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Can we detect deconfined phases at extreme conditions?
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OUTLINE

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


D. Chatterjee

Introduction and motivation


Bulk viscosity and quark matter


Tidal heating in quark stars



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

Source: Nazarii Neshcherenskyi / Getty Images



Structure of a Neutron Star



Gµ⌫ = 8⇡Tµ⌫
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Einstein equations + Relativistic Hydrodynamics

�(Gµ⌫ � 8⇡Tµ⌫) = 0
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↵
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δ(∇μ(nuμ)) = 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

Tµ⌫ = (✏+ P )uµu⌫ � gµ⌫
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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 emitted GW 

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 neutrinos are not trapped
for nuclear matter Alford et al, Phys. Rev. Lett. 120, 041101



RELATIVISTIC VISCOUS HYDRODYNAMICS

⇧ = P � P0
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<latexit sha1_base64="raU7Pwb5a/C0XF5EviiHeBE1SkQ=">AAACC3icdVDLSgNBEJz1bXxFPXoZDIKnMBskJjfRi0cFE4VsDL2TjhmcnV3nEQjBuxd/xYsHRbz6A978GycPQUULZiiquunuijMpjGXsI5ianpmdm19YzC0tr6yu5dc36iZ1mmONpzLVFzEYlEJhzQor8SLTCEks8Ty+Phr65z3URqTqzPYzbCZwpURHcLBeauW3adQDbbtogUZ440SPRgpiCa0ocdRd+r+VL7Ai8yiX6ZCEFRZ6Uq1WSqUqDUcWYwUywUkr/x61U+4SVJZLMKYRssw2B36M4BJvc5EzmAG/hitseKogQdMcjG65pTteadNOqv1Tlo7U7x0DSIzpJ7GvTMB2zW9vKP7lNZztVJoDoTJnUfHxoI6T1KZ0GAxtC43cyr4nwLXwu1LeBQ3c+vhyPoSvS+n/pF4qhqwYnu4VDg4ncSyQLbJNdklI9skBOSYnpEY4uSMP5Ik8B/fBY/ASvI5Lp4JJzyb5geDtE/mRmwU=</latexit><latexit sha1_base64="raU7Pwb5a/C0XF5EviiHeBE1SkQ=">AAACC3icdVDLSgNBEJz1bXxFPXoZDIKnMBskJjfRi0cFE4VsDL2TjhmcnV3nEQjBuxd/xYsHRbz6A978GycPQUULZiiquunuijMpjGXsI5ianpmdm19YzC0tr6yu5dc36iZ1mmONpzLVFzEYlEJhzQor8SLTCEks8Ty+Phr65z3URqTqzPYzbCZwpURHcLBeauW3adQDbbtogUZ440SPRgpiCa0ocdRd+r+VL7Ai8yiX6ZCEFRZ6Uq1WSqUqDUcWYwUywUkr/x61U+4SVJZLMKYRssw2B36M4BJvc5EzmAG/hitseKogQdMcjG65pTteadNOqv1Tlo7U7x0DSIzpJ7GvTMB2zW9vKP7lNZztVJoDoTJnUfHxoI6T1KZ0GAxtC43cyr4nwLXwu1LeBQ3c+vhyPoSvS+n/pF4qhqwYnu4VDg4ncSyQLbJNdklI9skBOSYnpEY4uSMP5Ik8B/fBY/ASvI5Lp4JJzyb5geDtE/mRmwU=</latexit><latexit sha1_base64="raU7Pwb5a/C0XF5EviiHeBE1SkQ=">AAACC3icdVDLSgNBEJz1bXxFPXoZDIKnMBskJjfRi0cFE4VsDL2TjhmcnV3nEQjBuxd/xYsHRbz6A978GycPQUULZiiquunuijMpjGXsI5ianpmdm19YzC0tr6yu5dc36iZ1mmONpzLVFzEYlEJhzQor8SLTCEks8Ty+Phr65z3URqTqzPYzbCZwpURHcLBeauW3adQDbbtogUZ440SPRgpiCa0ocdRd+r+VL7Ai8yiX6ZCEFRZ6Uq1WSqUqDUcWYwUywUkr/x61U+4SVJZLMKYRssw2B36M4BJvc5EzmAG/hitseKogQdMcjG65pTteadNOqv1Tlo7U7x0DSIzpJ7GvTMB2zW9vKP7lNZztVJoDoTJnUfHxoI6T1KZ0GAxtC43cyr4nwLXwu1LeBQ3c+vhyPoSvS+n/pF4qhqwYnu4VDg4ncSyQLbJNdklI9skBOSYnpEY4uSMP5Ik8B/fBY/ASvI5Lp4JJzyb5geDtE/mRmwU=</latexit><latexit sha1_base64="raU7Pwb5a/C0XF5EviiHeBE1SkQ=">AAACC3icdVDLSgNBEJz1bXxFPXoZDIKnMBskJjfRi0cFE4VsDL2TjhmcnV3nEQjBuxd/xYsHRbz6A978GycPQUULZiiquunuijMpjGXsI5ianpmdm19YzC0tr6yu5dc36iZ1mmONpzLVFzEYlEJhzQor8SLTCEks8Ty+Phr65z3URqTqzPYzbCZwpURHcLBeauW3adQDbbtogUZ440SPRgpiCa0ocdRd+r+VL7Ai8yiX6ZCEFRZ6Uq1WSqUqDUcWYwUywUkr/x61U+4SVJZLMKYRssw2B36M4BJvc5EzmAG/hitseKogQdMcjG65pTteadNOqv1Tlo7U7x0DSIzpJ7GvTMB2zW9vKP7lNZztVJoDoTJnUfHxoI6T1KZ0GAxtC43cyr4nwLXwu1LeBQ3c+vhyPoSvS+n/pF4qhqwYnu4VDg4ncSyQLbJNdklI9skBOSYnpEY4uSMP5Ik8B/fBY/ASvI5Lp4JJzyb5geDtE/mRmwU=</latexit>

Second order transport hydrodynamics 

Israel-Stewart (IS) equation 

⌧Du⇧+⇧ = �⇣0#
<latexit sha1_base64="AsGhbLGOUZ+DyrkF2PIEHsRo7Xw="></latexit><latexit sha1_base64="AsGhbLGOUZ+DyrkF2PIEHsRo7Xw="></latexit><latexit sha1_base64="AsGhbLGOUZ+DyrkF2PIEHsRo7Xw="></latexit><latexit sha1_base64="AsGhbLGOUZ+DyrkF2PIEHsRo7Xw="></latexit>

