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Numerical Relativity and Relativistic Hydrodynamlcs

%E 1 O thdoB bf geberalrelativity andthe resultinggeneral
relativisticconservationawsfor energymomentumin connection
with the restmassconservationare the theoreticalgroundingsof Lveran
neutron star binarymergers o—

Et—i—dt

dr? = o (t,z7)dt?

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 HadronQuark Phase Transitio 5
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The QCDz Phase Transitiormndthe Interior of a Hybrid Star

® » -
. . » -
Hadronic * Hybrid Deconfined w 1{.
Ph » - Ph ~ . . . '
2 ase_ B¢ g W P‘lase
® ..

Construction of the

Hadronic models with o
phase transition Quark Models

(Maxwell or Glbbs)

Hyperons

+J
n
>
-
O
o
=
@
v
&
)
=
o)
n
0
&
)
<

Density

',.,Surface of the Sts e ey Centerof the Star

Matthias Hanauske; Doctoral Thesis:
Properties of Compact Stars within Q&fotivated Models; University Library Publication Frankfurt (2004)




GravitationalWaves and Hypermassive Hybrid Stars

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

Hanauske, et.al. PRD, 96(4), 043004 (2017)
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Time Evolutionof the GW-Spectrum

The power spectral density profile of the pasterger emission Is characterized by several
distinct frequencies. After approximatelyrasafter merger, the only remaining dominant
frequency Is the tfrequency (See e.d..RezzolleandK.Takamj PRD, 93(12), 124051 (2016,

| Unfortunately,
M = 1.300 M, GNH3 S due to the low

sensitivity at high
gravitational
wave frequencies,
no postmerger
signal has been
found in
GW170817.
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But advanced
detectors / next
generation
detectors might
be able to

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




Time-averagedRotation Profilesof the HMNSs
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Time-averaged rotation profiles for differeBbS Hanauske, et.al. PRD, 96(4), 043004 (20
Low mass runs (solid curves), high mass runs (dashed curves).
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Can we detect the quargluon plasma
with gravitational waves?

A Gravitationalwave signatures of the hadrequark phase transition in binary
compact star mergers

A Signatures within the lat@spiralphase (premerger signals)

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

A Signatures within the posherger phase evolution

A Phasetransition triggered collapsescenario
Signaturesof quark-hadronphasetransitionsin generairelativisticneutron-starmergers ER Most, LJ
Papenfort VDexheimer M Hanauske, S Schramm, H StockefRezzollaPhysicakreviewletters 122 (6), 061101
(2019)

A Delayed phase transition scenario
PostmergerGravitationatWave Signatures of Phase Transitions in Binary Merger8y&iR M Hanauske, L
Rezzolla Physical Review Letters 124 (17), 17{2Q30)

A Prompt phasetransition scenario
|dentifying a firstorder phasetransition in neutron-star mergersthrough gravitationalwaves ABauswein NUF
Bastian, DB Blaschke,®hatziioannou JA ClarkJA Clark, T Fischer, M Oertehysicalkeviewletters 122 (6), 061102
(2019)




Can we detect the quargluon plasma
with gravitational waves?

A Gravitationalwave signatures of the hadrequark ph

compact star mergers

A Signatures within the lat@spiralphase (premerger signals)

A Constraining twin stars with GW170817; G MontariEgltis M Har

99 (10), 103009 (2019)

A Signatures within the posherger phase evolution
A Phasetransition triggered collapsescenario

Signaturesof quark-hadronphasetransitionsin generaidrelativisticney I
Papenfort VDexheimer M Hanauske, S Schramm, H StockeliRezza L

(2019)
A Delayed phase transition scenario

PostmergerGravitationalWave Signatures of Phase Transitions in |

Identifying a firstorder phasetransition in neutron-star mergersthrough gr C l \
, 102

Bastian, DB Blaschke,@hatziioannouy JA Clark]JA Clark, T Fischer, M O¢

Rezzolla Physical Review Letters 124 (17), 17{2Q0)
A Prompt phasetransition scenario

(2019)

YES




Signatures within the pogherger phase ER Most et.al,, PRL 122 (6), 061(Z019)
Phasetransition triggered collapsescenario  gos pased on Chiral Mean Field (CMF

model, based on a nonlinear SU(3) sig

GWWaveform SQ model with (red) and without (black) ph

transition.
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Signatures within the pogherger phase ER Most et.al., PRL 122 (6), 061(20119)
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Phasetransition
triggered collapse
scenario

Signature®f quark
hadronphasetransitions
in generakelativistic
neutronstarmergers
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Density-Temperature
Composition
dependent EOS withir
the CMF model.
Simulation of total
mass M=2.8Msolar
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Phasetransition
triggered collapse
scenario

Signature®f quark
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neutronstarmergers

ER Most, LPapenfort V
Dexheimer M Hanauske, S
Schramm, H Stocker and L.

Rezzolla

Physicakeviewletters
122 (6), 061102019)

Density-Temperature
Composition

dependent EOS within

the CMF model.
Simulation of total
mass M=2.Msolar

T [MeV]

60

logy, Y quark

<,

[ |
— 8 r

| (-

401

30

20 -

10 -

Tmax
pmax/ Lo

r k]




Phasetransition
triggered collapse
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Density-Temperature
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Phasetransition
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The Strange Bird Plot
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Signatures within the posherger phase evolution
DPT:Delayedphasetransition scenario

PostmergerGravitationalWave Signatures of Phase Transitions in Binary Mergers\Melih, M Hanauske, L
Rezzollg Physical Review Letters 124 (17), 17 1(P020)
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—— 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 hadrorquark phase transition
(DPT: standard/low resolution).
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Matthias Hanauske and Lukas Weih. "Neutsiar collisionsand gravitationalwaves" Astronomische Nachrichté2021)




Without Phase Transition With Phase Transition
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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
shadings mark the times
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
gravitationalwave
frequency.




