www.computational-relativity.org
o Public database of NR BNS waveforms
https://core-gitlfs.tpi.uni-jena.de/core_database

and ejecta profiles
https://zenodo.org/communities/nrgw-opendata

Numerical relativity simulations and
Gravitational wave modeling

S.Bernuzzi

INT 20R-1b
“The r-process and the nuclear EOS after LIGO-Virgo's third observing run”

May 2022
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Outline

= |nspiral-merger GWs and measurement of tidal parameters (EOS)

= Waveform models & systematics
= Targets for future Numerical Relativity (NR) simulations

= Kilohertz GWs from merger remnants

= Complete spectrum model (NR postmerger completion to inspiral-merger)
= Detection of postmerger signals & additional EOS information (?)

= Prompt collapse

= Equal vs unequal mass binaries
= Maximum mass and nuclear incompressibility



Measuring tides: main challenge

PHYSICAL REVIEW D 85, 123007 (2012)

Measurability of the tidal polarizability of neutron stars in late-inspiral gravitational-wave signals

Thibault Damour and Alessandro Nagar

Institut des Hautes Etudes Scientifigues, 91440 Bures-sur-Yveite, France ICRANet, 65122 Pescara, Italy

Loic Villain

Laboratoire de Mathématiques et de Physique Théorigue, Univ. F. Rabelais—CNRS (UMR 7350),

Féd. Denis Poisson, 37200 Tours, France
(Received 20 March 2012; published 15 June 2012)
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Tidal parameters inference & wvf systematics

Gamba, Breschi, SB+ [hitps://arxiv.org/abs/2009.08467]
Breschi+ [hitps://arxiv.org/abs/2101.01201]
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GW170817: no significant wvf systematics BUT A “double peaked” posteriors ...
1kHz cut-off removes double peaks, less wvf baises and shifts to larger A (larger radii) for comparable log-like.
Estimated <10% SNR above f > 1kHz. High-frequencies issues in A-inference? [Dai+ 2018, Narikawa+ 2019]
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Effective-one-body framework in a nutshell

[Buonanno&Damour PRD 2000a, 2000b]

Real problem -— Effective problem Heg ~ ,u\/A(u)(l + péuz) + p,,%*

SKerr

Sy L
\ml p

H, real mg

Credit: A. Taracchini

Factorized (resummed) PN waveform [Damour,lyer,Nagar 2008]
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 — NR informed

A(usvihg) = A(u;v)

A(uyv) =1 —2u+v(...

8

Separation —»

1
| Perturbation theory,

Numerical Relativity . self-force
o 1
1 Mass ratio —» o

Credit: L.Barak



PHYSICAL REVIEW D 81, 084016 (2010)
Effective one body description of tidal effects in inspiralling compact binaries
Thibault Damour and Alessandro Nagar

Institut des Hautes Etudes Scientifiques, 91440 Bures-sur-Yvette, France and ICRANet, 65122 Pescara, Italy
(Received 26 November 2009; published 8 April 2010)

X X4\’ X X5\’

T A A A B B B
—o | A (Z24) AL 25 (28
"2 XB (CA> 2 Xy (CB) :

Tidal coupling constant (Analogous to the reduced tidal parameter A [Favata 2013])
Hamiltonian -~ 2 ﬁ ( 9 ( ) B )
(Newtonian limit): HEOB e MC —I— 2 p _|_ A r 1

Ay =1 2 _ Kz (k)

Waveform: T T 6

h ~ Af—7/66—i\11(96(f)) — Af_7/6e_iqup(w)+i39/4%§x5/2

A PN @ NNLO insufficient to merger ! (SB+ [https://arxiv.org/abs/1205.3403])


https://arxiv.org/abs/1205.3403

week ending

PRL 114, 161103 (2015) PHYSICAL REVIEW LETTERS

Modeling the Dynamics of Tidally Interacting Binary Neutron Stars up to the Merger

