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Making things more difficult …
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Astrophysical applications require the EOS as input over 
a wide range of densities (beyond 2-3 saturation 
density), proton fractions, and also temperatures …

Astrophysical applications: equation of state (EOS)



Dense QCD matter: effective degrees of freedom
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• Assumption: no 
symmetry breaking  

• Quarks & gluons  
• Weak-coupling 

expansion 

[Kurkela et al. ’14; 
Gorda et al. ’18]
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• Spontaneous chiral 
symmetry breaking 

• Protons & neutrons 
• Systematic studies 

via chiral EFT [Review: 
Epelbaum, Hammer, Meissner ’09]
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• Protons & neutrons 
• Systematic studies 

via chiral EFT [Review: 
Epelbaum, Hammer, Meissner ’09]

• Many competing 
interaction channels 

• Diquark condensation, 
Color superconductor 
[Alford, Rajagopal, Wilczek ’98; Rapp et al. ’98; 
Schäfer, Wilczek ’99; Berges, Rajagopal ’99; 
Son ’99; Pisarski, Rischke ’00; …;        
Reviews, e.g.: Buballa ’04; Alford, Rajagopal, 
Schäfer, Schmitt ’08]

• Assumption: no 
symmetry breaking  

• Quarks & gluons  
• Weak-coupling 

expansion 

[Kurkela et al. ’14; 
Gorda et al. ’18]
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To avoid disappointments before the weekend …

neutron matter
neutron matter quark matter

density 
[nuclear  

saturation 
density]

What this talk is about … 
… on the equation of state (EOS) of dense isospin- 

symmetric QCD with two massless quark flavors 
… “report” on first steps on a longer trip
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What this talk is NOT(!) about … 
… technical details (because it’s late by now …)

To avoid disappointments before the weekend …

neutron matter
neutron matter quark matter
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[Functional RG (FRG): Wetterich ’92]
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<latexit sha1_base64="Zo3p6JtYFa01iusNcV9p5ARBF/Q="></latexit>
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What we do: Renormalization group (RG)

UV

IR

<latexit sha1_base64="4ZJw70rXHv6C0N1qb7QNSPIvc4U=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WOhF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUdAflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTdVtXldq9TyOIpzBOVyCB7dQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AeriMuQ==</latexit>

0

<latexit sha1_base64="/m+MFBq5WYLKu+MU7bLUS97HCRI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9BjIxWMC5gHJEmYns8mw81hmZoWw5CO8eFDEq9/jzb9xkuxBEwsaiqpuuruilDNjff/b29jc2t7ZLe2V9w8Oj44rJ6cdozJNaJsornQvwoZyJmnbMstpL9UUi4jTbpQ05n73iWrDlHy005SGAo8lixnB1kndZGCYQK1hperX/AXQOgkKUoUCzWHlazBSJBNUWsKxMf3AT22YY20Z4XRWHmSGppgkeEz7jkosqAnzxbkzdOmUEYqVdiUtWqi/J3IsjJmKyHUKbCdm1ZuL/3n9zMb3Yc5kmlkqyXJRnHFkFZr/jkZMU2L51BFMNHO3IjLBGhPrEiq7EILVl9dJ57oW3Nb81k213ijiKME5XMAVBHAHdXiAJrSBQALP8ApvXuq9eO/ex7J1wytmzuAPvM8f432PRg==</latexit>

k ⇠ Q

<latexit sha1_base64="2FHqDZNWBYK5n3/jVCq7UeHGV2k=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLQjQsXFewD2lBuJpN26GQSZiZCCf0INy4Ucev3uPNvnLZZaPXAwOGcc5l7T5AKro3rfjmltfWNza3ydmVnd2//oHp41NFJpihr00QkqhegZoJL1jbcCNZLFcM4EKwbTJpzv/vIlOaJfDDTlPkxjiSPOEVjpe7gzkZDHFZrbt1dgPwlXkFqUKA1rH4OwoRmMZOGCtS677mp8XNUhlPBZpVBplmKdIIj1rdUYsy0ny/WnZEzq4QkSpR90pCF+nMix1jraRzYZIxmrFe9ufif189MdOPnXKaZYZIuP4oyQUxC5reTkCtGjZhaglRxuyuhY1RIjW2oYkvwVk/+SzoXde+q7t5f1hrNoo4ynMApnIMH19CAW2hBGyhM4Ale4NVJnWfnzXlfRktOMXMMv+B8fAMNRI9i</latexit>

