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Our  goals
❖ NEUMATT stands for: NEUtron star MATter Theory

❖ Our research aims to finding answers and understanding of the emitted Gravitational 
waves associate to Binary Neutron Star merger and explosive astrophysical phenomena. 

❖ We perform hydrodynamical simulations of the rapid rotation and of the merger of 
two neutron stars in order to provide the link between the GW emission and the EoS 
and to study the relevance of the EoS in explosive phenomena as GRBs and macronova 
associated to BNS merger. 

❖ In particular we will study matter at finite temperature and in conditions of neutrino 
trapping. The systematic study of the rotational properties of matter can constitute a 
fundamental tool to discriminate between the possible EoSs. Developed by grope in 
CT, FE, PI, LNS... 

❖ To reach our goals we need to simulate Astrophysical system on High Performance 
Computer

❖  In the era of gravitational observatory…..



NEUMATT and the document: Computational theoretical 
physics at INFN: status and perspectives (2018-2020)

❖ Referring to the main INFN documents our request are 
within the estimated a request of 142M and 227M for 
the year 2018-2020 under the section General Relativity.

❖ The need are well above the effective possible 
allocations on INFN machines.

❖ We integrated our resource through PRACE, ISCRA 
competitive allocations and the help of our 
international collaborators and we keep doing so. We 
have an ongoing PRACE 14th call allocation of 30 M 
Core hours on the Marconi A2 CINECA system.

❖ The number of INFN groups doing HPC research in 
Numerical General relativity is increasing as well as the 
request of HPC resources

❖ FOCUS ON EOS EFFECT ON THE GW SIGNAL IN 
THE POST-MERGER PHASE:

❖ THERMAL EFFECT

❖ SIGN OF POSSIBLE PHASE TRANSITIONS

❖ This study need expertise from NR and Nuclear-
Physics (EOS)
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We present the status of computational theoretical physics at INFN, the results obtained by its
research groups active in this field and their research programs for the next three years. Computa-
tional theoretical physics, besides its own importance, is a powerful tool in understanding present
and future experiments. A continued support of INFN to computational theoretical physics is crucial
to remain competitive in this sector. We assess the high performance computing resources needed
to undertake the research programs outlined for the next three years.
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2018 2019 2020
LGT: hadron physics 54 108 180
LGT: QGP and BSM 207 432 648
LGT: flavor physics 117 234 387
Colliders phenomenology 1 2 3
General relativity 142 182 227
Cosmology and Astroparticle physics 3 4 6
Nuclear Theory 18 27 36
Fluid Dynamics 50 80 110
Quantitative Biology 9 18 27
Disordered systems 4 6 8
Condensed matter 2 4 6
Grand Total (Mcore-h) 607 1097 1638
Grand Total (Eq. Pflops) 4.6 8.4 12.5

TABLE IV: Estimate of the yearly computing requirements of several areas of computational physics; units are
Mcorehours. In the last line, the grand total is converted in PFlops, using as reference the core of the Intel SkyLake

processor with a nominal peak performance of 67 GFlops.

• for LGT, with the Nf = 2 + 1 O(a)-improved Wilson fermions with pions at the physical value, this system
would be able to handle lattices such as

a = 0.090 ,
V

a4
= 128⇥ 2563 , L = 23 fm ; (4)

a = 0.047 ,
V

a4
= 256⇥ 1283 , L = 6.0 fm , (amc)

2 = 0.08 ; (5)

a = 0.065 ,
V

a4
= 16⇥ 2563 L = 16.6 fm , T =

1

L0
= 190 MeV . (6)

(7)

With these lattices it becomes possible, for instance, to extrapolate to the continuum limit the results in the
meson sector with the light quark masses and the charm quark mass mc all at the physical point.

• for computational fluid dynamics and general relativity, this machine is large enough to carry out simulation on
the largest size systems that have been considered so far.

• for quantitative biology, nuclear physics and disordered system the envisaged system is obviously oversized; this
means that the computational requirements of these areas may be satisfied through a small perturbation to the
large users.

• in quantitative biology, large performance gains are in principle possible with relatively small machines (order
of tens of TFlops, that is 20 · · · 30 nodes) if these nodes are fully and tightly interconnected among them;
interestingly enough the envisaged interconnection harness is being developed inside INFN; this suggests that
an appropriately-sized partition of the new machine could be fitted with these interconnection elements.

To formulate research programs in computational physics is crucial to have adequate and predictable computational
resources. This may be realistically achieved through a strict collaboration with the Italian national computing
centre (CINECA), with a co-funding of the Tier-0 upgrades on a regular basis. Actual costs for large systems are
largely unpredictable before specific negotiations with vendors start. Other costs inherent to our scientific projects in
computational theoretical physics are post-doc grants (O(30) annualities) and support for training and organization
of events (50 keuro/year).

The resources needed for a succesfull realization of our proposal are clearly not negligible, but also not beyond the
limit of what INFN is able to support. We think that the advantages in term of physics results of this proposal fully
justify this level of support.



GENERAL RELATIVITY  
(Who is involved in the numerical effort)

❖ Discussed in section IV of the main document

❖ Referring to the main INFN documents the estimated  estimated 
computational need amount  to 142M, 182M and 227M for the year 2018-2020.

❖ Two “iniziative specifiche” involved on this effort:

❖ NEUMATT: NEUtron star MATter Theory  
Catania, Ferrara, LNGS, LNS, Milano, Pisa, Parma. 

❖ What are the signature on the Gravitational Wave signal emitted by the 
merger of two newton stars of the Equation of State that describe matter at 
these very-extreme densities (phase-transition of neutron-matter, thermal 
effects,…)  

❖ TEONGRAV: TEoria delle ONde GRAVitazionali  
Roma, Firenze, Milano, Parma, Napoli.



GW170817 - the August signal!
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-2

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral, Phys.Rev.Lett. 119 (2017) no.16, 161101.
Multi-messenger Observations of a Binary Neutron Star Merger, Astrophys.J. 848 (2017) no.2, L12.



 Binary Neutron Star Mergers are known source for gravitational wave observatory. In our 
Galaxy there are six know systems of this kind that will collapse emitting  GW signal.  
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The simulated GW signal

Modeling Mergers of known Galactic Binary Neutron Stars,  
A. Feo, R. De Pietri, F. Maione and F. Loeffler, 

Classical and Quantum Gravity 34 (3), 034001, 2017 

Analysed with 4-EOS



The evolution of the B1534+12 system.
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GR NS-NS simulations: State of the Art
❖ One of the main and hottest research topic in Numerical Astrophysics.

❖ A comprensive discussion of the subject can be found in (www.livingreviews.org):  J.A. 
Faber & F.A. Rasio, “Binary neutron star mergers”, Living Reviews in Relativity (2012). 
This review contains 338 references. 

