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The First Binary Neutron Star Merger
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Different Possible Structures
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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
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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.
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This being fulfilled we include every EoS that is available
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in this mass range as a characteristic feature of a given
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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
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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].
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According to pulsar observations [6, 7] and population
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tional mass of about 1.35 M⊙ each are the most abun-
dant systems in the binary NS population. Therefore, we
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                      Bauswein, Janka, Hebeler & Schwenk (2012)  

Sample of Neutron Star Equations of State



Koranda, NS & Friedman (1997)                                
Maximally-Compact EOS

Assume that the speed of sound is equal to the speed of light throughout 
the star (vs = c):



Maximally-Compact EOS Constraints

 Lattimer & Prakash (2016)                                



Maximally-Compact EOS Constraints

 Lattimer & Prakash (2016)                                

R1.6 > 8.4km
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 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⊙



Differentially Rotating Models
(Bauswein & NS 2017)

TM1 EOS
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hypermassive stars



Differentially Rotating Models

BNS merger 
remnants 

universal relation!

(Bauswein & NS 2017)

TM1 EOS
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hypermassive stars



Differentially Rotating Models

hypermassive stars

BNS merger 
remnants 

universal relation!

(Bauswein & NS 2017)

TM1 EOS
<latexit sha1_base64="OyybAP12QivSH37zxDiARiLvmaY=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEInkoigh+ngghexIqNLTShbLbbdulmE3Y3Qg39JV48qHj1r3jz37htc9DWBwOP92aYmRcmnCntON9WYWl5ZXWtuF7a2NzaLts7uw8qTiWhHol5LFshVpQzQT3NNKetRFIchZw2w+HlxG8+UqlYLBp6lNAgwn3BeoxgbaSOXc58GaHGjYt8dHV7P+7YFafqTIEWiZuTCuSod+wvvxuTNKJCE46VartOooMMS80Ip+OSnyqaYDLEfdo2VOCIqiCbHj5Gh0bpol4sTQmNpurviQxHSo2i0HRGWA/UvDcR//Paqe6dBRkTSaqpILNFvZQjHaNJCqjLJCWajwzBRDJzKyIDLDHRJquSCcGdf3mReMfV86p7d1KpXeRpFGEfDuAIXDiFGlxDHTwgkMIzvMKb9WS9WO/Wx6y1YOUze/AH1ucPRjCRtQ==</latexit><latexit sha1_base64="OyybAP12QivSH37zxDiARiLvmaY=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEInkoigh+ngghexIqNLTShbLbbdulmE3Y3Qg39JV48qHj1r3jz37htc9DWBwOP92aYmRcmnCntON9WYWl5ZXWtuF7a2NzaLts7uw8qTiWhHol5LFshVpQzQT3NNKetRFIchZw2w+HlxG8+UqlYLBp6lNAgwn3BeoxgbaSOXc58GaHGjYt8dHV7P+7YFafqTIEWiZuTCuSod+wvvxuTNKJCE46VartOooMMS80Ip+OSnyqaYDLEfdo2VOCIqiCbHj5Gh0bpol4sTQmNpurviQxHSo2i0HRGWA/UvDcR//Paqe6dBRkTSaqpILNFvZQjHaNJCqjLJCWajwzBRDJzKyIDLDHRJquSCcGdf3mReMfV86p7d1KpXeRpFGEfDuAIXDiFGlxDHTwgkMIzvMKb9WS9WO/Wx6y1YOUze/AH1ucPRjCRtQ==</latexit><latexit sha1_base64="OyybAP12QivSH37zxDiARiLvmaY=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEInkoigh+ngghexIqNLTShbLbbdulmE3Y3Qg39JV48qHj1r3jz37htc9DWBwOP92aYmRcmnCntON9WYWl5ZXWtuF7a2NzaLts7uw8qTiWhHol5LFshVpQzQT3NNKetRFIchZw2w+HlxG8+UqlYLBp6lNAgwn3BeoxgbaSOXc58GaHGjYt8dHV7P+7YFafqTIEWiZuTCuSod+wvvxuTNKJCE46VartOooMMS80Ip+OSnyqaYDLEfdo2VOCIqiCbHj5Gh0bpol4sTQmNpurviQxHSo2i0HRGWA/UvDcR//Paqe6dBRkTSaqpILNFvZQjHaNJCqjLJCWajwzBRDJzKyIDLDHRJquSCcGdf3mReMfV86p7d1KpXeRpFGEfDuAIXDiFGlxDHTwgkMIzvMKb9WS9WO/Wx6y1YOUze/AH1ucPRjCRtQ==</latexit><latexit sha1_base64="OyybAP12QivSH37zxDiARiLvmaY=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEInkoigh+ngghexIqNLTShbLbbdulmE3Y3Qg39JV48qHj1r3jz37htc9DWBwOP92aYmRcmnCntON9WYWl5ZXWtuF7a2NzaLts7uw8qTiWhHol5LFshVpQzQT3NNKetRFIchZw2w+HlxG8+UqlYLBp6lNAgwn3BeoxgbaSOXc58GaHGjYt8dHV7P+7YFafqTIEWiZuTCuSod+wvvxuTNKJCE46VartOooMMS80Ip+OSnyqaYDLEfdo2VOCIqiCbHj5Gh0bpol4sTQmNpurviQxHSo2i0HRGWA/UvDcR//Paqe6dBRkTSaqpILNFvZQjHaNJCqjLJCWajwzBRDJzKyIDLDHRJquSCcGdf3mReMfV86p7d1KpXeRpFGEfDuAIXDiFGlxDHTwgkMIzvMKb9WS9WO/Wx6y1YOUze/AH1ucPRjCRtQ==</latexit>