⇤

<latexit sha1_base64="btKYDQLSdbR/bYgbTMOrbQwCafQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIrkoiii6L3bisaB/QljCZ3LZDJw9mbsQS4sZfceNCEbf+hTv/xmmbhbYeuHA45965c48XC67Qtr+NwtLyyupacb20sbm1vWPu7jVVlEgGDRaJSLY9qkDwEBrIUUA7lkADT0DLG9UmfusepOJReIfjGHoBHYS8zxlFLbnmQXf6RirBz0Zu2kV4wPT2Kstcs2xX7CmsReLkpExy1F3zq+tHLAkgRCaoUh3HjrGXUomcCchK3URBTNmIDqCjaUgDUL10uj2zjrXiW/1I6grRmqq/J1IaKDUOPN0ZUByqeW8i/ud1Euxf9lIexglCyGaL+omwMLImcVg+l8BQjDWhTHL9V4sNqaQMdWglHYIzf/IiaZ5WnPOKfXNWrtbyOIrkkByRE+KQC1Il16ROGoSRR/JMXsmb8WS8GO/Gx6y1YOQz++QPjM8fx+iXvg==</latexit>

kSB

<latexit sha1_base64="5dX3sbAaE1jhpm+TcR6CjEsaQdA=">AAACLXicbVBNSwMxEM36bf2qevQSLIIHKbti0WNRQY8VrArdUmazszU02V2SrFCW/UNe/CsieFDEq3/DtN2DVgcSHm/em0lekAqujeu+OTOzc/MLi0vLlZXVtfWN6ubWjU4yxbDNEpGouwA0Ch5j23Aj8C5VCDIQeBsMzkb92wdUmifxtRmm2JXQj3nEGRhL9arnfoiR9Y4n5SGoQSAyLHLVD4rcrbsHtLwajaKS+1My/wKkhKJXrVnVuOhf4JWgRspq9aovfpiwTGJsmACtO56bmm4OynAmsKj4mcYU2AD62LEwBom6m4+XF3TPMiGNEmVPbOiY/enIQWo9lIFVSjD3ero3Iv/rdTITnXRzHqeZwZhNFkWZoCaho+hoyBUyI4YWAFPcvpWye1DAjA24YkPwpr/8F9wc1r1G3b06qjVPyziWyA7ZJfvEI8ekSS5Ji7QJI4/kmbyRd+fJeXU+nM+JdMYpPdvkVzlf30ijqCQ=</latexit>

�

input parameter: strong coupling              
<latexit sha1_base64="FYkSIHdoc7JFEPi2tPh8TX3GPHo=">AAACBXicbVA7T8MwGHTKq5RXgBEGiwqpLFWCQDBWsDAwFIk+pCaKHMdprTpOZDtIVZSFhb/CwgBCrPwHNv4NbpoBWk6ydLr7zv58fsKoVJb1bVSWlldW16rrtY3Nre0dc3evK+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fD31ew9ESBrzezVJiBuhIachxUhpyTMPM6e4JPNZSvKhl8m84dzqfIBOcs+sW02rAFwkdknqoETbM7+cIMZpRLjCDEk5sK1EuRkSimJG8pqTSpIgPEZDMtCUo4hINysWyOGxVgIYxkIfrmCh/k5kKJJyEvl6MkJqJOe9qfifN0hVeOlmlCepIhzPHgpTBlUMp5XAgAqCFZtogrCgeleIR0ggrHRxNV2CPf/lRdI9bdrnTevurN66KuuoggNwBBrABhegBW5AG3QABo/gGbyCN+PJeDHejY/ZaMUoM/vgD4zPHygbmPk=</latexit>

gs(⇤)

