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The long-awaited event GW170817



GW170817: Constrainingthe Neutron Star Radius and EOS
Talk by Bangalore Sathyaprakashand James Lattimer

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



Without
EOSs without phase

transitions

EOSs with phasetransitions

GW170817: Constrainingthe Neutron Star Radius 
Impact of Phase Transitions

E.Most, L.Weih, L.Rezzolla, J. 
Schaffner-BielichȰ.Å× 
constraints on radii and tidal 
deformabilitiesof neutron 
ÓÔÁÒÓ ÆÒÏÍ '7ΧέΦήΧέȱȟ 
arXiv:1803.00549, 
(acceptedin 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, PRL120, 172703 (2018) ; Raithel, Özel, Psaltis, (2018) arXiv:1803.07687



GW170817: Constrainingthe maximum massof Neutron Stars
Talk by Cole Miller

The highly differentially rotating 
hypermassive/supramassiveneutron 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 
supramassiveneutron 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.Weihȟ Ȱ5ÓÉÎÇ 'ÒÁÖÉÔÁÔÉÏÎÁÌ 
Wave Observations and Quasi-Universal Relations to 
constrain the maximum Mass of Neutron 3ÔÁÒÓȱȟ4ÈÅ
Astrophysical Journal Letters 852, L25 (2018): 
2.01 +/-0.04 < MTOV < 2.16 +/-0.17

See also: S.Lawrenceet 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)



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)

Numerical simulations of a merger of two compact stars 
are based on a (3+1) decomposition of spacetime of the 
Einstein and hydrodynamic equations.



GravitationalWavesfrom Neutron Star Mergers

Neutron Star Collision (Simulation) Collision of two Black Holes
GW150914

Difference due to tidal deformation 
in the late inspiral phase



GW-Spectrumfor different EOSs

See:

Oechslin+2007, Baiotti+2008, Bauswein+ 2011, 2012, 
Stergioulas+ 2011, Hotokezaka+ 2013, Takami2014, 
2015, Bernuzzi2014, 2015, Bauswein+ 2015, Clark+ 
2016, Rezzolla+2016, de Pietri+ 2016, Feo+ 2017, 
Bose+ 2017 

KentaroTakami, 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 msafter merger, the only remaining dominant 

frequency is the f2-frequency (see e.g. L.Rezzollaand 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!!? 



Binary Merger of two
Neutron Stars for
different EoSs

High masssimulations
(M=1.35 Msolar)

Central value of the lapse 
function Ŭ

c
(upper panel) 

and maximum of the rest 
mass density ́

max
in units 

of 
0́

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

Hanauske, et.al. PRD, 96(4), 043004 (2017)



The QCD ɀPhase Transition and the Interior of a Hybrid Star

Centerof the StarSurface of the Star

Matthias Hanauske; Doctoral Thesis: 

Properties of Compact Stars within QCD-motivated Models; University Library Publication Frankfurt (2004)

Talk by Fridolin Weber





The QCD PhaeDiagram

Credits to http://inspirehep.net/record/823172/files/phd_qgp3D_quarkyonic2.png



Hypermassive Neutron Stars in the QCD Phase Diagram

Density-temperature profiles inside 
the inner area of a hypermassive
neutron star simulated within the 
LS220 EOS (Lsee talk by J.Lattimer) 
with a total mass of  Mtotal=2.7 Msolar

in the style of a (T- )́ QCD phase 
diagram plot at t=19.43 msafter the 
merger. 

The color-coding indicate the radial 
position r of the corresponding (T- )́ 
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.



QCD Phase Diagram: The Late InspiralPhase

Lapse function Ŭ (left) 

rest mass density ́



QCD Phase Diagram: The Late InspiralPhase

Lapse function Ŭ (left) 

rest mass density ́



QCD Phase Diagram: The Late InspiralPhase

Lapse function Ŭ (left) 

rest mass density ́



Binary Neutron Star Mergers in the QCD Phase Diagram

Density-temperature profiles inside the 
inner area of the LS220-M135 
simulation in the style of a (T- )́ QCD 
phase diagram plot at merger time (t=0 
ms).

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

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



Binary Neutron Star Mergers in the QCD Phase Diagram

Logarithm of the rest mass density  and temperature  in the xy-plane at  merger time. The black density contour lines were 
taken at  = [0.5, 1, 1.5,..] ́0 while the white density contours have a logarithmic distance to indicate the low density regions. 

The black temperature contour lines were taken at [30,40] MeV while the white contours indicate the low temperature 
values ([5; 10] MeV). The green triangle marks the maximum value of the temperature, while the magenta diamond 

indicates the maximum of the density.
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Evolution of hot and 
dense matter inside the 
inner area of a 
hypermassiveneutron 
star in the style of a (T- )́ 
QCD phase diagram plot at 
t=0.22 ms. The violent, 
early post-merger phase is 
characterized by a 
pronounced density 
double-core structure and 
hot temperature regions 
which are smeared out in 
areas between the double-
core density maxima.

