Composition of the strangeness-rich phase
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Cruz Camacho+ [2409.06837]

https://arxiv.org/abs/2409.06837


Composition as an order parameter
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Schaffner-Bielich+[0005490]
Gulminelli+ [1206.4924]

Eigenvectors dictate the order parameter.
In ordinary nuclear matter it is nB. 
In strange matter the eigenvector can rotate toward the strangeness direction.
Composition-driven instability

https://arxiv.org/abs/astro-ph/0005490
https://arxiv.org/abs/1206.4924


(Semi) Restoration of isospin symmetry
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This is mostly a N →Ξ → Ξ + Ω transition
YQ ≲ 0, YS < 0



How the critical point moves with μS?
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Ω onset

The Ω baryons appear firstly in the dense phase
Drives the critical temperature up by re-opening a different strangeness channel
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Where to anchor the μS dimension? Hypernuclei

Noronha-Hostler [2602.05824]

https://arxiv.org/pdf/2602.05824


The Liquid-Gas at finite μS
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The gas phase becomes strange.



The Liquid-Gas at finite μS
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● The LG is strongest before the 
hyperon onset

● More negative μS implies

○ Λs appear in the gas phase

○ Shifts the density instability

○ Weakens the LG 

○ Tc decreases
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Coupled electroweak rate equations in mergers



Modular Unified Solver of the 
Equation of State

● Workflow management 
system

● Workflows are a way to 
orchestrate and connect the 
execution of modules.

● Modules are self-contained 
software that

○ generate and 
manipulate EOS

○ use the EOS to 
compute observables
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MUSES Calculation Engine
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MUSES Calculation Engine
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https://ce.musesframework.io/

Tutorial

Jahan+, soon.

https://ce.musesframework.io/
https://gitlab.com/nsf-muses/muses-notebooks-and-workflows/tutorial-and-examples


Summary
● Strangeness is a thermodynamic direction: out-of-weak-equilibrium matter lives 

in P(T, μB, μQ, μS).

● Using a chiral mean field model, we find a first order transition to strangeness-rich 
phase matter at large densities.

● This phase of matter is associated with isospin symmetry restoration

● Depending on the parameters of the equation of state, this phase may either be a 
metastable phase between light hadrons and deconfiment or a first-order phase 
transition with a triple point and critical point

● Now possible to explore coupled out-of-electroweak equilibrium in binary neutron 
star mergers, find large fluctuations in  μQ, μS.