Du ⌘ uµrµ
<latexit sha1_base64="2LSbncIdF0B9kXr85p+HBZgHlTc=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCq5IpUttdURcuK9gLdMYhk2ba0ExmzKVQSndufBU3LhRx6yu4821ML4KKHgh8/P85nJw/TDlTGqEPZ2FxaXllNbOWXd/Y3NrO7ew2VGIkoXWS8ES2QqwoZ4LWNdOctlJJcRxy2gz75xO/OaBSsURc62FK/Rh3BYsYwdpKQe4AXgQGQo/eGjaA0Nx4sYGewCHHgcUgl0cFZKtUghNwy8i1UKmUi8UKdKcWQnkwr1qQe/c6CTExFZpwrFTbRan2R1hqRjgdZz2jaIpJH3dp26LAMVX+aHrHGB5ZpQOjRNonNJyq3ydGOFZqGIe2M8a6p357E/Evr210VPZHTKRGU0FmiyLDoU7gJBTYYZISzYcWMJHM/hWSHpaYaBtd1obwdSn8HxrFgosK7tVJvno2jyMD9sEhOAYuOAVVcAlqoA4IuAMP4Ak8O/fOo/PivM5aF5z5zB74Uc7bJ4IvmHo=</latexit><latexit sha1_base64="2LSbncIdF0B9kXr85p+HBZgHlTc=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCq5IpUttdURcuK9gLdMYhk2ba0ExmzKVQSndufBU3LhRx6yu4821ML4KKHgh8/P85nJw/TDlTGqEPZ2FxaXllNbOWXd/Y3NrO7ew2VGIkoXWS8ES2QqwoZ4LWNdOctlJJcRxy2gz75xO/OaBSsURc62FK/Rh3BYsYwdpKQe4AXgQGQo/eGjaA0Nx4sYGewCHHgcUgl0cFZKtUghNwy8i1UKmUi8UKdKcWQnkwr1qQe/c6CTExFZpwrFTbRan2R1hqRjgdZz2jaIpJH3dp26LAMVX+aHrHGB5ZpQOjRNonNJyq3ydGOFZqGIe2M8a6p357E/Evr210VPZHTKRGU0FmiyLDoU7gJBTYYZISzYcWMJHM/hWSHpaYaBtd1obwdSn8HxrFgosK7tVJvno2jyMD9sEhOAYuOAVVcAlqoA4IuAMP4Ak8O/fOo/PivM5aF5z5zB74Uc7bJ4IvmHo=</latexit><latexit sha1_base64="2LSbncIdF0B9kXr85p+HBZgHlTc=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCq5IpUttdURcuK9gLdMYhk2ba0ExmzKVQSndufBU3LhRx6yu4821ML4KKHgh8/P85nJw/TDlTGqEPZ2FxaXllNbOWXd/Y3NrO7ew2VGIkoXWS8ES2QqwoZ4LWNdOctlJJcRxy2gz75xO/OaBSsURc62FK/Rh3BYsYwdpKQe4AXgQGQo/eGjaA0Nx4sYGewCHHgcUgl0cFZKtUghNwy8i1UKmUi8UKdKcWQnkwr1qQe/c6CTExFZpwrFTbRan2R1hqRjgdZz2jaIpJH3dp26LAMVX+aHrHGB5ZpQOjRNonNJyq3ydGOFZqGIe2M8a6p357E/Evr210VPZHTKRGU0FmiyLDoU7gJBTYYZISzYcWMJHM/hWSHpaYaBtd1obwdSn8HxrFgosK7tVJvno2jyMD9sEhOAYuOAVVcAlqoA4IuAMP4Ak8O/fOo/PivM5aF5z5zB74Uc7bJ4IvmHo=</latexit><latexit sha1_base64="2LSbncIdF0B9kXr85p+HBZgHlTc=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCq5IpUttdURcuK9gLdMYhk2ba0ExmzKVQSndufBU3LhRx6yu4821ML4KKHgh8/P85nJw/TDlTGqEPZ2FxaXllNbOWXd/Y3NrO7ew2VGIkoXWS8ES2QqwoZ4LWNdOctlJJcRxy2gz75xO/OaBSsURc62FK/Rh3BYsYwdpKQe4AXgQGQo/eGjaA0Nx4sYGewCHHgcUgl0cFZKtUghNwy8i1UKmUi8UKdKcWQnkwr1qQe/c6CTExFZpwrFTbRan2R1hqRjgdZz2jaIpJH3dp26LAMVX+aHrHGB5ZpQOjRNonNJyq3ydGOFZqGIe2M8a6p357E/Evr210VPZHTKRGU0FmiyLDoU7gJBTYYZISzYcWMJHM/hWSHpaYaBtd1obwdSn8HxrFgosK7tVJvno2jyMD9sEhOAYuOAVVcAlqoA4IuAMP4Ak8O/fOo/PivM5aF5z5zB74Uc7bJ4IvmHo=</latexit>

Bulk viscous pressure



⇧ / e�i!t

<latexit sha1_base64="yCsyeL0fy7iF2GgF+3PqokTeKh8=">AAAB/3icbVDLTsMwEHR4lvIKcISDRYXEhSpBlcqxggvHItGH1ITKcTetVSe2bAepinqAn4ETAm78Az/A3+CWHqBlTrM7s9LORJIzbTzvy1laXlldWy9sFDe3tnd23b39phaZotCgggvVjogGzlJoGGY4tKUCkkQcWtHwaqK37kFpJtJbM5IQJqSfsphRYuyq6x4FdYYDqYQ0AsNdfobtKBLoE2zGXbfklb0p8CLxZ6SEZqh33c+gJ2iWQGooJ1p3fE+aMCfKMMphXAwyDZLQIelDx9KUJKDDfJpijE9iobAZAJ7Ov705SbQeJZH1JMQM9Lw2Wf6ndTITX4Q5S2VmIKXWYrU449hmnZSBe0wBNXxkCaGK2S8xHRBFqLGVFW18fz7sImmel/1KuXpTKdUuZ0UU0CE6RqfIR1VUQ9eojhqIokf0jN7Qu/PgPDkvzuuPdcmZ3RygP3A+vgHKt5VB</latexit>

⇣(!) = �Re⇧

#

<latexit sha1_base64="8ErBF34D0EwSxNbiIFw/c6XJfe8=">AAACFXicbVDLTgIxFO3gC/GFunTTSExwIZkhJLgxIbpxiUYeCUNIp9yBhnZm0nZIcDLfoT+jK6MuTFz7NxZkoeBZnd5zettzvIgzpW37y8qsrK6tb2Q3c1vbO7t7+f2DpgpjSaFBQx7KtkcUcBZAQzPNoR1JIMLj0PJGV1O9NQapWBjc6UkEXUEGAfMZJdqMevmyew+a4KIbChiQU3yBz7DrS0KTxJUC30KK3TpLE3dMpB4aa4p7+YJdsmfAy8SZkwKao97Lf7j9kMYCAk05Uarj2JHuJmYhoxzSnBsriAgdkQF0DA2IANVNZtlSfOKHEpuX8ez825sQodREeMYjiB6qRW06/E/rxNo/7yYsiGINATUWo/kxxzrE04pwn0mgmk8MIVQy80tMh8R0ok2RORPfWQy7TJrlklMpVW8qhdrlvIgsOkLHqIgcVEU1dI3qqIEoekTP6A29Ww/Wk/Vivf5YM9b8ziH6A+vzG8hAnfA=</latexit>

Effective frequency-dependent viscosity 

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

⇣(!) =
⇣0

1 + ⌧2!2
<latexit sha1_base64="SzJj2xPTFVRNnLVQrm1ULQ93wK8="></latexit><latexit sha1_base64="SzJj2xPTFVRNnLVQrm1ULQ93wK8="></latexit><latexit sha1_base64="SzJj2xPTFVRNnLVQrm1ULQ93wK8="></latexit><latexit sha1_base64="SzJj2xPTFVRNnLVQrm1ULQ93wK8="></latexit>