Threshold mass



Differentially Rotating Models

hypermassive stars

BNS merger 
remnants

(Bauswein & NS 2017)

Threshold mass



 The threshold mass is related to the maximum TOV mass as       
                             Bauswein, Baumgarte, Janka PRL (2013)  
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FIG. 1: Coefficient k (eq. (1)) as a function of Cmax =
GMmax/(c2Rmax) (crosses) and C∗

1.6 = GMmax/(c2R1.6) (cir-
cles).

correlation (see Fig. 2, left panel, and Tab. I; R1.6 is
very similar to R1.4). However, using the numerical data
of [20] and expressing k as a function of C∗

1.6 or Cmax

rather than R1.4, we found a tight correlation, as for our
results. Therefore, we suspect that the approximate scal-
ing with R1.4 suggested in [20] is a selection effect due to
the limited number of EoSs used therein [64].

The compactness Cmax is a measure of the EoS’s stiff-
ness at high densities (Fig. 2, right panel; see also [29,
55]), where we characterize the stiffness by the ratio of
the mean density, ⟨ρ⟩ = 3Mmax/(4πR3

max), to the cen-
tral density ρc (i.e. the inverse central condensation).
A tight correlation between k and Cmax thus implies
that k depends predominantly on the stiffness of the
EoS. This dependence can be motivated qualitatively
with the help of a simple Newtonian model. As sug-
gested in [56], a rough estimate of the fractional increase
in the maximum mass, δM/Mmax, is given by 3T/|W |,
so that k ≈ 1 + 3T/|W |. Here T is the rotational ki-
netic energy and W the potential energy. We compute
T = J2/(2I), where I is the remnant’s moment of inertia,
from the angular momentum J that the binary carries
at the instant of merging. Approximating the merging
of an equal-mass binary in circular orbit to occur when
the binary separation is twice the radius of each individ-
ual (spherical) star, R⋆, and assuming that the progen-
itors’ masses are concentrated at their centers, we find
J2 ≈ GM3

totR⋆/8. Neglecting mass loss as well as devi-
ations from spherical symmetry, and assuming that the
merger remnant forms a polytrope with polytropic index
n, we have W = −3G/(5 − n)M2

tot/R, where R is the
radius of the remnant, and I = 2κnMtotR2/5. Here the
coefficients κn depend on n only and are tabulated in
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FIG. 2: Left panel: Coefficient k (eq. (1)) versus radius R1.6 of
a 1.6 M⊙ NSs. Right panel: Compactness Cmax as a function
of the EoS’s stiffness expressed by the ratio of the average
density ⟨ρ⟩ = 3Mmax/(4πR

3
max) and central energy density

ρc.