<latexit sha1_base64="+Fn9c6Zj2KonK0Por3WEuBrXeww=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoQY8V7Ae0oUy2m3bp7ibuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dgorq2vrG8XN0tb2zu5eef+gqeNUEdogMY9VO0RNOZO0YZjhtJ0oiiLktBWObqZ+64kqzWL5YMYJDQQOJIsYQWOldvcWhcDeqFeueFVvBneZ+DmpQI56r/zV7cckFVQawlHrju8lJshQGUY4nZS6qaYJkhEOaMdSiYLqIJvdO3FPrNJ3o1jZksadqb8nMhRaj0VoOwWaoV70puJ/Xic10VWQMZmkhkoyXxSl3DWxO33e7TNFieFjS5AoZm91yRAVEmMjKtkQ/MWXl0nzrOpfVL3780rtOo+jCEdwDKfgwyXU4A7q0AACHJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8A2C+P1w==</latexit>

�k

spontaneous  
symmetry breaking 

(indicated by 
“resonant” four-quark 

channels)

<latexit sha1_base64="4NYTKbKV0q8TSrfO3okFcoudW3k=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiGxcuKtiHtEPJZDJtaJIZkowwDP0KNy4UcevnuPNvTNtZaOuBwOGcc8m9J0g408Z1v53Syura+kZ5s7K1vbO7V90/aOs4VYS2SMxj1Q2wppxJ2jLMcNpNFMUi4LQTjG+mfueJKs1i+WCyhPoCDyWLGMHGSo/9OxsN8cAdVGtu3Z0BLROvIDUo0BxUv/phTFJBpSEca93z3MT4OVaGEU4nlX6qaYLJGA9pz1KJBdV+Plt4gk6sEqIoVvZJg2bq74kcC60zEdikwGakF72p+J/XS0105edMJqmhksw/ilKOTIym16OQKUoMzyzBRDG7KyIjrDAxtqOKLcFbPHmZtM/q3kXdvT+vNa6LOspwBMdwCh5cQgNuoQktICDgGV7hzVHOi/PufMyjJaeYOYQ/cD5/ADU9kAQ=</latexit>

⇤0

“Transition”  
in the effective  

degrees of freedom

<latexit sha1_base64="ulFbJHkhnX6pA+98YA3u83wkwtw=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE0WXRjcsK9gFNKJPppB06mYSZiVhCfsWNC0Xc+iPu/BunaRbaemDgcM59zQkSzpR2nG+rsra+sblV3a7t7O7tH9iH9a6KU0loh8Q8lv0AK8qZoB3NNKf9RFIcBZz2gunt3O89UqlYLB70LKF+hMeChYxgbaShXc+8YkgWcEymuZewfGg3nKZTAK0StyQNKNEe2l/eKCZpRIUmHCs1cJ1E+xmWmhFO85qXKpqY6XhMB4YKHFHlZ8XaHJ0aZYTCWJonNCrU3x0ZjpSaRYGpjLCeqGVvLv7nDVIdXvsZE0mqqSCLRWHKkY7RPAg0YpISzWeGYCKZuRWRCZaYaBNXzYTgLn95lXTPm+5l07m/aLRuyjiqcAwncAYuXEEL7qANHSDwBM/wCm9Wbr1Y79bHorRilT1H8AfW5w/pGJUA</latexit>⇡

