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Teil 1l
Computersimulationen mit dem Einstein- Toolk|t |

In diesem Teil wird ein Einblick in die allgemein-relativistische
Simulation auf Supercomputern gegeben. Unter Zuhilfenahme des
Einstein-Toolkits werden unterschiedliche, realistische Systeme betrachtet
(z.B. Neutronenstern-Kollisionen mit Aussendung von Gravitationswellen)
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Das Einstein Toolkit: Weitere Informationen

WELCOME

The Einstein Toolkit Consortium is developing and supporting open software for relativistic astrophysics. Our aim is to provide the core computational tools that can !..

enable new science, broaden our community, facilitate interdisciplinary research and take advantage of emerging petascale computers and advanced -
cyberinfrastructure. .

Please read our pages the Einstein Toolkit, its , and how to with the toolkit for more information.

November 2014: We are pleased to {code name " ") of the Einstein Toolkit, an open, community developed software
infrastructure for relativistic astrophysics.

https://www.youtube.com/watch?v=E04d32ch60l
https://www.youtube.com/watch?v=p5bgq2iUO3DE
https://www.youtube.com/watch?v=MNpyd oOMT4
https://www.youtube.com/watch?v=Qg6PwWRI2uS8
https://www.youtube.com/watch?v=ZW3aV7U-aik
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Gravitationswellen gefunden: LIGO!!!

Kollision zweler
Schwarzer Locher GW150914

Massen: 36 & 29 Sonnenmassen

Abstand zur Erde 410 Mpc
(1.34 Milliarden Lichtjahre)




Die neue Art unser Universum zu betrachten

Lange Zeit Uber war das Studium von astrophysikalischen Vorgangen auf den mit den Augen sichtbaren Bereich limitiert und
optische Teleskope entwickelten sich erst ab dem 16. Jahrhundert. Die Wahrnehmung des Universums in den anderen
Frequenzbereichen der elektromagnetischen Strahlung wurde durch die Radio-, Infrarot- und Rontgen-Teleskope mdglich und

entwickelte sich erst im 20. Jahrhundert.
GSFC/NAS
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Esist so als ob die Menschheit eine neue wundersame Brille hat, ein neues Gravitations-

Sinnesorgan, mit welchem sie nun, zuvor unbeobachtbare Ereignisse in unserem
Universum, wahrnehmen kann. wellen




| Masses in the Stellar Graveyard Detektierte
in Solar Masses [ c\w190521 beobachtet in 03 Gravitationswellen

L Das bisher massivste
Gravitationswellen-Ereignis

In den ersten beiden

L LIGO-Virgo Black Holes
Beobachtungslaufen
? ? ?o ? ? (01+02) konnten 11
40 ? o o' O Gravitationswellen detektiert
o ° ° PS ° ? O o o/ o O werden, wobei einer dieser
20 @ - - 2 Gravitationswellen
° . ? Y . O (GW179§17) durc.h die
10 I ° Kollision zweier
000 o0 o° Neutronensterne verursacht
5 ° . o wurde welche sich vor

ungefahr 130 Millionen

EM Neutron Stars Jahren ereignete.
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Updated 2020-09-02
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern



"The lonc ted.
long-awaited event GW1708
g 70017

High-spin priors (Jy| £ 0.89)

Low-spin priors (x| £ 0.05)

| Primary mass
. gecondary M e i
i/ . y mass 112 1.17-1.36 Mg 0.86—].36M2
| Chirp mass 1188700 M L188704M
k : 0.7-1.0 04-10
Mass ratio 71t /my ity M,
Total mass /e Mo > 00
> 002 @C 40»?4 MPC
Radiated energy Erad 4015, Mpe 56
.stance DL 0 <2
<28° <700
< 800 e



The second event: GW190425

i, .

4/ ~ Mass ~ 3.4 Mo

19. April 2019

Second detection of a gravitational
wave from a binary neutron star
-merger event!
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Gravitationswellen von Neutronenstern Kollisionen

Neutronenstern Kollision (Simulation)

Kollision zweler schwarzer Locher
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Unterschied:

Bei Neutronenstern Kollisionen
gibt es meistens eine
Post-Kollisionsphase




The Einstein Equation and the EOS of Compact Stars

(Quantum( romoDynamic:
(SU(3)(.)- Color Yang-Mills-Gauge Theory)

Dpv® = 9pv® + %507 | Dga” = 9p1." +ig Ag,” Dpa® = 014" +1igGpa®
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Die experimentelle Untersuchung
der Eigenschaften der elementaren Materie