!⌧ ⌧ 1
<latexit sha1_base64="0Z5G7s0OhsJrlhgjcJxiwVE/AMA=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclaRIbXdFNy4r2Ad0hpJJM21oJjMkGaWM/RQ3LhRx65e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t6+Wzro6DhVlLVpLGLVC4hmgkvWNtwI1ksUI1EgWDeYXOZ+95YpzWN5Y6YJ8yMykjzklBgrDdySF0dsRKBnSAo9ISAeuGVUQRa1GswJriNsSaNRr1YbEM8thMpgidbAffeGMU0jJg0VROs+RonxM6IMp4LNil6qWULohIxY31JJIqb9bH76DJ5YZQjDWNmSBs7V7xMZibSeRoHtjIgZ699eLv7l9VMT1v2MyyQ1TNLFojAV0MQwzwEOuWLUiKklhCpub4V0TBShxqZVtCF8fQr/J51qBaMKvj4rNy+WcRTAETgGpwCDc9AEV6AF2oCCO/AAnsCzc+88Oi/O66J1xVnOHIIfcN4+AVDZk2I=</latexit><latexit sha1_base64="0Z5G7s0OhsJrlhgjcJxiwVE/AMA=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclaRIbXdFNy4r2Ad0hpJJM21oJjMkGaWM/RQ3LhRx65e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t6+Wzro6DhVlLVpLGLVC4hmgkvWNtwI1ksUI1EgWDeYXOZ+95YpzWN5Y6YJ8yMykjzklBgrDdySF0dsRKBnSAo9ISAeuGVUQRa1GswJriNsSaNRr1YbEM8thMpgidbAffeGMU0jJg0VROs+RonxM6IMp4LNil6qWULohIxY31JJIqb9bH76DJ5YZQjDWNmSBs7V7xMZibSeRoHtjIgZ699eLv7l9VMT1v2MyyQ1TNLFojAV0MQwzwEOuWLUiKklhCpub4V0TBShxqZVtCF8fQr/J51qBaMKvj4rNy+WcRTAETgGpwCDc9AEV6AF2oCCO/AAnsCzc+88Oi/O66J1xVnOHIIfcN4+AVDZk2I=</latexit><latexit sha1_base64="0Z5G7s0OhsJrlhgjcJxiwVE/AMA=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclaRIbXdFNy4r2Ad0hpJJM21oJjMkGaWM/RQ3LhRx65e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t6+Wzro6DhVlLVpLGLVC4hmgkvWNtwI1ksUI1EgWDeYXOZ+95YpzWN5Y6YJ8yMykjzklBgrDdySF0dsRKBnSAo9ISAeuGVUQRa1GswJriNsSaNRr1YbEM8thMpgidbAffeGMU0jJg0VROs+RonxM6IMp4LNil6qWULohIxY31JJIqb9bH76DJ5YZQjDWNmSBs7V7xMZibSeRoHtjIgZ699eLv7l9VMT1v2MyyQ1TNLFojAV0MQwzwEOuWLUiKklhCpub4V0TBShxqZVtCF8fQr/J51qBaMKvj4rNy+WcRTAETgGpwCDc9AEV6AF2oCCO/AAnsCzc+88Oi/O66J1xVnOHIIfcN4+AVDZk2I=</latexit><latexit sha1_base64="0Z5G7s0OhsJrlhgjcJxiwVE/AMA=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclaRIbXdFNy4r2Ad0hpJJM21oJjMkGaWM/RQ3LhRx65e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t6+Wzro6DhVlLVpLGLVC4hmgkvWNtwI1ksUI1EgWDeYXOZ+95YpzWN5Y6YJ8yMykjzklBgrDdySF0dsRKBnSAo9ISAeuGVUQRa1GswJriNsSaNRr1YbEM8thMpgidbAffeGMU0jJg0VROs+RonxM6IMp4LNil6qWULohIxY31JJIqb9bH76DJ5YZQjDWNmSBs7V7xMZibSeRoHtjIgZ699eLv7l9VMT1v2MyyQ1TNLFojAV0MQwzwEOuWLUiKklhCpub4V0TBShxqZVtCF8fQr/J51qBaMKvj4rNy+WcRTAETgGpwCDc9AEV6AF2oCCO/AAnsCzc+88Oi/O66J1xVnOHIIfcN4+AVDZk2I=</latexit>

!⌧ � 1
<latexit sha1_base64="PD42kerHILv7PU7nlq77Jq5c4FM=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclaRIbXdFNy4r2Ad0hpJJ02loJjMkGaWM/RQ3LhRx65e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t6+Wzro6DhVlLVpLGLVC4hmgkvWNtwI1ksUI1EgWDeYXOZ+95YpzWN5Y6YJ8yMSSj7ilBgrDdySF0csJNAzJIVeGEI8cMuogixqNZgTXEfYkkajXq02IJ5bCJXBEq2B++4NY5pGTBoqiNZ9jBLjZ0QZTgWbFb1Us4TQCQlZ31JJIqb9bH76DJ5YZQhHsbIlDZyr3ycyEmk9jQLbGREz1r+9XPzL66dmVPczLpPUMEkXi0apgCaGeQ5wyBWjRkwtIVRxeyukY6IINTatog3h61P4P+lUKxhV8PVZuXmxjKMAjsAxOAUYnIMmuAIt0AYU3IEH8ASenXvn0XlxXhetK85y5hD8gPP2CUGYk1g=</latexit><latexit sha1_base64="PD42kerHILv7PU7nlq77Jq5c4FM=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclaRIbXdFNy4r2Ad0hpJJ02loJjMkGaWM/RQ3LhRx65e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t6+Wzro6DhVlLVpLGLVC4hmgkvWNtwI1ksUI1EgWDeYXOZ+95YpzWN5Y6YJ8yMSSj7ilBgrDdySF0csJNAzJIVeGEI8cMuogixqNZgTXEfYkkajXq02IJ5bCJXBEq2B++4NY5pGTBoqiNZ9jBLjZ0QZTgWbFb1Us4TQCQlZ31JJIqb9bH76DJ5YZQhHsbIlDZyr3ycyEmk9jQLbGREz1r+9XPzL66dmVPczLpPUMEkXi0apgCaGeQ5wyBWjRkwtIVRxeyukY6IINTatog3h61P4P+lUKxhV8PVZuXmxjKMAjsAxOAUYnIMmuAIt0AYU3IEH8ASenXvn0XlxXhetK85y5hD8gPP2CUGYk1g=</latexit><latexit sha1_base64="PD42kerHILv7PU7nlq77Jq5c4FM=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclaRIbXdFNy4r2Ad0hpJJ02loJjMkGaWM/RQ3LhRx65e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t6+Wzro6DhVlLVpLGLVC4hmgkvWNtwI1ksUI1EgWDeYXOZ+95YpzWN5Y6YJ8yMSSj7ilBgrDdySF0csJNAzJIVeGEI8cMuogixqNZgTXEfYkkajXq02IJ5bCJXBEq2B++4NY5pGTBoqiNZ9jBLjZ0QZTgWbFb1Us4TQCQlZ31JJIqb9bH76DJ5YZQhHsbIlDZyr3ycyEmk9jQLbGREz1r+9XPzL66dmVPczLpPUMEkXi0apgCaGeQ5wyBWjRkwtIVRxeyukY6IINTatog3h61P4P+lUKxhV8PVZuXmxjKMAjsAxOAUYnIMmuAIt0AYU3IEH8ASenXvn0XlxXhetK85y5hD8gPP2CUGYk1g=</latexit><latexit sha1_base64="PD42kerHILv7PU7nlq77Jq5c4FM=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclaRIbXdFNy4r2Ad0hpJJ02loJjMkGaWM/RQ3LhRx65e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t6+Wzro6DhVlLVpLGLVC4hmgkvWNtwI1ksUI1EgWDeYXOZ+95YpzWN5Y6YJ8yMSSj7ilBgrDdySF0csJNAzJIVeGEI8cMuogixqNZgTXEfYkkajXq02IJ5bCJXBEq2B++4NY5pGTBoqiNZ9jBLjZ0QZTgWbFb1Us4TQCQlZ31JJIqb9bH76DJ5YZQhHsbIlDZyr3ycyEmk9jQLbGREz1r+9XPzL66dmVPczLpPUMEkXi0apgCaGeQ5wyBWjRkwtIVRxeyukY6IINTatog3h61P4P+lUKxhV8PVZuXmxjKMAjsAxOAUYnIMmuAIt0AYU3IEH8ASenXvn0XlxXhetK85y5hD8gPP2CUGYk1g=</latexit>