[57]. The EoS’s stiffness as well as κn increases with de-
creasing n. Using the polytropic mass-radius relationship
for the merging NSs and merger remnant we also have
R⋆/R = 2(n−1)/(3−n). Collecting terms we now obtain
k ≈ 1+5(5−n) 2(n−1)/(3−n)/(32κn). While this crude ap-
proximation overestimates the deviation of k from unity
by about a factor of two, it correctly predicts two im-
portant qualitative features of our numerical results: It
suggests that k depends predominantly on the EoS’s stiff-
ness (since for Newtonian polytropes the stiffness ⟨ρ⟩/ρc
depends on n only), and it shows that k decreases with
increasing stiffness (which can be seen by inserting values
for n and κn). Loosely speaking, a binary with a stiffer
EoS (i.e. a larger ⟨ρ⟩/ρc) has less angular momentum
when merging and its remnant has a larger moment of in-
ertia. These effects combine to decrease T/|W |, thereby
decreasing k.

For the EoSs in our sample we also observe a tight
correlation between Rmax and R1.6, which implies a close
relation between Cmax and C∗

1.6.

Observational constraints on the maximum NS mass:
The findings of this study may help to place limits on
the maximum mass Mmax of NSs in the case that future
observations, e.g. GW detections, provide an estimate of
Mthres (cf. [12]). We assume that delayed and prompt col-
lapse can be distinguished from the presence or absence
of GW emission in the 2-4 kHz range produced by the
oscillations of the merger remnant, and that the binary
mass of the merger can be inferred from the preceeding
GW inspiral signal, which thus sets a bound on Mthres.
Depending on the nature of available observations, this
information could be used in different ways. In the fol-
lowing we discuss three speculative possibilities.

We first assume that a number of detections of NS
mergers have been made, and that observations of both
prompt and delayed collapses bracket Mthres to a certain
accuracy. If R1.6 is independently known to some accu-

M_thres vs. M_max correlation

M
thres

= k(C
max

) ·M
max
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where k is dependent on the compactness.



FIRST RADIUS CONSTRAINTS FROM GW’s
Bauswein, Just, Janka, NS - ApJ Letters (2017)                                

Assume that each EOS is maximally compact above the density for  
1.6 Msun and combine with Mthres> 2.74 Msun



FIRST RADIUS CONSTRAINTS FROM GW’s
Bauswein, Just, Janka, NS - ApJ Letters (2017)                                

Assume that each EOS is maximally compact above the density for  
1.5 Msun and combine with Mthres> 2.74 Msun

R1.6 > 10.7km
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CONSTRAINTS FROM FUTURE DETECTIONS

No collapse with  
M=2.9Msun

Collapse with  
M=3.1Msun



Post-Merger Gravitational Waves

 Several peaks stand above the aLIGO/VIRGO or ET sensitivity                                   
      curves and are potentially detectable. Are these oscillations of the     
      HMNS?

inspiral

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



90΄s Nakamura, Oohara, Kojima / Shibata, Nakamura / Baumgarte, Shapiro
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Open Source code for 3D simulations in General Relativity 
 C/C++/Fortran90 with MPI+OpenMP

einsteintoolkit.org

20+ years of 
development 

(started as private version)



Gallery of Examples



Gallery of Examples

RNSID: Initial Data for  
Rotating Neutron Stars 

(developed at AUTH)



Adaptive Mesh Refinement



426 IBM cpu’s = 8500 cores 
1000 ΤΒ space

ARIS (ΕΔΕΤ - Athens)



BNS Merger on ARIS



Running on ARIS
2016  (pr002022)  900.000 CPU hours 

2017  (pr004019)  900.000 CPU hours 



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
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Nonradial Oscillations

(zonal)

(sectoral)l = m
l 6= m (tesseral)



GW-detection:            f-, p-, g-, r-modes :  stable oscillations 

                         instabilities

Main oscillation modes: 

1.  f-modes / p-modes 

 fluid modes restored by pressure 

2. g-modes 

 restored by gravity/buoyancy in non-isentropic stars 

3. inertial modes (r-modes) 

  restored by the Coriolis force in rotating stars 

4. w-modes 

  spacetime modes (similar to black hole modes)

Nonradial Oscillations of Neutron Stars
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Quadrupole Frequencies for Nonrotating Stars

        Andersson & Kokkotas (1998)

Empirical relations for GW 
asteroseismology:



Spiral Deformation

                                Bauswein 
                                & NS  
                                (2015)  
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Post-Merger GW Oscillations
Bauswein, NS (2015)  



linear + quasi-linear + nonlinear
Bauswein, NS (2015)  



Three Types of Post-Merger Dynamics

 Type I:  the “2-0” combination frequency dominates       

 Type II: both the “2-0” and the fspiral frequencies are present       

 
 Type III: the fspiral frequency dominates      

Bauswein, NS (2015)  



 fpeak correlates very well with the radius @ 1.6 Msun, if Mtot is                               
      known from inspiral. 

