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Phase diagram map for  
core-collapse supernovae 
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Phase diagram map for  
neutron star merger 

Hanauske et al., in prep.
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FIG. 1. Evolution of the maximum value of the temperature (triangles) and rest mass density (diamonds) at the equatorial plane in the interior
of a HMNS using the simulation results of the LS220-M135 run (for details see [5, 6]). The color coding of triangles/diamonds indicate
the time of the simulation after merger in milliseconds (see colorbar at the right border of the figure). The grey and black curve shows the
trajectories of two heavy ion collision simulations with energies Elab = 1.23A GeV and Elab = 0.65A GeV within the quark-hadron chiral
parity-doublet model (Q�P model, for details see []). The colorbar right next to the picture displays the quark fraction Yq of the corresponding
hot and dense matter within the Q�P model. Contour lines of the quark fraction were taken at Yq = [0.0001, 0.001, 0.01] (green dotted lines)
and Yq = [0.1, 0.2, 0.3] (green solid lines).

of a BNS merger has similarities and differences to an heavy
ion collision. Fig. 1 shows the time evolution of the max-
imum value of the temperature in MeV (triangles) and rest
mass density in units of the nuclear matter density (diamonds)
of the BNS merger simulation in a (T -⇢/⇢0) QCD phase di-
agram. The simulation bases on the LS220 EOS with a total
gravitational mass of 2 ⇥ 1.350M� evolved without the as-
sumption of ⇡-symmetry (for details see [5]). Fig. 1 illustrates
the deficit of the present neutron star merger simulations. On
the one hand it is evident from the numerical results that the
density values reached during the post merger phase exceed
the threshold where a purely hadronic description of the mat-
ter is meaningful. On the other hand, almost all of the used
models for the EOSs do not contain a transition the a quark
phase and so far no simulation of a binary compact star merger
containing a strong HQPT has been performed. However, the
effects of a strong HQPT have been investigated in the context
of static [7–9] and uniformly rotating hybrid stars [10, 11] and
the results show that tremendous changes in the star proper-
ties might occur including the existence of a third family of

compact stars - the so called “twin stars” [? ].

The consequences of a rearrangement of a compact star due
to the quark core formation has been already discussed in [8]
and it was found that a rapid transition between the twin stars
will release an amount of energy of about 1052 ergs and that
such a transition should be accompanied by the prompt neu-
trino burst and the delayed gamma-ray burst. A time depen-
dent numerical simulation of such a twin star collapse (TSC)
have however only been performed recently [12]. A detailed
analysis of the time dependence of a TSC, followed by a twin
star oscillation (TSO) will be presented within this article.
Comparing the TSO of three different EOSs it will be shown
that the astrophysical consequences of our results could ex-
plain the observed features of the repeated fast radio burst.

The paper is structured as follows: In Section II the con-
struction of a HQPT in the interior of a compact star is briefly
reviewed. The models of the three different EOSs used within
the present article will be presented and the static properties
of the resulting twin stars will be discussed. Section III is
dedicated to summarize the mathematical and numerical setup



Supernova EoS and neutron matter EoS 

Fischer, Hempel, Sagert, Suwa, JSB 2013
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parametrising our ignorance
• Construct most generic family of NS-matter EOSs

BPS

from µb=2.6GeV
NNLO pQCD 

Kurkela+ (2014) 
Fraga+ (2014) 

BPS
polytropic fit of Drischler+ (2016) 

(large impact on results)

interpolation 
by matching 4 

polytropes



Constraining tidal deformability
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• Can explore statistics of all properties of our 109 models.
• In particular can study PDF of tidal deformability: ⇤̃<latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit>

• LIGO has already 
set upper limit:

⇤̃1.4 . 800
<latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit><latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit><latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit><latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit>

⇤̃1.4 > 375
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•Our sample 
naturally sets a 
lower limit:



What about phase transitions?
•All EOSs so far are purely hadronic; a conservative but 
probably reasonable assumption.

• What about the possibility of phase transitions?
•These are not trivial but not too difficult to model.