: o P | Zurzeit entsteht in Darmstadt
Gold+Gold Kollision am GSI: Helmholtz Zentrum fiir Schwerionenforschung / HADES Experiment P - : ¢ N ' B! N | < ’
Am FAIR Beschleuniger: noch hoehere Strahlintensitaet Ly & " e o . o Y. - T d as heue | nte rn at|0 na |e

\IN R G ANET - | Beschleunigerzentrum FAIR,
s T = T A B N W eines der groRten
P Y ' By / Forschungsvorhaben weltweit
2 ' ¥ '
N\ Mit FAIR wird Materie im Labor erzeugt und
0 .'.'.‘ . 4'.‘ i .

Dichte als Vielfache der normalen Kerndichte ‘ Temperatur in MeV ‘ i rfo 5 ht iy rd P nl R ke St f e
Zeit- 888 fmic e Universum vorkommt



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

Der Hadron-Quark Phasenubergang 5
' : Critical point? 0

Dichte als Vielfache der normalen Kerndichte Temperatur in MeV
Zeit= 0.08 fm/c

o ¢

Hadronische
Teilchen

Neutron Proton

Neutron stars conductor?

a

Net baryon densityn/ n
N,=0.16 fm~

Compact Stars




Das Innere von hybriden Sternen

Hadronic

i
. Phase ’ Phase s ® & P‘lase. "
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Construction of the

Hadronic models with o
phase transition Quark Models

(Maxwell or Gibbs)
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& AuBere Neutronen und einige
| Eisenkruste Protonen, Elektronen
vielleicht auch Hyperonen




Neutronensterne, Quarksterne und schwarze Locher

Bei welcher Dichte der Phasentbergang zum Quark-Gluon-Plasma einsetzt und welche Eigenschaften dieser
Ubergang im Detail hat ist weitgehend unbekannt. Theoretische Modellierung mittels unterschiedlicher
effektiver Elementarteilchenmodelle.

Quark Stars Black Holes

Hybrid Stars




Numerical Relativity and Relativistic Hydrodynamics

of Binary Neutron Star Mergers ___ sz
A realistic numerical simulation of a twin star collapse, a merger of EEEE L L.
two compact stars or a collapse to a black hole needs to go beyond a "

static, spherically symmetric TOV-solution of the Einstein- and %'e” :
hydrodynamical equations. -

Tt — D”(HL—’

4
M\

Et—i—dt

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



The late inspiral phase (density, lapse and shift)

' y axis [km]
y axis [km] . ’ ¢

1} 0.4 0.8
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]\'jl'l'ldx7 q = ]‘

binary (< 1kHz) black hole + torus (5 — 6kHz) black hole (6 — TkHz)

e°

GW190425

binary (< 1kHz) HMNS (2 — 4kHz) black hole + torus (5 — 6kHz) black hole(6 — TkHz)

supramassive NS (1 — 2kHz) NS (2 — 4kHz)

10 —




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



GW2170817: Tidal Deformability
Restrictions on the Equation of State (EOS)
(for high and low spin assumption)
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GW2170817: Constraining the Neutron Star Radius and EOS
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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

o ) ) ) ) ) . ) ‘ show the 90% prior credible interval. Horizontal lines denote
FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel) 0 909% credible interval for the central pressure of the heav-

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) jer (dashed) and the lighter (dotted) binary components. Verti-
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in grey. The lines in  ¢a] lines correspond to once, twice, and six times the nuclear
the top left denote the Schwarzschild BH (R = 2m) and Buchdahl (R = 9m/4) limits. In the one-dimensional plots, solid lines are gaturation density. Overplotted in grey are representative EOS
used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds  models [121}[122}[124], using data taken from [19]; from top to
of the 90% credible intervals. bottom at 2pnuc we show H4, APR4, and WFF1.

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



GW2170817: Constraining the Neutron Star Radius and EOS
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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
ions (left panel)  he 909 credible interval for the central pressure of the heav-
(bottom orange)  jer (dashed) and the lighter (dotted) binary components. Verti-
ey. The lines in  ¢a] Jines correspond to once, twice, and six times the nuclear
the top left denote 0 i, solid lines are  saturation density. Overplotted in grey are representative EOS
used for the posteri iR S . T R . TN d for the bounds models [121}[122}[124], using data taken from [19]; from top to
of the 90% credibl 0 250 500 750 1000 1250 bottom at 2pnuc we show H4, APR4, and WFFI.
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GW170817: Measurements of neutron star radii and equation of state, The LIGO /Virgo Collaboration, arXiv:1805.11581v1
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GW2170817: Constraining the Neutron Star Radius

