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Modeling GWs waves from
NS mergers
with numerical and analytical relativity




*** Outline ***

e Motivations
« Analytical/numerical techniques for waveform modeling in GR

Parametrizing “the EOS”
TEOBResum: a resummed tidal EOB model

Fast and efficient representation of waveforms

Closed-form tidal approximant from NR

Parameter space studies

Simulating NS with generic spin consistently

Merger remnant: (an alternative) peak frequency
characterization and emission energetics and timescale



What can we learn from neutron star mergers?
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ASTROPHYSICS (Multi-messenger)

Origin of gamma-ray burst
Origin of kilonovae, site for r-processes
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Different EOS - different star's structure

Constraining the NS Equation of State
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How to?

@@ D Tides depend critically on EOS
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Tides determine the wave's phase during merger




How to?

@@ D Tides depend crucially on EOS
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How to?

@@ D Tides depend crucially on EOS
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GW observations require detailed signal models
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Data-analysis status

? e 95%EconfMS1 [Del Pozzo+ arXIV13078338]
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Uncertainties in the waveform models lead to
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See also [Read+ arXiv:0901.3258, Hinderer+ arXiv:0911.3535, Damour+ arXiv:1203.4352]



The GW spectrum
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The GW spectrum
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Exploring the BNS parameter space

[Dietrich, Ujevic, SB, Tichy, Bruegmann PRD95 024029 (2017)]
[Dietrich, SB, Ujevic, Tichy PRD95 044045 (2017)]
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Exploring the BNS parameter space

Largest exploration of parameter space in
strong-field regime available to date
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Numerical relativity in a nutshell

Numerical methods for PDEs on adaptive grids High-performance-computing (HPC)
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How to extract meaningful info
from simulations?
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Methods for the GR 2-body problem
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Effective-One-Body framework
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[Buonanno&Damour arXiv:gr-qc/9811091, Damour,lyer,Nagar arXiv:0811.2069, Damour&Nagar arXiv:0911.5041]



Real problem -- Effective problem

Effective-One-Body

[Buonanno&Damour PRD 1999,2000]

Skerr
effN/UJ\/A 1+p?bu2)+p?2°*
O Al ky ) = A%us ) + AT (us v kg )
AO(U, ]/) =1 —2u+ V(

Credit: A.Taracchini/AEIl

Includes test-mass limit (i.e. particle on Schwarzschild)
Includes post-Newtonian and self-force results

Uses resummation techniques — predictive strong-field regime
Includes tidal interactions (- BNS) [Damour&Nagar PRD 2010]

Flexible framework, can include NR results (“NR-informed”)

Most accurate framework to describe compact binary waveforms

See e.g. [Taracchini+ PRD 2014][SB+ PRL 2015][Nagar+ PRD 2015][Hinderer+ 2016]



Relativistic Tides

[Hinderer arXiv:0711.2420,
Damour&Nagar arXiv:0906.0096,
Binnington&Poisson arXiv:0906.1366]
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[Damour&Nagar arXiv:0911.5041]

Tidal contribution to (post-) Newtonian dynamics and waveform:

1
Hamiltonian HF}{:}B J?ur'fﬂ + = i (pg ~+ A(T) — 1)

(Newtonian limit):

A(?’*) =1-2 / ™N— fc{é(/\g) / -rﬂ Tides are attractive and

\ “act” at small separations
Tidal coupling

constant

Waveform: \ .
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Key point: No other binary parameter (mass, radii, etc) enter separately the formalism



One parameter to characterize merger dynamics
[SB,Nagar,Balmelli,Dietrich,Ujevic PRL 112 (2014)]

Predict energy emitted in GW for all binaries, range 1-2% M
(all possible EOS, masses, mas-ratios)

Predict energy emitted for given binary by specifying solely the kappa value
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First waveform model for inspiral - merger
[SB,Nagar,Dietrich,Damour PRL 114 (2015)]
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« Effective-one-body model with tides, GSF Resummed approach [Bini+ 2014]
« Valid from low frequencies to merger, PREDICT the merger waveform
e Accuracy: uncertainties of the numerical data (improve simulations!)