Navier-Stokes regime recovered

Frozen: no dissipation 

!⌧ ⇠ 1
<latexit sha1_base64="hEjXZ8iA1Uwu5wy827GFHkIQT0o=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiRFarsrunFZwT6gM5RMmmlDk5khyYhl6K+4caGIW3/EnX9jpq2gogcuHM65l3vvCRLBtUHowymsrW9sbhW3Szu7e/sH7mG5q+NUUdahsYhVPyCaCR6xjuFGsH6iGJGBYL1gepX7vTumNI+jWzNLmC/JOOIhp8RYaeiWvViyMYGeISn0NJcQD90KqiKLeh3mBDcQtqTZbNRqTYgXFkIVsEJ76L57o5imkkWGCqL1AKPE+BlRhlPB5iUv1SwhdErGbGBpRCTTfra4fQ5PrTKCYaxsRQYu1O8TGZFaz2RgOyUxE/3by8W/vEFqwoaf8ShJDYvoclGYCmhimAcBR1wxasTMEkIVt7dCOiGKUGPjKtkQvj6F/5NurYpRFd+cV1qXqziK4BicgDOAwQVogWvQBh1AwT14AE/g2Zk7j86L87psLTirmSPwA87bJye7k90=</latexit><latexit sha1_base64="hEjXZ8iA1Uwu5wy827GFHkIQT0o=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiRFarsrunFZwT6gM5RMmmlDk5khyYhl6K+4caGIW3/EnX9jpq2gogcuHM65l3vvCRLBtUHowymsrW9sbhW3Szu7e/sH7mG5q+NUUdahsYhVPyCaCR6xjuFGsH6iGJGBYL1gepX7vTumNI+jWzNLmC/JOOIhp8RYaeiWvViyMYGeISn0NJcQD90KqiKLeh3mBDcQtqTZbNRqTYgXFkIVsEJ76L57o5imkkWGCqL1AKPE+BlRhlPB5iUv1SwhdErGbGBpRCTTfra4fQ5PrTKCYaxsRQYu1O8TGZFaz2RgOyUxE/3by8W/vEFqwoaf8ShJDYvoclGYCmhimAcBR1wxasTMEkIVt7dCOiGKUGPjKtkQvj6F/5NurYpRFd+cV1qXqziK4BicgDOAwQVogWvQBh1AwT14AE/g2Zk7j86L87psLTirmSPwA87bJye7k90=</latexit><latexit sha1_base64="hEjXZ8iA1Uwu5wy827GFHkIQT0o=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiRFarsrunFZwT6gM5RMmmlDk5khyYhl6K+4caGIW3/EnX9jpq2gogcuHM65l3vvCRLBtUHowymsrW9sbhW3Szu7e/sH7mG5q+NUUdahsYhVPyCaCR6xjuFGsH6iGJGBYL1gepX7vTumNI+jWzNLmC/JOOIhp8RYaeiWvViyMYGeISn0NJcQD90KqiKLeh3mBDcQtqTZbNRqTYgXFkIVsEJ76L57o5imkkWGCqL1AKPE+BlRhlPB5iUv1SwhdErGbGBpRCTTfra4fQ5PrTKCYaxsRQYu1O8TGZFaz2RgOyUxE/3by8W/vEFqwoaf8ShJDYvoclGYCmhimAcBR1wxasTMEkIVt7dCOiGKUGPjKtkQvj6F/5NurYpRFd+cV1qXqziK4BicgDOAwQVogWvQBh1AwT14AE/g2Zk7j86L87psLTirmSPwA87bJye7k90=</latexit><latexit sha1_base64="hEjXZ8iA1Uwu5wy827GFHkIQT0o=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiRFarsrunFZwT6gM5RMmmlDk5khyYhl6K+4caGIW3/EnX9jpq2gogcuHM65l3vvCRLBtUHowymsrW9sbhW3Szu7e/sH7mG5q+NUUdahsYhVPyCaCR6xjuFGsH6iGJGBYL1gepX7vTumNI+jWzNLmC/JOOIhp8RYaeiWvViyMYGeISn0NJcQD90KqiKLeh3mBDcQtqTZbNRqTYgXFkIVsEJ76L57o5imkkWGCqL1AKPE+BlRhlPB5iUv1SwhdErGbGBpRCTTfra4fQ5PrTKCYaxsRQYu1O8TGZFaz2RgOyUxE/3by8W/vEFqwoaf8ShJDYvoclGYCmhimAcBR1wxasTMEkIVt7dCOiGKUGPjKtkQvj6F/5NurYpRFd+cV1qXqziK4BicgDOAwQVogWvQBh1AwT14AE/g2Zk7j86L87psLTirmSPwA87bJye7k90=</latexit>

Maximum dissipation

Resonant behaviour



First attempts to include the effects of the bulk viscosity

Chabanov and Rezzolla, 2307.10644

Viscosity would provide a 
quickly damped signal

ζ ∈ ζ0[10−4,0.4,0.1,2.4]

ζ0 = 1030g cm−1 s−1
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Post-merger GW, neutron matter 



From microphysics to GW (post merger)



n =
1

3
(nu + nd + ns)

2

3
nu � 1

3
nd �

1

3
ns � ne = 0

µs = µd = µu + µe

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 ⇧ / e�i!t

<latexit sha1_base64="yCsyeL0fy7iF2GgF+3PqokTeKh8=">AAAB/3icbVDLTsMwEHR4lvIKcISDRYXEhSpBlcqxggvHItGH1ITKcTetVSe2bAepinqAn4ETAm78Az/A3+CWHqBlTrM7s9LORJIzbTzvy1laXlldWy9sFDe3tnd23b39phaZotCgggvVjogGzlJoGGY4tKUCkkQcWtHwaqK37kFpJtJbM5IQJqSfsphRYuyq6x4FdYYDqYQ0AsNdfobtKBLoE2zGXbfklb0p8CLxZ6SEZqh33c+gJ2iWQGooJ1p3fE+aMCfKMMphXAwyDZLQIelDx9KUJKDDfJpijE9iobAZAJ7Ov705SbQeJZH1JMQM9Lw2Wf6ndTITX4Q5S2VmIKXWYrU449hmnZSBe0wBNXxkCaGK2S8xHRBFqLGVFW18fz7sImmel/1KuXpTKdUuZ0UU0CE6RqfIR1VUQ9eojhqIokf0jN7Qu/PgPDkvzuuPdcmZ3RygP3A+vgHKt5VB</latexit>