%b‘u.tmno Bernuzzi,” Alessandro Na"ar Tim Dietrich.” and Thibault Damour®
"TAPIR, Cal'[{mum Institute of hdnmhu;\ Pasadena, California 91125-0001, USA
) DiFeST, University of Parma, 1-43124 Parma, ltaly
“Institut des Hautes Etudes Scientifiques, 91440 Bures-sur-Yveite, France
YTheoretical Physics Institute, Universitv of Jena, 07743 Jena, Germany

(Received 15 December 2014; revised manuscript received 18 February 2015; published 23 Apnl 2015)
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FIG. 1: The main radial gravitational potential A(R) in vari-
ous EOB models. Finite-mass ratio effects (1) make the gravi-
tational interaction less attractive than the Schwarzschild rel-
ativistic potential Agchw = 1 — 2M/R, while tides (ﬁg, see
Tablem) make it more attractive (especially at short separa-
tions).

PHYSICAL REVIEW D 90, 124037 (2014)

Gravitational self-force corrections to two-body tidal interactions
and the effective one-body formalism

Donato Bini' and Thibault Damour’

l!.s'rr'{mn per le Applicazioni del Calcolo “M. Picone,” CNR, 1-00185 Rome, ltaly
“Institur des Hauwtes Etudes Scientifigues, 91440 Bures-sur-Yvette, France
(Received 24 September 2014: published 10 December 2014)

See also Bini, Damour, Feye 2013, Dolan+ 2014
Akcay, SB+ [https://arxiv.org/abs/1812.02744]


https://arxiv.org/abs/1812.02744

Dynamical Tides in General Relativity:
Effective Action and Effective-One-Body Hamiltonian

Jan Steinhoff,!-2 Tanja Hinderer,>*! Alessandra Buonanno.? and Andrea Taracchini!

'"Max Planck Institute for Gravitational Physics (Albert Einstein Institute), Am Miihlenberg 1, Potsdam 14476, Germany
Centro Multidisciplinar de Astrofisica — CENTRA, Departamento de Fisica, Instituto Superior Técnico

— IST, Universidade de Lisboa — ULisboa, Avenida Rovisco Pais 1, 1049-001 Lisboa, Portugal

3Deparrmem of Physics, University of Maryland, College Park, MD 20742, USA

See also e.g.
Lai [https://arxiv.org/abs/astro-ph/9404062]

Kokkotas&Schaefer [https://arxiv.org/abs/gr-qc/9502034]
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Closed-form tidal approximants for binary neutron star gravitational waveforms
constructed from high-resolution numerical relativity simulations

Tim Dietrich!, Sebastiano Bernuzzi®?, and Wolfgang Tichy*
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Accuracy of NR waveforms

TABLE V. Faithfulness values F computed considering fre-

quencies from fiow t0 finrg between simulations with the same o BAM:97 EFL-WENOZ N R B 506
intrinsic parameters and two different resolutions, extracted O, thr hr hr
—— BAM:9Y HO-LLF-WENOZ ... 14,1 . 30,1 B 11
at /M = 1000. The source is situated in the same sky lo- ' Finr Fr fﬁf,
cation as GW170817, and the waveform polarizations hy and L B R B LA B L L B S AR B
hy are computed and projected on the Livingston detector.
We employ the aLIGODesignSensitivityP1200087 [22] PSD -L5F ]
from pycbe [I10] to compute the matches, and compare the e
values obtained to the thresholds Fiy, calculated with Eq. _20F — g
with €2 = 1 or €2 = N. A tick v indicates that F > Fyp,. M, T —
Conversely, a cross X indicates that F < Fip,. | i
) 25F o .
. EY 5 — “‘-:._R‘
Sim IH F SNR. — T~
14 30 80 5o 30 T~ .
N=61|N=61|N=61 = T
BAM:0011| [96, 64] [0.991208| v X| X X| X X 35r T~ ]
BAM:0017| [96, 64] [0.985917| v X| X X| X X h
BAM:0021| [96, 64] |0.957008] X x| x X| x X -40F | : S e e o]
BAM: 0037 |[216, 144]|0.998790| v /| v X| X X 90 100 110 120 130 140 150 160
BAM:0048| [108, 72] [0.983724| X X| X X| X X "
BAM:0058| [64, 64] |0.999127| v /| v X| X X
BAM: 0064 |[240, 160]|0.997427| v X| v X| X X
. Az Q P . . . .
BAMN:0091[144, 108]|0.997810) /' /| ' X| X X FIG. 21. Faithfulness as a function of the resolution for the
BAM: 0094 |[144, 108]|0.996804| v X| v X| X X BAM: 97 simulation
BAM:0095 (256, 192]/0.999550| v /| « V| « X ’ ’
: ; 99! .
BAM:0127| [128, 96] [0.999011| v /| « X| X X