See [Hinderer+ PRL 116 (2016)] for an alternative approach



A GSF-based A(R) potential
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Performance of the resummed tidal potential
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Comparison of EOB tidal models
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Comparison of EOB tidal models

Dietrich&Hinderer arXiv:1702.02053]
0030 : . : : 0030 : : :
_0.035| MS1b-138138 ﬂ!__,,.,.——‘" - - SlLy-138138 - 0.035| MS1b-153122 ] —0.03} sLy-153122 P
= —().040 _,»-""": R (}.U-'_l- f‘_,_,,..__,,..- N0 ,.w""'"f | —0.04} _f...-""’""""#
—0.045 - EOByp 01~ 1 -0 | —005p
iy dvPT -~ o . -
—0.050}. .- EOBpp —0.06} 1 —0.08) L 1 —0.06L :
0.0010{; ~ —— dyPN — BBH 0.0010f ' ' ' Toooopbr T ] ooty '
- 0.0005}' ~adPN =--adGSF{  0.0005! 0.0085}! 1 0.0005}!
S 0.0000f s 0.0000 = =rmmm——— 0.go00 ¢! 0.0000F nmmmme
S —0.0005 57 {005 p - 10005 1 {=0.0005fF>
—0.0010 ‘ o/ ‘ . | 0.0010p/" 00010} . | | J
003030 37 38 3.9 40 41 42 4.3 : ' ' 42 36 34 4.2 3.4 36 3.8 40 42
—l L) T T T T T —1L . ) - T T - T T T
(.035| MS1B-165110 - —0.03/8Ly-165110 4 T MS1b-150100 —~0.030} SLy-150100 S
. 0.0 — ~0.04f T , - ).0351 P
5 —0-.0407 - 1 ) - 1035 o 1 =M1} e ]
—0.045 /" | =005 0040 — 5l - 1
—0.050 |- - 0,045 | | L 1
0.0010f S o.ootof, 0.0010f ] noopf
- 0.0005} 0.0005}" 0.0005 ! 1 0.0085]
S 00000} e 0.0000 5 mmmmm ‘ u.uuuf}-:‘ 3 e
515t e .
. — . . . A | rMS1b-150100 3
0.2t SLy-138138. Tmﬁ 3.63.73.83.94.04.14.2 39 4.0 4.1 ¢ i rrvi-r,r]—mﬁ“r
) . — ; | |
8-%7?.:"{}?1 T *”f - m:;:!tiif;u;zl; it
AT AR A A AT A A R T A T T —0.05"“'1‘“"““?”’i']
VAR A ',lutfl" VUV
e e AT -0.15| a
: I ] I ] I\{ 0.0h"“_""“'«--"-"---";‘-.._.o--.___ 1
! ! = . Sy, f
= ; "0 — ~ . S
—0.51 | Y _1'9 ; A
_1.0 o ‘= 2.6 | A 1
X ] — L.Ur X By
- 1.5 F : { - L rl [:-I t-‘l L
—2.0} ! 500 1500 2500 3500
el
5001500 2500 u/M




Massratio ¢ " g

Fast templates for GW data-analysis of BNS

[Lackey, SB, Galley, Meidam, Van Den Broeck PRD (2017) — In Press]
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First model accurate to merger
available in LIGO/Virgo library

Speed = ~0.07 s (30 Hz to mrg); ~ 0.8 s (10 Hz to mrg) — enable 1077-10" 8 evaluations (PE)



Improved NR GW with high-order WENO schemes

[SB,Dietrich PRD94 064062 (2016)]
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* Robust convergence assessment (although not 5th order)

* Large resolution span (6423-1923), no alignment
* Error budget: significant improvement wrt FV schemes

See also [SB+ arXiv:1205.3403 ] [Radice+ arxiv:1306.6052]



