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Overview of neutron star mergers

GW170817 was the first detection of a neutron star merger 
with gravitational waves [1]

[1] LIGO Scientific Collaboration and Virgo Collaboration, Phys. Rev. Lett. 119 161101 (2017)

Time-frequency data containing 
the event GW170817 [1]
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Overview of neutron star mergers

GW170817 was the first detection of a neutron star merger 
with gravitational waves [1]

[1] LIGO Scientific Collaboration and Virgo Collaboration, Phys. Rev. Lett. 119 161101 (2017)

Neutron-star properties from GW emission:
• M/R relations and the tidal deformability
• Transport properties of neutron star matter(??)

Time-frequency data containing 
the event GW170817 [1]
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Gravitational-wave profile and the matter evolution of a merger [1]

[1] Dietrich, Hinderer and Samajdar, Gen Relativ Gravit 53, 27 (2021)
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Numerical simulations of binary mergers



Gravitational-wave profile and the matter evolution of a merger [1]

[1] Dietrich, Hinderer and Samajdar, Gen Relativ Gravit 53, 27 (2021)
[2] Alford, Bovard, Hanauske, Rezzolla, Schwenzer, Phys. Rev. Lett. 120, 041101 (2018)

Bulk-viscous dissipation might be relevant for mergers 
at kHz frequencies and ms timescale [2]
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Gravitational-wave profile and the matter evolution of a merger [1]

[1] Dietrich, Hinderer and Samajdar, Gen Relativ Gravit 53, 27 (2021)
[2] Alford, Bovard, Hanauske, Rezzolla, Schwenzer, Phys. Rev. Lett. 120, 041101 (2018)
[3] Chabanov M. and Rezzolla L., Phys. Rev. D 111, 044074 (2025) and Phys. Rev. Lett. 134, 071402 (2025)

Bulk-viscous dissipation might be relevant for mergers 
at kHz frequencies and ms timescale [2]

Inclusion of bulk-viscous dissipation in numerical simulations of mergers 
has been recently achieved [3]
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Numerical simulations of binary mergers



How is bulk viscosity generated?

Quark matter (unpaired u, d and s quarks) with electrons,         
𝜈-transparent regime, low T (neutrinos escape the star)
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Expansion/compression 
of matter

• Density oscillations (after the merger, 
stellar oscillation modes)

• Frequencies around kHz
• Instantaneous departure of chemical 

equilibrium
•

How is bulk viscosity generated?

3

Quark matter (unpaired u, d and s quarks) with electrons,         
𝜈-transparent regime, low T (neutrinos escape the star)

Phase lag 
creates dissipation

Weak interactions 
try to restore balance



How is bulk viscosity generated?

EW processes 
(similar timescale of density oscillations)

Nonleptonic processes

Semileptonic processes
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Transition rate differences (linear order)

Expansion/compression 
of matter

Phase lag 
creates dissipation

Weak interactions 
try to restore balance

Quark matter (unpaired u, d and s quarks) with electrons,         
𝜈-transparent regime, low T (neutrinos escape the star)



How is bulk viscosity generated?
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Expansion/compression 
of matter

Phase lag 
creates dissipation

Without lag
• Reactions instantaneous
• Pressure tracks density
• Reversible process (no energy dissipation)

With lag
• Reactions take time
• Pressure lags behind density
• Irreversible process (energy dissipated)

Oscillation energy loss                         
due to compression or expansion

Bulk viscosity quantifies this energy loss

Quark matter (unpaired u, d and s quarks) with electrons,         
𝜈-transparent regime, low T (neutrinos escape the star)

Weak interactions 
try to restore balance



Frequency-dependent bulk viscosity in strange quark matter

Bulk viscosity in strange quark matter
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The bulk viscosity at first [1] and second [2] order in hydrodynamics 

frequency of the perturbation and 

susceptibilities, all input parameters in chemical equilibrium  

4
[1] Hernández, Manuel, Tolos, Phys.Rev.D 109 12, 123022 (2024)

[2] Hernández, Manuel, Säppi, Tolos, arXiv:2507.00794

Frequency-dependent bulk viscosity in strange quark matter

Bulk viscosity in strange quark matter



The bulk viscosity at first [1] and second [2] order in hydrodynamics 

frequency of the perturbation and 

susceptibilities, all input parameters in chemical equilibrium  

The bulk viscosity requires an EoS 
(beta equilibrium and charge neutrality)
• MIT bag model
• Perturbative QCD up to 𝒪(𝛼𝑠)

Frequency-dependent bulk viscosity in strange quark matter

Bulk viscosity in strange quark matter
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[1] Hernández, Manuel, Tolos, Phys.Rev.D 109 12, 123022 (2024)

