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Can we detect deconfined phases at extreme conditions?
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OUTLINE

based on work with J. Hernandez, L.Tolos and S. Säppi

Introduction and motivation

Bulk viscosity and nuclear matter

Bulk viscosity and quark matter



Observed as: magnetars, radio pulsars, x-ray pulsars, magnetar+pulsar,

Mass:                          M ~ 1-2 M☉, 
Radius:                        R ~ 10-12 km

Density:                       n ~ 1014-1015 g/cm3 
Magnetic field:            B ~ 108…1016 G 
Temperature:              T ~ 106…1011 K

Rotational periods: P ~ ms … s

Neutron stars: remnants of massive stars after  supernova explosions



Structure of a Neutron Star



Einstein equations + Relativistic Hydrodynamics

𝛿(𝛻!(𝑛𝑢!)) = 0

EOS allows to fix M/R      (TOV equations)

Oscillation hydrodynamical modes

(p, f, g, r modes)

Frequency fixed by EOS, lifetime by 

transport coefficients

M/R    in the range 0.1 - 0.3
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GRAVITATIONAL WAVE ASTRONOMY
It can provide information on the M/R ratio (and thus EOS) and tidal 

deformability

GW170817 first detection of a neutron 
star merger                    

LIGO	Scientific	Collaboration	and	Virgo	Collaboration	

GW190425

Can it provide information on transport properties of NS?



Numerical simulations GW emitted

Dietrich,
T., et. al. A. Gen Relativ Gravit 53, 27 (2021).

Relevant times scales



Estimates associated to shear viscosity, thermal conductivity and bulk  viscosity, for nucleonic matter, and assuming neutrin

for nuclear matter Alford et al, Phys. Rev. Lett. 120, 041101



First attempts to include the effects of the bulk viscosity

Chabanov and Rezzolla, 2307.10644

Viscosity would provide a 
quickly damped signal

𝜁 ∈ 𝜁![10"#, 0.4,0.1,2.4]

𝜁! = 10$!gcm"%s"1



From microphysics to GW



NUCLEAR MATTER
Matter composed by neutrons, protons and electrons - only neutrinos if T > 5 MeV
(muons can as well appear if the density is high enough, depends on the EoS)

In beta equilibrium

Direct Urca processes

Most available EoS don’t allow these processes unless the density is very high

Modified Urca processes
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D-Urca Rates

M-Urca rates



RELATIVISTIC VISCOUS HYDRODYNAMICS

Second order transport hydrodynamics 

Israel-Stewart (IS) equation 

Bulk viscous pressure



Effective frequency-dependent viscosity 

For harmonic oscillations, it is equivalent to consider a frequency- 
dependent bulk viscosity

Navier-Stokes regime recovered

Frozen: no dissipation 

Maximum dissipation

Resonant behaviour



Bulk viscosity in nuclear matter

Frequency 1 kHz 

Differences critical values of density for the opening of dURCA (5 n0 vs 2.5 n0) 

For two different models 

Alford,  Harutyunyan, and Sedrakian, 2006.07975 



Damping of density oscillations

Damping time of density oscillations

nuclear compressibility



Recent claims that the bulk viscosity of nuclear matter may change by several orders 
of magnitude 

if the parameter that controls the so called symmetry energy 
Yang, Hippert, Speranza, Noronha, 2504.07895

Large values of the so called L allow for the opening of direct Urca processes at smaller densities 

J.L. Hernandez, unpublished



Strange quark matter 
assuming ungapped phase 

u, d, s quarks - need of e for charge neutrality

Beta equilibrium conditions 

At very low temperatures, system characterised by different (constrained)

quark chemical potential -assumed massless, except for the strange quark
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Nonleptonic

SemiLeptonic

Out-of equilibrium: electroweak interactions restore the equilbrium

Iwamoto, `80



Bulk viscosity in strange quark matter
Frequency dependent oscillations
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^1Rojas, Gorda, Hoyos, Jokela, Järvinen, Kurkela, Paatelainen, Säppi, Vuorinen, 2024, arXiv:2402.00621
Hernandez,  Manuel,  Tolos, arXiv: 2402.06595

Bulk viscosity in perturbative QCD

Strange quark mass is not a free parameter



Strange quark mass 

as a free parameter



Damping of density oscillations 





TIDAL HEATING IN THE INSPIRAL PHASE

Dynamical tidal forces drive the system out of equilibrium

Ripley, Hegade, Chandramouli, Yunes, Nature Astronomy 8, 1277-1283 (2024)
Effect negligible for nuclear matter, unless it contains 
hyperons

f-mode (and other) hydrodynamical modes are excited

Energy dissipation due to viscosities

Dissipation of the tidal deformation heats

 up the star
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Burgers equation for the quark viscous pressure

In nuclear matter the bulk viscous pressure obeys a IS equation

Quark matter obeys a Burgers type equation
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It is equivalent to two IS equations with partial viscosities 

Two possible resonant peaks
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Our analysis shows that for T ~1 MeV and above a Burgers equation should be used

Neutrinos trapped around T ~10 MeV
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CONCLUSIONS

Exciting times ahead for nuclear physics at high density thanks to GW Astronomy

Realistic possibilities of fixing not only the M and R (and then the EOS) of dense nuclear matter, 
but also of transport properties
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Do you want more?  Join us in Barcelona

11th Conference on Compact Stars in the QCD Diagram
                    18 May -- 23 May 2026

https://workshops.ice.csic.es/event/6/overview