❖ New review by Rezzolla and Baiotti (arXiv:1607.03540), “Binary neutron-star mergers: a 
review of Einstein's richest laboratory”

❖ Impossible to give a comprensive list of all the individual contributor and their roles. 

❖ Among them is worth citing:

❖ The people that start it back in ‘99: Shibata&Uryu: Phys. Rev. D 61 064001 (gr-qc/
9911058) 

❖ and (in alphabetic order): Alic, Anderson, Baiotti , Bauswein, Bernuzzi , Bruegmann, 
Ciolfi, Dietrich , Duez , Etienne , Foucart, Giacomazzo , Gold, Haas , Hotokezaka, 
Janka, Kastaun , Kawaguchi, Kidder , Kiuchi, Kokotas, Kyutoku, Lehner , Liebling , 
Liu, Nielsen , Ott , O’Connor , Pachalidis, Palenzuela , Pfeiffer, Rezzolla, Scheel , 
Sekiguchi , Shapiro , Shibata, Stergioulas, Taniguchi, Uryu, … 
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Numerical Relativity in a nutshell

Modeling equal and unequal mass binary neutron star mergers using public codes,  
R. De Pietri, A. Feo, F. Maione and F. Loeffler, 

Physical Review D 93 (6), 064047, 034001 arXiv 1509.08804(2015) 

Rµ⇥ �
1
2
gµ⇥R = 8�G Tµ⇥

�µTµ⇥ = 0

p = p(⇥, �)

Einstein Equations

Conservation of energy momentum

Equation of state

Conservation of baryon density

Tµ⇥ = (⇥(1 + �) + p)uµu⇥ + pgµ⇥
Ideal Fluid Matter

+ Evolution of magnetic Fields (Trento and Firenze)

❖ Methods

❖ The fluid matter equations are a non linear a form a 
hyperbolic  system and need HRSC Methods well-
adapted to grid-methods and highly-scalable (Einstein 
Toolkit) 

❖ Main goal: to study EOS effect on the Gravitational 
Waves emitted from the coalescence of compact 
binaries (in our case two Neutron Stars)

❖ Waveform modeling in NR. 
❖ EOS effect on the post-merger signal.
❖ Counterparts to BNS mergers: SGRB, Macronova,…



The numerical challenge
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A challenging numerical problem
❖ The accurate simulation of a BNS merger is among the most challenging tasks 

in numerical relativity.

❖ Involve strong gravitational fields, matter motion with relativistic speeds, 
relativistic shock waves, (and strong magnetic fields).

❖ Increasing difficulty due to the multidimensional character of the PDE and by 
the complexity of the Einstein’s equations such as coordinates degrees of 
freedom and formation of black holes (curvature singularity).

❖ Despite the problems, major progress achieved during the last decade in 
numerical simulations of BNS mergers (since the seminal work by Shibata 
and Uryu, 2000) due to:  improved numerical methods (high resolutions 
methods and adaptive mesh refinements), improved physics (nuclear physics 
EOS, thermal effects) and increased computational resources!!

12



A challenging numerical problem (2)
❖ In the description of BNS mergers are involved three stages, the inspiral, the merger and 

the evolution to its final state (post-merger stage) that would quite likely be a BH 
surrounded by an accretion disk.

❖ The inspiral stage can be modeled with good accuracy by analytical techniques (PN 
calculations and EOB). Produce accurate waveforms up to a time very close to the 
merger. Useful to quickly computing waveform templates to matched filtering searches 
in GW detector data analysis. The role of NR in this regime is mainly to test and help 
improve these techniques.

❖ For the merger and post-merger stage, NR is the only available investigation tool to 
compare the experimental results that would be obtained by LIGO/Virgo detection with 
the underlying physics of the NS.

❖ An accurate description of GW emission of different model sources (different choice of 
the underlying NS physics through different choices of EOS) are useful for developing 
empirical relations to be able to infer NS parameter from future GW detections, as well 
as, to get information on the correct EOS that describe matter at this extreme conditions.

13



The code: Einstein TOOLKIT + LORENE
• Einstein Toolkit open set of over 100 Cactus thorns for computational 

relativity along with associated tools for simulation management and 
visualization

• Cactus framework for parallel high performance computing (Grid 
computing, parallel I/O)

• Data are evolved on a Cartesian Mesh with 6 levels of refinement with 
Carpet 

• Matter Evolution with the module GRHydro:  
(Magnetic+CT evolution of Magnetic Field) 
HLLE Riemann Solver  
WENO Reconstruction method (*)  
PPM Reconstruction methods

• Spacetime Metric evolution is performed with the module 
MacLachlan implementing a 3+1 dimensional split of the Einstein Eqs.  
BSSN-NOK Gravitational Evolution scheme (*) 
CCZ4 gravitational evolutions 

• Initial data computed using the LORENE CODE

14
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The computational challenge 
❖ Cartesian grid with 6 refinement  

levels (7 when we get a BH).

❖ Standard Resolution in the finest  
grid 0.25 CU and up to 0.125 CU.  
=> from 5,337,100 points up to 42,696,800 
per grid.

❖ Outer grid extends to (1063Km) to extract 
gravitational waves far from the source.

❖ One extra refinement level added just before 
collapse to black hole. 

❖ 12 spacetime variables + 4 gauge variables + 
5 hydrodynamical variables evolved in each 
point. 

❖ MPI+OpenMP code parallelization.
15
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Level min(x/y) max(x/y) min(z) max(z) (Nx, Ny, Nz)
(CU) (CU) (CU) (CU) dx = 0.25

1 ≠720 720 0 720 (185,185,96)
2 ≠360 360 0 360 (205,205,106)
3 ≠180 180 0 180 (205,205,106)
4 ≠90 90 0 90 (205,205,106)
5 ≠60 60 0 30 (265,265,76)
6 ≠30 30 0 15 (265,265,76)

(7 ≠15 15 0 7.5) (265,265,76)

TABLE V. Simulation grid boundaries of refinement levels.
Level 7 is only used for simulations forming a BH, once the
minimum of the lapse – < 0.5. Resolutions as reported in
this paper always refer to grid 6.

