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The longawaited eventGW17081
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GW17081 Lonstrainingthe Neutron Star Radius and EOS

Talkby Bangalore Sathyaprakaséind Jamed.attimer

FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97 M, (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in grey. The lines in
the top left denote the Schwarzschild BH (R = 2m) and Buchdahl (R = 9m/4) limits. In the one-dimensional plots, solid lines are
used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds
of the 90% credible intervals.
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FIG. 2. Marginalized posterior (blue) and prior (orange) for the
pressure p as a function of the rest-mass density p of the NS
interior using the spectral EOS parametrization and imposing a
lower limit on the maximum NS mass supported by the EOS
of 1.97 M. The dark (light) blue shaded region corresponds
to the 50% (90%) posterior credible level and the orange lines
show the 90% prior credible interval. Horizontal lines denote
the 90% credible interval for the central pressure of the heav-
ier (dashed) and the lighter (dotted) binary components. Verti-
cal lines correspond to once, twice, and six times the nuclear
saturation density. Overplotted in grey are representative EOS
models [121}/122}124], using data taken from [19]; from top to
bottom at 2pnuc we show H4, APR4, and WFF1.

GW170817. Measurements of neutron star radii and equation of sfdte,LIGO /Virgo CollaboratianXiv:1805.11581v1



GW17081 Constraininghe Neutron Star Radius

Impactof Phaselransitions
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GW17081 LConstrainingthe maximummassof Neutron Stars
Talk by Cole Miller

The highly differentially rotating
hypermassivisupramassivaeutron 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
supramassivaeutron star (close tdmax) and
collapse to a black hole. Parts of the ejected
matter will fall back into the black hole

ol el ol producing the gammeay burst.

supramassive NSs

diff. rot. hypermassive NSs

L.RezzollaE.Most LWeith O5 OET C ' OA«

Wave Observations and Qualdniversal Relations to

constrain the maximum Mass of NeutrénOA OO 6
Astrophysical Journal Letters 852, L25 (2018):

oy diii. garh 2.01+/-0.04 < Mrov< 2.16+/-0.17

rot. supramassive NSs

See alsoS.Lawrenceet al. ,APJ808,186, 2015
Margalit& Metzger, The Astrophysical Journal
Letters 850, L19 (201 Mtrov< 2.17 (90%)
Zhou, Zhou, Li, PRD 97, 083015 (2018)

Ruiz, Shapirolsokaros PRD 97,021501 (2018)




Numerical Relativity and Relativistic Hydrodynamlcs

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

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



GravitationalWavesfrom Neutron Star Mergers

Neutron Star Collision (Simulation) Collision of two Black Holes
GW150914
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Inspiral Merger Ring-
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Main difference.
In binary neutron star mergers a
Post-Merger Phase

often exists
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GW-Spectrumfor different EOSs

See:

Oechslin+2007, Baiotti+2008ausweir+ 2011, 2012,
Stergioulas- 2011Hotokezakar 2013Takami2014,
2015,Bernuzzi2014, 2015Bausweir 2015, Clark+
2016, Rezzolla+2016, d&etri+ 2016 Feot 2017,
Bose+ 2017

KentaroTakami LucianoRezzolla and LucaBaiotti,
Physical Review D 91, 064001 (2015)

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

BausweinA., & JankaH. T. (2012). Physical review
letters, 108(1), 011101.

Clark, J. A.,.BausweinA., StergioulasN., &
Shoemaker, D. (2015). arXiv:1509.08522.

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




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 trequency (see e.d..RezzollaandK.Takam] PRD, 93(12), 124051 (2016,

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

2] sensitivity at high
gravitational
wave frequencies,
no postmerger
signal has been
found in
GW170817.

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




Binary Mergerof two
Neutron Starsfor
different EoSs

High masssimulations
(M=1.35Msolar)

Central value of the lapse

f unc t(upper pabel)

and maximum of the rest

mass density In units
z - MaX

~ of °y (lower panel) versus

~ time for the high mass

~simulations.

| | ) | i

ALF2 — M135 —  H4 — M135
— APR4-M135  — SLy— M135
— GNH3-M135  — LS220 — M132

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




The QCDz Phase Transitiormndthe Interior of a Hybrid Star
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Matthias Hanauske; Doctoral Thesis:
Properties of Compact Stars within Q&fotivated Models; University Library Publication Frankfurt (2004)




Evolution of the density in the post merger phase

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

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 p,



The QCDPhaeDiagram
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Density-temperature profiles inside
the inner area of &Aypermassive
neutron star simulated within the
LS220 EOSL( see talk byd.Lattimer)
with a total mass ofMtotal=2.7Msolar
In the style of a (") QCD phase
diagram plot at t=19.48&safter the
merger.

The colorcoding 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.
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Binary Neutron Star Mergers the QCD Phas®iagram
. A Tias

< Pmax/Po » Densitytemperature profiles inside the
Inner area of thed,S226M135

simulation in the style of ar{ ") QCD
phase diagram plot at merger time (t=0
ms).