<latexit sha1_base64="ulFbJHkhnX6pA+98YA3u83wkwtw=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE0WXRjcsK9gFNKJPppB06mYSZiVhCfsWNC0Xc+iPu/BunaRbaemDgcM59zQkSzpR2nG+rsra+sblV3a7t7O7tH9iH9a6KU0loh8Q8lv0AK8qZoB3NNKf9RFIcBZz2gunt3O89UqlYLB70LKF+hMeChYxgbaShXc+8YkgWcEymuZewfGg3nKZTAK0StyQNKNEe2l/eKCZpRIUmHCs1cJ1E+xmWmhFO85qXKpqY6XhMB4YKHFHlZ8XaHJ0aZYTCWJonNCrU3x0ZjpSaRYGpjLCeqGVvLv7nDVIdXvsZE0mqqSCLRWHKkY7RPAg0YpISzWeGYCKZuRWRCZaYaBNXzYTgLn95lXTPm+5l07m/aLRuyjiqcAwncAYuXEEL7qANHSDwBM/wCm9Wbr1Y79bHorRilT1H8AfW5w/pGJUA</latexit>⇡
<latexit sha1_base64="ulFbJHkhnX6pA+98YA3u83wkwtw=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE0WXRjcsK9gFNKJPppB06mYSZiVhCfsWNC0Xc+iPu/BunaRbaemDgcM59zQkSzpR2nG+rsra+sblV3a7t7O7tH9iH9a6KU0loh8Q8lv0AK8qZoB3NNKf9RFIcBZz2gunt3O89UqlYLB70LKF+hMeChYxgbaShXc+8YkgWcEymuZewfGg3nKZTAK0StyQNKNEe2l/eKCZpRIUmHCs1cJ1E+xmWmhFO85qXKpqY6XhMB4YKHFHlZ8XaHJ0aZYTCWJonNCrU3x0ZjpSaRYGpjLCeqGVvLv7nDVIdXvsZE0mqqSCLRWHKkY7RPAg0YpISzWeGYCKZuRWRCZaYaBNXzYTgLn95lXTPm+5l07m/aLRuyjiqcAwncAYuXEEL7qANHSDwBM/wCm9Wbr1Y79bHorRilT1H8AfW5w/pGJUA</latexit>⇡

<latexit sha1_base64="ulFbJHkhnX6pA+98YA3u83wkwtw=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE0WXRjcsK9gFNKJPppB06mYSZiVhCfsWNC0Xc+iPu/BunaRbaemDgcM59zQkSzpR2nG+rsra+sblV3a7t7O7tH9iH9a6KU0loh8Q8lv0AK8qZoB3NNKf9RFIcBZz2gunt3O89UqlYLB70LKF+hMeChYxgbaShXc+8YkgWcEymuZewfGg3nKZTAK0StyQNKNEe2l/eKCZpRIUmHCs1cJ1E+xmWmhFO85qXKpqY6XhMB4YKHFHlZ8XaHJ0aZYTCWJonNCrU3x0ZjpSaRYGpjLCeqGVvLv7nDVIdXvsZE0mqqSCLRWHKkY7RPAg0YpISzWeGYCKZuRWRCZaYaBNXzYTgLn95lXTPm+5l07m/aLRuyjiqcAwncAYuXEEL7qANHSDwBM/wCm9Wbr1Y79bHorRilT1H8AfW5w/pGJUA</latexit>⇡

<latexit sha1_base64="ulFbJHkhnX6pA+98YA3u83wkwtw=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE0WXRjcsK9gFNKJPppB06mYSZiVhCfsWNC0Xc+iPu/BunaRbaemDgcM59zQkSzpR2nG+rsra+sblV3a7t7O7tH9iH9a6KU0loh8Q8lv0AK8qZoB3NNKf9RFIcBZz2gunt3O89UqlYLB70LKF+hMeChYxgbaShXc+8YkgWcEymuZewfGg3nKZTAK0StyQNKNEe2l/eKCZpRIUmHCs1cJ1E+xmWmhFO85qXKpqY6XhMB4YKHFHlZ8XaHJ0aZYTCWJonNCrU3x0ZjpSaRYGpjLCeqGVvLv7nDVIdXvsZE0mqqSCLRWHKkY7RPAg0YpISzWeGYCKZuRWRCZaYaBNXzYTgLn95lXTPm+5l07m/aLRuyjiqcAwncAYuXEEL7qANHSDwBM/wCm9Wbr1Y79bHorRilT1H8AfW5w/pGJUA</latexit>⇡[e.g., chiral  
symmetry  
breaking]