—x (CU) 0.75 0.50 0.375 0.25 0.185 0.125
# threads 16 64 128 256 512 2048
# MPI 2 8 16 32 64 256
Memory (GBytes) 3.8 19 40 108 237 768
speed (CU/h) 252 160 124 53 36 16
speed (ms/h) 1.24 0.78 0.61 0.26 0.18 0.08
cost (SU/ms) 13 81 209 974 2915 26053
total cost (kSU, 50 ms) 0.65 4 10.5 49 146 1300

TABLE VI. Computational cost of the simulations, for the ex-
ample of using BSSN-NOK, with WENO reconstruction for
the hydrodynamics. SU stands for service unit: one hour on
one CPU core. The reported values refers to the “GALILEO”
PRACE-Tier1 machine locate at CINECA (Bologna, Italy)
equipped with 521 nodes, two-8 cores Haswell 2.40 GHz, with
128 GBytes/node memory and 4xQDR Infiniband intercon-
nect. Also, these are only correct for evolutions that do not
end with the formation of a BH, as an additional refinement
level was used to resolve the BH surroundings, and more anal-
ysis quantities had to be computed (e.g., the apparent horizon
had to be found). In addition, the simulations resulting in a
BH were performed on facilities at Louisiana State University:
SuperMike II (LSU HPC) and QB2 (Loni).

however, are not the only variables to consider. Required
memory puts a lower bound on the size of the employed
resources, while an upper bound is present at the break-
down of strong scaling.

To quantify these needs, the resolution and the size of
the computational grid are most important. Table V
shows the characteristics of the grid we used for the
present work. In particular we use a fixed structure of
mesh-refined, centered grids, with the exception of an
additional refinement level for simulations resulting in
an apparent horizons, and then only after merge (when
the minimum of the lapse – on the grid dropped below
0.5). In the last column of Table V we show the actual
grid-size in computation-points of each level, for resolu-
tion dx = 0.25 CU. Clearly the actual grid size (including
ghost-zones and bu�er-zones) changes varying with res-
olution, and is not explicitly shown here for that reason.

With the computational domain completely specified,
the next step of an analysis of the computational cost
is to asses the cost for a full simulation of a particular
model at the desired resolution. Table VI shows the ac-
tual simulation cost as function of resolution, for a partic-
ular High-Performance-Computer (HPC) system used in
the present research program, namely the “GALILEO”
system installed at the Italian CINECA supercomputer
center. As it was discussed in the conclusion, our result
show that the combined use of BSSN-NOK and WENO
allows the possibility to find qualitatively accurate results
in agreement with high-resolutions simulations. This is
a very desirable feature since it allows researchers to
quickly scan numerous di�erent models in order to se-
lect the most interesting for further study using higher
resolution.

All of our results have been produced using open source
and freely available software, the Einstein Toolkit for the
dynamical evolution and the LORENE library for gener-
ating the initial models. That means that the whole set
of our result can be reproduced and re-analyzed by re-
running the simulation from a common code-base. Some
modifications of the above mentioned software were nec-
essary, but these changes are also open source, and are
available for download from the University of Parma
WEB web server of the gravitational group [83]. We
kindly ask to cite this work if you find any of the ma-
terial there useful for your own research.
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Scaling on real world simulations
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❖ Scaling of the the Einstein 
Toolkit on the CINECA 
“Galielo” system.

❖ Performance on a real 
world simulation!
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Level min(x/y) max(x/y) min(z) max(z) (Nx, Ny, Nz)
(CU) (CU) (CU) (CU) dx = 0.25

1 ≠720 720 0 720 (185,185,96)
2 ≠360 360 0 360 (205,205,106)
3 ≠180 180 0 180 (205,205,106)
4 ≠90 90 0 90 (205,205,106)
5 ≠60 60 0 30 (265,265,76)
6 ≠30 30 0 15 (265,265,76)

(7 ≠15 15 0 7.5) (265,265,76)

TABLE V. Simulation grid boundaries of refinement levels.
Level 7 is only used for simulations forming a BH, once the
minimum of the lapse – < 0.5. Resolutions as reported in
this paper always refer to grid 6.

—x (CU) 0.75 0.50 0.375 0.25 0.185 0.125
# threads 16 64 128 256 512 2048
# MPI 2 8 16 32 64 256
Memory (GBytes) 3.8 19 40 108 237 768
speed (CU/h) 252 160 124 53 36 16
speed (ms/h) 1.24 0.78 0.61 0.26 0.18 0.08
cost (SU/ms) 13 81 209 974 2915 26053
total cost (kSU, 50 ms) 0.65 4 10.5 49 146 1300

TABLE VI. Computational cost of the simulations, for the ex-
ample of using BSSN-NOK, with WENO reconstruction for
the hydrodynamics. SU stands for service unit: one hour on
one CPU core. The reported values refers to the “GALILEO”
PRACE-Tier1 machine locate at CINECA (Bologna, Italy)
equipped with 521 nodes, two-8 cores Haswell 2.40 GHz, with
128 GBytes/node memory and 4xQDR Infiniband intercon-
nect. Also, these are only correct for evolutions that do not
end with the formation of a BH, as an additional refinement
level was used to resolve the BH surroundings, and more anal-
ysis quantities had to be computed (e.g., the apparent horizon
had to be found). In addition, the simulations resulting in a
BH were performed on facilities at Louisiana State University:
SuperMike II (LSU HPC) and QB2 (Loni).

however, are not the only variables to consider. Required
memory puts a lower bound on the size of the employed
resources, while an upper bound is present at the break-
down of strong scaling.

To quantify these needs, the resolution and the size of
the computational grid are most important. Table V
shows the characteristics of the grid we used for the
present work. In particular we use a fixed structure of
mesh-refined, centered grids, with the exception of an ad-
ditional refinement level for simulations resulting in an
apparent horizon, and then only starting shortly before
the merger (when the minimum of the lapse – on the grid
dropped below 0.5). In the last column of Table V we
show the actual grid-size in computation-points of each
level, for resolution dx = 0.25 CU. Clearly the actual
grid size (including ghost-zones and bu�er-zones) changes
varying with resolution, and is not explicitly shown here
for that reason.

With the computational domain completely specified,
the next step of an analysis of the computational cost
is to asses the cost for a full simulation of a particular
model at the desired resolution. Table VI shows the ac-
tual simulation cost as function of resolution, for a partic-
ular High-Performance-Computer (HPC) system used in
the present research program, namely the “GALILEO”
system installed at the Italian CINECA supercomputer
center. As it was discussed in the conclusion, our result
show that the combined use of BSSN-NOK and WENO
allows the possibility to find qualitatively accurate results
in agreement with high-resolutions simulations. This is
a very desirable feature since it allows researchers to
quickly scan numerous di�erent models in order to se-
lect the most interesting for further study using higher
resolution.

All of our results have been produced using open source
and freely available software, the Einstein Toolkit for the
dynamical evolution and the LORENE library for gener-
ating the initial models. That means that the whole set
of our result can be reproduced and re-analyzed by re-
running the simulation from a common code-base. Some
modifications of the above mentioned software were nec-
essary, but these changes are also open source, and are
available for download from the University of Parma
WEB web server of the gravitational group [81]. We
kindly ask to cite this work if you find any of the ma-
terial there useful for your own research.
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50 ms in a week



More about the physics we are 
studying



BNS as a probe for Nuclear Matter EOS

❖ Gravitational wave detection by BNS system will give us information 
on the EOS that cover matter at extreme conditions.