Binding energy

Spins & tides during merger: energetics
[Dietrich, SB, Ujevic, Tichy PRD 95 (2017)]
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See also [SB, Dietrich, Tichy, Bruegmann arXiv:1311.4443]



Spins & tides during merger: energetics
[Dietrich, SB, Ujevic, Tichy PRD 95 (2017)]

Spin-orbit and spin/2
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Spins & tides during merger: phasing
[Dietrich, SB, Ujevic, Tichy PRD 95 (2017)]
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Closed-form tidal approximants from NR
[Dietrich, SB, Tichy arXiv:1706.02969] i&\{}”:@
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Time-domain approximant
[Dietrich, SB, Tichy arXiv:1706.02969]
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Frequency-domain approximant
[Dietrich, SB, Tichy arXiv:1706.02969]
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Postmerger spectrum

[.S220 1.35 4 1.35M, @ 50 Mpc
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—— Einstein Telescope Sf,rll/ ’ M '
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4000
[Bauswein+ arXiv:1106.1616, ~ 3000
Hotokezaka+ arXiv:1307.5888, T
Takami+ arXiv:1403.5672, = 2000

Clark+ arXiv:1509.08522, ...]

Rich frequency content

Main peak f,(m=2)
HMNS rot. freq at ~ peak luminosity

e Various models associate f,to
isolated equil. star properties

« Possibility to extract “EOS-
related info” (R,M,.,---)

» Conceptually indepedent on
Inspiral-merger models

H4-137137




Peak frequency correlates to tidal parameter
[SB, Dietrich, Nagar PRL 115 (2015)]
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« Large NR dataset (~100, 3 codes) [+ Hotokezaka+ arxiv:1307.5888, Takami+ arXiv:1403.5672]
* Postmerger frequencies essentially determined by merger physics

e Conceptually “compatible” with inspiral-merger — Unified model !
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Remnant HMNS is the loudest GW phase

[SB, Radice, Ott, Roberts, Moesta, Galeazzi PRD94 024023 (2016)]
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Remnant HMNS is the loudest GW phase

[SB, Radice, Ott, Roberts, Moesta, Galeazzi PRD94 024023 (2016)]
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Simulations w/ microphysics & neutrinos
largest-to-date campaign
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Postmerger spectrum

Mass-ratio effects
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[Dietrich, Ujevic, SB, Tichy, Bruegmann arXiv:1607.06636]
[Dietrich, SB, Ujevic, Tichy arXiv:1611.07367]



Merger remnant reaches extreme densities
Can GW observations inform us about EOS changes at those densities?
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GWs could probe such “softness effects”
[Radice, SB, Del Pozzo, Ott, Roberts (2017) arXiv:1612.06429]

Data analys:s study d/stmgwshabllty
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 Postmerger GW morfology contains unique info
* Detailed and generic models are necessary for DA studies

* High-freq. GW challenging to detect (- Einstein telescope)



*k*k Sum mary *k%*

The (leading order) tidal polarizability coupling constant parametrizes strong-field
dynamics and EOS effects [SB+ arXiv:1402.6244]

TEOBResum first tidal EOB model “up to merger” [SB+ arXiv:1412.4553]

High-order methods help Improving NR simulations
[SB+ arXiv:1205.3403, Radice+ arxiv:1306.6052, SB&Dietrich 1604.07999]

Fast and efficient representation of waveforms |[Lackey+ arXiv:1610.04742]

Parameter space: masses, mass ratio, EOS, spins, microphysics
[SB+ arXiv:1311.4443, Dietrich+ arXiv:1611.07367, Dietrich+ arXiv:1607.06636, SB+
arXiv:1512.06397, Radice+ arXiv:1612.06429]

Energetics and waveforms with spins, first precessing simulation
[SB+ arXiv:1311.4443, Dietrich+ arXiv:1507.07100, Dietrich+ arXiv:1611.07367]

Postmerger peak frequency correlates with tidal coupling constant
[SB+ arXiv:1504.01764]

Postmerger emission is “fast and loud” [SB+ arXiv:1512.06397]
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