Burgers equation for the quark viscous pressure

In nuclear matter the bulk viscous pressure obeys a IS equation

⌧Du⇧+⇧ = �⇣0#
<latexit sha1_base64="AsGhbLGOUZ+DyrkF2PIEHsRo7Xw="></latexit><latexit sha1_base64="AsGhbLGOUZ+DyrkF2PIEHsRo7Xw="></latexit><latexit sha1_base64="AsGhbLGOUZ+DyrkF2PIEHsRo7Xw="></latexit><latexit sha1_base64="AsGhbLGOUZ+DyrkF2PIEHsRo7Xw="></latexit>

Du ⌘ uµrµ
<latexit sha1_base64="2LSbncIdF0B9kXr85p+HBZgHlTc=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCq5IpUttdURcuK9gLdMYhk2ba0ExmzKVQSndufBU3LhRx6yu4821ML4KKHgh8/P85nJw/TDlTGqEPZ2FxaXllNbOWXd/Y3NrO7ew2VGIkoXWS8ES2QqwoZ4LWNdOctlJJcRxy2gz75xO/OaBSsURc62FK/Rh3BYsYwdpKQe4AXgQGQo/eGjaA0Nx4sYGewCHHgcUgl0cFZKtUghNwy8i1UKmUi8UKdKcWQnkwr1qQe/c6CTExFZpwrFTbRan2R1hqRjgdZz2jaIpJH3dp26LAMVX+aHrHGB5ZpQOjRNonNJyq3ydGOFZqGIe2M8a6p357E/Evr210VPZHTKRGU0FmiyLDoU7gJBTYYZISzYcWMJHM/hWSHpaYaBtd1obwdSn8HxrFgosK7tVJvno2jyMD9sEhOAYuOAVVcAlqoA4IuAMP4Ak8O/fOo/PivM5aF5z5zB74Uc7bJ4IvmHo=</latexit><latexit sha1_base64="2LSbncIdF0B9kXr85p+HBZgHlTc=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCq5IpUttdURcuK9gLdMYhk2ba0ExmzKVQSndufBU3LhRx6yu4821ML4KKHgh8/P85nJw/TDlTGqEPZ2FxaXllNbOWXd/Y3NrO7ew2VGIkoXWS8ES2QqwoZ4LWNdOctlJJcRxy2gz75xO/OaBSsURc62FK/Rh3BYsYwdpKQe4AXgQGQo/eGjaA0Nx4sYGewCHHgcUgl0cFZKtUghNwy8i1UKmUi8UKdKcWQnkwr1qQe/c6CTExFZpwrFTbRan2R1hqRjgdZz2jaIpJH3dp26LAMVX+aHrHGB5ZpQOjRNonNJyq3ydGOFZqGIe2M8a6p357E/Evr210VPZHTKRGU0FmiyLDoU7gJBTYYZISzYcWMJHM/hWSHpaYaBtd1obwdSn8HxrFgosK7tVJvno2jyMD9sEhOAYuOAVVcAlqoA4IuAMP4Ak8O/fOo/PivM5aF5z5zB74Uc7bJ4IvmHo=</latexit><latexit sha1_base64="2LSbncIdF0B9kXr85p+HBZgHlTc=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCq5IpUttdURcuK9gLdMYhk2ba0ExmzKVQSndufBU3LhRx6yu4821ML4KKHgh8/P85nJw/TDlTGqEPZ2FxaXllNbOWXd/Y3NrO7ew2VGIkoXWS8ES2QqwoZ4LWNdOctlJJcRxy2gz75xO/OaBSsURc62FK/Rh3BYsYwdpKQe4AXgQGQo/eGjaA0Nx4sYGewCHHgcUgl0cFZKtUghNwy8i1UKmUi8UKdKcWQnkwr1qQe/c6CTExFZpwrFTbRan2R1hqRjgdZz2jaIpJH3dp26LAMVX+aHrHGB5ZpQOjRNonNJyq3ydGOFZqGIe2M8a6p357E/Evr210VPZHTKRGU0FmiyLDoU7gJBTYYZISzYcWMJHM/hWSHpaYaBtd1obwdSn8HxrFgosK7tVJvno2jyMD9sEhOAYuOAVVcAlqoA4IuAMP4Ak8O/fOo/PivM5aF5z5zB74Uc7bJ4IvmHo=</latexit><latexit sha1_base64="2LSbncIdF0B9kXr85p+HBZgHlTc=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCq5IpUttdURcuK9gLdMYhk2ba0ExmzKVQSndufBU3LhRx6yu4821ML4KKHgh8/P85nJw/TDlTGqEPZ2FxaXllNbOWXd/Y3NrO7ew2VGIkoXWS8ES2QqwoZ4LWNdOctlJJcRxy2gz75xO/OaBSsURc62FK/Rh3BYsYwdpKQe4AXgQGQo/eGjaA0Nx4sYGewCHHgcUgl0cFZKtUghNwy8i1UKmUi8UKdKcWQnkwr1qQe/c6CTExFZpwrFTbRan2R1hqRjgdZz2jaIpJH3dp26LAMVX+aHrHGB5ZpQOjRNonNJyq3ydGOFZqGIe2M8a6p357E/Evr210VPZHTKRGU0FmiyLDoU7gJBTYYZISzYcWMJHM/hWSHpaYaBtd1obwdSn8HxrFgosK7tVJvno2jyMD9sEhOAYuOAVVcAlqoA4IuAMP4Ak8O/fOo/PivM5aF5z5zB74Uc7bJ4IvmHo=</latexit>