❖ Different possibilities:

18



Many different possibilities depending on the EOS

19

Many different possibilities depending on the EOS. GWs in the late inspiral and merger 
phases could constrain NS EOS. Many GW templates from Numerical Relativity are 

necessary 



Binary Neutron Stars System 
❖ EOS … initial data for binary neutron star system … waveform 

… detection … validate the proposed form for the EOS.

❖ Question: Is it possible to discriminate between different 
EOS. Answer: Yes, it is.

❖ Main problem are:

❖ It is not easy to generate (consistent) initial data with complete 
control of the spin, orbital parameter, initial magnetic fields,… 
Recent progress by Rezzolla,Tichy, Kyutoku groups.

❖ HOWEVER: exist a PUBLIC CODE that allows to generate ID 
for non-rotating stars starting from a tabulated EOS at T=0. 
Need to extend the availability of PUBLIC initial data.

20



Different EOS — same stellar model
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Spectrum of post-merger signal 
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possibility of different emission mechanisms being respon-
sible for the subdominant spectral peaks in soft and stiff
EOS stars (see Sec. III E for a deeper discussion about this
hypothesis).
References [40,46,84] highlight the importance of not

only analyzing the spectrum taken over the entire merger
time but also analyzing its time evolution. This is impor-
tant, because the signal components are not fixed in time,
but their frequencies evolve dynamically. Figure 2 shows
the GW Fourier spectrogram for all the analyzed models,
computed taking the Fourier transform in intervals of 5 ms,
with a superposition of 95%. Before the Fourier transform,
the time domain signal is first padded with zeros to obtain
a better frequency resolution, with a padding length of
twice the length of the original signal. The first qualitative
information noticeable in the spectrograms is that the
subdominant modes are short lived, and that they decay
during the first 5 ms after merger. Even if they are too weak

to be fully visible in the spectrograms, all the subdominant
modes are active just after the merger. For unequal mass
systems with a soft EOS this shows that the main emission
mechanism is only suppressed by the mass asymmetry, but
it is nevertheless active. Finally, the dominant emission
peak does not show a fixed frequency, but changes slightly
with time.
In the following subsections we present the results

obtained for the descriptions of the postmerger spectrum
of binary neutron star mergers.

A. Rapid change of f 2 within few ms after merger

The frequency of the main emission mode rapidly
changes in the first milliseconds after the merger, when
also the subdominant modes are active, and when the
merger remnant is rapidly evolving toward a more stable,
equilibrium configuration. This feature was already noted
in Ref. [40] and was described using the notation f2i to

FIG. 1. Amplitude of the spectral density of the GW signal j ~hðfÞjf1=2, computed with Eq. (10) for an optimally aligned source at
100 Mpc. The Fourier transform is taken from 8 ms before to 15 ms after the merger. Filled circles mark the instantaneous frequency at
merger. The top-left panel shows equal mass models with the SLy EOS and different total masses. On the top-left, unequal mass models
are shown with the same EOS and a fixed total baryonic mass of MT ¼ 2.8 M⊙. The bottom panels show models with different EOSs,
reproducing the observed PSR J0453 þ 1559 system (left), or with baryonic mass M ¼ 1.4 M⊙ for each star (right). The filled circles
mark the instantaneous frequency at merger. The dashed black line shows the Advanced Ligo design sensitivity curve in the “zero
detuning–high power” configuration [83].

SPECTRAL ANALYSIS OF GRAVITATIONAL WAVES FROM … PHYSICAL REVIEW D 96, 063011 (2017)
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f1

f2

f3

each panel the GW spectrum of a single model, are drawn at
frequencies f2i − f0, which are the theoretical frequencies
of the mode combination. Here f2i, adopting the notation of
[40], is the dominant frequency in the first milliseconds
after the merger, evaluated taking the maximum of the
amplitude spectral density computed up to 5 ms after the
merger. f0, instead, is the frequency of the quasiradial
oscillations, computed from the spectrum of the maximum
density (or minimum lapse) oscillations (see Fig. 5 below).
In most models the frequency predicted for the mode
combination is a very good approximation for the sub-
dominant peaks in the spectrum. However, it is signifi-
cantly different in the less compact stars, either low mass
models with a soft EOS (such as the equal mass model with
the SLy EOS andM ¼ 1.11M⊙ for each star, top-left panel
in Fig. 3) or models with a stiff EOS (such as the stars with
M ≃ 1.28 M⊙ and the H4 or MS1 EOS).

Before addressing the mode combination interpretation in
the less compact stars one should consider that in [32,87,92]
was hypothesized and analyzed the possibility that all the
subdominant peaks are generated by the modulation of the
dominant mode due to the radial oscillation of the rotating
double core structure formed right after the merger and that
this modulation could be described by a mechanical toy
model [32]. According to this interpretation, it is possible to
find a single relationship connecting f1 to the merging stars
characteristics, and, in particular, to their EOS, since this
subdominant peak is produced by the same mechanism in
all models. A similar relation, fitting f1 with a third order
polynomial in the initial stars average compactness, was
developed in [32] and refined in [40]. Its predictions, for our
data, are reported in Fig. 3 as the solid green lines. In almost
every model it is able to reproduce well the subdominant
peaks, also for the stiff EOSs, where the mode combination
hypothesis failed. It performs slightly worse than the mode
combination hypothesis in the model close to the collapse
threshold (SLy EOS and M ¼ 1.36 M⊙ for each star). In
this case, the only models that are not effectively described
by the proposed universal mechanics are the lowest equal-
mass model with massM ¼ 1.11 M⊙ (that is quite unlikely
to be present in nature) and some of the extremely unequal
mass models, namely, SLy 1.11vs1.44, H4 1.17vs1.56, and
MS1 1.17vs1.56.
A different possibility was considered in Ref. [31] to

construct a unified picture. In this case the low frequency
GW subdominant peak in the less compact models (at
frequencies denominated fspiral was interpreted as due to
the emission from the spiral arms structure formed after
the merger, which rotates slower than the central double
core structure, with a rotation frequency of fspiral

