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The long awaited event  GW170817

Gravitationswelle einer 
Neutronenstern Kollision gemessen!

17. August 2017



Die gemessene Gravitationswelle und der darauf folgende hochenergetische Lichtblitz

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral, LIGO Scientific Collaboration and Virgo Collaboration, Phys. Rev. Lett. 119, 161101 (2017), Gravitational
Waves and Gamma-Rays from a Binary Neutron Star Merger: GW170817 and GRB170817A, LIGO, Virgo, Fermi GBM, and INTEGRAL Collaborations, Astrophys. J. Lett. 848, L13 (2017)

Die von dem 
Gravitationswellen 
Detektor LIGO 
detektierte 
Frequenz der 
Gravitationswelle

Der von dem 
Gammastrahlen  
Detektor FERMI 
gemessene 
Gammastrahlen 
Ausbruch 
(1.7 Sekunden später)

../Horst-Polytech-2018/GWSounds/gw151226.mp3


GW170817

Tage, Wochen und Monate 
später detektierten 
weltweit unterschiedliche 
Teleskope (radio, infrarot, 
optische,…) eine 
Nachstrahlung dieser 
Neutronenstern Kollision

Multi-Messenger 
Observations of a Binary 
Neutron Star Merger, LIGO 
and Virgo Collaborations 
together with 50 teams of 
electromagnetic and 
neutrino astronomers, 
Astrophys. J. Lett. 848, L12 
(2017)



Measured Mass Ratio of GW170817
(for high and low spin assumption) 



GW170817: Tidal Deformability
Restrictions on the Equation of State (EOS)

(for high and low spin assumption) 



Numerical Relativity and Relativistic Hydrodynamics 
of Binary Neutron Star Mergers

(3+1) decomposition of spacetime

All figures and equations from: Luciano Rezzolla, Olindo Zanotti: Relativistic Hydrodynamics, Oxford Univ. Press, Oxford (2013)

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
neutron star binary mergers:



Tidal Deformations in the late Inspiral Phase 



QCD Phase Diagram: The Late Inspiral Phase

Lapse function α (left) 

rest mass density ρ



QCD Phase Diagram: The Late Inspiral Phase

Lapse function α (left) 

rest mass density ρ



The QCD – Phase Transition and the Interior of a Hybrid Star

Center of the StarSurface of the Star

Matthias Hanauske; Doctoral Thesis: 
Properties of Compact Stars within QCD-motivated Models; University Library Publication Frankfurt (2004)



The Hadron-Quark Phase Transition
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Credits: 
Jan Steinheimer



The Gibbs Construction

Hadronic and quark surface: Charge neutrality condition is only globally realized

The pressure in the mixed phase depends on two independent chemical potentials



The Gibbs Construction

Hadronic and quark surface: Charge neutrality condition is only globally realized



The Gibbs Construction
Particle composition:Hadronic and quark surface:

M. Hanauske, Dissertation, "Properties of Compact Stars within QCD-motivated Models"



Evolution of the density in the post merger phase

Rest mass density distribution ρ(x,y)

in the equatorial plane

in units of the nuclear matter density ρ
0

Gravitational wave amplitude

at a distance of 50 Mpc

ALF2-EOS: Mixed phase region starts at 3ρ
0 

(see red curve), initial NS mass: 1.35 Msolar



GW-Spectrum for different EOSs

See:

Kentaro Takami, Luciano Rezzolla, and Luca 
Baiotti, Physical Review D 91, 064001 (2015)

Hotokezaka, K., Kiuchi, K., Kyutoku, K., 
Muranushi, T., Sekiguchi, Y. I., Shibata, M., & 
Taniguchi, K. (2013). Physical Review D, 
88(4), 044026.

Bauswein, A., & Janka, H. T. (2012).  Physical 
review letters, 108(1), 011101.

Clark, J. A., Bauswein, A., Stergioulas, N., & 
Shoemaker, D. (2015).  arXiv:1509.08522.

Bernuzzi, S., Dietrich, T., & Nagar, A. (2015).  
Physical review letters, 115(9), 091101.



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 f2-frequency (See e.g. L.Rezzolla and K.Takami, PRD, 93(12), 124051 (2016))

Evolution of the frequency spectrum of the emitted gravitational waves for the stiff GNH3 (left) and soft APR4 (right) EOS.

Stiff EOS Soft EOS

Unfortunately, 
due to the low 
sensitivity at high 
gravitational 
wave frequencies, 
no post-merger 
signal has been 
found in 
GW170817.

But advanced 
detectors / next-
generation 
detectors might 
be able to 
detect!!? 