Impact of Phase Transitions

PDF for pure hadronic EOSs PDF for pure hadronic EOSs PDF for phase-transition EOSs
] 201< My ; A4 <800 FC A4 <800 ] 2.01< M Ay4 <800

201 <M, <2.16; A1 <800 400 <A1.4 <640 ] 201< M, <2.16; Ars<800
O ) 201<M,; 400 < A, 4 <800 P L 500<A,4<800 201<M,,, <2.16; J00<A, <800
| 3 200 <M, <216, 400 <A, 5 <800 3 400<A14 <800 M =140 M. hadronic

l [ | {Abranch

M 1.40 M M = 140 M,
+2.01<M,,, <2.16

crust

“u, | ~ 2%
‘\lun

12.00< Ry 4/km<13.45 Ry 4 = 12.45km EOSs without phase
transitions

8.53< Ry 4/km<13.74 Ri4 = 13.06 km EOSs with phase transitions

£

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

interpolating / & ; {
~ tropes 4§ »QCD
outer 1 — tropes /,/\ l )

core :
2nd segment )
,

1.0 ) ¥
logo(n) [fm™]

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)

| 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, Ozel, Psaltis, (2018) arXiv:1803.07687

logyo (PDF)




GW2170817:

PDF

for pure hadronic EOSs PDF foi

1.50F . 201< M, ; A4 <800 F 3 Ap4<800

201< M, <2.16; Avs <800 400 <Avs

1.25f 0 201< M, 400 <A, 4 <800 T 3 500<Ay,

3 201<M,,, <2.16; 400<A, 4 <800 £ 40<his
1.00f T

M = 1.40 M, M =140 M,

+2.01< ."’I:\)\. <

12.00< R; 4/km <13.45

| See also: De, Finstad, Lattimer, Brown, Berger, Biwe

=~ 172702 (2018) ; Nandi & Char, Astrophys. J. 857, 12 (20
" Annala, Gorda, Kurkela, Vuorinen, PRL 120, 172703 (20

Reference

R, [km]

Without a phase transition
Bauswein et al. [42]

Most et al. [51]

Burgio et al. [54]

Tews et al. [55]

De et al. [56]

LIGO/Virgo [57]

10.6870:03 < Ri6
12.00 < Ry 4 < 13.45

11.8 < Ry 5 < 13.1

11.3 < Ry 4 < 13.6

8.9 < Ry4 <132

10.56 < Ry.4 <133

With a phase transition
Annala et al. [46]
Most et al. [51]
Burgio et al. [54]
Tews et al. [55]

RyasZ 136
8.53< Ri i< 1374

R1.5 == 0

0:0% RyuZ 138

This work

NS

HS Model-2
HS. Model-1
HS.. Model-2

Ri4=13.11
19:9:% By 5.Z 1811
10.1 < Ry4 < 12.9
10.4 < Ry4 < 11.9

TABLE II. Constraints on the radius of neutron stars from
GW170817 for models without a phase transition (top), works con-
sidering the possibility of a transition to quark matter (middle) and
for EOSs of Category III in the present work (bottom).

L0 —05
igio(n) [fm ™7

t, L.Weih, L.Rezzolla, J.
ner-Bielich “"New

aints on radii and tidal
abilities of neutron
om GW170817",

1803.00549,
bted in PRL)

v, Piekarewicz, Horowitz, PRL 120,
os, PRD 97, 021501 (2018) ;




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.

diff. rot. hypermassive NSs

only diff. rot.

supramassive NSs

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):

only diff. stable

rot. supramassive NSs

See also: S.Lawrence et al. ,APJ808,186, 2015
Margalit & Metzger, The Astrophysical Journal
Letters 850, L19 (2017): MTov < 2.17 (90%)
Zhou, Zhovu, Li, PRD g7, 083015 (2018)

Ruiz, Shapiro, Tsokaros, PRD g7,021501 (2018)




Was geschieht zwischen der Kollision

und dem Kollaps zum schwarzen Loch?