[https://arxiv.org/abs/2202.08839]

# Number of grid point (linear resolution) of the finest grid
refinement, roughly covering the diameter of one NS

Gamba,Breschi,SB+[https://arxiv.org/abs/2009.08467]


https://arxiv.org/abs/2202.08839
https://arxiv.org/abs/2009.08467
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FIG. 9. Velocity profile of a stationary rotating neutron

star in a dynamical spacetime with I'-law EoS. Top: One-
dimensional profile of the velocity component v, along the
z-direction at time ¢ = 1000 (four periods) with n = 128.
Bottom: The v, profile of the WENObS scheme with increas-
ing resolution.
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High-order schemes, eccentricity-controlled initial data and code comparisons

— Low-Med — Med-Hig — Hig-Fin
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FIG. 9. Convergence of SLy135135.006. The different panels show the phase differences in log scale for different reconstructions:

MP5 (left) and WENOZ (right). The algorithms from top to bottom are: LLF, HO, HO-Hyb. The vertical shaded regions

represent the moment of merger for different resolutions: light gray for [uk,rg.uﬁ,lrg]. gray for [u;\nllg. u:,g] and dark gray for

[u}:..g. u,l';,.gj. To show convergence we rescale the phase differences assuming second-order convergence, cf. dashed and dot-
dashed lines.

SB&Dietrich [https://arxiv.org/abs/1604.07999]
See also Radice+ [https://arxiv.org/abs/1306.6052]

Initial data:
Moldenhauer+ [https://arxiv.org/abs/1408.4136]
Tichy [https://arxiv.org/abs/1209.5336]

Rhos /M
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Il50(ll
u/M
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FIG. 31. Systematic uncertainties in BNS numerical relativ-
ity inspiral-merger waveform. Waveforms from two indepen-
dent and high-order codes are compared.

Nagar,SB,...,Radice+ [https://arxiv.org/abs/1806.01772]


https://arxiv.org/abs/1806.01772
https://arxiv.org/abs/1604.07999
https://arxiv.org/abs/1306.6052
https://arxiv.org/abs/1408.4136
https://arxiv.org/abs/1209.5336

The BNS gravitational-wave spectrum

SB+ [https://arxiv.org/abs/1504.01764]
Breschi,SB+ [https://arxiv.org/abs/1908.11418]
Breschi,SB+ [hitps://arxiv.org/abs/2205.09112]
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Breschi,SB+ [https://arxiv.org/abs/2205.09112]
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ibrated relations (black lines) compared to NR data (colored FIG. 5. Recovered unfaithfulness F btween PM models and
dots) extracted from the COR_E and the SACRA dgtabases. NR data of the validation set Bl em-
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Bottom panel: Relative residuals between the calibrated rela- F recovered for NRPMw (thick lines) include the PM parame-
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Post-merger detection with 3G

Breschi,SB+ [https://arxiv.org/abs/2205.09112]
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Full-spectrum constraints on M-R diagram

Full-spectrum (mock) analysis using ET @ minimum SNR threshold for a PM detection

. . . —— SLy (injected)
NS maximum density to 15% and maximum mass to 12% (90% conf. Lev.) et

