
1

Properties of  quark star merger ejecta and 
the observational signature

Zhiqiang Miao (TDLI) 
zq_miao@sjtu.edu.cn

SKA Pulsar Science Symposium (SPSS)

03/07/25 @Qingdao

Collaborator: Zhenyu Zhu (RIT), 
Dong Lai (TDLI & Cornell)

Based on: arXiv 2411.09013



Outline

2

➡Background and motivation 

➡(Non-)equilibrium EoS of  the ejecta 

➡Results & Discussion
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First Binary Neutron Star Merger

• GW170817

• GRB 170817A

• AT 2017gfo

Blue/Red kilonova

Neutron rich environment

R-process elements
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Quark star merger picture?

Bodmer–Witten hypothesis: strange quark matter is 
the true ground state of  strong interaction matter

Bodmer 1971, Witten 1984
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Quark star merger picture?

Bodmer–Witten hypothesis: strange quark matter is 
the true ground state of  strong interaction matter

Bodmer 1971, Witten 1984

Zhou EP, Zhou X., Li A. 2018, 
ZQM, Jiang JL, Li A., Chen LW 2021, 
Yuan WL, Li A., ZQM, Zuo BJ, Bai Z. 2022

The quark star model is not ruled out by GW170817
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What’s the outcome of  quark star merger
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Gasor

Maybe no kilonova Maybe similar to neutron star merger

?
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Different stages 

• ρ ≳ ρs ∼ 4 × 1014 g/cm3

Bulk quark matter, describe by (hot) quark matter EOS

• 0.01 − 0.1ρs < ρ < ρs , T ∼ 𝒪(10) MeV
Turbulence , fragmentation, collisions; hard to model

• ρ ≲ 0.01 − 0.1ρs , T ≃ 1 − 𝒪(10) MeV

Quark nugget  evaporation, cooling; ejecta expansion

• Lower , ρ T ≲ 1 MeV
Nucleosynthesis
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Assumptions

τ ∼ 1.7 × 10−13 s ( 0.1 fm−3

nB ) ( 10 MeV
T )

1/2

( A
1030 )

1/3

• The nugget should be large, with , due to surface tensionA ≳ 1024

• The physical picture of  evaporation process

Saturation timescale
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n + νe ↔ p + e−

n + e+ ↔ p + ν̄e

n ↔ p + e− + ν̄e

A ↔ (A − 1) + n

A ↔ (A − 1) + p

Relevant Physical processes

• Ejecta expansion  ——> decreasing density, cooling of the gas temperature T

• Nugget evaporation ——> cooling of the nugget Ts

• Weak reactions 

τexpansion ≳ 1 ms

τcooling, τevaporation

• Nucleosynthesis 

@T ≳ 1 MeV

@T ≲ 1 MeV

@T ≳ 1 MeV



12

Equilibrium equation of  state
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Nuggets  + Gas

( )τcooling ≪ τexpansion, τevaporation ≪ τexpansion

μ(N)
n = μ(G)

n

μ(N)
p + μ(N)

e = μ(G)
p + μ(G)

e

μ(G)
n = μ(G)

p + μ(G)
e

n(G)
p = n(G)

e− − n(G)
e+ = μ(G) 3

e

3π2 + μ(G) 3
e T2

3

Ts = T

μ(G)
n,p − mn,p = T ln ( 2π

mn,pT )
3/2 n(G)

n,p

2

nB = AnA + n(G)
n + n(G)

p

μ(N)
n = μu + 2μd

μ(N)
p = 2μu + μd

Chemical 
Equilibrium

Charge 
Neutrality

Temperature 
equilibrium
Temperature 
equilibrium

Baryon 
conservation

ΔE ≡ mn − μ(N)
n > 8.8 MeV

Recall the binding energy is
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Non-equilibrium EOS

(Onset when )τcooling ≳ τexpansion or τevaporation ≳ τexpansion

Nugget 
cooling

Evaporation

Proton neutron 
conversion
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Applied to a homologous 
expansion model

γ = 4/3

ΔE = 40 MeV, T0 = 20 MeV

Mej = 0.01 M⊙, vej = 0.1c, ρ0 = ρ(0) = 5 × 1012 g/cm3
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fA ≡ AnA

AnA + nn + np
Mass fraction of nugget Proton fraction (in gas phase) Yp ≡

np

nn + np

Properties at   when fixing  
(at this temp. the compositions almost freeze, and nucleosynthesis starts to play an important role)

T = 1 MeV ρ0 = 5 × 1012 g/cm3, vej = 0.1c, Mej = 0.01 M⊙

Two fractions
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Equation of  state of  ejecta
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Applied to BQS simulations

GRHD simulation from Zhu et al. PRD 2021 
There are a total of 1030 tracers

In the simulation, they used Pth = (Γth − 1)ϵ, Γth = 7/4



19

Applied to BQS simulations
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Discussion & Conclusion

✓The ejecta properties are primarily determined by the binding energy of  the quark nuggets

Case I: a low   ( ) nucleon gas 

Case II: a medium   ( ) nucleon gas 

Case III: an extremely proton-rich ( ) quark nugget gas.

Yp ≲ 0.2
Yp ∼ 0.2 − 0.6

Yp ∼ 1

✓QS merger ejecta can differ significantly from those in NS mergers, possible for distinguishing btw them

Thank you!

✓Need reliable BQS or QS-BH simulations, as well as nucleosynthesis and lightcurve calculations.
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Coulomb barrier & Proton cross section

the nugget carries a net positive charge within its surface, creating a Coulomb barrier 
that protons must overcome to penetrate the nugget.

σn = πR2
s σp = P(E)σn

Penetration factor

Ec = 3Vq/4
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Applied to BQS simulations
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Bulk quark matter
Turbulance, 

fragmentation, 
collision…

Nugget evaporation, cooling

nucleosynthesis, 