Density and Temperature Evolution inside the HMNS

Rest mass density on the equatorial plane Temperature on the equatorial plane 



Angular velocity 

Ω

The Angular Velocity in the (3+1)-Split

The angular velocity Ω in the (3+1)-Split is a combination of the lapse 
function α , the φ-component of the shift vector βφ and the 3-velocity 
vφ of the fluid (spatial projection of the 4-velocity u):

Φ-component of 

3-velocity vφ
Frame-dragging 

βφ
Lapse function 

α

Focus: Inner core of the differentially rotating HMNS

M. Shibata, K. Taniguchi, and K. Uryu, Phys. Rev. D 71, 084021 (2005)
M. Shibata and K. Taniguchi, Phys. Rev. D 73, 064027 (2006)
F. Galeazzi, S. Yoshida and Y. Eriguchi, A&A 541, p. A156 (2012)
W. Kastaun and F. Galeazzi, Phys. Rev. D 91, p. 064027 (2015)

(3+1)-decomposition

of spacetime:



Temperature Angular Velocity

.

EOS: LS200 ,  Mass: 1.32 MSolar
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Evolution of hot and 
dense matter inside the 
inner area of a 
hypermassive neutron 
star simulated within the 
LS220 EOS with a total 
mass of  Mtotal=2.7 Msolar

in the style of a (T- ρ) QCD 
phase diagram plot 

The color-coding indicate 
the radial position r of the 
corresponding (T- ρ) fluid 
element measured from 
the origin of the simulation 
(x , y) = (0 , 0) on the 
equatorial plane at z = 0. 

The open triangle marks 
the maximum value of the 
temperature while the 
open diamond indicates 
the maximum of the 
density.



Hybrid Star Mergers with T-dependent EOS (PRL paper 1)



Hybrid Star Mergers with T-dependent EOS (PRL paper 2)



GW170817: Constraining the maximum mass of Neutron Stars

The highly differentially rotating 
hypermassive/supramassive neutron star will 
spin down and redistribute its angular 
momentum (e.g. due to viscosity effects,  
magnetic braking). After ~1 second it will cross 
the stability line as a uniformly rotating 
supramassive neutron star (close to Mmax) and 
collapse to a black hole. Parts of the ejected 
matter will fall back into the black hole 
producing the gamma-ray burst. 

L.Rezzolla, E.Most, L.Weih, “Using Gravitational 
Wave Observations and Quasi-Universal Relations to 
constrain the maximum Mass of Neutron Stars”,The
Astrophysical Journal Letters 852, L25 (2018): 
2.01 +/-0.04 < MTOV < 2.16 +/-0.17

See also: S.Lawrence et al. ,APJ808,186, 2015
Margalit & Metzger, The Astrophysical Journal
Letters 850, L19 (2017): MTOV < 2.17 (90%)
Zhou, Zhou, Li, PRD 97, 083015 (2018)
Ruiz, Shapiro, Tsokaros, PRD 97,021501 (2018)



GW170817: Constraining the Neutron Star Radius and EOS

GW170817: Measurements of neutron star radii and equation of state, The LIGO /Virgo Collaboration, arXiv:1805.11581v1



Without
EOSs without phase

transitions

EOSs with phase transitions

GW170817: Constraining the Neutron Star Radius 
Impact of Phase Transitions

E.Most, L.Weih, L.Rezzolla, J. 
Schaffner-Bielich “New 
constraints on radii and tidal 
deformabilities of neutron 
stars from GW170817”, 
arXiv:1803.00549, 
(accepted in PRL)

See also: De, Finstad, Lattimer, Brown, Berger, Biwer, (2018), arXiv:1804.08583 ; Bauswein, Just, Janka, N. Stergioulas, APJL 850, L34 (2017) ; Fattoyev, Piekarewicz, Horowitz, PRL 120, 

172702 (2018) ; Nandi & Char, Astrophys. J. 857, 12 (2018) ; Paschalidis, Yagi, Alvarez-Castillo, Blaschke, Sedrakian, PRD 97, 084038 ; Ruiz, Shapiro, Tsokaros, PRD 97, 021501 (2018) ; 
Annala, Gorda, Kurkela, Vuorinen, PRL 120, 172703 (2018) ; Raithel, Özel, Psaltis, (2018) arXiv:1803.07687



The Hadron-Quark Phase Transition and
the Third Family of Compact Stars (Twin Stars)

Sarmistha Banik, Matthias Hanauske, Debades
Bandyopadhyay and Walter Greiner, Rotating compact
stars with exotic matter, Phys.Rev.D 70 (2004) p.12304

I.N. Mishustin, M. Hanauske, A. Bhattacharyya, L.M. 
Satarov, H. Stöcker, and W. Greiner, Catastrophic 
rearrangement of a compact star due to quark core 
formation, Physics Letters B 552 (2003) p.1-8

M.Alford and A. Sedrakian, Compact stars with sequential 
QCD phase transitions. Physical review letters, 119(16), 
161104 (2017)..

