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Gravitational Wave Detectors

     



Advanced LIGO & Advanced VIRGO

     



A Network of detectors

     



Sky localization of sources

     



   A. SUPERCOMPUTING SIMULATIONS OF BINARY NEUTRON STAR  
          MERGERS 

2 POSSIBLE PhD PROJECTS

   B. DATA ANALYSIS OF ADVANCED VIRGO/LIGO OBSERVATIONS 



3D Simulation Code



3D Simulation Code current requirements
      Current capacity: 

     



3D Simulation Code requirements

       At current resolution: ~30M cu total for 20 runs 
 
       To achieve twice the resolution:   16 x higher, i.e. ~ 20M cu/run



      We initially define 12 physical parameters, whith which we can   
      recover the waveform to high accuracy: 

         Discover and use correlations between physical parameters to  
         reduce parameter space! 

Analytic Templates with Physical Parameters
                                                   Bauswein, NS, Janka (2015)  



Data analysis requirements for BNS mergers

     



Supplementary Material



   First neutron star detected almost 50 years ago. Still, the fundamental  
     properties of matter in the core of neutron stars remain largely  
     uncertain.    

     No accurate radius determination! 
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FIG. 4: Mass-radius relations for all EoSs with the gravita-
tional mass M in isolation and the areal radius R. The color
scheme is the same as in Fig. 2. The dashed lines denote
mass-radius relations for strange quark matter EoSs. The
horizontal line corresponds to the observed 1.97 M⊙ NS [10].
For EoSs where the merger of two stars with 1.35 M⊙ leads
to the prompt formation of a BH the maximum-mass configu-
ration is indicated by a cross. Maximum-mass configurations
depicted by a circle correspond to EoSs where in the simu-
lation of this binary setup the formation of a differentially
rotating object is found.

sponding radii, denoted as Rmax, spanning from 8.65 km
to 14.30 km (Fig. 4, Tab. I). There has not been any
special selection procedure for the EoSs, except that we
require a maximum mass larger than roughly 1.8 M⊙.
This being fulfilled we include every EoS that is available
to us. The lower bound of about 1.8 M⊙ is motivated
by the discovery of a NS with a gravitational mass of
(1.97 ± 0.04) M⊙ [10]. This measured mass is indicated
as horizontal line in Fig. 4. This detection practically
rules out some EoSs of our sample with Mmax below the
limit. We do not dismiss such excluded models because
they may still provide a viable model at lower densities
(see also Sect. VC). For instance, during the first 5 ms
after merging the central density in the merger remnant
described by the excluded LS180 EoS remains below the
central density of a nonrotating 1.5 M⊙ NS modeled by
this EoS. For such “low-mass” stars the mass-radius re-
lations of excluded EoSs are partially similar to those ob-
tained from EoSs compatible with the observation of [10].
Hence, in the corresponding density regimes relevant for
the low-mass stars and the merger remnant such EoSs
can still yield a viable description of high-density matter.
In addition to that, the inclusion of EoSs with relatively
low Mmax extends (maybe artificially) the range of varia-
tions of stellar parameters, and correlations between NS
properties and GW characteristics that hold over a wider
parameter range can be inferred easier. We note that all

of the four technical EoS categories cover a similar range
of stellar parameter values. Only the mass-radius rela-
tions of class (iv) lie in a more narrow band, which was
the main result of [45].
A common feature of most EoSs is a relatively small

variation of the NS radius between about 0.5 M⊙ and
about (Mmax − 0.5 M⊙). This suggests to use the radii
in this mass range as a characteristic feature of a given
EoS.
Finally, the MIT60 and MIT40 EoSs deserve a com-

ment. These models describe absolutely stable strange
quark matter within the MIT bag model [57, 58], i.e. a
deconfined quark phase with an energy per baryon lower
than the one of nucleonic matter (E/A =860 MeV for
MIT60 and E/A =844 MeV for MIT40). As a conse-
quence of the strange matter hypothesis [59, 60] under-
lying these two EoSs, the compact stars observed in the
universe, commonly referred to as NSs, would actually be
strange quark stars (consisting of strange quark matter).
This possibility has not yet been ruled out theoretically
or observationally (see e.g. [2, 3, 53] for details and for
observational consequences discriminating this scenario
from ordinary NS; see [37, 61] for the consequences of this
hypothetical state of matter in the context of compact bi-
nary mergers). As a striking difference to nucleonic NSs,
strange quark stars show an inverse mass-radius relation
typical of this class of objects because of the self-binding
of strange quark matter. The particular model MIT60
with Mmax = 1.88 M⊙ is excluded by the observation of
the two-solar-mass pulsar. The MIT40 EoS, however, is
compatible with present knowledge. For the MIT40 EoS
belonging to class (ii), we adopt Γth = 1.34.
Note that throughout this paper we use the more com-

