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Numerical Relativity and Relativistic Hydrodynamics
of Binary Neutron Star Mergers o

Einstein’s theory of general relativity and the resulting general
relativistic conservation laws for energy-momentum in connection
with the rest-mass conservation are the theoretical groundings of S
neutron star binary mergers: m——
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All figures and equations from: Luciano Rezzolla, Olindo Zanotti: Relativistic Hydrodynamics, Oxford Univ. Press, Oxford (2013)



Gold+Gold Kollision am GSI: Helmholtz Zentrum fir Schwerionenforschung / HADES Experiment
Am FAIR Beschleuniger: noch hoehere Strahlintensitaet

The Hadron-Quark Phase Transition :
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The QCD - Phase Transition and the Interior of a Hybrid Star
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Properties of Compact Stars within QCD-motivated Models; University Library Publication Frankfurt (2004)




Gravitational Waves and Hypermassive Hybrid Stars

ALF2-EOS: Mixed phase region starts at 3p, (see ), initial NS mass: 1.35 Msolar

Hanauske, et.al. PRD, 96(4), 043004 (2017)
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Rest mass density distribution p(X,y)

Gravitational wave amplitude in the equatorial plane

at a distance of 50 Mpc ; : :
In units of the nuclear matter density Pq



Time Evolution of the GW-Spectrum

The power spectral density profile of the post-merger emission is characterized by several
distinct frequencies. After approximately 5 ms after merger, the only remaining dominant
frequency is the f_-frequency (See e.g. L.Rezzolla and K.Takami, PRD, 93(12), 124051 (2016))

» Unfortunately,
M = 1.300 M., GNH3 : due to the low

sensitivity at high
gravitational
wave frequencies,
no post-merger
signal has been
found in
GW170817.

l.
= e e e =
[——

But advanced
detectors / next-
generation
detectors might
be able to

Stiff EOS Soft EOS detect!1?
olution of the frequency spectrum of the emitted gravitational waves for the stiff GNH3 (left) and soft APR4 (right) EOS




Time-averaged Rotation Profiles of the HMNSs

ALF2 — M135

APR4 — M135
Talkon GNH3 — M135
Thursday : H4 — M135 Soft EoSs:
. SLy — M135 g
; L.S220 — M132 y
On the properties ALF2 — M125 APR4
APR4 — M125
of metastable GNH3 — M125
. H4 — M125
hypermassive SLy — M125
hybrid stars
Parallel session

Neutron stars: Dense

Stiff EoSs:
GNH3

matter in compact stars,
08.07.2021, 18:10

Time-averaged rotation profiles for different EoS Hanauske, et.al. PRD, 96(4), 043004 (2017)
Low mass runs (solid curves), high mass runs (dashed curves).
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Can we detect the quark-gluon plasma
with gravitational waves?

* Gravitational-wave signatures of the hadron-quark phase transition in binary
compact star mergers

* Signatures within the late inspiral phase (premerger signals)

 Constraining twin stars with GW170817; G Montana, L Tolos, M Hanauske, L Rezzolla; Physical Review D
99 (10), 103009 (2019)

* Signatures within the post-merger phase evolution

* Phase-transition triggered collapse scenario
Signatures of quark-hadron phase transitions in general-relativistic neutron-star mergers; ER Most, LJ
Papenfort, V Dexheimer, M Hanauske, S Schramm, H Stocker, L. Rezzolla; Physical review letters 122 (6), 061101
(2019)

* Delayed phase transition scenario
Postmerger Gravitational-Wave Signatures of Phase Transitions in Binary Mergers; LR Weih, M Hanauske, L
Rezzolla; Physical Review Letters 124 (17), 171103 (2020)

* Prompt phase transition scenario
Identifying a first-order phase transition in neutron-star mergers through gravitational waves; A Bauswein, NUF
Bastian, DB Blaschke, K Chatziioannou, JA Clark, JA Clark, T Fischer, M Oertel; Physical review letters 122 (6), 061102

(2019)




