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EARLY UNIVERSE NEUTRON-STAR MERGERS

[Aoki et al., Nature 443 (2006) 675]

[Bazavov et al., PLB 795 (2019) 15]

[Borsányi et al., PRD 112 (2025) L111505]

[NASA’s Goddard Space Flight Center][D. Weir, University of Helsinki]

• QCD is a crossover at μ ≈ 0: no first-

order transition in the Standard Model
[Kajantie et al., PRL 77 (1996) 2887]

• A first-order transition would be a 

signature of BSM physics, observable 

through its gravitational-wave 

background
[Caprini et al., JCAP 03 (2020) 024; Athron et al., 

Prog. Part. Nucl. Phys. 135 (2024) 104094]

• Probe QCD at high density

• Constrain the QCD EoS at finite μ
[Most et al., PRL 122 (2019) 061101; Bauswein et 

al., PRL 122 (2019) 061102; Blas et al., PRL 136 

(2026) 101401; Bea et al., PRD 112 (2025) 

114041, JHEP 04 (2026) 013]

• Core-collapse supernovae
[Sagert et al., PRL 102 (2009) 081101; Fischer et 

al., Nat. Astron. 2 (2018) 980; Bleau et al., 

arXiv:2603.18153]
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EXPANSION OF A SINGLE BUBBLE

• Determines the allowed expansion modes: already 
constrains the wall velocity and kin. energy fraction.

• We assume

• Fast transition: flat, static spacetime

• Macroscopic, 𝑅 ≫ 𝑇−1: ideal fluid + discontinuities

• No characteristic scale: self-similar

• Each hydro solution is characterized by 𝑒𝑁 and 𝜉𝑤

• Microscopically, they are not independent

• Key input: the EoS, which encodes the microphysics
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THE BAG-MODEL

[Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874 (2026)]

• Simple model of FOPT with radiation-type eos

• The speed of sound is constant

• FOPT coupled to a N>>1 (effectively) massless 
particle at the critical temperature
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EXPANSION MODES IN THE BAG MODEL

Deflagration Hybrid Detonation

[Espinosa et al., JCAP 06 (2010) 028]



6/17

SPACE OF ALLOWED SOLUTIONS
[Espinosa et al., JCAP 06 (2010) 028; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

•

•

•

•

•



6/17

SPACE OF ALLOWED SOLUTIONS
[Espinosa et al., JCAP 06 (2010) 028; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Solutions are continuously 

connected: there are solutions for 

every 𝜉𝑤

•

•

•

•



6/17

SPACE OF ALLOWED SOLUTIONS
[Espinosa et al., JCAP 06 (2010) 028; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Solutions are continuously 

connected: there are solutions for 

every 𝜉𝑤

• Deflagrations and hybrids are 

separated by 𝜉𝑤 = 𝑐𝑠

•

•

•



6/17

SPACE OF ALLOWED SOLUTIONS
[Espinosa et al., JCAP 06 (2010) 028; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Solutions are continuously 

connected: there are solutions for 

every 𝜉𝑤

• Deflagrations and hybrids are 

separated by 𝜉𝑤 = 𝑐𝑠

• Hybrids and detonations are 

separated by the Jouguet condition 
𝑣− = 𝑐𝑠

•

•



6/17

SPACE OF ALLOWED SOLUTIONS
[Espinosa et al., JCAP 06 (2010) 028; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Solutions are continuously 

connected: there are solutions for 

every 𝜉𝑤

• Deflagrations and hybrids are 

separated by 𝜉𝑤 = 𝑐𝑠

• Hybrids and detonations are 

separated by the Jouguet condition 
𝑣− = 𝑐𝑠

• As the supercooling increases (lower 

𝑒𝑁), the wall velocity increases

•



6/17

SPACE OF ALLOWED SOLUTIONS
[Espinosa et al., JCAP 06 (2010) 028; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Solutions are continuously 

connected: there are solutions for 

every 𝜉𝑤

• Deflagrations and hybrids are 

separated by 𝜉𝑤 = 𝑐𝑠

• Hybrids and detonations are 

separated by the Jouguet condition 
𝑣− = 𝑐𝑠

• As the supercooling increases (lower 

𝑒𝑁), the wall velocity increases

• How does this change for a non-

conformal EoS?



7/17

“QCD-LIKE” EQUATIONS OF STATE

[Bea, Mateos, JHEP 08 (2018) 034; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

•

•

•



7/17

“QCD-LIKE” EQUATIONS OF STATE

[Bea, Mateos, JHEP 08 (2018) 034; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Single valued in the energy density: one state per energy density

•

•

one state



7/17

“QCD-LIKE” EQUATIONS OF STATE

[Bea, Mateos, JHEP 08 (2018) 034; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Single valued in the energy density: one state per energy density

• Strong dependence of the speed of sound on the temperature

•



7/17

“QCD-LIKE” EQUATIONS OF STATE

[Bea, Mateos, JHEP 08 (2018) 034; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Single valued in the energy density: one state per energy density