[2] Hernández, Manuel, Säppi, Tolos, arXiv:2507.00794



T-dependence of bulk viscosity varying density and the strange quark mass 

Estimates of bulk viscosity  
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Other considerations:
• Frequencies in the kHz region
• Temperature up to 10 MeV
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T-dependence of bulk viscosity varying density and the strange quark mass 

Other considerations:
• Frequencies in the kHz region
• Temperature up to 10 MeV

Estimates of bulk viscosity  
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As a result:
• Moderate density dependence
• Strong dependence on 

[1] Hernández, Manuel, Tolos, Phys.Rev.D 109 12, 123022 (2024)



Bulk viscosity in unpaired quark matter differs from hadronic matter
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Bulk viscosity in nuclear matter 



Bulk viscosity in unpaired quark matter differs from hadronic matter

[1] Alford, Harutyunyan and Sedrakian, Particles 2020, 3, 500-517

Maximum bulk viscosity is reached in unpaired quark matter 
at temperatures typical of the inspiral stage 
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Bulk viscosity in nuclear matter 



Damping timescale in npe matter [1],
a complementary study in quark matter was needed

Damping of baryon density oscillations
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The damping time of a harmonic baryon density oscillation 
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Damping timescale in npe matter [1],
a complementary study in quark matter was needed

The damping time of a harmonic baryon density oscillation 

Damping of baryon density oscillations
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[1] Alford, Harutyunyan and Sedrakian, Particles 2020, 3, 500-517



Damping timescale in npe matter [1],
a complementary study in quark matter was needed

[1] Alford, Harutyunyan and Sedrakian, Particles 2020, 3, 500-517
[2] Hernández, Manuel, Tolos, Phys.Rev.D 109 12, 123022 (2024)

The damping time of a harmonic baryon density oscillation

Damping of baryon density oscillations
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Tidal heating in strange quark stars

Dynamical tidal excitations of stellar oscillation modes 
drive the system out of equilibrium 

[1] Ripley, Hegade, Chandramouli, Yunes, Nature Astronomy 8, 1277-1283 (2024)

8

Cartoon of tidal responses of two stars [1]



Tidal heating in strange quark stars

Dynamical tidal excitations of stellar oscillation modes 
drive the system out of equilibrium 

[1] Ripley, Hegade, Chandramouli, Yunes, Nature Astronomy 8, 1277-1283 (2024)

[2] Ghosh, Pradhan and Chatterjee, Phys. Rev. D 109, 103036 (2024)
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Cartoon of tidal responses of two stars [1]

Previous study of tidal heating in nuclear matter with hyperons [2]



Tidal heating in strange quark stars

Other considerations:
• Bulk viscosity dominates at 

temperatures around 0.01-0.1 MeV
• Energy dissipation rate             

from f-mode oscillations (kHz) [2,3]
• Dissipation of tidal energy heats the 

a strange star up to 0.1 MeV [3]

Dynamical tidal excitations of stellar oscillation modes 
drive the system out of equilibrium 

[1] Ripley, Hegade, Chandramouli, Yunes, Nature Astronomy 8, 1277-1283 (2024)

[2] Ghosh, Pradhan and Chatterjee, Phys. Rev. D 109, 103036 (2024)
[3] Ghosh, Hernández, Pradhan, Manuel, Chatterjee, Tolos, arXiv:2504.07659

Previous study of tidal heating in nuclear matter with hyperons [2]
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Cartoon of tidal responses of two stars [1]



Bulk-viscous dissipation might induce a phase shift 
in the gravitational waveform           
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Bulk-viscous dissipation might induce a phase shift 
in the gravitational waveform           

difference between the phase with and w/o energy dissipation. 
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Phase shift to the gravitational waveform

M the total mass of the binary and f the GW frequency
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Bulk-viscous dissipation might induce a phase shift 
in the gravitational waveform           

difference between the phase with and w/o energy dissipation. 

9
Nuclear matter with hyperons around 0.1 rad for 

Phase shift to the gravitational waveform

M the total mass of the binary and f the GW frequency

[1] Ghosh, Hernández, Pradhan, Manuel, Chatterjee, Tolos, arXiv:2504.07659



T,             dependence of bulk viscosity was addressed 
in strange quark matter

Summary and additional comments
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• The bulk-viscous damping in the post merger might be relevant if 
deconfined matter is achieved in the process

T,             dependence of bulk viscosity was addressed 
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• The bulk-viscous damping in the post merger might be relevant if 
deconfined matter is achieved in the process

• Tidal dissipation effects in the inspiral of binary compact stars  
‘will be considerable’ if they are composed by quarks

T,             dependence of bulk viscosity was addressed 
in strange quark matter
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• The bulk-viscous damping in the post merger might be relevant if 
deconfined matter is achieved in the process

• Tidal dissipation effects in the inspiral of binary compact stars  
‘will be considerable’ if they are composed by quarks

• Determine and analyse second-order transport coefficients in 
strange quark matter (see arXiv:2507.00794)