Can we detect the quark-gluon plasma

with gravitational waves?
T—
* Gravitational-wave signatures of the hadron-quark ph

compact star mergers
* Signatures within the late inspiral phase (premerger signals)

* Constraining twin stars with GW170817; G Montana, L Tolos, M Han

99 (20), 103009 (2019)
* Signatures within the post-merger phase evolution
* Phase-transition triggered collapse scenario
Signatures of quark-hadron phase transitions in general-relativistic neu
Papenfort, V Dexheimer, M Hanauske, S Schramm, H Stocker, L. Rezzol
(2019)

* Delayed phase transition scenario
Postmerger Gravitational-Wave Signatures of Phase Transitions in Bina
Rezzolla; Physical Review Letters 124 (17), 171103 (2020)

* Prompt phase transition scenario
|dentifying a first-order phase transition in neutron-star mergers through gr

Bastian, DB Blaschke, K Chatziioannou, JA Clark, JA Clark, T Fischer, M Oerte
(2019)
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Signatures within the post-merger phase ER Most et.al., PRL 122 (6), 061101 (2019)

Phase-transition triggered collapse scenario  £os pased on Chiral Mean Field (CMF)

model, based on a nonlinear SU(3) sigma

GW Wavefo rms h-zl-z modlell with (red) and without (black) phase
/ transition.
—,—, 12

/ Instantaneous GW

Phase transition leads to a very hot and

10 dense quark core that, when it collapses to
frequencies foy a black hole, produces a ringdown signal
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Signatures within the post-merger phase ER Most et.al., PRL 122 (6), 061101 (2019)

Phase-transition triggered collapse scenario  £os pased on Chiral Mean Field (CMF)
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Phase-transition
triggered collapse
scenario

Signatures of quark-
hadron phase transitions
in general-relativistic
neutron-star mergers
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Phase-transition
triggered collapse
scenario

Signatures of quark-
hadron phase transitions
in general-relativistic
neutron-star mergers
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log1g Yquark Talk on Thursday
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Can we detect the quark-gluon plasma
with gravitational waves?

* Gravitational-wave signatures of the hadron-quark phase transition in binary
compact star mergers

* Signatures within the late inspiral phase (premerger signals)

 Constraining twin stars with GW170817; G Montana, L Tolos, M Hanauske, L Rezzolla; Physical Review D
99 (10), 103009 (2019)

* Signatures within the post-merger phase evolution

* Phase-transition triggered collapse scenario
Signatures of quark-hadron phase transitions in general-relativistic neutron-star mergers; ER Most, LJ
Papenfort, V Dexheimer, M Hanauske, S Schramm, H Stocker, L. Rezzolla; Physical review letters 122 (6), 061101
(2019)

* Delayed phase transition scenario
Postmerger Gravitational-Wave Signatures of Phase Transitions in Binary Mergers; LR Weih, M Hanauske, L
Rezzolla; Physical Review Letters 124 (17), 171103 (2020)

* Prompt phase transition scenario
Identifying a first-order phase transition in neutron-star mergers through gravitational waves; A Bauswein, NUF
Bastian, DB Blaschke, K Chatziioannou, JA Clark, JA Clark, T Fischer, M Oertel; Physical review letters 122 (6), 061102

(2019)




Signatures within the post-merger phase evolution
DPT: Delayed phase transition scenario

Postmerger Gravitational-Wave Signatures of Phase Transitions in Binary Mergers; LR Weih, M Hanauske, L
Rezzolla; Physical Review Letters 124 (17), 171103 (2020)

—— DPT, Az ~ 189m :
DPT. Az ~ 237m Maximum value of the rest-mass

—— NPT, Az ~ 237m density vs time for three binary
neutron star simulations. Black
curve without a phase transition
(NPT) and blue/red with a Gibbs-
like hadron-quark phase transition
(DPT: standard/low resolution).
mixed phase Blue-shaded regions mark the
different phases of the EOS (mixed
phase and pure-quark phase).
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Matthias Hanauske and Lukas Weih. "Neutron star collisions and gravitational waves." Astronomische Nachrichten (2021)