M.Hanauske& L.Bovard, 
Neutron Star Mergers in 
the Context of the Hadron-
Quark Phase Transition
(submitted to the Journal 
of Astrophysics and 
Astronomy)
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Evolution of hot and 
dense matter inside the 
inner area of a 
hypermassiveneutron 
star in the style of a (T- )́ 
QCD phase diagram plot at 
t=0.83 ms. 

The maximum value of the 
temperature is located 
near the origin, while the 
density maxima are placed 
in the two low
temperature centersof the 
density double-core of the 
HMNS (see diamond 
symbol, which is located at 
the tip of the green
cusp in the left figure).
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Evolution of hot and 
dense matter inside the 
inner area of a 
hypermassiveneutron 
star in the style of a (T- )́ 
QCD phase diagram plot at 
t=1.49 ms.

M.Hanauske& L.Bovard, 
Neutron Star Mergers in 
the Context of the Hadron-
Quark Phase Transition
(submitted to the Journal 
of Astrophysics and 
Astronomy)
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Evolution of hot and 
dense matter inside the 
inner area of a 
hypermassiveneutron 
star in the style of a (T- )́ 
QCD phase diagram plot at 
t=1.98 ms.

In the time interval 1.5 ms
< t < 3 msthe double-core
structure disappears and 
the maximum density 
value shifts to the central 
region of the HMNS.

M.Hanauske& L.Bovard, 
Neutron Star Mergers in 
the Context of the Hadron-
Quark Phase Transition
(submitted to the Journal 
of Astrophysics and 
Astronomy)
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Evolution of hot and 
dense matter inside the 
inner area of a 
hypermassiveneutron 
star in the style of a (T- )́ 
QCD phase diagram plot at 
t=3.69 ms. 

The density distribution at 
this post-merger time
has an pronounced 
ȭÐÅÁÎÕÔȭ ÓÈÁÐÅ ÂÕÔ ÔÈÅ 
highest value of the
density  is now placed in 
the centerof the HMNS.
The maximum density 
value (diamond symbol) is 
located at the centerof 
the HMNS, while the 
temperature maximum 
(triangle) is placed in one 
of the temperature hot 
spots at r ~3 km.
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Evolution of hot and 
dense matter inside the 
inner area of a 
hypermassiveneutron 
star in the style of a (T- )́ 
QCD phase diagram plot at 
t=5.94 ms.

M.Hanauske& L.Bovard, 
Neutron Star Mergers in 
the Context of the Hadron-
Quark Phase Transition
(submitted to the Journal 
of Astrophysics and 
Astronomy)
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Evolution of hot and 
dense matter inside the 
inner area of a 
hypermassiveneutron 
star in the style of a (T- )́ 
QCD phase diagram plot at 
t=7.76 ms.

M.Hanauske& L.Bovard, 
Neutron Star Mergers in 
the Context of the Hadron-
Quark Phase Transition
(submitted to the Journal 
of Astrophysics and 
Astronomy)
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Evolution of hot and 
dense matter inside the 
inner area of a 
hypermassiveneutron 
star in the style of a (T- )́ 
QCD phase diagram plot at 
t=10.29 ms.

M.Hanauske& L.Bovard, 
Neutron Star Mergers in 
the Context of the Hadron-
Quark Phase Transition
(submitted to the Journal 
of Astrophysics and 
Astronomy)
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Evolution of hot and 
dense matter inside the 
inner area of a 
hypermassiveneutron 
star in the style of a (T- )́ 
QCD phase diagram plot at 
t=19.43 ms. 

At late post-merger times, 
the area populated
in the (T- )́ plane has been 
constricted to a small quasi
stable region. The central 
region of the HMNS 
consists of highly densed
matter (́ ~5 ́ 0 )  at 
moderate temperature
values T ~10 MeV while the 
maximum of the 
temperature is reached at 
the top of the temperature 
ring like structure at r ~6 
km at moderate density 
values ́ ~2 ́ 0 .



The Co-Rotating Frame

Simulation and movie has been

produced by Luke Bovard

Hanauske, et.al. PRD, 96(4), 043004 (2017)



Density and TemperatureEvolution insidethe HMNS

Logarithm of the rest mass density  and temperature  in the xy-plane at  merger time. Additionally the flowlines of several 
tracer particles that remain close to the equatorial plane will be visualized. The final part of the tracer flowlines for thelast t 
=0.19 msare shown and the small black dots are used to indicate the tracer position at the time indicated in the frame. The 
initial parts of the trajectories have increasing transparency so as to highlight the final part of the trajectories.



Density and TemperatureEvolution insidethe HMNS

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



Density and TemperatureEvolution insidethe HMNS

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



Density and TemperatureEvolution insidethe HMNS

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



Density and TemperatureEvolution insidethe HMNS

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