Quark matter obeys a Burgers type equation

⇧ = ⇧1µ1 +⇧2µ2
<latexit sha1_base64="OYh1FbOpx1iQw/khrvRI+1ENSww=">AAACB3icbVA7SwNBEJ6Lrxhfp5aKLAZBEMJdGm2EoI1lAuYBuePY2+wlS/Ye7O4J4Uhn41+xsVAkrX/Bzs6f4uaSQhM/2OGbb2aYnc9POJPKsr6Mwsrq2vpGcbO0tb2zu2fuH7RknApCmyTmsej4WFLOItpUTHHaSQTFoc9p2x/eTuvtByoki6N7NUqoG+J+xAJGsNKSZ544dXaNdPBs5ISpjhd5Vs2zqmeWrYqVAy0Te07KteNJ4xsA6p756fRikoY0UoRjKbu2lSg3w0Ixwum45KSSJpgMcZ92NY1wSKWb5XeM0ZlWeiiIhX6RQrn6eyLDoZSj0NedIVYDuVibiv/VuqkKrtyMRUmqaERmi4KUIxWjqSmoxwQlio80wUQw/VdEBlhgorR1JW2CvXjyMmlVK7ZVsRvajRuYoQhHcArnYMMl1OAO6tAEAo/wDK/wZjwZL8a7MZm1Foz5zCH8gfHxAxkNmR0=</latexit><latexit sha1_base64="NP3QwM0863Tl3R4up72yoWSLD6Q=">AAACB3icbVDLSgMxFM3UV62vUZdKCRZBEMpMN7oRim5ctmAf0BmGTJq2oUlmSDJCGbrThb/ixoUi3foL7vwGf8J02oW2Hsjl3HPv5eaeMGZUacf5snIrq2vrG/nNwtb2zu6evX/QVFEiMWngiEWyHSJFGBWkoalmpB1LgnjISCsc3kzrrXsiFY3EnR7FxOeoL2iPYqSNFNhFr0avoAmBCz2emHieZZUsqwR2ySk7GeAyceekVD2e1L8fi5NaYH963QgnnAiNGVKq4zqx9lMkNcWMjAteokiM8BD1ScdQgThRfprdMYanRunCXiTNExpm6u+JFHGlRjw0nRzpgVqsTcX/ap1E9y79lIo40UTg2aJewqCO4NQU2KWSYM1GhiAsqfkrxAMkEdbGuoIxwV08eZk0K2XXKbt148Y1mCEPjsAJOAMuuABVcAtqoAEweADP4BW8WU/Wi/VuTWatOWs+cwj+wPr4AfdDmoM=</latexit><latexit sha1_base64="NP3QwM0863Tl3R4up72yoWSLD6Q=">AAACB3icbVDLSgMxFM3UV62vUZdKCRZBEMpMN7oRim5ctmAf0BmGTJq2oUlmSDJCGbrThb/ixoUi3foL7vwGf8J02oW2Hsjl3HPv5eaeMGZUacf5snIrq2vrG/nNwtb2zu6evX/QVFEiMWngiEWyHSJFGBWkoalmpB1LgnjISCsc3kzrrXsiFY3EnR7FxOeoL2iPYqSNFNhFr0avoAmBCz2emHieZZUsqwR2ySk7GeAyceekVD2e1L8fi5NaYH963QgnnAiNGVKq4zqx9lMkNcWMjAteokiM8BD1ScdQgThRfprdMYanRunCXiTNExpm6u+JFHGlRjw0nRzpgVqsTcX/ap1E9y79lIo40UTg2aJewqCO4NQU2KWSYM1GhiAsqfkrxAMkEdbGuoIxwV08eZk0K2XXKbt148Y1mCEPjsAJOAMuuABVcAtqoAEweADP4BW8WU/Wi/VuTWatOWs+cwj+wPr4AfdDmoM=</latexit><latexit sha1_base64="RfMtnNwSuVnNcd8gaB/Jbr7ZJek=">AAACB3icbVBNS8NAEJ3Ur1q/oh4FWSyCIJSkF70IRS8eK9gPaELYbDft0t0k7G6EEnrz4l/x4kERr/4Fb/4bt2kP2vpghzdvZpidF6acKe0431ZpZXVtfaO8Wdna3tnds/cP2irJJKEtkvBEdkOsKGcxbWmmOe2mkmIRctoJRzfTeueBSsWS+F6PU+oLPIhZxAjWRgrsY6/JrpAJgYs8kZl4XmT1IqsHdtWpOQXQMnHnpApzNAP7y+snJBM01oRjpXquk2o/x1Izwumk4mWKppiM8ID2DI2xoMrPizsm6NQofRQl0rxYo0L9PZFjodRYhKZTYD1Ui7Wp+F+tl+no0s9ZnGaaxmS2KMo40gmamoL6TFKi+dgQTCQzf0VkiCUm2lhXMSa4iycvk3a95jo1986pNq7ndpThCE7gDFy4gAbcQhNaQOARnuEV3qwn68V6tz5mrSVrPnMIf2B9/gAJE5bY</latexit>

Gavassino,arXiv: 2304.05455; 
Hernandez et al  2504.07659

det T D2
u⇧+Tr T Du⇧+⇧ = �⇣✓ � ⇠Du✓

<latexit sha1_base64="DxUQjNUvy+fFOna1h7n+vN9kBFE="></latexit><latexit sha1_base64="DxUQjNUvy+fFOna1h7n+vN9kBFE="></latexit><latexit sha1_base64="DxUQjNUvy+fFOna1h7n+vN9kBFE="></latexit>
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It is equivalent to two IS equations with partial viscosities 

(⌧+, ⇣+, ⌧�, ⇣�)
<latexit sha1_base64="LVvUyJxrUta2W2pcvRewlMapJAg=">AAACDHicbVBLTgJBFHzjF/GHunTTgZhgEDLjRpdENy4xkU/CENLTNNCh55PuNyZIOIAbz+AN3LjQGLcewJ23sRkwUbCSTipV9fL6lRdJodG2v6yl5ZXVtfXURnpza3tnN7O3X9NhrBivslCGquFRzaUIeBUFSt6IFKe+J3ndG1xO/PotV1qEwQ0OI97yaS8QXcEoGqmdyeWJizRuF06Ie8eRJmQiFH+E4rFJ2SU7AVkkzozkylm38AgAlXbm0+2ELPZ5gExSrZuOHWFrRBUKJvk47caaR5QNaI83DQ2oz3VrlBwzJkdG6ZBuqMwLkCTq74kR9bUe+p5J+hT7et6biP95zRi7562RCKIYecCmi7qxJBiSSTOkIxRnKIeGUKaE+SthfaooQ9Nf2pTgzJ+8SGqnJccuOdemjQuYIgWHkIU8OHAGZbiCClSBwT08wQu8Wg/Ws/VmvU+jS9Zs5gD+wPr4Bu8bmns=</latexit><latexit sha1_base64="li1EqP+zMK7Dfx3YyWA5rmpu114=">AAACDHicbVDLTgIxFO3gC/GFunTTQEwwCJlxo0uiG5eYyCNhCOmUAg2dzqS9YzISPsCNK//DjQuNcesHuONvLAMmCp6kyck55+b2Hi8UXINtT6zUyura+kZ6M7O1vbO7l90/qOsgUpTVaCAC1fSIZoJLVgMOgjVDxYjvCdbwhldTv3HHlOaBvIU4ZG2f9CXvcUrASJ1svoBdIFGneIrdewYkIVOh9COUTkzKLtsJ8DJx5iRfybnFp0klrnayX243oJHPJFBBtG45dgjtEVHAqWDjjBtpFhI6JH3WMlQSn+n2KDlmjI+N0sW9QJknASfq74kR8bWOfc8kfQIDvehNxf+8VgS9i/aIyzACJulsUS8SGAI8bQZ3uWIURGwIoYqbv2I6IIpQMP1lTAnO4snLpH5Wduyyc2PauEQzpNERyqECctA5qqBrVEU1RNEDekav6M16tF6sd+tjFk1Z85lD9AfW5zf4hZwB</latexit><latexit sha1_base64="li1EqP+zMK7Dfx3YyWA5rmpu114=">AAACDHicbVDLTgIxFO3gC/GFunTTQEwwCJlxo0uiG5eYyCNhCOmUAg2dzqS9YzISPsCNK//DjQuNcesHuONvLAMmCp6kyck55+b2Hi8UXINtT6zUyura+kZ6M7O1vbO7l90/qOsgUpTVaCAC1fSIZoJLVgMOgjVDxYjvCdbwhldTv3HHlOaBvIU4ZG2f9CXvcUrASJ1svoBdIFGneIrdewYkIVOh9COUTkzKLtsJ8DJx5iRfybnFp0klrnayX243oJHPJFBBtG45dgjtEVHAqWDjjBtpFhI6JH3WMlQSn+n2KDlmjI+N0sW9QJknASfq74kR8bWOfc8kfQIDvehNxf+8VgS9i/aIyzACJulsUS8SGAI8bQZ3uWIURGwIoYqbv2I6IIpQMP1lTAnO4snLpH5Wduyyc2PauEQzpNERyqECctA5qqBrVEU1RNEDekav6M16tF6sd+tjFk1Z85lD9AfW5zf4hZwB</latexit><latexit sha1_base64="zIiOouQlmWEeEau3H51bjCvBqsY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0WoaEviRpdFNy4r2Ac0oUymk3bo5MHMjVBDP8CNv+LGhSJu/QB3/o2TNIK2Hhg4nHMud+5xI8EVmOaXUVhaXlldK66XNja3tnfKu3ttFcaSshYNRSi7LlFM8IC1gINg3Ugy4ruCddzxVep37phUPAxuYRIxxyfDgHucEtBSv1ypYhtI3D85xfY9A5KRVKj9CLVjnTLrZga8SKycVFCOZr/8aQ9CGvssACqIUj3LjMBJiAROBZuW7FixiNAxGbKepgHxmXKS7JgpPtLKAHuh1C8AnKm/JxLiKzXxXZ30CYzUvJeK/3m9GLwLJ+FBFAML6GyRFwsMIU6bwQMuGQUx0YRQyfVfMR0RSSjo/kq6BGv+5EXSPqtbZt26MSuNy7yOIjpAh6iKLHSOGugaNVELUfSAntALejUejWfjzXifRQtGPrOP/sD4+AbcnJjy</latexit>