Without Phase Transition With Phase Transition
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Matthias Hanauske and Lukas Weih. "Neutron star collisions and gravitational waves." Astronomische Nachrichten (2021)



Strain h+ (top) and its
spectrogram (bottom) for
the binary neutron star
simulation of the delayed
phase transition scenario. In
the top panel the different
M = 2.64 Mo shadings mark the times
DR AR~ TN when the HMHS core enters
the mixed and pure quark
phases. In the bottom
panels, the white lines trace
the maximum of the
spectrograms, while the red
lines show the instantaneous
gravitational-wave
frequency.
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How to detect the hadron-quark phase transition
with gravitational waves

CLIGO I'LIco

' SNR,. = 6.67 | ~ ISNR,, = 6.94

L SNR ¢, = 2.31 1 SNR, ¢, = 2.43
M =1.32 Mg, NPT [M =1.32My, DPT

Total gravitational wave spectrum (left NPT, right DPT), PRL 124, 171103 (2020)
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Difference in the h1% — gravitational wave mode = 578 ms
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Can we detect the quark-gluon plasma
with gravitational waves?

* Gravitational-wave signatures of the hadron-quark phase transition in binary
compact star mergers

* Signatures within the late inspiral phase (premerger signals)

 Constraining twin stars with GW170817; G Montana, L Tolos, M Hanauske, L Rezzolla; Physical Review D
99 (10), 103009 (2019)

* Signatures within the post-merger phase evolution

* Phase-transition triggered collapse scenario
Signatures of quark-hadron phase transitions in general-relativistic neutron-star mergers; ER Most, LJ
Papenfort, V Dexheimer, M Hanauske, S Schramm, H Stocker, L. Rezzolla; Physical review letters 122 (6), 061101
(2019)

* Delayed phase transition scenario
Postmerger Gravitational-Wave Signatures of Phase Transitions in Binary Mergers; LR Weih, M Hanauske, L
Rezzolla; Physical Review Letters 124 (17), 171103 (2020)

* Prompt phase transition scenario
Identifying a first-order phase transition in neutron-star mergers through gravitational waves; A Bauswein, NUF
Bastian, DB Blaschke, K Chatziioannou, JA Clark, JA Clark, T Fischer, M Oertel; Physical review letters 122 (6), 061102

(2019)




Signatures within the post-merger phase evolution
Prompt phase transition scenario

|dentifying a first-order phase transition in neutron-star mergers through gravitational waves; A Bauswein, NUF Bastian, DB Blaschke, K
Chatziioannou, JA Clark, JA Clark, T Fischer, M Oertel; Physical review letters 122 (6), 061102 (2019)
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Gravitational-wave signatures of the hadron-quark phase transition
in binary compact star mergers
Two brand new articles

—— Breschi et al.(2019) fit
CoRe database
e BLh
BLQ
=0.040 8 ) % BLh™ 1.365 My — 1.365 Me

90% confidence interval

Aviral Prakash, David Radice,
Domenico Logoteta, Albino Perego,
Vsevolod Nedora, Ignazio Bombaci,
Rahul Kashyap, Sebastiano Bernuzzi,
Andrea Endrizzi.

Signatures of deconfined quark phases
in binary neutron star mergers.
arXiv:2106.07885 (2021).
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FIG. 10. Correlations between the total mass-scaled post-

correspond to simulations catalc

[84]. It be seen that deviations in fa (red circ
virtue of phase transitions are not large enough to violate the
quasi-universal relation.

Liebling, Steven L., Carlos Palenzuela, and Luis Lehner.
Effects of high density phase transitions on neutron star dynamics.
Classical and Quantum Gravity 38.11 (2021): 115007.




The different Phases of a Binary Compact Star Merger Event

Transient early

Late inspiral and merger phase | Postmerger phase  Collapse to the

postmerger phase Kerr black hole and
ringdown phase
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