5 0 5 10 15 20 —90 ~10 0 10 20
t [ms] X [km]

S Amplitude der emittierten Gravitationswelle Dichteprofil in der dquatorialen Ebene




The different Phases of a Binary Compact Star Merger Event

Late inspiral and merger phase |

Transient early

Postmerger phase
postmerger phase

http://itp.uni-
frankfurt.de/~hanauske/V
ARTC/VARTCorona/Tanz
Neutronensterne.mpy4

Collapse to the

Kerr black hole and

ringdown phase

WYy exactly these dances?
Details in

"Binary Compact Star
Mergers and the Phase
Diagram of Quantum
Chromodynamics”,
Matthias Hanauske and
Horst Stocker, Discoveries
at the Frontiers of Science,
107-132; Springer, Cham
(2020)
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Pulsare :=
Rotierende Neutronensterne mit starkem Magnetfeld

In den letzten 5o Jahren konnten
mittels Radioteleskopen ca. 3000
rotierende Neutronensterne
(Pulsare) gefunden werden.

Der erste Pulsar wurde im Jahre
1967 entdeckt (PSR 1919+21, Bell)

Man unterscheidet )
Sekundenpulsare und Q@

Millisekunden-Pulsare @



file:///D:/Vortraege/VARTC2017/Pulsarsounds/B0329.au
file:///D:/Vortraege/VARTC2017/Pulsarsounds/B1937.au
file:///D:/Vortraege/VARTC2017/Pulsarsounds/crab.au

Binare Neutronenstern Systeme a7
Zurzeit kennt man ca. 25 W !
bindre Neutronenstern Systeme AL LT l
. . ' ','/"',' 'I' '4
Beispiel: ‘ Lhdy '1
Der Double Pulsar WFitn e 1 1 v"'
(PSR J0737-3039A/B): ye -',« 2 e
Entdeckt im Jahre 2003 il * ' ‘ ‘;”
Eccentricity: 0.088 ‘ R AR ] };"‘:
Pulsar A: P=23 ms, M=1.3381(7) , . O e
Pulsar B: P=2.7 s, M=1.2489(7) 1S S S SR TR
' ' ’ ... Ly ‘.' : o ':~' ..o'.’-",-"' ;..'°‘
Abstand zwischen den Sternen nur Bo e T e
800,000 km » Flag ot o Re Y Y
4 . . . " ' i3S e (‘:‘
Orbitale Periode: 147 Minuten / . | ..(‘; *v X €
Abstand verkleinert sich langsam & 40 ."- &
aufgrund der Abstrahlung von T,
Gravitationswellen R
Die beiden Neutronensterne ‘- iy
werden erst in 85 Millionen Whae 7t
Jahren kollidieren e ‘\‘ Wil

Kramer, Wex, Class. Quantum Grav. 2009 McGill NCS Multimedia Services Animation by Daniel Cantin, Da{rwiﬁlsimensions) )
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'DerTanz der Neutronensterne




Der Tanz der Neutronensterne in VR
(siehe Link auf der Homepage)

der Neutronensterne




The Co-Rotating Frame

t=0.00ms Q. =122.65Hz

2 Note that the angular-velocity distribution in the lower central panel of Fig.
10 refers to the corotating frame and that this frame 1s rotating at half the
angular frequency of the emitted gravitational waves, {2, . Because the

Slmu|at|0n and movie maximum of the angular velocity Q2 ax is of the order of €2+, /2 (cf. left
panel of Fig. 12), the ring structure in this panel is approximately at zero

| s been produced by Luke Bovard angular velocity.



Density and Temperature Evolution inside the HMNS

R EEEE T A T F s 0 AT E e E e

|
(o
~~
S
’ > |
S
Pt
e
—
s

I T | |

III||\\\III.-IIlIIJ\l!IIIlIII\l\l

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

i



8() I [ |

Evolution of hot and

|
[t = 0.22 ms] & Lz 16 dense matter inside the
70 F i inner area of a
14 hypermassive neutron
star simulated within the
3 119 LS220 EOS with a total
= mass of Mtotal=2.7 Msolar
N in the style of a (T- p) QCD
10 phase diagram plot
. Q é The color-coding indicate
C

the radial position r of the

corresponding (T- p) fluid
§) element measured from
the origin of the simulation
(x,Yy)=(0o,0)onthe
equatorial plane atz = o.