The colorcoding indicate the radial
positionr of the correspondingT¢ *)
fluid element measured from the origin
of the simulation(x,y) = (Q0) on the
equatorial planeZ= 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 the QCD Phas®iagram

aken at = [0.5, 1, 1.5,”.¢ while the white density contours have a logarithmic distance to indicate the low density regio
" The black temperature contour lines were taken at [30,40] MeV while the white contours indicate the low temperatu

values ([5; 10] MeV). The green triangle marks the maximum value of the temperature, while the magenta diamon
indicates the maximum of the density.
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Evolution of hot and

dense matter inside the
Inner area of a .
hypermassiveneutron 35

starin the style ofa (1) ':_T"
QCD phase diagram pleit D
t=0.22ms. The violent,

early postmerger phase ier
characterized by a @)
pronounced density
double-core structure and

hot temperature regions U
which are smeared out in =
areas between the doubte

core density maxima.

eI@S
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M.Hanauske& L.Bovard
Neutron Star Mergers in
the Context of the Hadron =
Quark Phase Transition
(submitted to theJournal

of Astrophysics and
Astronomy)
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Evolution of hot and

dense matter inside the
Inner area of a .
hypermassiveneutron 35

starin the styleofa (") =X

QCD phase diagram pleit C:DT

t=0.83ms.
O

The maximum value of the(")
temperature is located

near the origin, while the
density maxima are placed-U
in the two low -
temperaturecentersof the QO
density doublecore of the
HMNS (see diamond @
symbol, which is located atg_J'
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 35

starin the styleofa (") =X

QCD phase diagram pleit C:DT

QO
®

t=1.49ms.

M.HanauskeX L.Bovard
Neutron Star Mergers in
the Context of the Hadron U
Quark Phase Transition
(submitted to theJournal
of Astrophysics and
Astronomy)
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Evolution of hot and

dense matter inside the
Inner area of a .
hypermassiveneutron 35

starin the styleofa (") =X

QCD phase diagram pleit C:DT

t=1.98ms.
O

In the time interval 1.5ns ()
<t < 3nsthe doublecore
structure disappears and
the maximum density U
value shifts to the central =
region of the HMNS. 8

M.HanauskeX L.Bovard @
Neutron Star Mergersin @Qy.
the Context of the Hadron¢e
Quark Phase Transition ==
(submitted to theJournal

of Astrophysics and
Astronomy)
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Evolution of hot and

dense matter inside the
Inner area of a .
hypermassiveneutron 35

starin the styleofa (") =X

QCD phase diagram pleit C:DT

t=3.69ms.
O

The density distribution at (")
this postmerger time U
has an pronounced

5DAAT 668 OEABR
highest value of the -
density is now placed in QO
the centerof the HMNS.

The maximum density @
value (diamond symbol) is Ay
located at thecenterof
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 35

starin the styleofa (") =X

QCD phase diagram pleit C:DT

QO
®

t=5.94ms.

M.HanauskeX L.Bovard
Neutron Star Mergers in
the Context of the Hadron U
Quark Phase Transition
(submitted to theJournal
of Astrophysics and
Astronomy)
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Evolution of hot and
dense matter inside the
inner area of a

hypermassiveneutron 35

starin the styleofa (") =X

QCD phase diagram pleit C:DT

QO
®

t=7.76ms.

M.HanauskeX L.Bovard
Neutron Star Mergers in
the Context of the Hadron U
Quark Phase Transition
(submitted to theJournal
of Astrophysics and
Astronomy)
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Evolution of hot and
dense matter inside the
inner area of a

hypermassiveneutron 35

starin the styleofa (") =X

QCD phase diagram pleit C:DT

QO
®

t=10.29ms.

M.HanauskeX L.Bovard
Neutron Star Mergers in
the Context of the Hadron U
Quark Phase Transition
(submitted to theJournal
of Astrophysics and
Astronomy)
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Evolution of hot and

dense matter inside the
Inner area of a .
hypermassiveneutron 35

starin the styleofa (") =X

QCD phase diagram pleit C:DT

t=19.43ms.
O

At late postmerger times, ()
the area populated

in the (F *) plane has been
constricted to a small quasi-U
stable region. The central =
region of the HMNS QO
consists of highlglensed
matter ( ~5°0) at
moderate temperature
values T ~10 MeV while the™
maximum of the -

eI@S

s1abIaN Je1s uosnaN Areulg

temperature is reached at QD
the top of the temperature
ring like structure at r ~6

km at moderate density
values” ~2°0.




The CoeRotating Frame

t=9.58ms Q.= 387.20Hz 50

45

40

4135

f [kHZ]

430

425

y [km]

420

15

10

5

t [ms]

-30 -20 -10 O 10 20 30 5 S o
x [km] Note that the angular-velocity distribution in the lower central panel of Fig.

10 refers to the corotating frame and that this frame is rotating at half the
angular frequency of the emitted gravitational waves, €2, . Because the
maximum of the angular velocity {2max 1s of the order of €2 12 (et left
panel of Fig. 12), the ring structure in this panel is approximately at zero

produced by Luk&ovard

Hanauske, et.al. PRD, 96(4), 043004 (201 7EIIHUEIQR Uy




Density andlemperatureEvolutioninsidethe HMNS

; "',arlthm of the rest mass density and temperature inxiglane 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 flowlineslést the
#=0.19msare shown and the small black dots are used to indicate the tracer position at the time indicated in the frame.
nitial parts of the trajectories have increasing transparency so as to highlight the final part of the trajectories.
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Density andlemperatureEvolutioninsidethe HMNS

gt = 0.83ms

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



Density andlemperatureEvolutioninsidethe HMNS

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



Density andlemperatureEvolutioninsidethe HMNS

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



Density andlemperatureEvolutioninsidethe HMNS

est mass density on the equatorial plane Temperature on the equatorial plane
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