Current constraints

Recalibration parameters: account for theoretical uncertainties in EOS-insensitive rel. [Godzieba et al.(2020)]
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Deviations from quasiuniversal relations
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_ _ Breschi,SB+ [https://arxiv.org/abs/1908.11418]
Be careful concluding something about your favorite EOS model! Breschi+ [https://arxiv.org/abs/2205.09979]
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Prompt collapse: equal masses
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FIG. 4: Left panel: Plot of ki, vs. Chax from present and previous works ﬂ_]__]_l 18l Iﬂﬂ Fits are constructed using our
data and are shown in combination with the data of Hotokezaka et al. [L1], Bauswein et al. [18] and Bauswein et al.
[22]. The weighted linear regression results take into account the uncertainty in k¢,. The shaded region represents
uncertainties in the intercept. Right panel: Constraints on the Ry,., M. and My, obtained using the correlation
in left panel, PWP phenomenological constraints in combination with the observational lower limit on the maximum
mass of nonrotating neutron stars and total mass of the event GW170817 as the lowest limit for prompt collapse.

Kashyap+ [https://arxiv.org/abs/2111.05183]


https://arxiv.org/abs/2111.05183

Inferring BH formation from inspiral GW
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13 Powisoazs(Prompt collapse) ~ 97%

LVC [https://arxiv.org/abs/2001.01761]
P w1705, (Prompt collapse|M<1.97) < 10%

Agathos, Zappa, SB+ [https://arxiv.org/abs/1908.05442]


https://arxiv.org/abs/1908.05442
https://arxiv.org/abs/2001.01761

Prompt collapse: unequal masses
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SB+ [ https://arxiv.org/abs/2003.06015 ]


https://arxiv.org/abs/2003.06015

Prompt collapse: unequal masses
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FIG. 2. Threshold PC masses normalized to the ¢ = 1 case
as a function of g for all the EOS used in this work. Dashed
lines correspond to Eq. fit.
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nuclear matter as a function of baryon density for the EOSs

employed in this work. Solid markers correspond to K, .., i.e.

Keq at the central density of the heaviest, irrotational NS.

Perego+ [https://arxiv.org/abs/2112.05864]


https://arxiv.org/abs/2112.05864

Disagreement NR+mesh vs conformally-flat+SPH simulations
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FIG. 8. Comparison between our results (dots) and the g-dependent fit results presented in [59], equation 10 and table VI.
Different colors refer to the six EOS used in our work, while different lines correspond to different EOS samples employed in
Table IV of [59]. In particular, we include the baseline "b” sample (solid), the "b+h” sample (dashed), the "b+e” sample

(dotted) and the "b+h+e” sample (dash-dotted). J



Summary & thanks!

= |nspiral-merger GWs and measurement of tidal parameters (EOS)

= Current waveform models insufficient at SNR>80
= NR simulations at higher precision necessary for last cycles

. Gamba+ [https://arxiv.org/abs/2009.08467]
= Kilohertz GWs from merger remnants

= NR-informed complete spectrum model
= Detection of postmerger signals at postmerger SNR~7 (inspiral SNR>100!)

= Extra EOS information tricky to extract
Breschi+ [hitps://arxiv.org/abs/2205.09112]

= Prompt collapse

= Maximum mass from equal-mass binaries appear robust
= Accretion-induced collapse rich phenonemology (nuclear incompressibility)

Perego+ [https://arxiv.org/abs/2112.05864]


https://arxiv.org/abs/2009.08467
https://arxiv.org/abs/2205.09112
https://arxiv.org/abs/2112.05864
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Love numbers depends on EOS and NS compactness
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See also Hinderer 2007, Binnington&Poisson 2009
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DIGEST OF THE HISTORY OF THE PROBLEM OF MOTION

In 1687, I. Newton showed how the orbital motion of approximately spherical

nded objects could be well-approximated by the motion of point masses. This

a very important result of Newtonian physics whose extension to General Rel-

ity is highly non-trivial, as was pointed out by M. Brillouin (1922). M. Brillouin
ed this schematization of an extended body by a point mass with disappearance of

" perhaps a

internal structure: "le principe d'effacement" ("effacing principle;
re picturesque name would be: "the Cheshire cat principle"). In Newtonian physics
e proof of this "effacing principle" makes an essential use of:

1) the linearity of the gravitational field as a function of the matter dis-

tribution (which allows one to define and separate the self-field and the
external field);

2) the Action and Reaction principle (which allows one to define the center
of mass and to ignore the contribution of the self-field te its motieon);

3) Newton's theorem on the attraction of spherical bodies.