D.Alvarez-Castillo and D.Blaschke, High-mass twin stars 
with a multipolytrope equation of state. Physical Review C, 
96(4), 045809  (2017) .

A. Ayriyan, N.-U. Bastian, D. Blaschke, H. Grigorian, K. 
Maslov, D. N. Voskresensky, How robust is a third family of 
compact stars against pasta phase effects?, 
arXiv:1711.03926 [nucl-th]

Glendenning, N. K., & Kettner, C. (1998). Nonidentical neutron
star twins. Astron. Astrophys., 353(LBL-42080), L9.





Mass-Radius Relations 
for

Twin-Star EOSs
The mass and radius of a single, non-
rotating and spherically symmetric 
neutron star can be easily calculated by  
solving the static TOV equation 
numerically  for a given EOS.



Constraining the radius of the compact star
with GW170817 

In a binary hybrid star merger the two masses of the individual stars can be different (q<1). As a result, the tidal deformability and 
the stars composition can be different. In this plot the total mass of the binary system has been fixed to the measured chirp mass 
of GW170817 (M=1.188 Msolar)  and the different curve show results for EOSs of Category III.
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Constraining the global parameters of the phase transition
with GW170817 
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Additional Slides

Der Tanz der Neutronensterne: Vortrag an der Sternwarte Darmstadt am Sa. 16.02., 20.00 Uhr

Credits to …
Kentaro Takami, Luke Bovard, Jose Font, Filippo Galeazzi, Jens Papenfort, Lukas Weih, Elias Most, Cosima 

Breu, Federico Guercilena, Natascha Wechselberger, Zekiye Simay Yilmaz, Christina Mitropoulos, Jan 

Steinheimer, Stefan Schramm, David Blaschke, Mark Alford, Kai Schwenzer,  Antonios Nathanail, Roman Gold, 

Alejandro Cruz Osorio, Andreas Zacchi, Jürgen Schaffner-Bielich, Laura Tolos, Sven Köppel, Gloria Montaña, 

Michael Rattay, Debades Bandopadhyay, 

Walter Greiner Horst Stöcker                                Luciano Rezzolla

Riedberg TV, Hessisches Kompetenzzentrum für Hochleistungsrechnen und Tanzschule Wernecke
Kamera: Pablo Rengel Lorena      Schnitt: Luise Schulte  



Merengue

Disco-
Fox

Tango

Wiener 
Walzer

(noch Solo)

Tanz der Neutronensterne 



Constraining the mass and radius
with GW170817 



Density                                                Temperature

.

EOS: LS200 ,  Mass: 1.32 MSolar



.

Evolution of
the Temperature

in the post merger phase

Hanauske, M., Takami, K., Bovard, L., 
Rezzolla, L., Font, J. A., Galeazzi, F., & 
Stöcker, H. (2017). Rotational properties
of hypermassive neutron stars from
binary mergers. Physical Review D, 
96(4), 043004

Kastaun, W., Ciolfi, R., Endrizzi, A., & 
Giacomazzo, B. (2017). Structure of
stable binary neutron star merger
remnants: Role of initial spin. Physical
Review D, 96(4), 043019

M. Hanauske, et.al., Connecting 
Relativistic Heavy Ion Collisions and 
Neutron Star Mergers by the Equation 
of State of Dense Hadron-and Quark 
Matter as signalled by Gravitational 
Waves, Journal of Physics: Conference 
Series,  878(1), p.012031 (2017)



.

Central value

Evolution of Tracer-
particles tracking

individual fluid elements in 
the equatorial plane of the

HMNS at post-merger 
times

Mark G. Alford, Luke Bovard, 
Matthias Hanauske, Luciano 
Rezzolla, and Kai Schwenzer (2018)
Viscous Dissipation and Heat 
Conduction in Binary Neutron-Star 
Mergers. Phys. Rev. Lett. 120, 041101

Different rotational behaviour of the 
quark-gluon-plasma produced in 
non-central ultra-relativistic heavy 
ion collisions
L. Adamczyk et.al., “Global Lambda-
hyperon polarization in nuclear 
collisions: evidence for the most 
vortical fluid”, Nature 548, 2017



The different Phases during the Postmergerphase of the HMNS



Disco-Fox, Merengue
und Tango Phase



Der Ereignishorizont eines Schwarzen Loches



Der deutsche Bundestag in Berlin
Die wohl beste Veranschaulichung eines schwarzen Loches

Der Raumzeit-Tricher
im Reichstagsgebäude



Der deutsche 
Bundestag 

in Berlin

Die wohl beste
Veranschaulichung

eines schwarzen
Loches

Schwarze Löcher und der deutsche Reichstag



Computer Simulation einer Kollision zweier Neutronensterne

Die Gleichungen der ART werden numerisch auf einem Gitter mittels Hochleistungscomputern simuliert. Durch den 

Diskretisierungsprozess im Computerprogramms, sind die Nebenbedingungen (Hamilton Constraints) nicht mehr exakt 

erhalten. Die linke Abbildung zeigt diese Unsicherheiten des Programms. Die rechte Seite zeigt die Simulationsergebnisse 
der vom binären Neutronenstern System emittierten Gravitationswellen.