Mass-radius relations

•Presence of a phase transition 
leads to second stable branch 
and “twin-star” models.
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Classification of neutron star twins

Christian, Zacchi, JSB 2018



• Can repeat considerations with EOSs having PTs

Constraining tidal deformability: PTs

• Large masses have 
sharp cut-off on 
upper limit:

⇤̃1.7 . 460
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• Lower limit much weaker: ⇤̃1.4 & 35
<latexit sha1_base64="DTGTpCPXewhasjpP5qBoObWM8O8=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkUwVjBwsBQJPqQmihyHLe16jxk3yBVUWYWfoWFAYRY+QI2/ga3zQAtR7J0dM49ur7HTwRXYFnfRmlpeWV1rbxe2djc2t4xd/faKk4lZS0ai1h2faKY4BFrAQfBuolkJPQF6/ij64nfeWBS8Ti6h3HC3JAMIt7nlICWPPPQAS4Cljm3OhOQ3MvsWj3HzgB0JsT47Nwzq1bNmgIvErsgVVSg6ZlfThDTNGQRUEGU6tlWAm5GJHAqWF5xUsUSQkdkwHqaRiRkys2mp+T4WCsB7sdSvwjwVP2dyEio1Dj09WRIYKjmvYn4n9dLoX/pZjxKUmARnS3qpwJDjCe94IBLRkGMNSFUcv1XTIdEEgq6vYouwZ4/eZG0T2u2VbPv6tXGVVFHGR2gI3SCbHSBGugGNVELUfSIntErejOejBfj3fiYjZaMIrOP/sD4/AG9wZmc</latexit><latexit sha1_base64="DTGTpCPXewhasjpP5qBoObWM8O8=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkUwVjBwsBQJPqQmihyHLe16jxk3yBVUWYWfoWFAYRY+QI2/ga3zQAtR7J0dM49ur7HTwRXYFnfRmlpeWV1rbxe2djc2t4xd/faKk4lZS0ai1h2faKY4BFrAQfBuolkJPQF6/ij64nfeWBS8Ti6h3HC3JAMIt7nlICWPPPQAS4Cljm3OhOQ3MvsWj3HzgB0JsT47Nwzq1bNmgIvErsgVVSg6ZlfThDTNGQRUEGU6tlWAm5GJHAqWF5xUsUSQkdkwHqaRiRkys2mp+T4WCsB7sdSvwjwVP2dyEio1Dj09WRIYKjmvYn4n9dLoX/pZjxKUmARnS3qpwJDjCe94IBLRkGMNSFUcv1XTIdEEgq6vYouwZ4/eZG0T2u2VbPv6tXGVVFHGR2gI3SCbHSBGugGNVELUfSIntErejOejBfj3fiYjZaMIrOP/sD4/AG9wZmc</latexit><latexit sha1_base64="DTGTpCPXewhasjpP5qBoObWM8O8=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkUwVjBwsBQJPqQmihyHLe16jxk3yBVUWYWfoWFAYRY+QI2/ga3zQAtR7J0dM49ur7HTwRXYFnfRmlpeWV1rbxe2djc2t4xd/faKk4lZS0ai1h2faKY4BFrAQfBuolkJPQF6/ij64nfeWBS8Ti6h3HC3JAMIt7nlICWPPPQAS4Cljm3OhOQ3MvsWj3HzgB0JsT47Nwzq1bNmgIvErsgVVSg6ZlfThDTNGQRUEGU6tlWAm5GJHAqWF5xUsUSQkdkwHqaRiRkys2mp+T4WCsB7sdSvwjwVP2dyEio1Dj09WRIYKjmvYn4n9dLoX/pZjxKUmARnS3qpwJDjCe94IBLRkGMNSFUcv1XTIdEEgq6vYouwZ4/eZG0T2u2VbPv6tXGVVFHGR2gI3SCbHSBGugGNVELUfSIntErejOejBfj3fiYjZaMIrOP/sD4/AG9wZmc</latexit><latexit sha1_base64="DTGTpCPXewhasjpP5qBoObWM8O8=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkUwVjBwsBQJPqQmihyHLe16jxk3yBVUWYWfoWFAYRY+QI2/ga3zQAtR7J0dM49ur7HTwRXYFnfRmlpeWV1rbxe2djc2t4xd/faKk4lZS0ai1h2faKY4BFrAQfBuolkJPQF6/ij64nfeWBS8Ti6h3HC3JAMIt7nlICWPPPQAS4Cljm3OhOQ3MvsWj3HzgB0JsT47Nwzq1bNmgIvErsgVVSg6ZlfThDTNGQRUEGU6tlWAm5GJHAqWF5xUsUSQkdkwHqaRiRkys2mp+T4WCsB7sdSvwjwVP2dyEio1Dj09WRIYKjmvYn4n9dLoX/pZjxKUmARnS3qpwJDjCe94IBLRkGMNSFUcv1XTIdEEgq6vYouwZ4/eZG0T2u2VbPv6tXGVVFHGR2gI3SCbHSBGugGNVELUfSIntErejOejBfj3fiYjZaMIrOP/sD4/AG9wZmc</latexit>

GW detection 
with           
would rule out 
twin stars!