 More specifically, for a binary system constituted of non-rotating nearly
ical bodies of masses m and m', one deduces from 1) that the main correction
point mass idealization will come from the tidal field Gm'd“gr (where G is
's constant, r is the distance away from the center of mass of the first

m, and d is the distance between the tuo objects). If b denotes the radius
first object, the tidal field will deform slightly its shape:
- h(m'fd3)(b3fm), where h, the first Love (1909) number, is a dimensionless
ity of order unity. This deformation induces in turn a small quadrupole
Q = k m'b5d"3, where k, the second Love number, is a dimensionless guantity
er unity (h = 3/5 and k = 4/15 for the Earth). Finally this tidally induced
ole moment will create a small correction to Newton's law for point masses:
k {bfd)s. Therefore as long as the radii of the cbjects are much smaller
their mutual distances, their internal structure (if they are not rotating)
utterly negligible. We shall show in Section 5 how this result of "effacing"
extended to Einstein's theory even, and in fact most accurately, in the case
t objects, i.e. when the radius b ~ ijcz. But as we shall not be able
1) and 2) above, we shall need a completely different approach to show that
y strong "self field" of the compact object does not contribute to its

tion.

§5 Gravitational Radiation and Motion of Compact Bodies 83

Then one can find in vacuum a decoupled second order differential equation for

H= HO = E2 for instance (Edelstein and Vishveshwara 1970 , Demianski and Grish-
chuk 1974):

R(R-2)a% (W/R(R-2)) JaR® + 3(2R-2)d /R(R-2))/dR -

- (L-2) (L+3) H/R(R-2) = 0. (10}

The general solution of this second order differential equation contains 2 arbit-
rary constants. For instance, when L = 2, one finds for the general quadrupolar

H perturbation in vacuum, i.e. cutside the body:
H = D(R(R-2) + k R(R-2) i Sd/ (2 (x=2) ) ). (11)
R

The dimensionless constant k is a relativistic generalization (Damour 1981) of the
second Love number (Love 190%9) which was introduced in Section 3. It is, ina
sense, a dimensionless measure of the yielding of the object to an external tidal
solicitation. It depends on the internal structure of the body (equations of
state,...) and can be determined for an ordinary body (mot a black hole} by imposing
the regularity of the metric perturbation H: K ha at the center of the body and
when crossing the surface of the body (see e.g., Thorne and Campolattaro 1967).
By our hypothesis 1) we have R v 1 at the radius of the object, therefore as there
are no other scales in the problem, k must be of order unity (like the non-relativ—
istic one):

kvl (12)

(More generally for non-necessarily compact objects of dimensionless radius E.
one will have k v 57 which allows one to justify the remark after hypothesis 1)).
In the case of a black hole, k is determined by imposing the regularity of metrie
perturbation on the future horizon: in this case one finds k = 0 (in agreement with
D'Eath 1975a). Incidently, one should not conclude from this result that there are
Do tidal responses of a black hole to an external solicitation: such a non-zero res—
ponse is contained in the first term of the righthand side of (11): & (R - 2) which

differs from the usual term (in absence of any object): ﬁz.



The choice of quasiuniversal relation matters
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FIG. 8. Predicted values from the calibrated relations Eq. compared to the respective NR observed quantities. Top panels
show X = 1.4 and bottom panels show X = 1.8. Left panels show non-mass-scaled f> and right panels show mass-scaled
dimensionless M fa. The diagonal (black line) represents the case in which predictions and observations match and the gray
area is the 90% credibility level. The CORE data are reported with circles colored according to Ri1.4/R1.8 and magenta crosses
are the data extracted from [27].
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