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Schedule
Schedule of the internship:

● 1.Day: Download and compile the Einstein Toolkit 

● 1.Day: Run Simulations (3 Cowling, 1 Full)

● 1.Day: Visualizing data 

● 1.Day: Calculate the Power Spectral Density (PSD, homework) 

● 2.Day: PSD

● 2.Day: Visualizing data

● 2.Day: Questions
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Black Holes
Ansatz of the Metric
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See http://wiap.wiwi.uni-frankfurt.de/Publications/LateralThoughts.pdf
      http://fias.uni-frankfurt.de/~hanauske/new/eqgt/HSK_2011/Einfuerung/html/mov/Marathonvorlesung2003.mov

http://wiap.wiwi.uni-frankfurt.de/Publications/LateralThoughts.pdf


  

Pulsars                     Neutron Stars

PSR B1937+21 (1.56 ms)

PSR B0329+54 (0.715 s)

PSR B0531+21 (33.5 ms)

Crab Pulsar



  

Observed Masses of 
Compact Star Binaries

Picture from J. Antoniadis et.al. Science 2013

PSR J0348+0432
Orbital Period: 
2.46 hours

Pulsar mass: 
2.01+-0.04

white dwarf mass: 
0.172+-0.003

 PSR J1906+0746
144-ms pulsar, discovered in in 2004  
Orbital period: 3.98 hours, Eccentricity: 0.085
Pulsar mass: 1.291(11), Companion mass 1.322(11) 
Observed between 1998-2009, 
then it disappeared due to spin precession

Van Leeuwen et al, arXiv:1411.1518

Double Pulsar PSR J0737-3039
Orbital period: 147 min, Eccentricity: 0.088
pulsar A:  P=23 ms, M=1.3381(7)
pulsar B: P=2.7 s, M=1.2489(7)
Pulsar A is eclipsed once per orbit by B (for 30 s)
Kramer, Wex, Class. Quantum Grav. 2009



  

Summary: Neutron Stars



  

General Relativity and 
Quantum Cromodynamics



  

Neutron Stars (NS)

Relativistic Mean-Field Hadronic Models
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Neutron Star Properties
Energy density 
profiles of three 
neutron stars with 
different central 
densities and 
masses. The low 
density stars do not 
contain any 
hyperons, whereas 
the other two stars 
do have hyperons 
in their inner core. 

Time-time 
component of the 
metric tensor as a 
function of the 
radial coordinate. 
The solid line 
corresponds to the 
inner TOV-solution, 
whereas the doted 
curve depicts the 
outer 
Schwarzschild part.

The neutron star radius as a function of its mass. A 
low, middle and high density star is displayed within 
the figure. Additionally the onset of hyperonic 
particles is visualized. 



  

The QCD – Phase Transition
The appearance of the QCD - phase transition (the transition from 
confined hadronic to deconfined quark matter) will change the properties 
of neutron stars. Whether this change will be visible with telescopes and 
gravitational wave antennas depends strongly on the equation of state of 
hadronic and quark matter and on the construction of the phase transition.

Center of the StarSurface of the Star



  

The Compact Star Zoo
Depending on the model used, the compact star zoo consists of different 
inhabitants: e.g. neutron stars with and without hyperons, quark stars and strange 
quark stars, hybrid stars with color superconducting quark matter, hybrid stars 
with Bose-Einstein condensates of antikaons.



  

Relativistic Hydrodynamics and 
Numerical General Relativity

(3+1) 
decomposition 
of spacetime 

A realistic numerical simulation of a twin star 
collapse, a merger of two compact stars or a 
collapse to a black hole, needs to go beyond a 
static, spherically symmetric TOV-solution of 
the Einstein- and Hydrodynamical equations.  

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



  

The ADM equations
The ADM (Arnowitt, Deser, Misner) equations come from a reformulation of the Einstein 
equation using the (3+1) decomposition of spacetime.

Time evolving 
part of ADM

Constraints on each hypersurface

Extrinsic Curvature:Spatial and normal 
projections of the 
energy-momentum 
tensor:

Three dimensional covariant derivative

Three dimensional Riemann tensor

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



  

From ADM to BSSNOK
Unfortunately the ADM equations are only weakly hyperbolic (mixed derivatives in 
the three dimensional Ricci tensor) and therefore not ''well posed''.  It can be shown 
that by using a conformal traceless transformation, the ADM equations can be 
written in a hyperbolic form. This reformulation of the ADM equations is known as 
the BSSNOK (Baumgarte, Shapiro, Shibata, Nakamuro, Oohara, Kojima) 
formulation of the Einstein equation. Most of the numerical codes use this (or the 
CCZ4) formulation.

The 3+1 Valencia Formulation of the 
Relativistic Hydrodynamic Equations

To guarantee that the numerical solution of the hydrodynamical 
equations (the conservation of rest mass and energy-momentum) 
converge to the right solution, they need to be reformulated into a 
conservative formulation. Most of the numerical “hydro codes” 
use here the 3+1 Valencia formulation.  



  

Finite difference methods

Discretisation of a 
hyperbolic initial value 
boundary problem.

High resolution shock capturing methods (HRSC 
methods) are needed, when Riemann problems of 
discontinuous properties and shocks needs to be 
evolved accurately

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



  

The Einstein Toolkit

https://www.youtube.com/watch?v=EO4d32ch6OI
https://www.youtube.com/watch?v=p5bq2iUO3DE
https://www.youtube.com/watch?v=MNpyd_o0MT4
https://www.youtube.com/watch?v=Qg6PwRI2uS8
https://www.youtube.com/watch?v=ZW3aV7U-aik



  

Mergers of two Hybrid Stars
The frequency spectrum of the emitted gravitational wave reflects some of the properties of 
the equation of state (K.Takami, L.Rezzolla, and L.Baiott, "Constraining the Equation of 
State of Neutron Stars from Binary Mergers", arXiv:1403.5672). Whether a Hadron-Quark 
phase transition is present during merger should be visible using gravitational wave 
detectors. The following results represent a hybrid star merger calculation (EOS: ALF2 
(APR-Hadronic model +Gibbs construction of MIT-Bag+CFL-Phase), see Alford et.al.,APJ 
629,2005) where the EOS was fitted with a piecewise polytrope.

Simulations done by Kentaro Takami

../../../../media/hanauske/79e09806-79c8-4fad-ad62-dabe9db9d8d8/simulation_plots/mathematica/video/rho.avi
../../../../media/hanauske/79e09806-79c8-4fad-ad62-dabe9db9d8d8/simulation_plots/mathematica/video/rhol.avi
../../../../media/hanauske/79e09806-79c8-4fad-ad62-dabe9db9d8d8/simulation_plots/mathematica/video/alpha.avi
../../../../media/hanauske/79e09806-79c8-4fad-ad62-dabe9db9d8d8/simulation_plots/mathematica/video/betax.avi


  

Collapse Scenario of a Hybrid Star

The gravitational collapse of a hybrid 
star to a black hole is visualized on the 
right side within a space-time diagram 
of the Schwarzschild metric in 
advanced Eddington-Finkelstein 
coordinates. 

The formation of the apparent and 
event horizon of the black hole 
confines the quark star 
macroscopically. Finally the colour 
charge of the deconfined free quarks 
cannot be observed from outside.

M. Hanauske, Dissertation: "Properties of Compact Stars within QCD-motivated Models" ; 
University Library Publication 2004 (urn:nbn:de:hebis:30-0000005872)



  

Neutron-star oscillation
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