Computer Simulation einer Kollision zweier Neutronensterne

Die Gleichungen der ART werden numerisch auf einem Gitter mittels Hochleistungscomputern simuliert. Durch den 

Diskretisierungsprozess im Computerprogramms, sind die Nebenbedingungen (Hamilton Constraints) nicht mehr exakt 

erhalten. Die linke Abbildung zeigt diese Unsicherheiten des Programms. Die rechte Seite zeigt die Simulationsergebnisse 
der vom binären Neutronenstern System emittierten Gravitationswellen.



Computer Simulation einer Kollision zweier Neutronensterne

Die Gleichungen der ART werden numerisch auf einem Gitter mittels Hochleistungscomputern simuliert. Durch den 

Diskretisierungsprozess im Computerprogramms, sind die Nebenbedingungen (Hamilton Constraints) nicht mehr exakt 

erhalten. Die linke Abbildung zeigt die Dichte der Neutronensternmaterie. Die rechte Seite zeigt die Simulationsergebnisse 
der vom binären Neutronenstern System emittierten Gravitationswellen.



Erste Gravitationswelle im Jahr 2015 gefunden!! 

Credit: Les Wade from Kenyon College.

Kollision zweier 
Schwarzer Löcher GW150914

Massen: 36 & 29 Sonnenmassen

Abstand zur Erde 410 Mpc
(1.34 Milliarden Lichtjahre)

Längen – Differenz < 𝟏𝟎−𝟏𝟖 m

LIGO Gravitationswellen Detektor



Physik Nobel Preis 2017



Binäre Neutronenstern Systeme
Zurzeit kennt man ca. 25 

binäre Neutronenstern Systeme

Beispiel:

Der Double Pulsar

(PSR J0737-3039A/B): 

Entdeckt im Jahre 2003

Eccentricity: 0.088

Pulsar A:  P=23 ms, M=1.3381(7)

Pulsar B: P=2.7 s, M=1.2489(7)

Abstand zwischen den Sternen nur

800,000 km
Orbitale Periode: 147 Minuten

Abstand verkleinert sich langsam

aufgrund der Abstrahlung von 

Gravitationswellen

Die beiden Neutronensterne

werden erst in 85 Millionen

Jahren kollidieren

McGill NCS Multimedia Services Animation by Daniel Cantin, DarwinDimensions)Kramer, Wex, Class. Quantum Grav. 2009



Was geschieht wenn zwei Neutronensterne miteinander kollidieren?

Zwei sehr massive 
Neutronensterne 

Zwei 
mittelschwere 
Neutronensterne 

Zwei leichte 
Neutronensterne 



Computer Simulation einer Neutronenstern Kollision
Credits: Cosima Breu, David Radice und Luciano Rezzolla

Dichte der 
Neutronenstern Materie 

Temperatur der 
Neutronenstern Materie 



Binary Merger of two
Neutron Stars for
different EoSs

M=1.35 Msolar
for details see Hanauske, et.al. PRD, 
96(4), 043004 (2017)

Central value of the lapse 
function α

c
(upper panel) 

and maximum of the rest 
mass density ρ

max
in units 

of ρ
0

(lower panel) versus 
time for the high mass 
simulations.



SEARCH FOR POST-MERGER GRAVITATIONAL WAVES 
FROM THE REMNANT OF THE BINARYNEUTRON STAR MERGER 

GW170817 (see arXiv:1710.09320v1)

.

Unfortunately, due to the low 
sensitivity at high gravitational 
wave frequencies, no post-
merger signal has been found in 
GW170817.

But, the results indicate that 
post-merger emission from a 
similar event may be detectable 
when advanced detectors reach 
design sensitivity or with next-
generation detectors.



Was geschieht zwischen der Kollision 
und dem Kollaps zum schwarzen Loch?

Dichteprofil in der äquatorialen EbeneAmplitude der emittierten Gravitationswelle



Gravitationswelle einer Neutronenstern Kollision
Neutronenstern Kollision (Simulation) Kollision zweier schwarzer Löcher

Kann demnächst auch

mit LIGO gemessen werden



Probing dense baryonic 
matter with hadrons 
Status and Perspective
Comparison between different transport models 

and similarities to neutron star mergers


