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Mapping out the QCD phase diagram

" "%, Lattice QCD

How do we describe the equation
of state (EOS) out the regime of
first principle calculations (lattice

QCD, pQCD, yEFT)?

- Heavy-ion
— T collisions

Noronha-Hostler &
Schenke, to appear
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NICER/GW inspiral T= 0,13 =0 gl
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Instead of waiting on direct QCD calculations

Microscopic models build in symmetries/properties of QCD that are solvable
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Chiral Mean Field (CMF) model

Dexheimer & Schramm Astrophys.J. 683 (2008) 943-048

Includes full SU(3) baryon octeF and decuplet, () Matching in &(np)
quarks, Polyakov loop to describe | |- JO740--6620
deconfinement phase transition 2.0 (5, T)
---- (0.16, 0.025)
Mesons mediate interactions (includes self- 3 (0.18, 0.025) AD
. . = 1.5¢ 0030*0
interactions) = | === (0.2, 0.025) 3
= ---- (0.22, 0.025)
Calculable in the full { T, g, Us, //tQ} plane Lol -
— Crust-DFT Phys.Rev.D 111 (2025)
Can reproduce quenched QCD results —— CMF++ 10,103037
Kumar et al, Phys.Rev.D 109 (2024).7, 074008 0.5 .
Reproduces vacuum masses, saturation
properties, astrophysical constraints Open-source, fast, modular c++

. ' .
20-50 free parameters (see Cruz Camacho version (CMF++) found herel https:/
Tue S) Cruz Camacho et al, 2603.16019 [nucl-th] CC. mUSLSfl‘a.m QW(_)I‘k.l(_)/
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Caveat: interpretation of these results

* CMF with octet+decuplet+quarks has ~§0 parameters+ Ansatze for the couplings

* C4 coupling produces significantly fewer hyperons and has the “standard” QCD
phase diagram with just the liquid gas and deconfinement phase transitions.

200 |
1754 e E 10
Reinke Pelicer et al, S -
150 to appear soon 1072
125
S =
1073 &
S 100 O E
: ~<
75 10~
50
107>
25
) 10°°

400 600 800 1000 1200 140" 100 600 800 1000 1200 1400
ug [MeV] ug [MeV]




Caveat: interpretation of these results

* CMF with octet+decuplet+quarks has ~50 parameters+ Ansatze for the couplings

* C4 coupling produces significantly fewer hyperons and has the “standard” QCD
phase diagram with just the liquid gas and deconfinement phase transitions.
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Example T = 0
phase diagram

At finite ,uQ < 0, similar to heavy-ions!
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Athnite y, < 0, similar to heavy-ions!
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What'’s happens inside the strangeness dominated phase?
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What'’s the order parameter?

Isospin restoration, but not where you'd expect it!
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What about finite T?

* New challenge: determining stable, metastable, unstable phases. Must be a positive matrix:
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* Calculate suscenptibilities in 4D phase space
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Turn up the heat!
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Canyou give me a better intuition for y¢?

Sure!

Using a Taylor’s series (a la lattice QCD) up to O(u/T)*:
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same sign as pp for strangeness neutrality



Example T = 0
phase diagram

At finite u # 0, tricritical point
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Strangeness-dominated phase in neutron stars?

Need fluctuations in yg

Due to long time scales in neutron stars, they are in electroweak equilibrium i.e.

n—p+e v, Hn = Hp T He
that leads to B
AN—->p+e +7, ps =0

However, binary neutron stars mergers can perturb the system out-of-electroweak-

equlhbr] um Measurements: Hegade Nature Astron. 8 (2024) 10, 1277-1283; Phys.Rev.D 108 (2023) 10, 10 ; Phys.Rev.D 110 (2024) 4, 044041;
Phys.Rev.D 109 (2024) 10, 104004

Calculations: Alford et al, Phys.Rev.D 110 (2024) 6, L061303;
Phys.Rev.D 108 (2023) 8, 083010;
Phys.Rev.C 109 (2024) 5, 055803;

Phys.Rev.D 104 (2021) 10, 103027; ‘
Phys.Rev.C 103 (2021) 4, 045810;
Phys.Rev.D 100 (2019) 10, 103021

Most et al, Astrophys.J.Lett. 967 (2024) 1, Li4;

Mon.Not.Roy.Astron.Soc. 509 (2021) 1,1096-1108

Yang et al, Phys.Rev.Lett. 135 (2025) 22, 222702;
Phys.Rev.C 109 (2024) 1, 015805




35 muses
Coupled electroweak rate equations

Storbacka, Wu, Dong, Cruz Camacho, Haber, Reinke Pelicer, Dexheimer, Most, Noronha-Hostler, to appear
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Conclusions and Outlook

* Using a chiral mean field model, we find a new possible phase of matter at
large densities: strangeness dominated

* 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 ), yg !



Searching for the QCD critical point

Boundary between a first-order phase transition and cross-over
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Finding the QCD critical point would be the first...
e 1. in a fundamental theory of nature,
j 2. in a truly ultra-relativistic many-body system,

3. accessed through relativistic hydrodynamic evolution