2 , while the
subdominant peaks in the more compact stars are consid-
ered to be produced by the m ¼ 2 and m ¼ 0 mode
combination, which, as explained before, is consistent also
with our data. Indeed, here the word unified should be
interpreted as the assertion that the two associated peaks
are always present and that the dominant f1 peak is just the
strongest of the two. From the data of Ref. [31], where the
fspiral peak was identified in the postmerger emission of
several binary systems with different EOSs, in [40] an
empirical relationship was derived, connecting fTspiral [see
Eq. (A6)] to the average mass and compactness of the
merging stars, with a second order expression. Its predic-
tions, applied to our simulations, are shown in Fig. 3 by the
dash-dotted cyan lines. They agree very well with the low
frequency subdominant peak in the less compact models,
where the mode combination cannot explain the right f1
frequency. In particular, the spectrograms of some models
with intermediate compactness (the equal mass ones with
the SLy EOS and M ¼ 1.3, 1.4M⊙ for each star) show the
presence of two low-frequency subdominant GW emis-
sions, one close to the predicted frequency of f2i − f0 or f1
from [32,40], and the other, at higher frequency and with a

TABLE II. Dominant peak frequency, measured from the full
spectrum f2, or from the spectrum up to 5 ms after the merger f2i,
taking the maximum of the corresponding amplitude spectral
density after interpolating it with a cubic spline with resolution
1 Hz. The values here are slightly different from the ones in [41]
due to the different methodology for computing f2 from the data
(in the cited paper it was computed using a fit of the time domain
signal) and the different time interval used. In addition, the results
of simulations with SLy EOS and M ¼ 1.4M⊙ show different
values due to different initial stars distances (see [42] for a
detailed study about its influence) and the different symmetries
imposed during the evolution. However, they are still fully
compatible within the discrete Fourier transform error (47 Hz).
The fourth column reports the predicted value for fB2 using the
empirical relation of [13]. The fifth column reports the error in the
determination of the radius of a M ¼ 1.6M⊙ static neutron star
using the aforementioned relation and the real f2 value measured
from our data. Finally, the last column shows the predicted peak
frequency with the relation of [39].

Model
f2i

[kHz]
f2

[kHz]
fB2 [13]
[kHz]

ΔRM¼1.6
[km]

f2 [39]
[kHz]

SLy 1.11vs1.11 2.79 2.85 2.784 0.16 2.83
SLy 1.20vs1.20 3.01 2.96 3.009 0.10 3.03
SLy 1.28vs1.28 3.23 3.14 3.212 0.15 3.20
SLy 1.36vs1.36 3.48 3.51 3.410 0.19 3.38

SLy 1.24vs1.32 3.18 3.13 3.210 0.17 3.20
SLy 1.20vs1.36 3.07 3.05 3.210 0.35 3.20
SLy 1.16vs1.40 2.97 2.98 3.210 0.49 3.20
SLy 1.11vs1.44 2.97 3.00 3.197 0.43 3.20

APR4 1.17vs1.56 3.49 3.32 3.574 0.50 3.67
SLy 1.17vs1.56 3.31 3.27 3.427 0.31 3.41
H4 1.17vs1.56 2.27 2.37 2.503 0.44 2.25
MS1 1.17vs1.56 1.91 1.90 2.179 2.30 1.88

APR4 1.27vs1.27 3.31 3.17 3.336 0.35 3.47
SLy 1.28vs1.28 3.22 3.17 3.212 0.08 3.20
H4 1.30vs1.30 2.35 2.45 2.382 0.21 2.12
MS1 1.30vs1.30 2.03 2.02 2.081 0.29 1.80

MAIONE, DE PIETRI, FEO, and LÖFFLER PHYSICAL REVIEW D 96, 063011 (2017)
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Binary Neutron Stars System 
❖ EOS … initial data for binary neutron star system … waveform … detection 

… validate the proposed form for the EOS.

❖ Question: Is it possible to discriminate between different EOS. Answer: 
Yes, it is.

❖ Main problem are:

❖ It is not easy to generate (consistent) initial data with complete control of 
the spin, orbital parameter, initial magnetic fields,… Recent progress by 
Rezzolla,Tichy, Kyutoku groups.

❖ HOWEVER: exist a PUBLIC CODE that allows to generate ID for non-
rotating stars starting from a tabulated EOS at T=0. Need to extend the 
availability of PUBLIC initial data.

❖ Magnetic fields simulation shows presence of instabilities and turbulence 
and simulations results should be considered keeping in mind this facts.
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Post Merger Spectrum
❖ The main characteristics of the post-merger spectrum are 

captured by three main peaks f1, f2, f3 (closely physical 
related) plus an additional f20 peak 

❖ This general picture maybe used to get information on the 
EOS by (using-multiple BNS post-merger events) [S. Bose, 
K. Chakravarti, L. Rezzolla, B. S. Sathyaprakash, and K. 
Takami, (2017), 1705.10850] or focusing on just the main f2 
mode [H. Yang, V. Paschalidis, K. Yagi, L. Lehner, F. 
Pretorias, and N. Yunes, (2017), arXiv:1707.00207 ]. 
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S2ðfÞ ¼ A2Ge−ðf−F2GÞ2=W2
2G þ AðfÞγðfÞ; ð18Þ

where

AðfÞ≡ 1

2W2

½ðA2b − A2aÞðf − F2Þ

þW2ðA2b þ A2aÞ&; ð19Þ

γðfÞ≡ ð1þ e−ðf−F2þW2Þ=sÞ−1

× ð1þ eðf−F2þW2Þ=sÞ−1: ð20Þ

The 14 parameters, A1, F1,W1, A2a, A2b, F2,W2,
s, A2G, F2G, W2G, A0, F0, W0, are computed via a
nonlinear least-squares fitting. An example of the
resulting fit is shown also in Fig. 3 with a red line.
Clearly, the fitting procedure has provided a very
good representation of the low- and high-frequency
peaks. Similarly good results are obtained also with
other EOSs.

(4) Finally, we associate the two spectral features of
the PSD which are our interest here, i.e., f1 and f2,
with the values of the coefficient F1 and with the
frequency average of the function S2

3

f1 ≡ F1; f2 ≡
R
S2ðfÞfdfR
S2ðfÞdf

: ð21Þ

IV. VALIDATION OF THE NUMERICAL RESULTS

As mentioned above, the purpose of this work is mainly
to highlight the relation between the spectral properties of
the post-merger signal and the physical properties of the
merging binary. In this sense, here we are not particularly
interested to make sure that this relation is quantitatively
accurate; far more important to us is that our analysis
captures the correct qualitative behavior. Nevertheless, it is
important to assess how the results obtained also depend
on choices that are under our control, such as the grid
resolution and the choice of the polytropic index Γth for the
thermal part of the EOS. While a discussion of these
aspects is rarely done in the literature, in what follows we
discuss both of these aspects in detail.