     

                     Bauswein, Janka, Hebeler & Schwenk (2012)  

Radius Determination from Post-Merger Signal

 1.2-1.2 Msun

 1.35-1.35 Msun

 1.5-1.5 Msun

±250m� 400m
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TABLE I: Equation of state models with references and resulting stellar properties. Mmax denotes the maximum mass of
nonrotating NSs with the cirumferential radius Rmax corresponding this maximum-mass configuration. emax and ρmax are the
central energy density and the central rest-mass density of the maximum-mass configuration. R1.6 refers to the circumferential
radius of a nonrotating 1.6 M⊙ NS. Mthres is the highest total binary mass which leads to differentially rotating NS merger
remnant for the given EoS. The dominant GW frequency of this postmerger remnant is f thres

peak . Hatted quantities are the
estimates for these merger properties and stellar parameters based on the extrapolation procedure described in the main text
(Sect. IV).

Mmax M̂max R1.6 R̂1.6 Mthres M̂thres f thres
peak f̂ thres

peak Rmax R̂max ec,max êc,max ρc,max ρ̂c,max

EoS (M⊙) (M⊙) (km) (km) (M⊙) (M⊙) (kHz) (kHz) (km) (km) (g/cm3) (g/cm3) (g/cm3) (g/cm3)

NL3 [70, 71] 2.79 2.68 14.81 14.72 3.8 3.73 2.77 2.87 13.40 12.78 1.52×1015 1.68 ×1015 1.09×1015 1.25×1015

LS375 [73] 2.71 2.69 13.76 13.86 3.6 3.57 3.04 2.93 12.32 12.62 1.78×1015 1.74 ×1015 1.25×1015 1.29×1015

DD2 [71, 74] 2.42 2.40 13.26 13.18 3.3 3.33 3.08 3.00 11.90 12.38 1.95×1015 1.83 ×1015 1.41×1015 1.35×1015

TM1 [68, 69] 2.21 2.28 14.36 14.34 3.4 3.45 2.93 2.96 12.57 12.49 1.80×1015 1.79 ×1015 1.36×1015 1.32×1015

SFHX [75] 2.13 2.19 11.98 12.07 3.0 3.05 3.52 3.43 10.77 11.06 2.39×1015 2.33 ×1015 1.74×1015 1.71×1015

GS2 [76] 2.09 2.07 13.38 13.35 3.2 3.17 3.22 3.24 11.81 11.64 2.05×1015 2.11 ×1015 1.56×1015 1.55×1015

SFHO [75] 2.06 1.97 11.77 11.76 2.9 2.88 3.71 3.68 10.31 10.29 2.67×1015 2.63 ×1015 1.91×1015 1.92×1015

LS220 [73] 2.04 1.98 12.52 12.47 3.0 2.99 3.55 3.52 10.65 10.80 2.55×1015 2.43 ×1015 1.86×1015 1.78×1015

TMA [69, 77] 2.02 2.12 13.73 13.89 3.2 3.27 2.98 3.08 12.12 12.14 1.92×1015 1.92 ×1015 1.48×1015 1.42×1015

IUF [71, 78] 1.95 2.05 12.57 12.50 3.0 3.04 3.36 3.44 11.32 11.03 2.19×1015 2.34 ×1015 1.67×1015 1.72×1015
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FIG. 7: Same as Fig. 6 for two EoSs with similar stellar prop-
erties in the intermediate mass range around 1.6 M⊙ where
the two mass-radius relations cross. using the extrapolation
procedure described in the main text (Sect. IV) the two EoSs
can clearly be distinguished.