[For other recent applications from the fQCD collaboration, see, e.g.,  
Fu, Pawlowski, Rennecke ’19; Braun, Fu, Pawlowski, Rennecke, Rosenblüh, Yin ’20]

(Four-quark couplings 
become relevant 

~ order parameters)

“resolution 
scale”

(Four-quark interactions 
are generated)

[Functional RG (FRG): Wetterich ’92]

<latexit sha1_base64="sHKq3oIAuIyvUAw/h6VTU7PKDxA=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoheh6MVjBdcW2qVk02wbmmSXJCuUpb/BiwdFvPqDvPlvTNs9aOuDgcd7M8zMi1LBjcX42yutrK6tb5Q3K1vbO7t71f2DR5NkmrKAJiLR7YgYJrhigeVWsHaqGZGRYK1odDv1W09MG56oBztOWSjJQPGYU2KdFHRldo171Rqu4xnQMvELUoMCzV71q9tPaCaZslQQYzo+Tm2YE205FWxS6WaGpYSOyIB1HFVEMhPms2Mn6MQpfRQn2pWyaKb+nsiJNGYsI9cpiR2aRW8q/ud1MhtfhTlXaWaZovNFcSaQTdD0c9TnmlErxo4Qqrm7FdEh0YRal0/FheAvvrxMHs/q/kUd35/XGjdFHGU4gmM4BR8uoQF30IQAKHB4hld485T34r17H/PWklfMHMIfeJ8/UH6OWw==</latexit>

µ = 0



<latexit sha1_base64="Zo3p6JtYFa01iusNcV9p5ARBF/Q="></latexit>
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What we do: Renormalization group (RG)

UV

IR

<latexit sha1_base64="4ZJw70rXHv6C0N1qb7QNSPIvc4U=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WOhF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUdAflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTdVtXldq9TyOIpzBOVyCB7dQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AeriMuQ==</latexit>

0

<latexit sha1_base64="/m+MFBq5WYLKu+MU7bLUS97HCRI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9BjIxWMC5gHJEmYns8mw81hmZoWw5CO8eFDEq9/jzb9xkuxBEwsaiqpuuruilDNjff/b29jc2t7ZLe2V9w8Oj44rJ6cdozJNaJsornQvwoZyJmnbMstpL9UUi4jTbpQ05n73iWrDlHy005SGAo8lixnB1kndZGCYQK1hperX/AXQOgkKUoUCzWHlazBSJBNUWsKxMf3AT22YY20Z4XRWHmSGppgkeEz7jkosqAnzxbkzdOmUEYqVdiUtWqi/J3IsjJmKyHUKbCdm1ZuL/3n9zMb3Yc5kmlkqyXJRnHFkFZr/jkZMU2L51BFMNHO3IjLBGhPrEiq7EILVl9dJ57oW3Nb81k213ijiKME5XMAVBHAHdXiAJrSBQALP8ApvXuq9eO/ex7J1wytmzuAPvM8f432PRg==</latexit>

k ⇠ Q

<latexit sha1_base64="2FHqDZNWBYK5n3/jVCq7UeHGV2k=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLQjQsXFewD2lBuJpN26GQSZiZCCf0INy4Ucev3uPNvnLZZaPXAwOGcc5l7T5AKro3rfjmltfWNza3ydmVnd2//oHp41NFJpihr00QkqhegZoJL1jbcCNZLFcM4EKwbTJpzv/vIlOaJfDDTlPkxjiSPOEVjpe7gzkZDHFZrbt1dgPwlXkFqUKA1rH4OwoRmMZOGCtS677mp8XNUhlPBZpVBplmKdIIj1rdUYsy0ny/WnZEzq4QkSpR90pCF+nMix1jraRzYZIxmrFe9ufif189MdOPnXKaZYZIuP4oyQUxC5reTkCtGjZhaglRxuyuhY1RIjW2oYkvwVk/+SzoXde+q7t5f1hrNoo4ynMApnIMH19CAW2hBGyhM4Ale4NVJnWfnzXlfRktOMXMMv+B8fAMNRI9i</latexit>

