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Properties of Compact Stars within
QCD— motivated models
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Numerical Relativity and Relativistic Hydrodynamics
of Binary Neutron Star Mergers___ e

Einstein’s theory of general relativity and the resulting general - e
relativistic conservation laws for energy-momentum in connection /‘
with the rest-mass conservation are the theoretical groundings of
neutron star binary mergers:

il 2 — o (t, .’L‘j)dt2 $i+dt = .Ei - Bi‘(t,:rj)dt

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



Density and Temperature Evolution inside a HMNS
Purely hadronic, no phase transition (LS220 EOS), corotating frame
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Binary Neutron Star Mergers and the QCD Phase Diagram

Hot and dense matter inside the
[t =022 ms) O Tmax inner area of a hypermassive

O pmax/po ; neutron star in the style of a (T- p)
QCD phase diagram plot.

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

The open triangle marks the
maximum value of the temperature
while the open diamond indicates
the maximum of the density.
Additionally, several tracer particle
are shown, indicating the motion of
fluid cells.

G. Alford, L. Bovard, M. Hanauske, L. Rezzolla,
and K. Schwenzer ,Viscous Dissipation and Heat
Conduction in Binary Neutron-Star Mergers”
PRL. 120, 041101 (2018)




Binary Hybrid Star Mergers and the QCD Phase Diagram

l“glll )([llill'}\'

Hot and dense matter inside the

. inner area of a hypermassive
—— DD2F-SF-1 {
T, 10—20
—— DD2F postmerger
c'flv_' | f]‘)eak
|
y | o
=0 inspiral | £ 1071
= | =
= |
2 10 : 8
| N
R =1 || NP o < 10-2-
Qg |
0841 . 4: ____________________________________________ —— DD2F-SF-1
\“ T =20 MeV —— DD2F
' l ! I 10—23 1 1 1
0 0 10 15 20 1 Y 3 4 5
t [ms| f |kHz]

A.Bauswein, N.U.F. Bastian, D.B.Blaschke, K.Chatziioannou, J.A.Clark, T.Fischer and M.Oertel
LIdentifying a first-order transition in neutron star mergers through gravitational waves", PRL 2019

/)//)() E.R.Most, L.J.Papenfort, V.Dexheimer, M.Hanauske, S.Schramm, H.Stocker and L.Rezzolla
»Signatures of quark-hadron phase transitions in general-relativistic neutron-star mergers,,, PRL 2019




Binary Hybrid Star Mergers and the Twin Star Possibility
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Binary Hybrid Star Mergers
and the Spin-Up Effect using Twin Star EOSs
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Wiener Walzer

Riedberg TV, Hessisches Kompetenzzentrum fur Hochleistungsrechnen

The Neutron Star Merger Dance  amera: Pablo Rengel Lorena  Schnitt: Luise Schulte
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Constraining the Equation of State
by Multimessenger Gravitational Wave Astronomy

Uber die Moglichkeit mittels
Gravitationswellen-Detektion etwas
iiber die starke Wechselwirkung zu
lernen

Matthias Hanauske, Walter Greiner und Horst Stocker
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Theoretische Vorhersagen

Beobachtbare Grofien

3. Emission von Gravitationswellen
In welchen Systemen kénnen die von kompakten Ster-
nen emittierten Gravitationswellen von den Eigen-
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Hybrid Star M |
ergers with T-dependent EOS (PRL
paper 1)
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Hybrid Star Mergers with T-dependent EOS (PRL paper 1)
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GW1708a7: 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. NSs rot.NSs 2.01 +/-0.04 < Mtov < 2.16 +/-0.17

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, Zhou, Li, PRD g7, 083015 (2018)

Ruiz, Shapiro, Tsokaros, PRD g97,021501 (2018)




Density and Temperature Evolution inside the HMNS
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Evolution of
the Temperature
in the post merger phase

Hanauske, M., Takami, K., Bovard, L.,
Rezzolla, L., Font, J. A., Galeazzi, F., &
Stocker, 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 lon 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)

x [km]



Evolution of Tracer-
particles tracking 5 B
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
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Different rotational behaviour of the
quark-gluon-plasma produced in
non-central ultra-relativistic heavy
ion collisions
L. Adamczyk et.al., "Global Lambda-
. hyperon polarizationin nuclear
' collisions: evidence for the most
tical fluid”, Nature 548, 2017
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GW2170817: Tidal Deformability

Restrictions on the Equation of State (EOS)
(for high and low spin assumption)
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Binary Hybrid Star Mergers
and the Phase Diagram of
Quantum Cromo Dynamics

1. WHAT ARE HYBRID STARS?

2. HY
3. HY

PERMASSIVE NEUTRON STARS
PERMASSIVE HYBRID STARS

4. TWIN STAR MERGERS




PQcp
].O()E —
e Hadronic  Mixed Pure Quark s
- Aenm P levas =
[ Nuclear Phase © pyaq0 Phase Phase i
5 i :( = (1)
B — = 100}~ Pur
q'i p = IF 1’;(
@ —
< ? : s Gibbs
4: ® S T
© — 0 i
am ’ 1
—re . i
R o ].() i !
3 | | = : ; :
10 1 2 3 Ve / ‘
p/po ; / )
B ! |
s 0.6 ll -
FIG. 1. Particle fractions as functions of the baryonic density for = B / "
the FSU2H model [69, 70] up to the point where the HQPT is im- 0.4 N
plemented, giving rise to a phase of deconfined quark matter which . .
can be separated from the nuclear (or hadronic) phase by a mixed 0.2k L
phase of hadrons and quarks. We note that the actual fractions of Th -
nucleons/hyperons and quarks u, d, s in the mixed and quark phases [ / | I |
()() — | | | | | |

cannot be determined with the parametrizations used in this work. 200 100

.y . B



Model-1 Model-2

Mass-Radius Relations

: for
| Twin-Star EOSs
S | = Sl P The mass and radius of a single, non-
| —— Hadronic Phase . . 0
- | — Mixed Phase rotating and spherically symmetric
1.0 —-| —— Pure-Quark Phase .
— | - Unstable branch 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 for a given EOS.

Category 1 Category 11 Category 111 Category 1V

i 2.0 } -------------------- R N Mma wamome e Lo

= twin branch
B P
=
1.0
R R R R
—

FIG. 3. Schematic behaviour of the mass-radius relation for the twin-star categories /-/V defined in the text. Note the appearance of a “twin”
1 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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Constraining the global parameters of the phase transition

with GW170817

Model-1 Model-2
M = 1.188 M. M=1.5 M. M = 1.188 M. M =15 M- g=1.0
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