• Strong dependence of the speed of sound on the temperature

• Finite amount of supercooling and superheating

supercooling

superheating
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[Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Ansatz interpolating between QCD-like and bag-model-like 
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Bag-model-like Intermediate Non-conformal

• Constructed such that:

• No spinodal branch: no ideal-hydro flows

• Conformal at low/high energies: 𝑐𝑠
2 → 1/3

• 𝑐𝑠
2 = 0 at the turning points 𝑒∗

𝐻, 𝑒∗
𝐿

• 𝛿 and 𝑛 control how fast 𝑐𝑠 varies

• 𝑝1 plays the role of the “bag constant”

8/17

EQUATION OF STATE ANSATZ

[Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Ansatz interpolating between QCD-like and bag-model-like 

(reduced) EoS
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wall

rarefaction 

wave

WALL OBSTRUCTIONS

• The junction conditions at the wall 

cannot be solved

• Local: only p(e) and cs(e) at the 

wall matter

• Affect deflagrations and 

detonations

FLOW OBSTRUCTIONS

• No continuous flow can be built 

along the rarefaction wave

• Global: sensitive to how cs varies 

with e

• Affect hybrids and detonations

• New solution: shocked-detonations
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WALL OBSTRUCTIONS: DEFLAGRATIONS

[Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

Non-conformal EoS

• Bag model: 

• Deflagrations and hybrids are continuously joined 

across the boundary 𝜉𝑤 = 𝑐𝑠

• Deflagrations span all possible energies, 0 ≤ 𝑒𝐶 ≤ 𝑒∗
𝐿

• Non-conformal EoS:

• The boundary becomes 𝜉𝑤 = 𝑐𝑠(𝑒𝐶)

• Deflagrations don’t cover the whole range of 

available energies
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FLOW OBSTRUCTIONS

[Espinosa et al., JCAP 06 (2010) 028; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

• Associated to rarefaction waves: detonations and hybrids

• Constant 𝑐𝑠: the rarefaction wave continiously joins the fluid at rest, 𝑣 = 0

• Gradients 𝜕𝜉𝑣 can change sign along the flow because 𝑐𝑠 depends on 𝑒 ⇒ the flow becomes 

multivalued

• They appear when the EoS has a degenerate critical point 
(DCP), a condition on the EoS only:

Bag model detonation Detonation beyond the DCP: not allowed
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• In the range relevant for the transition, both are qualitatively similar

[Castorina et al., EPJC 66 (2010) 207; Vovchenko et al., PRC 91 (2015) 024905;
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VELOCITY PROFILES: BAG MODEL VS QCD-LIKE

[Espinosa et al., JCAP 06 (2010) 028; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]
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• At 𝑇 = 𝑇𝑐 the two phases have the same free energy: they can coexist (points 1, 6)

• A mixture of 1 and 6 has the entropy of the red line: above any homogeneous state with the same energy

• Maximizing the entropy ⇒ the system separates into domains of the two coexisting phases

Δs > 0
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[Aurrekoetxea, Bea, Luna, Mateos, Sanchez-Garitaonandia, PTA, van de Vis, in progress]

• Between the turning points, 

homogeneous states (blue branch) are 

thermodynamically unstable

• The system can separate into the two 

phases, which coexist at 𝑇 = 𝑇𝑐 with 

equal free energy (points 1, 6)

• Phase separation maximizes the entropy: 

the mixed state (red dashed line) lies 

above the homogeneous branch in 𝑠(𝑒)
C
A
S
E
1

C
A
S
E
2

C
A
S
E
3



B9

BUBBLE COLLISIONS IN QCD-LIKE MODELS

[Aurrekoetxea, Bea, Luna, Mateos, Sanchez-Garitaonandia, PTA, van de Vis, in progress]

•

•

•



B9

BUBBLE COLLISIONS IN QCD-LIKE MODELS

[Aurrekoetxea, Bea, Luna, Mateos, Sanchez-Garitaonandia, PTA, van de Vis, in progress]

• Real-time evolution of the hydrodynamic equations in a shock-capturing scheme

•

•



B9

BUBBLE COLLISIONS IN QCD-LIKE MODELS

[Aurrekoetxea, Bea, Luna, Mateos, Sanchez-Garitaonandia, PTA, van de Vis, in progress]

• Real-time evolution of the hydrodynamic equations in a shock-capturing scheme

• For energies inside the coexistence band there is no homogeneous final state

•



B9

BUBBLE COLLISIONS IN QCD-LIKE MODELS

[Aurrekoetxea, Bea, Luna, Mateos, Sanchez-Garitaonandia, PTA, van de Vis, in progress]

• Real-time evolution of the hydrodynamic equations in a shock-capturing scheme

• For energies inside the coexistence band there is no homogeneous final state

• After the collisions the system settles into separated domains of the two phases
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FROM THE BAG MODEL TO QCD-LIKE

[Espinosa et al., JCAP 06 (2010) 028; Mateos, Sanchez-Garitaonandia, PTA, arXiv:2607.27874]

Bag model Holographic model

?
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