A. Dependence on grid resolution

Performing accurate measurements of the convergence
order as the ones presented in [22] or in [11] is clearly not
possible when considering the very large number of
binaries and EOSs considered here. Hence, rather than
determining the convergence order, we have here explored
whether our results are in a regime of consistency, i.e., the
truncation error decreases with increasing resolution [49].
While a much weaker requirement than convergence, an
overall consistency guarantees that the numerical errors
are bound and decreasing. We have therefore considered
as a representative example the evolution of the single-
polytropic BNS GAM2-q10-M1400 when performed at
three different spatial resolutions of ðΔh5Þlow¼0.175M⊙≃
258m (low resolution), ðΔh5Þmed ¼ 0.150M⊙ ≃ 221 m
(medium resolution), and ðΔh5Þhigh ¼ 0.125M⊙ ≃ 185 m
(high resolution).
The results of this comparison are shown in Fig. 4, where

the top panel reports evolution of the GW phase, with the
green, red, and blue lines referring to the low, medium, and
high resolutions, respectively. Shown instead in the middle
panel is the instantaneous frequency fGW of the GW signal.
It is apparent that the phase evolution is already well
captured by the middle resolution, with differences with
respect to the high resolution that are Δϕ≃0.9rad at the
end of simulation, that is, with a fractional change
Δϕ=ϕ≃0.3%. Similarly, the evolutions of the three
instantaneous frequencies are essentially indistinguishable
up to the merger (cf. dotted vertical line), so that the peak
frequency fmax varies at most of≃12 Hz (i.e.,≃1%) when
going from the low to the high resolution and with
differences of ≲7 Hz (i.e., ≃0.6%) between the medium
and high resolutions. On the other hand, the three instanta-
neous frequencies are clearly different after the merger.
This behavior, which cannot be removed by a simple time
shift, is a clear indication that the resolutions used are not

FIG. 3 (color online). PSD 2~hðfÞf1=2 relative to the binary
APR4-q10-M1375. Indicated with a black line is the full PSD,
while the green line shows the PSD after the application of a
Tukey window, and the blue line the PSD filtered with a high-pass
Butterworth filter. Finally, shown in red is the fit made to capture
the peak frequencies f1 and f2.

3Because the notation in the literature has been evolving and a
bit confusing, we remark that what we indicate as f2 was marked
as fpeak in Ref. [25] and as f2 in Ref. [28]. This latter notation is
becoming the standard one.

KENTARO TAKAMI, LUCIANO REZZOLLA, AND LUCA BAIOTTI PHYSICAL REVIEW D 91, 064001 (2015)
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APR4-q10-M1375 

a reference. In essence, the PSDs in Fig. 5 reveal the
following:

(i) For all the EOSs considered, the peak corresponding
to the f2 frequency is rather easy to recognize and is
reasonably well reproduced by an analytic expres-
sion that we will discuss in Sec. III D.

(ii) The f2;i frequencies as measured from the spectro-
grams do not correspond to any visible peak in the
total PSDs; this is to be expected given that these
frequencies are only short lived and their contribu-
tion to the total PSD is much smaller than that of the
f2 frequencies.

(iii) Smaller but still clearly visible are the contributions
of the f1 and f3 frequencies (the latter are not
reported in Fig. 5 for clarity). This behavior too is
not surprising and is due to the short duration of
these modes. Note that the f1 frequencies in Fig. 5,
which we recall are predicted analytically, also mark
the presence of a local maximum in the PSD.

(iv) For stiff EOSs, e.g., GNH4 and H4, the peaks
corresponding to the f1 and fspiral frequencies are
very similar, but they become distinct for soft EOSs,
e.g., ALF2, SLy, and APR4.

(v) When not being comparable to f1, the fspiral
frequencies do not seem to mark any local maximum

in the PSDs; see, for example, the BNS with M ¼
1.200 M⊙ and the SLy EOS, or the BNS with M ¼
1.350 M⊙ and the EOSs SLy and APR4.

(vi) The behavior of the f2–0 frequencies is far less clear.
In those cases where it is comparable with the f1
frequencies (e.g., for the SLy EOS), these frequen-
cies can be associated with the same power excess
attributed to the f1 frequencies. In other cases,
however, they are either associated with peaks with
very limited power6 or are associated with peaks.7

This is not surprising since the f2–0 peaks result
from a mode coupling and are therefore expected to
be less energetic.

The properties of the PSDs listed above and illustrated in
Fig. 5 are not limited to the cases of the binary masses
reported in that figure. This conclusion can be reached after
inspecting Fig. 6, which is the same as Fig. 5, but reports
also all the other masses considered. For compactness we
do not report here the PSDs relative to the unequal-mass

FIG. 5. Total PSDs of the GW signals for all the EOSs considered and relative to a series of low-mass (i.e., M ¼ 1.200 M⊙) and
medium-mass binaries (i.e., M ¼ 1.325 M⊙); these are the two masses also considered in Ref. [43]. The solid lines refer to the
postmerger signal only, while the dotted lines report also the power during the short inspiral. Reported with vertical dashed lines of
different colors are instead the values of the frequencies f1, f2;i, f2, f2–0, and fspiral. These are either measured from the PSDs or
estimated numerically (see discussion in Sec. III A). The PSDs are relative to GWs from binaries at a distance of 50 Mpc, and we report
also the sensitivity curves of Advanced LIGO as a reference (green line). Note that the f1 and fspiral frequencies (blue and red vertical
dashed lines) are very similar for stiff EOSs (e.g., GNH3, H4) but are significantly different for soft EOSs (e.g., SLy, APR4), making a
proper distinction fallible. Note also that the f2–0 frequencies (orange vertical dashed lines) do not always correspond to clearly
identifiable peaks in the total PSDs.

6This is the case, for instance, for the binaries with M ¼
1.350 M⊙ with EOS GNH3, H4, and ALF2.

7This is the case, for instance, for the binaries with M ¼
1.200 M⊙ with EOS GNH3, H4, and ALF2, or for the binaries
with M ¼ 1.350 M⊙ with EOS APR4.

LUCIANO REZZOLLA and KENTARO TAKAMI PHYSICAL REVIEW D 93, 124051 (2016)

124051-10

K. Takami, L. Rezzolla, and L. Baiotti, 
Phys. Rev. D91, 064001 (2015)

L. Rezzolla and K. Takami, 
Phys. Rev. D93, 124051 (2016)



Post Merger Spectrum
❖ Analyzing the signal using Fourier 

spectrograms and Prony 
spectrograms one see that:
❖ A change in the dominant peak 

frequency between the initial transient 
phase and the following quasi- stationary 
phase. It is apparent that this transient is 
not a sudden jump, but rather a 
continuous process, in which the 
dominant frequency first increase and 
then decrease; 

❖ A slow increase in the dominant 
frequency in the quasi-stationary phase 
which, in particular in the Fourier 
spectrograms, seems more pronounced 
in equal mass binaries and suppressed in 
unequal mass ones. 
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Neutron-star Radius from a Population of BNS Mergers
❖ From the talk Jutta Kunz we learned that a 

number of Universal relation have been 
proposed to link properties of Stars.

