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High frequency gravitational wave signal?

• Bubbles with a radius of  source a GW signal  
with 


• GW signal from hot or compressed spots in neutron  
star mergers with   
Blas, Casalderrey-Solana, Mateos, Sanchez-Garitaonandia 2022

∼ 10 m
f ∼ 30 MHz

100 kHz ≲ f ≲ 10 MHz
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Rc ∼ 1 km
Rb ∼ 10 m

https://doi.org/10.1103/6yz9-94ql


Searches for high frequency gravitational waves
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Supernovae = super-multimessenger?

• Neutrinos 
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Nakahata 2007

https://cerncourier.com/a/sn1987a-heralds-the-start-of-neutrino-astronomy/
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Understanding the QCD 
EOS with MHz GWs

Trying to solve the sign 
problem



Estimating the gravitational wave spectrum

• Build on models for cosmological gravitational wave signals (Sound Shell 
model)


• Try out a few equations of state


• Neglect backreaction of the phase transition onto the evolution of the star 


• A lot of things can be improved!

8
Model of a neu!on star



• During accretion, the pressure inside the star increases 

• For , the pressure exceeds the critical pressure r < Rc p > pc

First order phase transition during core collapse
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• During accretion, the pressure inside the star increases 

• For , the pressure exceeds the critical pressure r < Rc p > pc

• Surface tension  delays onset of transition. Larger : larger σ σ μn − μc

First order phase transition during core collapse
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• : the phase 
transition completes
pq(nn) > pc

Three scenarios
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Largest signal
This work Tiny signal

https://doi.org/10.1103/PhysRevD.30.272
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Assume beta-equilibrium

T = 30 MeV

Quark phase 
Bag equation of state



p = − C + 3
4π2 a4μ4

q

C = (200 MeV)4, a4 = 0.81
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Assume beta-equilibrium

T = 30 MeV

Quark phase 
Bag equation of state



p = − C + 3
4π2 a4μ4

q

C = (200 MeV)4, a4 = 0.81
When solving mass-radius 

relation: polytropic EOS 
p = κnΓ

b

http://www.arxiv.org/abs/2203.03209
https://doi.org/10.1140/epja/s10050-021-00628-z


• Solve Tolman–Oppenheimer–Volkoff 
equation with PYTOV :


• Check that EOSs are consistent 
with neutron star observations


• Find the size of the core


• Maximum pressure before collapse 
into black hole

Mass-radius relation and maximum pressure

12

https://github.com/dlwhittenbury/PYTOV


• Fluid motion sources sound waves, 
sound waves source GWs


• Hydrodynamics profiles for inverse phase 
transition Barni, Blasi, Vanvlasselaer 24, Bea, Casalderrey-
Solana, Mateos, Sanchez-Garitaonandia 24


• Assume  everywhere


• Assume local thermal equilibrium to 
estimate  Ai, Garbrecht, Tamarit 21, Ai, Laurent, JvdV 23


• Use the Sound Shell model to estimate 
the GW spectrum Hindmarsh 2016, Hindmarsh, Hijazi 
2019, using PTTools

c2
s = 1/3

vw

Gravitational waves from sound waves

13

ξ = r/t

,v w

https://doi.org/10.1088/1475-7516/2024/10/042
https://doi.org/10.1103/65sr-b56w
https://doi.org/10.1103/65sr-b56w
https://doi.org/10.1103/65sr-b56w
https://doi.org/10.1103/65sr-b56w
https://doi.org/10.1088/1475-7516/2022/03/015
https://doi.org/10.1088/1475-7516/2023/07/002
https://doi.org/10.1103/PhysRevLett.120.071301
https://doi.org/10.1088/1475-7516/2019/12/062
https://doi.org/10.1088/1475-7516/2019/12/062
https://doi.org/10.1088/1475-7516/2019/12/062
https://doi.org/10.1088/1475-7516/2019/12/062
https://github.com/CFT-HY/pttools


• Sound shell model assumes complete 
phase transition, but our transition 
stalls, and 


• Some bubbles never collide and 
therefore do not source GWs


• Extract the fraction of energy 
converted to sound waves in 
simplified simulation


• Rescale the sound shell amplitude 
with 

xq(ps) < 1

x4.8
q

Amplitude of an incomplete phase transition

14



Bubble nucleation rate

• Nucleation rate 


• Equations of state do not tell us what  is


• Thin-wall approximation 


• We take 

Γ ∼ Λ4e−Seff

Seff

Seff = 27π2

2
σ4

(ΔV)3

Λ = 200 MeV

15

Core
time

From EOS



Stalling pressure versus surface tension
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Stalling pressure versus surface tension

•  is unknown, so we vary  and determine corresponding GW signal and 


• Quark fraction  follows from baryon number conservation 

σ pstall < pmax σ

xq
16
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Peak frequency and number of bubbles

• 


• We solve  and  from 


• The strongest transitions have very few bubbles


• A single bubble can not source a GW signal!


• (few) bubbles may never meet


• For  reasonable chance that  
collisions start before the transition stalls

f peak ≃ ⟨rbubble⟩−1 = [nbubbles/xq]1/3

nbubbles xq pstall

𝒪

xq > 0.03

17

ps ≫ pc



Characteristic strain for a source close to the galactic center
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Signal not likely, because ⟨Nbubbles⟩ = 1

Signal not likely,  
because xq < 0.03



Characteristic strain for a source close to the galactic center
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Characteristic strain for a source close to the galactic center

18

Signal likely-ish, because 
 and ⟨Nbubbles⟩ = 2 xq > 0.03

, 
signal likely

⟨Nbubbles⟩ = 10



Signals and experimental prospects
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Outlook

• Dropping the assumption of -equilibrium? Better prospects for observability!


• Use model-agnostic EOSs


• Solve hydrodynamics with the exact equation of state


• Simulate incomplete phase transitions to extract GW signal


• Include the interplay with large-scale evolution of the collapse

β

20



Understanding the QCD 
EOS with MHz GWs

Trying to solve the sign 
problem



Back-up
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Quark fraction and peak frequency

• Baryon number conservation:      (1)


• Number of bubbles at time  :  
     (2)


• Fraction of core that has transitioned at  :  

    (3)  

 is determined from eq.(1), and  from the mass growth rate of Shankar, Mösta, 
Haas, Schnetter 2025


•

xqnb,q(μb,c) + (1 − xq)nb,h(μb,c) = nb,h(μb,s)

t > tc
nbubbles(t) = ∫

t

tc
dt′ [1 − xq(t′ )]Γ

t > tc
xq(t) = 1 − exp [−∫

t

tc
dt′ Γ 4

3 π min [xq(ts)R3
c , v3

w(ts − t′ )3]]
xq ΔV(t)

f peak ≃ ⟨rbubble⟩−1 = [nbubbles/xq]1/3
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http://www.arxiv.org/abs/2504.11537
http://www.arxiv.org/abs/2504.11537
http://www.arxiv.org/abs/2504.11537
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PT properties for our equations of state
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