⇤

<latexit sha1_base64="btKYDQLSdbR/bYgbTMOrbQwCafQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIrkoiii6L3bisaB/QljCZ3LZDJw9mbsQS4sZfceNCEbf+hTv/xmmbhbYeuHA45965c48XC67Qtr+NwtLyyupacb20sbm1vWPu7jVVlEgGDRaJSLY9qkDwEBrIUUA7lkADT0DLG9UmfusepOJReIfjGHoBHYS8zxlFLbnmQXf6RirBz0Zu2kV4wPT2Kstcs2xX7CmsReLkpExy1F3zq+tHLAkgRCaoUh3HjrGXUomcCchK3URBTNmIDqCjaUgDUL10uj2zjrXiW/1I6grRmqq/J1IaKDUOPN0ZUByqeW8i/ud1Euxf9lIexglCyGaL+omwMLImcVg+l8BQjDWhTHL9V4sNqaQMdWglHYIzf/IiaZ5WnPOKfXNWrtbyOIrkkByRE+KQC1Il16ROGoSRR/JMXsmb8WS8GO/Gx6y1YOQz++QPjM8fx+iXvg==</latexit>

kSB

<latexit sha1_base64="5dX3sbAaE1jhpm+TcR6CjEsaQdA=">AAACLXicbVBNSwMxEM36bf2qevQSLIIHKbti0WNRQY8VrArdUmazszU02V2SrFCW/UNe/CsieFDEq3/DtN2DVgcSHm/em0lekAqujeu+OTOzc/MLi0vLlZXVtfWN6ubWjU4yxbDNEpGouwA0Ch5j23Aj8C5VCDIQeBsMzkb92wdUmifxtRmm2JXQj3nEGRhL9arnfoiR9Y4n5SGoQSAyLHLVD4rcrbsHtLwajaKS+1My/wKkhKJXrVnVuOhf4JWgRspq9aovfpiwTGJsmACtO56bmm4OynAmsKj4mcYU2AD62LEwBom6m4+XF3TPMiGNEmVPbOiY/enIQWo9lIFVSjD3ero3Iv/rdTITnXRzHqeZwZhNFkWZoCaho+hoyBUyI4YWAFPcvpWye1DAjA24YkPwpr/8F9wc1r1G3b06qjVPyziWyA7ZJfvEI8ekSS5Ji7QJI4/kmbyRd+fJeXU+nM+JdMYpPdvkVzlf30ijqCQ=</latexit>

�

input parameter: strong coupling              
<latexit sha1_base64="FYkSIHdoc7JFEPi2tPh8TX3GPHo=">AAACBXicbVA7T8MwGHTKq5RXgBEGiwqpLFWCQDBWsDAwFIk+pCaKHMdprTpOZDtIVZSFhb/CwgBCrPwHNv4NbpoBWk6ydLr7zv58fsKoVJb1bVSWlldW16rrtY3Nre0dc3evK+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fD31ew9ESBrzezVJiBuhIachxUhpyTMPM6e4JPNZSvKhl8m84dzqfIBOcs+sW02rAFwkdknqoETbM7+cIMZpRLjCDEk5sK1EuRkSimJG8pqTSpIgPEZDMtCUo4hINysWyOGxVgIYxkIfrmCh/k5kKJJyEvl6MkJqJOe9qfifN0hVeOlmlCepIhzPHgpTBlUMp5XAgAqCFZtogrCgeleIR0ggrHRxNV2CPf/lRdI9bdrnTevurN66KuuoggNwBBrABhegBW5AG3QABo/gGbyCN+PJeDHejY/ZaMUoM/vgD4zPHygbmPk=</latexit>
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µ > 0

spontaneous  
symmetry breaking 

(indicated by 
“resonant” four-quark 

channels)
[e.g., diquark condensation]

[JB, Leonhardt, Pospiech ’19]

“resolution 
scale”

(Four-quark interactions 
are generated)

“Transition”  
in the effective  

degrees of freedom(Four-quark couplings 
become relevant 

~ order parameters)