❖ Universal relation have also been derived 
for the peak-frequency of the post merger 
signal.

❖ From that follows the idea of using 
detected gravitation wave signal to get 
measure of the properties of the stars (like 
its Radius) 

❖ To do the analysis (and avoid to do 100s of 
BNS simulation) use a phenomenological 
model for the postmerger waveform using 
analytical fits in the time domain to a 
catalogue of numerical-relativity 
waveforms  that can be expressed as a 
superposition of damped sinusoids with a 
time-evolving instantaneous frequency 
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FIG. 1. Top panels: Postmerger strain from numerical-relativity waveforms for four EOSs and a representative mass of M̄ = 1.325M�; our
analytical ansatz is shown as a transparent line of the same color. Only the initial 12ms of the complete 25ms waveforms are reported to aid
the comparison. Bottom panels: Corresponding spectral amplitudes shown with the same color convention, superposed on the strain sensitivity
curves of aLIGO and ET. Similarly good matches are produced also for M̄ = 1.250M� (cf. Table I and Fig. 3 in the supplemental material).

|2h̃(f) f1/2| ' 10
�22/

p
Hz at f = f2 ' 2470Hz, with the

frequency bin-width being �f ⇠ 100Hz. The aLIGO noise
amplitude at this frequency is Sh(f2) ' 1.26 ⇥ 10

�46
Hz

�1,
thus yielding an SNR ' |2h̃(f)f1/2|[�f/(f Sh(f))]1/2 '
1.8.

A small postmerger SNR, however, does not necessarily
imply that the observations contain no information. Rather,
small-SNR postmergers can provide constraints if combined
constructively over a population of such signals. As an exam-
ple, a Fisher-matrix analysis gives the 1 � � error in mea-
suring f1 and f2 for a population of 100 H4-1325 BNSs
at 100Mpc with optimal sky-position and orientation to be
�f1/f1 ' 10% and �f2/f2 ' 1%, or �f1 ' 177Hz

and �f2 ' 27Hz in a single aLIGO detector (see Table I in
the supplemental material). Exploiting the quasi-universal re-
lations between f1, f2 and the compactness (see the left two
panels in Fig. 2 in the supplemental material), we can infer
the error in C through error propagation. For the aforemen-
tioned 100 BNS observations, we deduce from the error in f2
(which is much better measured than f1) that the fractional
error in the measurement of the compactness is as small as
⇡ 1.0%. Similar results are obtained for the other EOSs, and
masses and are listed in Table I in the supplemental material.
We have also verified that other fitting expressions for f1, f2,
e.g., in terms of fractional powers of C, yield very similar er-
rors in the radius estimates derived below.

Radius measurement from a single BNS. For the H4-1325
BNS at 200Mpc, with an aLIGO-AdV network SNR = 14

for the complete inspiral-merger-postmerger signal (after av-
eraging over sky locations and orientations, which reduces the
SNR by a factor of 2.26 relative to that for optimal sky loca-
tion and orientation [5, 22]), the 1�� measurement errors are
�f2/f2 ⇡ 14.0% (Table I in the supplemental material), and
derived from it via quasi-universal relations, �C/C ⇡ 9%.
Taking the component mass 1 � � error to be 11% [23], the
error in radius from error propagation is ⇡ 14%. For the
same source at 30Mpc with optimal location and orientation,
the complete-waveform network-SNR will be ⇡ 211, even
though the postmerger signal will have SNR ⇡ 6.4. At such
a distance, the error in average binary mass is much smaller, at
0.08%, and � C/C ⇡ 0.9%. In this strong-signal case, the ra-
dius error reduces to 0.9%, or 125m. In a single aLIGO detec-
tor, the error will rise to ⇡ 215m. This is roughly two times
more accurate than the value given in Ref. [16], the primary
reason being that their waveforms are more rapidly damped
than ours, as noted above. Furthermore, while our errors are
estimated for the average radius of the parent BNS, the error
in Ref. [16] is estimated for the radius of a cold nonrotating
neutron star of mass 1.6M� (R1.6) and for a single value of
the average mass (M̄ = 1.350M�); we find this approach not
applicable to our data and that of other groups (see Fig. 5 in
the supplemental material). Finally, other constraints can be
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FIG. 5. The same as Fig. 1 in the main text, but for binaries with lower masses, i.e., M = 2⇥ 1.250M�. In this case too the match between
the numerical waveforms and the analytic ansatz is very good; even better matches are expected if the analytic ansatz is extended to model
also the f3 frequency peak.

FIG. 6. Radius measurement error, at 90% confidence level, as a
function of the tidal deformability when the population of BNSs, dis-
tributed uniformly in a comoving volume between 100 and 300Mpc,
is characterised by a single value of the average mass, i.e., either
M̄ = 1.250M� or M̄ = 1.325M�, for the four EOSs studied
here. Different values of shading refer to the different numbers of bi-
naries considered, i.e., N = 20, 50, 100. Note that soft EOSs have
systematically larger uncertainties. Shown with dashed lines are the
errors from the Fisher-matrix analysis for N = 50.

gravitational mass. Specifically, owing to the mass-related
spread of the curves in Fig. 7 it is not obvious how for the
population of 100 BNSs one might estimate R1.6 more ac-
curately than the average radius of that population from the
methods presented in this letter. However, for the nearby bi-
nary at 30Mpc discussed above, since the BNS masses can
be estimated to a high accuracy, it is possible to narrow that
spread; this allows the determination of R1.6 for that case with
an accuracy that rivals the estimation of the average radius de-
duced above.

S. Bose, K. Chakravarti, L. Rezzolla, B. S. Sathyaprakash, and K. Takami, Neutron-
star Radius from a Population of Binary Neutron Star Mergers (2017), 1705.10850



Tidal effect — Sly EOS
❖ Three simulation of the same system 

with the ID generated at different 
separation: 44,50 and 60 km.

❖ Different initial separation 
correspond to 

❖ Different initial frequency of the GW 
signal.

❖ Dark-grey line correspond to PN 
prediction no-tidal effect.

❖ Tidal effect are visible to LIGO/Virgo 
and the detector were able to set 
limits on possible EOS for Neutron 
Star Matter.
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❖ F. Maione, R. De Pietri, A. Feo and F. Loeffler,  arXiv:1605.03424. 
Classical and Quantum Gravity, 33, 175009 (2016). Binary neutron star 
merger simulations with different initial orbital frequency and equation of state

Sly



Tidal effect — others EOS
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2 Metzger & Berger

of the event (Phinney 2009; Mandel & O’Shaughnessy
2010), for example an association with specific stellar
populations (e.g., Fong et al. 2010).
Motivated by the importance of EM detections, in this

paper we address the critical question: What is the most
promising EM counterpart of a compact object binary
merger? The answer of course depends on the definition
of “most promising”. In our view, a promising coun-
terpart should exhibit four Cardinal Virtues, namely it
should:

1. Be detectable with present or upcoming telescope
facilities, provided a reasonable allocation of re-
sources.

2. Accompany a high fraction of GW events.

3. Be unambiguously identifiable (a “smoking gun”),
such that it can be distinguished from other astro-
physical transients.

