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1: Correlating GWs with EQS Properties

2/31



[40Mpc]

22
i

h

GW : f ~ kHz — fl,fg,f:;,...
EOS: T'>0

lifetime?, composition?, ejecta?, ...

Tneoiral Post — Merger
nspira e N
{ |

e

1
5 10

Black Hole
() N

'.'

3/31



Correlating Post-Merger GWs with EOS Properties

Spectral features (fow; f2, etc.) of post-merger GWs correlate with EOS.
many works: ...; Takami, Rezzolla, Baiotti 1412.3240 (PRD); Bauswein, Stergioulas
1502.03176 (PRD); Rezzolla, Takami 1604.00246 (PRD); De Pietri et al 1910.04036 (PRD);

Kiuchi et al 2211.07637 (PRL); Breschi et al 2110.06957 (PRL); ...

Mechanism: sti EOS give large radii, slow rotation and low frequencies.

Not observed so far, but expected to be seen by third-generation detectors:
Cosmic Explorer + Einstein Telescope 180 BNSs/year (SNR j 8).
see, e.g., Evans et al 2109.09882 (Cosmic Explorer technical report)
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Generic EOS Approach

So far: EOS-GW correlation studies use few \traditional EOS models.
However, generic EOS parametrizations reveal large freedom.

Idea: Large ensemble (§ 10°) of generic EOSs that are constrained by
astro, nuclear theory and perturbative QCD and cover allowed space.
Gorda, Komoltsev, Kurkela 2204.11877 (ApJ)
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Golden EOS Selection

Y Too many possibilities to simulate: smart selection recipe is needed.

Y Three variables Mrov ; Gov ;Inprov ) to characterize the high-density
part of the EOS and one Ri.4) to break degeneracy at low densities.

Y Principle component analysis: 4D distribution essentially 3D-triangular.
Y six \golden EOSs": A-E at corners of 68% contours and F in centre.
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Golden EOSs and Mass-Radius Relations

Y Six EOS models manageable, but BNS parameter space still huge: x

M chirp 1:18 My , but three di erent mass-ratios g M—; 1;0:85; 0:7.

Y Add T -dependence via simple gamma-law approximation with xed
i 1:75, but analysis remains robust when changing ta,  1:5; 2:0.
Figura, Lu, Burgio, Li, Schulze 2005.08691 (PRD)
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Emitted GW Energy and Angular Momentum

Y Time evolution of GW strain componentdh ;h from simulation.
Y Emitted energy and angular momentum from post-processing

))[ 2 »

2
Eew ptq % dt* ¥ & Jow ptq % dt* h ® ® h
8 8

Bishop, Rezzolla 1606.02532 (Living Reviews in Relativity)
Y Useful to normalise WithEQS ©  Eow Ptmer and &S : Jow Ptmer G

5th-order post-Newtonian Taylor-T2 mode with = 580 of PyCBC library, Biwer et al 1807.10312
(Publ.Astron.Soc.Pac.)
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Long Ringdown

Y Post-merger period wherdegw ptqand Jew ptq are linearly related.
Y Long-ringdown slope numerically close to GW frequency

dEcw  Ebw r?r?,f 1h® ®h
dJew Rw h® ®n & 2 n n

Y Identity for simple quadrupole system with  2;m 2 deformation:
h pg9cop pag h pa9simp pag  Bw {Rw  fow {P2 a:
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Impact of Chirp Mass and Temperature

\ Dependence on chirp mass much smaller than EOS dependence.
Y Slope is essentially insensitive to nite temperature e ects.
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Robustness

Y Surprisingly insensitive to grid-resolution: even extremely coarse (cheap)
and ne (expensive) grids give almost identical values for the slope.

Y Reason: post-merger GW dominated by global m 2 deformations of
merger-remnant which are only weakly in uenced by small scale e ects.
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Correlations

Y Slope correlates with maximum neutron star pressure and number density.
Y Bilinear t of simulation data constrains EOS at highest (TOV) densities

dEcw
dJow

0o 1PTov 2 Ntov 3 4QProv 5 ( Nrov 6 Prov Ntov
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Impact of Slope Measurement

Y Assume measured slopeEcw {dJew andf, with 4% uncertainty.

Y Correlation gives new likelihood to update EOS constraints at all densities.
Y Slightly improvement compared to measuring jusb.

Y Pearson-correlation coe cients slightly larger fordEgw {dJew than for f,

I’[.'dEGW {dJGW ,PTov Q 0:877 vs I’Ffz; PTtov q 0:792:
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2: Quark matter formation in BNS mergers.
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V-QCD Hybrid Equation of State

Y Computing neutron star properties requires EOS at low and high densities.
Y Homogeneous approx. for V-QCD baryons not reliable at low densities.

Y Hybrid EOSs: nuclear theory model at lowest densities + V-QCD model
for dense baryonic and quark matter at large densities.

Y Van der Waals construction to extend cold V-QCD baryons to nitéF .
Vovchenko, Motornenko, Alba, Gorenstein, Satarov, Stoecker 1707.09215 (PRC)

Y Mixed baryon and quark matter phase from mech. and chem. equilibrium.
Xam BT ;09 Y9G XomPT;nP2% Y29, Xt p; b el

Demircik, CE, Jarvinen 2112.12157 (PRX); 15/31



Equation of State and M-R relation

Y Resulting cold EOS models agree well with large credibility intervals of
generic EOS parametrizations.

Y M-R relations by construction in good agreement with astrophysical
constraints.

CE, Topolski, Jarvinen, Stehr 2402.11013; Demircik, CE, Jarvinen 2112.12157 (PRX); Grey band
(Mtov i 2:2 My ): CE, Rezzolla 2209.08101 (MNRAS); see also CE, Jarvinen, Nijs, van der
Schee 1908.03213 (PRD); Jokela, Jarvinen, Nijs, Remes 2006.01141 (JHEP)
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Initial data with FUKA: Papenfort, Tootle, Grandclement, Most, Rezzolla 2103.09911 (PRD)
Merger simulation with FIL: Most, Papenfort, Rezzolla 1907.10328 (MNRAS)
Implemented in the Einstein Toolkit framework: Le er et al. 1111.3344 (Class. Quant. Grav.)
HPC project BNSMIC on HPE-Apollo (HAWK) at the HPC Centre in Stuttgart

Movie by Konrad Topolski with data from 2205.05691 (SciPost) 17131



Hot, Warm and Cold Quarks

Tootle, CE, Topolski, Demircik, Jarvinen, Rezzolla 2205.05691 (SciPost)
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