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GW170817 Binary Neutron Star (BNS) merger

              GW + EM follow up 



Rence BNS merger candidates

              So far in O3 LVC run: 



Simulation: Th. Soultanis & NS 
Visualization: K. Zagkouris
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Cold Neutron Star Equation of State (EOS)

1) Microphysical (tabulated) EOS (needs high-order interpolation) 
2) Piecewise Polytropic approximation 
3) Spectral approximation  
     (in terms of basis functions) 

Problems of Piecewise Polytropes: 

        1) sound speed is not  
             continuous 
        2) shock waves and  
            rarefactions waves may  
            not be described correctly  
            in a time evolution 

Spectral representation does not 
have the above problems

The interior of isolated, cold neutron stars is described in different 
approximations:



Phase Transitions

If hadrons undergo deconfinement at high densities  
           -> quark-matter core  

Several effective models to describe phase transitions: 

1) simple MIT bag model (massless quarks confined in a bag of 
finite dimension)  

2) more complicated Nambu–Jona-Lasinio model 

3) assume a density-independent speed of sound   
(constant-speed-of-sound parameterisation)

More generally, assume that:  
• EoS is known at low densities  
• pressure approaches that of deconfined quark matter at  

high densities 

Both piecewise and spectral are problematic when there are phase 
transitions.



Thermal Structure of BNS Merger Remnant
Parts of the remnant reach temperatures of several tens MeV. 
        

                                                    De Pietri et al. (2019)  



Hot Neutron Star Equation of State (EOS)

1) Hot Microphysical, P = P(ρ, s, Υe, …) 

2) Cold EOS + thermal part e.g.     Pthermal = (γ-1)ρε    (ideal fluid) 

3) Approximate Taylor expansions of temperature dependence: 

     a) of the energy per nucleon E  

     b) of the proton fraction xp = ρp/(ρn + ρp) from pure neutron  
          matter to symmetric neutron matter 

Description of shock heating in the BNS remnant requires high-T EOS 
        



EOS Constraints through BNS mergers

1) GW @ inspiral                      (already achieved with GW170817) 

2) GW @ post-merger            (expected with A+ and 3G detectors) 

3) EM emission                          

4) GW + EM (multimessenger) 

5) all of the above + laboratory experiments  



Tidal Deformability

Qij = ��Eij
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External tidal fieldInduced quadrupole  
deformation

Proportionality 
constant

Dimensionless tidal deformability

Quadrupole Love number

Tidal deformation of NS in the field of a companion: 



Calculating the Tidal Deformability
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Assume a spherically symmetric, static background spacetime 

Then 

where 

and 



Effect of Λ on GWs
Binary system with masses mA and mB  

             the waveform is affected simultaneously by ΛΑ and ΛB

However, to lowest post-Newtonian order, the waveform is to a good  
approximation influenced by a single parameter, the mass-weighted  
effective tidal deformability
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where 

is the mass ratio of the  binary. 



From Λ to Radius
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For GW170817

                                      Raithel, Oezel  
                                      & Psaltis (2018)  

For fixed Mc ->  
nearly mass-independent  
empirical relation

One of the main observables of the inspiral GW waveform is the  
chirp mass



Λ through GW @ Inspiral

Additional effects (may become relevant for next-generation detectors) 

1) tidal excitations of resonant modes  

2) gravitomagnetic excitations of resonant modes  

3) resonant shattering of the NS crust by tides  

4)  nonlinear tidal effects  

For NS binaries with individual masses around 1.4M⊙, the dimensionless 
tidal deformability Λ could be realistically determined with about 10% 
accuracy by combining information from about 20 − 100 sources.  



Empirical Relation for Λ @ Specific Mass

                                      Annala et al. (2018)  



                                      Annala et al. (2018)  

EOS Constraints
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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)  
Radius uncertainties before GW170817



Abbot et al. (2018)                                

Constraints from the inspiral of GW170817

10.5 < R(km) < 13.3
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Mmax > 2M�
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Various Radius Constraints based on GW170817
                      Montana et al. (2018)                                



Various Radius Constraints based on GW170817
                      Montana et al. (2018)                                



A Minimal Set of Assumptions
                      Bauswein, Just, Janka, NS (2017) 
                         ApJ Letters                                

1) GR is valid. 

2) A hypermassive neutron star (HMNS) was formed as a result 
of the GW170817 merger event, lasting for at least 10ms. 