with the stability line also provides an estimate for the
GW oscillation frequency at Mthres. This peak frequency
f thres
peak scales well with the radius Rmax of the maximum-
mass configuration of cold, nonrotating NSs (see left
panel of Fig. 3 in [32] and Fig. 8). (The relation can
be understood by noting that f thres

peak should scale approx-

imately with
√

Mthres/R3
max, where the variation in R3

max
dominates over the relatively small change in Mthres.) In
Fig. 8 we display the extrapolated fpeak (circles) and the

actual frequency obtained in the simulations (crosses) as
a function of Rmax for different EoSs. Using the linear
fit to the simulation data

Rmax = −3.065 · f thres
peak + 21.57 (±0.7), (4)

the extrapolated frequency determines the radius of the
maximum-mass configuration with an accuracy of typ-
ically 4% or better. Only for the NL3 EoS the esti-
mated Rmax deviates by 5%. The somewhat larger dif-
ference is understandable, considering that for NL3 the
extrapolation is performed over the largest distance be-
tween data measured at 2.7 M⊙ and at the intersection
at Mthres ≈ 3.8 M⊙). The results of the extrapolation
procedure are listed in Table I, together with the actual
values of Rmax. The estimated and actual radii of the
maximum-mass configuration are also shown in Fig. 5.
The shifts denoted in parentheses in Eq. (4) define curves
which lead to upper and lower limits for Rmax, when used
in the extrapolation procedure.

C. Estimating the maximum central density

For maximum-mass TOV solutions it is empirically
known and intuitive that the stiffness of an EoS, quan-
tified by the ratio ⟨e⟩max/ec,max between the mean den-
sity and the central density, roughly scales linearly with
the compactness Cmax = GMmax

c2Rmax
[12, 79] (see also Fig. 2

in [32]). Here, e refers to the energy density, which, how-
ever, is related to the rest-mass density through the EoS
and therefore, the following analysis yields analogous re-
sults when applied to the rest-mass density (see Table I).
Adopting ⟨e⟩max = 3

4π
Mmax

R3
max

implies that the central

density should scale roughly as 1/R2
max. Consequently,

Breaking the EOS Degeneracy
Bauswein, NS, Janka (2014)  



Principal Component Analysis (PCA)
                             Clark, Bauswein, NS, Shoemaker (2016)  

 Actual fft’s for different models.       
 
                                                                

 Rescaled to common reference       
      model. 
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Principal Component Analysis (PCA)
                             Clark, Bauswein, NS, Shoemaker (2016)  

 Actual fft’s for different models.       
 
                                                                

 Rescaled to common reference       
      model. 
 
                                                                Our PCA template extracts >90% of signal power compared to 

only 40% when using simple burst analysis. 
 
                                                                



Detectability
                             Clark, Bauswein, NS, Shoemaker (2016)  

(2020)
(2028)



Coherent Wave Burst Analysis
                             Clark, Bauswein, NS, Shoemaker (2016)  



PLANNED UPGRADES AND NEW DETECTORS
                             Clark, Bauswein, NS, Shoemaker (2016)  



Inertial Modes!
(submitted to PRL, 2017)

30 million 
core hours 
(PRACE)



where 

       is the adiabatic index. 
                                      Αα < 0   convective stability 
                                      Αα > 0   convective instability 

       For a piecewise-polytropic EOS with a thermal component, we 
       find analytically:

Convective Instability

 The local convective instability depends on the sign of the        
       Schwarzschild discriminant



Convective Instability
 The sign of Ar in the equatorial plane:      



Convective Instability



Thermal Evolution



Oscillations
 f-modes      



Oscillations
 f-modes      

 inertial modes      



Gravitational Wave Spectrum



•WBased	 on	 GW170817	 and	 causality,	 we	 set	 a	 strict	 
minimum	 neutron	 star	 radius	 of	 10.7km	 at	 1.6Msun.	 

•Gravitational	 wave	 asteroseismology	 can	 constraint	 the	 
neutron	 star	 radius	 to	 0.4km	 with	 future	 observations.	 

• Principal	 Component	 Analysis	 (PCA)	 sufficient	 to	 reach	 
>90%	 of	 optimal	 signal.	 

•We	 discover	 convective	 instabilities	 and	 inertial	 modes	 that	 
can	 probe	 the	 thermal	 part	 of	 the	 EOS.	 

•Once	 the	 EOS	 is	 well	 constrained,	 one	 can	 investigate	 
departures	 from	 GR.	 

Summary