5 2 The open triangle marks
the maximum value of the
temperature while the
open diamond indicates
the maximum of the
density.
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The Angular Velocity in the (3+12)-Split

The angular velocity Q in the (3+1)-Split is a combination of the lapse (3+1)-decomposition
function a, the ¢p-component of the shift vector B® and the 3-velocity of spacetime:
v® of the fluid (spatial projection of the 4-velocity v): '

Angular velocity Lapse function ®-component of Frame-dragging
@) o 3-velocity v®

? 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)

e




Temperature Angular Velocity

Temperature(x, y

—-20 —15 —10

EOS: LS200, Mass: 1.32 Msolar, sSimulation with Pi-symmetry



t = 5.77ms
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Time-averaged Rotation Profiles of the HMNSs

ALF2 — M135
APR4 — M135
GNH3 — M135
H4 — M135

SLy — M135
1,220 — M132
ALF2 — M125
APR4 — M125
GNH3 — M125
H4 — M125

Soft EoSs:
Sly

APR4

SLy — M125

Stiff EoSs:

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?
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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GRAVITATIONAL COLLAPSE AND SPACE- TIME SINGULARITIES
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Signatures within the post-merger phase ER Most et.al., PRL 122 (6), 061101 (2019)
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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
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)

B e ——— Evolution of the central rest-mass

DPT, Az ~ 237m density for four binary neutron star
g configurations, simulated

| \vith/without a Gibbs-like hadron-

quark phase transition. Blue-
shaded regions mark the different
phases of the EOS and apply to the
DPT (Delayed phase transition) and
PTTC (Phase-transition triggered
collaps) scenarios only, since the
NPT (No phase transition ) binaries
are always purely hadronic.
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Additional article ,, Neutron star collisions and
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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 HMNS 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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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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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)




The Hadron-Quark Phase Transition and
the Third Family of Compact Stars (Twin Stars)
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FIG. 1. Particle fractions as functions of the baryonic density for
the FSU2H model [69, 70] up to the point where the HQPT is im-
plemented, giving rise to a phase of deconfined quark matter which
can be separated from the nuclear (or hadronic) phase by a mixed
phase of hadrons and quarks. We note that the actual fractions of
nucleons/hyperons and quarks u, d, s in the mixed and quark phases
cannot be determined with the parametrizations used in this work.
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Model-1 Model-2

Mass-Radius Relations

: for
Twin-Star EOSs
: 155 =
5 | = nclons Bl The mass and radius of a single, non-
| —— Hadronic Phase . . .
_ Mised Phase rotating and spherically symmetric
1.0 - —— Pure-Quark Phase .
: { - Unstable brauch neutron star can be easily calculated by
Causality constraint . . c
solving the static TOV equation
9 10 11 12 13 9 10 11 12 13

numerically fora given EOS.
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FIG. 3. Schematic behaviour of the mass—radius relation for the twin-star categories /-IV defined in the text. Note the appearance of a “twin”
branch with a mixed or pure-quark phase; the twin branch has systematically smaller radii than the branch with a nuclear or hadronic phase.
The colors used for these categories will be employed also in the subsequent figures.
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Gravitational-wave signatures within the late inspiral phase

Construction of the EOS The Mass-Radius relation and the twin star property
with a hadron-quark phase transition Maxwell Construction Gibbs Construction
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Constraining the hadron-quark phase transition with GW170817
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Model-1

Pre-merger signatures of the hadron-quark phase transition

g =0.99
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In the next few
years, further
gravitational
waves from binary
neutron star
collisions with
different chirp
masses and mass
ratios will be
detected and thus
the equation of
state will be
further restricted.
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Jupyter Notebook

Neutronenstern Kollisionen
mit dem Einstein Toolkit

Allgemeine Relativitatstheorie n

General Theory of Relativity on 1

Vorlesung gehalten an der J.W.Goethe
2021)

von Dr.phil.nat. Dr.rer.pol. Matthias Hanauske

Frankfurt am Main 17.06.2021

Dritter Vorlesungsteil: Neutronenstern K

Einfuhrung in den (3+1)-Split

In den bisherigen Jupyter-Notebooks, sowohl bei der Analyse der Bev
Berechnung der Eigenschaften von Neutronensternen, hatten wir zeitt
4-dimensionale Mannigfaltigkeit M veranderte sich nicht mit der Zeit L

y [km]

Re(Wy) - 108

= <€s Loch als auch bei der
=Zgrundeliegende Metrik g, der betrachteten
smche Symmetrie. In diesem Jupyter-Notebook wird



Mogliche Vorlesungsprojekte

- Teil I: Simulationen und Berechnungen in Python
e WeiterfUhrende Themen der Kerr-Metrik

* Kosmologie und die Robertson-Walker Metrik

* Teil Il: C++ oder Python
* Die Masse-Radius Beziehung von Zwillingssternen

* Die Masse-Radius Beziehung von Compose Zustandsgleichungen

* Teil lll: Simulationen mit dem Einstein Toolkit

* Visualisierung der Neutronenstern Kollisionen von Herrn D. Goretzki