⇣+ =
⇣⌧+ � ⇠

⌧+ � ⌧�
, ⇣� =

⇣⌧� � ⇠

⌧� � ⌧+
.

<latexit sha1_base64="2rJltm6ynLWBuBf+n9m+muOXdsg="></latexit><latexit sha1_base64="3TOap0mKpfV/pSNMvR1CHb5esPY="></latexit><latexit sha1_base64="3TOap0mKpfV/pSNMvR1CHb5esPY="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="k8i2t9f24BsHdzAQ71x1GaoP/fI=">AAACUHicbVHPS8MwGE07f8w5dXr1UhyCMDtaL3oRBC8eFdwmrGN8zdItLP2x5Ks4S/9JT3rwXxGzbqLbfBB433t5JHnxE8EVOs6HYZY2Nre2yzuV3ere/kHtsNpWcSopa9FYxPLJB8UEj1gLOQr2lEgGoS9Yxx/fzvzOM5OKx9EjThPWC2EY8YBTQC31a9J7ZQj9rJFfe4EEmhWzh5DONNt74Xn2OxXEzvNzbzJJYbDI2v9k7aWs/ZNt5HmzX6s7TaeAtU7cBamTBe77tTdvENM0ZBFSAUp1XSfBXgYSORUsr3ipYgnQMQxZV9MIQqZ6WdFNbp1qZWAFsdQrQqtQ/yYyCJWahr7eGQKO1Ko3E//zuikGV72MR0mKLKLzg4JUWBhbs6KtAZeMophqAlRyfVeLjkDXhPo7KroEd/XJ66R90XSdpvvgkDI5JifkjLjkktyQO3JPWoSSd/JlbBtl49MsmZV5Xaax6O2ILMGsfgPh6bbk</latexit><latexit sha1_base64="k8i2t9f24BsHdzAQ71x1GaoP/fI=">AAACUHicbVHPS8MwGE07f8w5dXr1UhyCMDtaL3oRBC8eFdwmrGN8zdItLP2x5Ks4S/9JT3rwXxGzbqLbfBB433t5JHnxE8EVOs6HYZY2Nre2yzuV3ere/kHtsNpWcSopa9FYxPLJB8UEj1gLOQr2lEgGoS9Yxx/fzvzOM5OKx9EjThPWC2EY8YBTQC31a9J7ZQj9rJFfe4EEmhWzh5DONNt74Xn2OxXEzvNzbzJJYbDI2v9k7aWs/ZNt5HmzX6s7TaeAtU7cBamTBe77tTdvENM0ZBFSAUp1XSfBXgYSORUsr3ipYgnQMQxZV9MIQqZ6WdFNbp1qZWAFsdQrQqtQ/yYyCJWahr7eGQKO1Ko3E//zuikGV72MR0mKLKLzg4JUWBhbs6KtAZeMophqAlRyfVeLjkDXhPo7KroEd/XJ66R90XSdpvvgkDI5JifkjLjkktyQO3JPWoSSd/JlbBtl49MsmZV5Xaax6O2ILMGsfgPh6bbk</latexit><latexit sha1_base64="5YTO0EHZ1ThPZ0sXlU+vaoYQqUk="></latexit><latexit sha1_base64="5YTO0EHZ1ThPZ0sXlU+vaoYQqUk="></latexit><latexit sha1_base64="3TOap0mKpfV/pSNMvR1CHb5esPY="></latexit><latexit sha1_base64="3TOap0mKpfV/pSNMvR1CHb5esPY="></latexit><latexit sha1_base64="3TOap0mKpfV/pSNMvR1CHb5esPY="></latexit><latexit sha1_base64="3TOap0mKpfV/pSNMvR1CHb5esPY="></latexit><latexit sha1_base64="5YTO0EHZ1ThPZ0sXlU+vaoYQqUk="></latexit>
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+
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2
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Two possible resonant peaks
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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



Bulk viscosity MIT bag model

Strange quark mass as a parameter 



Damping of density oscillations 
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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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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
n(t) = n̄+�n cos(!t)

<latexit sha1_base64="w2xWC77kdedq+xM4WHEuInAnOXg="></latexit>

Damping time of density oscillations

K

<latexit sha1_base64="oxpa8SH3deDGBujODFSh7cY8ybo=">AAAB43icdZDLSgMxFIYz9VbHW9Wlm2ARXJWkFNvuim4EN1XsBdqhZNIzbWjmQpIRSukT6ErUnW/kC/g2ZmoFFf1Xf873B85//EQKbQh5d3Irq2vrG/lNd2t7Z3evsH/Q1nGqOLR4LGPV9ZkGKSJoGWEkdBMFLPQldPzJRcY7d6C0iKNbM03AC9koEoHgzNjRjXs1KBRJiRBCKcWZodUzYk29XivTGqYZsiqipZqDwlt/GPM0hMhwybTuUZIYb8aUEVzC3O2nGhLGJ2wEPWsjFoL2ZotN5/gkiBU2Y8CL9/fsjIVaT0PfZkJmxvo3y4Z/sV5qgpo3E1GSGoi4jVgWpBKbGGeF8VAo4EZOrWFcCbsl5mOmGDf2LK6t/9UR/2/a5RKtlKrXlWLjfHmIPDpCx+gUUVRFDXSJmqiFOArQA3pGLw44986j8/QZzTnLP4foh5zXDxrkirg=</latexit>

nuclear compressibility

⌧⇣ =
E

dE/dt
=

Kn̄

9!2⇣(!)