4. Allow for a determination of ∼ arcsecond sky posi-
tions.

Virtue #1 is necessary to ensure that effective EM
searches indeed take place for a substantial number of
GW triggers. Virtue #2 is important because a large
number of events may be necessary to build up statis-
tical samples, particularly if GW detections are rare; in
this context, ALIGO/Virgo is predicted to detect NS-
NS mergers at a rate ranging from ∼ 0.4 to ∼ 400 yr−1,
with a “best-bet” rate of ∼ 40 yr−1 (Abadie et al. 2010b;
cf. Kopparapu et al. 2008), while the best-bet rate for
detection of NS-BH mergers is ∼ 10 yr−1. Virtue #3 is
necessary to make the association with high confidence
and hence to avoid contamination from more common
transient sources (e.g., supernovae). Finally, Virtue #4
is essential to identifying the host galaxy and hence the
redshift, as well as other relevant properties (e.g., asso-
ciation with specific stellar populations).
It is important to distinguish two general strategies

for connecting EM and GW events. One approach is to
search for a GW signal following an EM trigger, either in
real time or at a post-processing stage (e.g., Finn et al.
1999; Mohanty et al. 2004). This is particularly promis-
ing for counterparts predicted to occur in temporal co-
incidence with the GW chirp, such as short-duration
gamma-ray bursts (SGRBs). Unfortunately, most other
promising counterparts (none of which have yet been in-
dependently identified) occur hours to months after co-
alescence6. Thus, the predicted arrival time of the GW
signal will remain uncertain, in which case the additional
sensitivity gained from this information is significantly
reduced. For instance, if the time of merger is known
only to within an uncertainty of ∼ hours(weeks), as we
will show is the case for optical(radio) counterparts, then
the number of trial GW templates that must be searched
is larger by a factor ∼ 104 − 106 than if the merger time
is known to within seconds, as in the case of SGRBs.

6 Predicted EM counterparts that may instead precede the
GW signal include emission powered by the magnetosphere of the
NS (e.g. Hansen & Lyutikov 2001; McWilliams & Levin 2011), or
cracking of the NS crust due to tidal interactions (e.g. Troja et al.
2010), during the final inspiral. However, given the current uncer-
tainties in these models, we do not discuss them further.

BH

θobs
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Tidal Tail & Disk Wind

Ejecta−ISM Shock

Merger Ejecta 

v ~ 0.1−0.3 c

Optical (hours−days)

Kilonova
Optical (t ~ 1 day)

Jet−ISM Shock (Afterglow)

GRB
(t ~ 0.1−1 s)

Radio (weeks−years)

Radio (years)

Fig. 1.— Summary of potential electromagnetic counterparts
of NS-NS/NS-BH mergers discussed in this paper, as a function
of the observer angle, θobs. Following the merger a centrifugally
supported disk (blue) remains around the central compact object
(usually a BH). Rapid accretion lasting ! 1 s powers a collimated
relativistic jet, which produces a short-duration gamma-ray burst
(§2). Due to relativistic beaming, the gamma-ray emission is re-
stricted to observers with θobs ! θj , the half-opening angle of the
jet. Non-thermal afterglow emission results from the interaction of
the jet with the surrounding circumburst medium (red). Optical af-
terglow emission is observable on timescales up to∼ days−weeks by
observers with viewing angles of θobs ! 2θj (§3.1). Radio afterglow
emission is observable from all viewing angles (isotropic) once the
jet decelerates to mildly relativistic speeds on a timescale of weeks-
months, and can also be produced on timescales of years from sub-
relativistic ejecta (§3.2). Short-lived isotropic optical emission last-
ing ∼ few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in
the ejecta (§4).

A second approach, which is the primary focus of
this paper, is EM follow-up of GW triggers. A poten-
tial advantage in this case is that counterpart searches
are restricted to the nearby universe, as determined by
the ALIGO/Virgo sensitivity range (redshift z ! 0.05−
0.1). On the other hand, a significant challenge are the
large error regions, which are estimated to be tens of
square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009;
Wen & Chen 2010; Nissanke et al. 2011). Although it
has been argued that this difficulty may be alleviated
if the search is restricted to galaxies within 200 Mpc
(Nuttall & Sutton 2010), we stress that the number of
galaxies with L " 0.1L∗ (typical of SGRB host galax-
ies; Berger 2009, 2011b) within an expected GW error
region is ∼ 400, large enough to negate this advantage
for most search strategies. In principle the number of
candidate galaxies could be reduced if the distance can
be constrained from the GW signal; however, distance
estimates for individual events are rather uncertain, es-
pecially at that low SNRs that will characterize most de-
tections (Nissanke et al. 2010). Moreover, current galaxy
catalogs are incomplete within the ALIGO/Virgo volume
(e.g. Kulkarni & Kasliwal 2009), especially at lower lu-
minosities. Finally, some mergers may also occur outside
of their host galaxies (Berger 2010a; Kelley et al. 2010).
At the present there are no optical or radio facilities

that can provide all-sky coverage at a cadence and depth
matched to the expected light curves of EM counter-

Electromagnetic counterpart.
❖ The GW detection it is expected 

to be based on its inspiral part.
❖ If we see the signal of the 

merger of two compact object 
of around 1.4 solar mass how 
can we state that it is a BNS 
merger ?

❖ We need some future from the 
post merger signal (difficult to 
see) or a simultaneous 
detection of an EM counterpart!

❖ That would be that of a new era 
of Multi-Messenger 
Astronomy!
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Conclusions 
❖ With the first detection of GWs the era of Gravitational waves astronomy just started.

❖ Realistic treatment of EOS thermal component is needed (This is ore main goal).

❖ Investigate dependence of collapse time on resolution and EoS.

❖ Matter expelled not-axisymmetrically during merger => study accretion disk 
formation, mass, composition and development to an equilibrium configuration.

❖ Can (magneto)hydrodynamical instabilities develop in the disk? 

❖ (Black hole like) kicks from linear momentum emitted in gravitational waves and 
unbound matter expelled not-axisymmetrically.

❖ This research is computational intensive and badly need a real INFN centric 
computational effort !

❖ More insight improving the resolution of the simulation. 

❖ Long term simulation of BNS mergers using only public codes: You can re-run all 
the models on your own. [It is possible to check the code on a laptop … (Using our 
setting)].
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