T,             dependence of bulk viscosity was addressed 
in strange quark matter
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• The bulk-viscous damping in the post merger might be relevant if 
deconfined matter is achieved in the process

• Tidal dissipation effects in the inspiral of binary compact stars  
‘will be considerable’ if they are composed by quarks

• Determine and analyse second-order transport coefficients in 
strange quark matter (see arXiv:2507.00794)

T,             dependence of bulk viscosity was addressed 
in strange quark matter

Thanks for your attention!!
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Neutron stars are ultra-dense remnants of main-sequence stars                     
that undergo core-collapse supernovae

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

X-ray: NASA, CXC, Penn State, G. Pavlov et al.; Optical: ESO, VLT, UCL, R. Mignani et al.; Illustration: NASA, CXC, M. Weiss

Pulsar PSR J0108-1431, located 770 light years from us

Overview of neutron stars



Neutron stars offer the conditions to study matter under extreme 
conditions

A neutron star and its inner accretion disk [1]

[1] Wagoner, 2003, Nature 424, 27-28

Macroscopic properties of neutron stars

Some properties:
• Among the densest objects in nature
• No heat generation,
• The strongest magnetic field in the Universe, 
• Rotational periods from ms to s



Schematic structure of a neutron star interior

NASA’s Goddard Space Flight Center / Conceptual Image Lab

The state of matter in their inner cores remains unknown:
quarks, hyperons, kaon condensate,…??

Bulk viscosity in neutron-star matter 
depends strongly on its microscopic composition

Microscopic composition of neutron stars



Bulk-viscous damping might influence GW signals of mergers

Inclusion of bulk-viscous dissipation in numerical simulations of mergers has 
been recently achieved [1]

Cross-sections of the temperature and the ratio of the bulk-viscous pressure over the EOS pressure

[1] Chabanov M. and Rezzolla L., Phys. Rev. D 111, 044074 (2025) and Phys. Rev. Lett. 134, 071402 (2025)

Bulk-viscous dissipation in numerical simulations



Out of chemical equilibrium, source and sink terms break the 
conservation laws

The equilibration rates [1,2,3,4]

Particle number density oscillations

[1] Wang and Lu, 1984, Phys. Lett. B 148, 1, 2, 3
[2] Iwamoto, 1980, Phys. Rev. Lett. 44, 1637
[3] Iwamoto, 1982, Annals of Physics 141, 1
[4] Sawyer, 1989, Phys. Lett. B 233, 3, 4



QCD is studied assuming small                 at ultrahigh density [1,2]

[1] Fraga and Romatschke, Phys. Rev. D 71, 105014 (2005)
[2] Kurkela, Romatschke and Vuorinen, Phys. Rev. D 81, 105021 (2010)
[3] Gorda, Paatelainen, Säppi and Seppänen, 2023, Phys.Rev.Lett. 131, 181902 (2023)

Studies of the EoS in N3LO [3] suggest pQCD is feasible for               ,

Interaction among quarks and gluons          
described by gauge, spinor and ghost fields

Other considerations:
•
• Thermodynamics depends on 
• Running 

Perturbative QCD up to 𝒪(𝛼𝑠)



[1] Chodos, Jaffe, Johnson, Thorn, and Weisskopf, Phys. Rev. D 9, 3471 (1974)
[2] Lopes, Biesdorf, Menezes, Phys. Scr. 96 065303 (2021)

Outward pressure from confined quarks 
is balanced by an inward vacuum pressure     ,

Quarks inside a bag 
reproduce asymptotic freedom and confinement [1]

Other considerations:
•

• Thermodynamics depends on 
• Bodmer-Witten conjecture, 

MIT bag model 



Small deviations to the quark contribution with  

Other considerations:
• Bodmer-Witten conjecture, two-flavor and three flavor constrains, 

stability windows 

[1] Ghosh, Hernández, Pradhan, Manuel, Chatterjee, Tolos, arXiv:2504.07659 

Non-ideal bag model 



First studies: 
• Sawyer (1989); Madsen (1992), nonleptonic process
• Alford, Schmitt, 2SC phase also normal phase, (2006); 
Sa’d, Shovkovy, Rischke (2007), nonleptonic and semileptonic processes

Recent studies:
• Rojas, Gorda, Hoyos, Jokela, Järvinen, Kurkela, Paatelainen, Säppi, 

Vuorinen (2024), nonleptonic process, NNLO pQCD, D3-D7 and V-QCD 
models

• Alford, Harutyunyan, Sedrakian, Tsiopelas, Color superconductive phase, 
NJL model (2024, 2025)

Other studies of bulk viscosity in quark matter



Temperature estimate during the inspiral

The dissipated tidal energy is converted to thermal energy 
and heats up the system

Temperature reached as a function of their separation D [1]

[1] Ghosh, Hernández, Pradhan, Manuel, Chatterjee, Tolos, arXiv:2504.07659