<latexit sha1_base64="dvfBY+r7Mg5yPBHQpThKg0PvP/Y="></latexit>
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Bulk viscosity: quark matter vs nuclear matter
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Assume two  (quark ) stars in a circular orbit

Tidal forces drives the system out of equilibrium 
and hydrodynamical f-modes are excited 

TIDAL HEATING IN THE INSPIRAL PHASE

Energy dissipation due to viscosities

Dissipation heats up the star

Ėvisc =
24⇡

5
q2(1 + q)

M2
1

R

Q2

!̄4

✓
R

D

◆9

�
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M1 qM1
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dD

dt
= �64

5

M3
1 q(1 + q)

D3
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AT̃ 2

B + T̃ 4
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The dissipated energy heats up the system: thermal evolution 

CV
dT̃

dt
= Ėvisc
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CV = �T̃
<latexit sha1_base64="eo2oFnNMGIWM42LfFlGfqfSERFo=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KpMitR2IRS7cVmhD6EJYTKZtEMnD2YmQgnZ+CtuXCji1s9w5984aSuo6IELh3Pu5d57vIQzqRD6MEorq2vrG+XNytb2zu6euX8wkHEqCO2TmMfi1sOSchbRvmKK09tEUBx6nA69aafwh3dUSBZHPTVLqBPiccQCRrDSkmseddwBvIS2ZOMQw8xWjPsU9nLXrKIa0mg0YEGsJrI0abWa9XoLWnMLoSpYouua77YfkzSkkSIcSzmyUKKcDAvFCKd5xU4lTTCZ4jEdaRrhkEonmz+Qw1Ot+DCIha5Iwbn6fSLDoZSz0NOdIVYT+dsrxL+8UaqCppOxKEkVjchiUZByqGJYpAF9JihRfKYJJoLpWyGZYIGJ0plVdAhfn8L/yaBes1DNujmvtq+WcZTBMTgBZ8ACF6ANrkEX9AEBOXgAT+DZuDcejRfjddFaMpYzh+AHjLdPaWGVqg==</latexit><latexit sha1_base64="eo2oFnNMGIWM42LfFlGfqfSERFo=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KpMitR2IRS7cVmhD6EJYTKZtEMnD2YmQgnZ+CtuXCji1s9w5984aSuo6IELh3Pu5d57vIQzqRD6MEorq2vrG+XNytb2zu6euX8wkHEqCO2TmMfi1sOSchbRvmKK09tEUBx6nA69aafwh3dUSBZHPTVLqBPiccQCRrDSkmseddwBvIS2ZOMQw8xWjPsU9nLXrKIa0mg0YEGsJrI0abWa9XoLWnMLoSpYouua77YfkzSkkSIcSzmyUKKcDAvFCKd5xU4lTTCZ4jEdaRrhkEonmz+Qw1Ot+DCIha5Iwbn6fSLDoZSz0NOdIVYT+dsrxL+8UaqCppOxKEkVjchiUZByqGJYpAF9JihRfKYJJoLpWyGZYIGJ0plVdAhfn8L/yaBes1DNujmvtq+WcZTBMTgBZ8ACF6ANrkEX9AEBOXgAT+DZuDcejRfjddFaMpYzh+AHjLdPaWGVqg==</latexit><latexit sha1_base64="eo2oFnNMGIWM42LfFlGfqfSERFo=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KpMitR2IRS7cVmhD6EJYTKZtEMnD2YmQgnZ+CtuXCji1s9w5984aSuo6IELh3Pu5d57vIQzqRD6MEorq2vrG+XNytb2zu6euX8wkHEqCO2TmMfi1sOSchbRvmKK09tEUBx6nA69aafwh3dUSBZHPTVLqBPiccQCRrDSkmseddwBvIS2ZOMQw8xWjPsU9nLXrKIa0mg0YEGsJrI0abWa9XoLWnMLoSpYouua77YfkzSkkSIcSzmyUKKcDAvFCKd5xU4lTTCZ4jEdaRrhkEonmz+Qw1Ot+DCIha5Iwbn6fSLDoZSz0NOdIVYT+dsrxL+8UaqCppOxKEkVjchiUZByqGJYpAF9JihRfKYJJoLpWyGZYIGJ0plVdAhfn8L/yaBes1DNujmvtq+WcZTBMTgBZ8ACF6ANrkEX9AEBOXgAT+DZuDcejRfjddFaMpYzh+AHjLdPaWGVqg==</latexit>

(neutrino cooling is negligible)
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In the presence of hyperons, the bulk viscosity dominated by  

n+ p $ p+ ⇤
<latexit sha1_base64="5ltGNDksdxynbgILX9hhwI/c+To="></latexit><latexit sha1_base64="5ltGNDksdxynbgILX9hhwI/c+To="></latexit><latexit sha1_base64="5ltGNDksdxynbgILX9hhwI/c+To="></latexit>



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 µn = µp + µe
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Direct Urca processes
n ! p+ e+ ⌫̄e

<latexit sha1_base64="3Tut2mQB3GsrXaRfhqmemLafs7w=">AAACBXicbVDLSgMxFM34rONr1KWb0CIIQpmRQl0W3bisYB/QKSWT3mlDM8mQZJQydK0/oytRd/6AP+DfmNYutPXAhXPvOYGcE6WcaeP7X87K6tr6xmZhy93e2d3b9w4Om1pmikKDSi5VOyIaOBPQMMxwaKcKSBJxaEWjq6neugOlmRS3ZpxCNyEDwWJGibGnnld0BQ4VGwwNUUre4xSfYbATRkTlocgmPeh5Jb/sz4CXSTAnJTRHved9hn1JswSEoZxo3Qn81HRzogyjHCZumGlICR2RAXQsFSQB3c1nWSb4JJYKmyHg2f7bm5NE63ESWU9CzFAvatPjf1onM/FFN2cizQwIai1WizOOjcTTSnCfKaCGjy0hVDH7S0yHRBFqbHGujR8shl0mzfNyUClXbyql2uW8iAI6RkV0igJURTV0jeqogSh6RM/oDb07D86T8+K8/lhXnPmbI/QHzsc3acaXMg==</latexit>

p+ e ! n+ ⌫e
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Most available EoS don’t allow these processes unless the density is very high


p+N + e ! n+N + ⌫e,
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 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
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Equation of state of nuclear matter

A metamodel encodes the thermodynamics of nuclear matter in terms of nuclear 
parameters [1]

with

Constraints from nuclear experiments at nuclear saturation density

[1] Lattimer, Particles 2023, 6(1), 30-56

18



Particle Fractions 19

Particle population is obtained for neutral matter in chemical equilibrium and fixed 
nuclear parameters
From now on we vary L = 50, 70, 110 MeV and fix:
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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


Quark matter: chances that the effect of the bulk viscosity might have an effect on GW, the 
strength of the effect clearly sensible to the value of the strange quark mass
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Burgers equation in viscoelastic material 