3) 

4) Causality holds                   

5) 

Mmax > 2M�
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 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

Mthres = k(Cmax) ·Mmax
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 The threshold mass is related to the maximum TOV mass as 
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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-

Mthres = k(Cmax) ·Mmax
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 This leads to the relation 
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                   Bauswein, Baumgarte, Janka PRL (2013)  
M_thres vs. M_max correlation



Koranda, NS & Friedman (1997)                                

Maximally Compact EOS

Maximal compactness           Maximally stiff core + maximally soft crust
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Maximally Compact EOS

Maximal compactness           Maximally stiff core + maximally soft crust,
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Bauswein, Just, Janka & NS (2017)                                

Assume causal limit  
above  

 
for each EOS

M > 1.6M�
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Radius Constraints from Minimal Assumptions

R1.6 > 10.7km
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The combination of the minimal set of assumptions leads to a strict 
constraint on the radius:

                      Bauswein, Just, Janka & NS (2017)                                



Abbot et al. (2018)                                

Comparison to Abbot et al. (2008)

Bauswein et 
al. (2017) 
 
R > 10.7 km 

10.5 < R(km) < 13.3
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Constraints on M-R Relation

Tews et al. (2019)                                

Excluded by 
Bauswein et 
al. (2017) 
constraint



Constraints on EOS

Excluded by 
Bauswein et 
al. (2017) 
constraint

Tews et al. (2019)                                



Constraints From Future Detections

No collapse with Collapse with
Mtot = 2.9M�
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Post-Merger Gravitational Waves

inspiral

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

fpeak
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                        is due to the fundamental l=m=2 f-mode oscillation                                                                                                        

        are quasi-linear combination tones
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Stergioulas et al. (2011)                                

Sorge (1745), Tartini (1754)
-> (Tartini tones)



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

m=2 quadrupole 
mode

m=0 radial  
mode

GRAVITATIONAL  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Post-Merger GW Oscillations

“2-0” and “2+0” 
quasi-linear 
combination 
frequency

Stergioulas et al. (2011)                                



Spiral Deformation
Bauswein & NS (2015)  
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Three Detectable Post-Merger Frequencies
Vretinaris, NS & 
Bauswein (2019)  
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Type I:  

Type II: 

 

Type III: 

 

Spectral Classification Scheme
Bauswein & NS (2015)  
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Spectral Classification using Machine Learning
Vretinaris, NS & Bauswein (2019)  

Clustering: Affinity Propagation (Scikit-Learn) 
Classification via neural network: Multi-layer Perceptron (MLP) supervised 
learning
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Quadrupole Frequencies for Nonrotating Stars

        Andersson & Kokkotas (1998)

Empirical relations for GW 
asteroseismology:

Recently extended to fast 
rotation by Krueger and 
Kokkotas (2019) !



                                          Bauswein, NS, Janka (2016)  

Radius Determination from Post-Merger Signal
                                                Bauswein et al. (2012)  

±250m� 400m



                                        Bauswein, NS & Janka (2016)  
Asymmetric Mergers



                                                  Bauswein et al. (2018)  
EOS with Strong Phase Transition

A strong first-order phase transition will have a significant effect on  
       radius extraction.                                                                                                       



                                 Vretinaris, NS & Bauswein (2019)  
Optimized Empirical Relations



Optimized Empirical Relations
                                 Vretinaris, NS & Bauswein (2019)  



Reconstructing the M-R Diagram
                                 Vretinaris, NS & Bauswein (2019)  



Λ through Post-merger Oscillations
                                 Vretinaris, NS & Bauswein (2019)  



                                 Vretinaris, NS & Bauswein (2019)  
Λ through Post-merger Oscillations



                      Miao et al (2018)  

2G, 2+G & 3G Detectors

2G

2+G

3G



                      Lasky et al (2019)  

OzHF 2km High-Frequency GW Detector



Detectability of Post-Merger GWs
                 Clark, Bauswein, NS, Shoemaker (2016)  

PCA template: extracts >80% of signal power. 
Single-detector detectability (S/N>5, optimal orientation) 
 
                                                              

2G

2G+

3G

Improvements: 

LVoyager

• Network of 5 detectors 
• Stacking of several detections (e.g. Bose et al. 2018) 
• Improved templates



3G Detectors

                      Miao et al (2018)  



Inertial Modes!
(Physical Review Letters, 2018)

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:



Thermal Evolution



Oscillations

 f-modes

 inertial  
       modes



Oscillations

 f-modes

 inertial  
       modes



Gravitational Wave Spectrum



• Based on a set of minimal assumptions, we set a strict lower limit 
on neutron star radii of 10.7km at 1.6Msun. 

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

• Principal Component Analysis (PCA) sufficient to reach >80% of 
optimal signal. 

•We discovered 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



Supplementary material



Nonradial Oscillations

(zonal)

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



Analytic Model with Physical Parameters
                                      Bauswein, NS & Janka (2016)  



Central Lapse Evolution



Late-time Excitation of m=2 Mode



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



90΄s Nakamura, Oohara, Kojima / Shibata, Nakamura / Baumgarte, Shapiro

Definitions Time evolution
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Spacetime Evolution



 fpeak correlates very well with the radius @ 1.6 Msun (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



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. 
 
                                                                