⇤̃1.7 ⇠ 700
<latexit sha1_base64="WLzBbJRXVxpjkE5Hr0TrmGYNBEE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgKkxEqMuiGxcuKtgHNCFMJpN26EwSZiZCCd258VfcuFDErb/gzr9x2mahrQcGDufcw517wowzpRH6tiorq2vrG9XN2tb2zu6evX/QUWkuCW2TlKeyF2JFOUtoWzPNaS+TFIuQ0244up763QcqFUuTez3OqC/wIGExI1gbKbCPPc14RAvv1mQiPAkK12lMoKeYgA2EAruOHDQDXCZuSeqgRCuwv7woJbmgiSYcK9V3Uab9AkvNCKeTmpcrmmEywgPaNzTBgiq/mN0xgadGiWCcSvMSDWfq70SBhVJjEZpJgfVQLXpT8T+vn+v40i9YkuWaJmS+KM451CmclgIjJinRfGwIJpKZv0IyxBITbaqrmRLcxZOXSefccZHj3l3Um1dlHVVwBE7AGXBBAzTBDWiBNiDgETyDV/BmPVkv1rv1MR+tWGXmEPyB9fkDTSuYQw==</latexit><latexit sha1_base64="WLzBbJRXVxpjkE5Hr0TrmGYNBEE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgKkxEqMuiGxcuKtgHNCFMJpN26EwSZiZCCd258VfcuFDErb/gzr9x2mahrQcGDufcw517wowzpRH6tiorq2vrG9XN2tb2zu6evX/QUWkuCW2TlKeyF2JFOUtoWzPNaS+TFIuQ0244up763QcqFUuTez3OqC/wIGExI1gbKbCPPc14RAvv1mQiPAkK12lMoKeYgA2EAruOHDQDXCZuSeqgRCuwv7woJbmgiSYcK9V3Uab9AkvNCKeTmpcrmmEywgPaNzTBgiq/mN0xgadGiWCcSvMSDWfq70SBhVJjEZpJgfVQLXpT8T+vn+v40i9YkuWaJmS+KM451CmclgIjJinRfGwIJpKZv0IyxBITbaqrmRLcxZOXSefccZHj3l3Um1dlHVVwBE7AGXBBAzTBDWiBNiDgETyDV/BmPVkv1rv1MR+tWGXmEPyB9fkDTSuYQw==</latexit><latexit sha1_base64="WLzBbJRXVxpjkE5Hr0TrmGYNBEE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgKkxEqMuiGxcuKtgHNCFMJpN26EwSZiZCCd258VfcuFDErb/gzr9x2mahrQcGDufcw517wowzpRH6tiorq2vrG9XN2tb2zu6evX/QUWkuCW2TlKeyF2JFOUtoWzPNaS+TFIuQ0244up763QcqFUuTez3OqC/wIGExI1gbKbCPPc14RAvv1mQiPAkK12lMoKeYgA2EAruOHDQDXCZuSeqgRCuwv7woJbmgiSYcK9V3Uab9AkvNCKeTmpcrmmEywgPaNzTBgiq/mN0xgadGiWCcSvMSDWfq70SBhVJjEZpJgfVQLXpT8T+vn+v40i9YkuWaJmS+KM451CmclgIjJinRfGwIJpKZv0IyxBITbaqrmRLcxZOXSefccZHj3l3Um1dlHVVwBE7AGXBBAzTBDWiBNiDgETyDV/BmPVkv1rv1MR+tWGXmEPyB9fkDTSuYQw==</latexit><latexit sha1_base64="WLzBbJRXVxpjkE5Hr0TrmGYNBEE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgKkxEqMuiGxcuKtgHNCFMJpN26EwSZiZCCd258VfcuFDErb/gzr9x2mahrQcGDufcw517wowzpRH6tiorq2vrG9XN2tb2zu6evX/QUWkuCW2TlKeyF2JFOUtoWzPNaS+TFIuQ0244up763QcqFUuTez3OqC/wIGExI1gbKbCPPc14RAvv1mQiPAkK12lMoKeYgA2EAruOHDQDXCZuSeqgRCuwv7woJbmgiSYcK9V3Uab9AkvNCKeTmpcrmmEywgPaNzTBgiq/mN0xgadGiWCcSvMSDWfq70SBhVJjEZpJgfVQLXpT8T+vn+v40i9YkuWaJmS+KM451CmclgIjJinRfGwIJpKZv0IyxBITbaqrmRLcxZOXSefccZHj3l3Um1dlHVVwBE7AGXBBAzTBDWiBNiDgETyDV/BmPVkv1rv1MR+tWGXmEPyB9fkDTSuYQw==</latexit>



Supernova EoS with a phase transition 
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Supernova EoS with a phase transition 
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