Equation of state of dense matter

•Consistent with pQCD studies at high densities 
•Consistent with studies based on chiral EFT  
•Inclusion of diquark condensation appears crucial to 
connect the low- and high-density regime

pQCD
[Kurkela et al. ’14; 
Gorda et al. ’18]

[Incomprehensive list  
of further studies  

of the EOS 
at low densities: 

Wellenhofer, Holt,  
Kaiser, Weise ’14;  
Drews, Weise ’15; 

Hu et al. 16; 
Tripolt et al. ’17; 

Drischler, Hebeler, Schwenk ’17, 
Otto, Oertel, Schaefer ’20; 

Lu et al. (NLEFT collaboration) ’20; 
Review: Hebeler ’20]

[Leonhardt, Pospiech, Schallmo, JB, Drischler, Hebeler, Schwenk ’19]



From the equation of state to astrophysics?



Constraints on the EOS of dense matter

[Leonhardt et al. ’19]

[Huth,  
Wellenhoher,  
Schwenk ’20]

•FRG results can be used to constrain new density 
functionals together with constraints coming from 
neutron-star observations & chiral EFT [Huth, Wellenhofer, Schwenk ’20] 

•Consistent with constraints from heavy-ion collision 
experiments



Constraints on the EOS of dense matter

[Leonhardt et al. ’19]

[Huth,  
Wellenhoher,  
Schwenk ’20]favored  

part of 
“heavy-ion 

band”(?)

•FRG results can be used to constrain new density 
functionals together with constraints coming from 
neutron-star observations & chiral EFT [Huth, Wellenhofer, Schwenk ’20] 

•Consistent with constraints from heavy-ion collision 
experiments



[Leonhardt, Pospiech, Schallmo, JB, Drischler, Hebeler, Schwenk  ’19]

pQCD
[Kurkela et al. ’14; 
Gorda et al. ’18]

•Consistent with studies based on chiral EFT  
•Emergence of a peak/maximum is tightly connected to 
the formation of diquark gap 

Speed of sound of symmetric nuclear matter

(Speed of sound is 
related to derivatives of  

the pressure with respect 
to the chemical potential)



[Leonhardt, Pospiech, Schallmo, JB, Drischler, Hebeler, Schwenk  ’19]

[Tews et al. ’18][isospin-symmetric matter]

Cautious comparison to astrophysical constraints

•Constraints from neutron-star observations combined 
with theoretical results at low and high densities suggest 
a global maximum of the speed of sound  
[Bedaque, Steiner ’15; Tews et al. ’18; Greif et al. ’18; Raaijmaakers ’19; Annala et al. ’19; Huth, Wellenhofer, Schwenk ’20] 

•Mild “overshooting” of the speed of sound supports the 
existence of quark cores in heavy neutron stars [Annala et al. ’19]



Conclusions & outlook

•Combination of studies based on chiral EFT at low 
densities and RG studies at intermediate/high 
densities yields a consistent description of the EOS 
of dense matter over a wide range of densities 

•Consistent with constraints from heavy-ion collisions 
and neutron-star observations

•Things to do from here on: 
-Narrow down theoretical 
uncertainties [JB, Schallmo, in prep.] 

- Isospin asymmetry [JB, Geissel, 
Schallmo, in prep.] 

- temperature, 2+1 flavors 

[Leonhardt, Pospiech, 
Schallmo, JB,  

Drischler, Hebeler, 
Schwenk  ’19]
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•Combination of studies based on chiral EFT at low 
densities and RG studies at intermediate/high 
densities yields a consistent description of the EOS 
of dense matter over a wide range of densities 

•Consistent with constraints from heavy-ion collisions 
and neutron-star observations

•Things to do from here on: 
-Narrow down theoretical 
uncertainties [JB, Schallmo, in prep.] 

- Isospin asymmetry [JB, Geissel, 
Schallmo, in prep.] 

- temperature, 2+1 flavors 

[Leonhardt, Pospiech, 
Schallmo, JB,  

Drischler, Hebeler, 
Schwenk  ’19]

Thank you Very much 
for your attention