mon term NS instead of compact star for all compact stel-
lar objects including strange quark stars. With “purely”
or “fully” microphysical EoSs we refer to models of class
(i) or (ii), which do not involve piecewise polytropes (see
Sect. II). Moreover, in this paper “accepted” EoSs de-
note models which are compatible with the detection of
the 1.97 M⊙ NSs taking into account the error bars of
the observation by [10].

IV. SIMULATIONS

A. Dynamics

According to pulsar observations [6, 7] and population
synthesis studies [11] binaries of two NSs with a gravita-
tional mass of about 1.35 M⊙ each are the most abun-
dant systems in the binary NS population. Therefore, we
choose a symmetric binary with M1 = M2 = 1.35 M⊙

and simulate for all EoSs discussed in Sect. III the late
inspiral phase, the merging, and the early postmerger
evolution of this system until an approximately station-
ary state has formed (10 to 20 ms after merging). The
inspiral is driven by the loss of angular momentum and
energy due to the GW emission and lasts between some

                      Bauswein, Janka, Hebeler & Schwenk (2012)  

Sample of Neutron Star Equations of State



 Most likely range of total mass for binary system:        

    
 Because nonrotating                           (as required by observations),          
      a long-lived (τ >10ms) remnant is likely to be formed.  

Outcome of Binary NS Mergers

 The remnant is a hypermassive neutron star (HMNS), supported                       
      by  differential rotation, with a mass larger than the maximum     
      mass allowed for uniform rotation. 

Mmax > 2M⊙

2.4M⊙ <Mtot < 3M⊙



Simulations of BNS mergers



The GW signal can be divided into three distinct phases:      
 inspiral, merger and post-merger ringdown.                (@40Mpc)       
 
                                                                                                        

Post-Merger Gravitational Waves



Gravitational waves and oscillation modes 433

Figure 5. Same as Fig. 3, but for model LS 12135.

Especially for the low-mass model of 1.1 M⊙, the density profile is
roughly uniform. This causes the oscillation properties of the MIT60
models to differ considerably from those of the hadronic models.
The GW spectrum of the MIT60 1111 model is still qualitatively
similar to the previous hadronic models and one can still identify
a triplet of frequencies f −, f 2 and f +. However, in this case, the
frequency of the quasi-radial mode is higher than for the hadronic

Figure 6. Same as Fig. 3, but for model LS 135135.

models and, in fact, coincides with the frequency of the ‘2−0’
non-linear component. The latter differs, for this model only, from
the f − peak in the GW spectrum. It is possible that the f −, f 2 and
f + triplet is caused by the non-linear interaction of the f 2 mode
with a mode other than the quasi-radial mode or that these are
combination frequencies of higher order. Note also that, for this
model, the frequency of the m = 2 mode is twice the frequency

C⃝ 2011 The Authors, MNRAS 418, 427–436
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Example analysis: PMNS formation

Target (noise free) Reconstructions Fit to reconstructed 
spectrum

post-merger 
scenario 
correctly 

identified, fpeak  
recovered

PSD

Wednesday, 2 July 14

Coherent Wave Burst Analysis
     Clark, Bauswein, Cadonati, Janka, Pankow, NS (2014)  



 Post-merger spectra cover different frequency regimes for various         
      EOS, but when scaled to peak frequency, a common pattern emerges.  
      One can then define a set of principal components and an average   
      spectrum. 

Principal Component Analysis
                             Clark, Bauswein, NS, Shoemaker (2015)  



 The signal and the spectrum can be reconstructed with high accuracy,        
      using the basis of principal components. 

     

Principal Component Analysis
                             Clark, Bauswein, NS, Shoemaker (2015)  


