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What is TEOBResumS?

Effective-one-body (EOB)-based wavetorm model for
spin-aligned coalescing binaries

 BBH sector improved by Numerical-Relativity information

* BNS (tidal) sector compatible with high-accuracy NR simulations.
Spin-induced quadrupole moments included

* Public stand-alone C-implementation:
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| Challenges:

physical completeness

e accuracy

efficiency (AR vs NR)
107 templates needed for
a single event


https://alex_nagar@bitbucket.org/eob_ihes/teobresums.git

2-body problem in GR

Hamiltonian: conservative part of the dynamics

Radiation reaction: mechanical energy/angular momentum goes away in GWs and
backreacts on the system.

The (closed) orbit CIRCULARIZES and SHRiNks with time
Waveform

Strong-field information

EO BNR models

Complementary route: IMRPhenom models %% NR surrogate
PN_glue_NR, EOB_glue_NR hybrids (glued waveforms)

to build phenomenological templates [Khan et al., 2015]



Analytical Effective-One-Body approach

Provides a complete description of dynamics and radiation from relativistic binaries
(Buonanno-Damour 99, 00, Damour-Jaranowski-Schafer 00, Damour
01, Damour-Nagar 07, Damour-lyer-Nagar 08)
key ideas:

(1) Replace two-body dynamics (mq, mo) by dynamics of a particle
(L= mymo/(my + mo)) in an effective metric gﬁfvf(u), with

u= GM/c*R, M= mq+ mo

(2) Systematically use RESUMMATION of PN expressions (both gfﬂ"
and Fgrp) based on various physical requirements

(3) Require continuous deformation w.r.t.
v = /M= myma/(my + mp)? inthe interval 0 < v < 7

ASEylor — 1 — 2u 4 2vu® + ( — 7'('2) vu* + v[al(v) + a* Inulu® + vab(v) + ag In w]u®
1PN 2PN 3PN 4PN 5PN



TEOBResumS: ringdown from NR

Damour&AN 2014: NR-informed phenomenological description of postmerger phase

1. Factorize the fundamental QNM, fit what remains - ———m—m———+7"7———1—"—"-+"—"—"+—"—"—"—""—"—"1"—"—"7"+
15F : o i
2. Global fit all over parameter space T Erlfmaw fit ]
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. Extended to several modes
¢z = o, (2,2); (2,1); (3,3); (3,2); (4,4); (4,3); (5,5)
A= AMTE _ A tanh(cd), Usable as stand-alone ringdown template

cosh? (cA Specific fits for peak quantities
A Amrg CB) Co
cp = Ay~ A * NO mode-mixing (for the moment...)
cf = Aw 1¢—|—¢c§5 +C§ :

cy(c3 + 2c¢y)

e See poster
C%S — 21, o1 — (9 — (X1 p . .

Aw = wy — Mppwyy ® of G. Riemenschneider



TEOBResumS point-mass potential

! ‘—‘A(‘r; = 0.‘25)‘ [eo‘lua‘l—n‘las‘s C:;Jse]
09t Schwarzschild: A(r;v =0)=1—-2M/r

Years of dnalytical and numerical
work to get this strong-field differencel

C Taylor c
A(u; v, ag) = P51 [A5P}1<I (u; v, ag)]
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From EOB/NR-fitting: a&(v) = 3097.302 — 1330.6v + 81.3804

- = 0002¢g=1
—— 0066 g =1
—0180 g =1
——0007T ¢g=1.5
0169 ¢ =2
1L i 0030 g=3
107 ¢ —0259 ¢ =2.5
0167 ¢g=4
e 0056 g = 5
0295 g =4.5
—— 0166 g =6
2 0296 ¢ = 5.5
0297 ¢ =6.5
. . . . X e e e - 0298 ¢g=17
2000 4000 6000 8000 1.18 1.185 1.19 ) & L ae=m=m=TTTT 0063 ¢ =8
< 10° y - 0299 ¢=175
” 0300 ¢ = 8.5

10° ¢ - e 0301¢=9
- - ——0185 ¢=10

|

| —

| & == /;_/,_>'\ ] 0302 g = 9.5
} . b— — 0303 g = 10
| ¥ P

| 3

| ! 10-4 /
| v

\ . [
| N -
| b o

S

‘ ; ‘
— Bgppe _ ‘
AAEOBNR / gXR X = 0 . | r
d |
|
|

.........................................................................................................................

e e T i i = _—-\)‘\V\’[\

10

L L L L |
4000 6000 8000 1.18 1.185 1.19 3 N et I . PR L — I
u/M u/M  x10* \ 20 40 60 80 100 120 140 160 180 200
o N i ot Ach B B SR AP T ~ 8 T - M/MO

Nagar, Riemenschneider, Pratten 2017




(ii) Spins anti-aligned with L: attractive (faster) shoter INSPIRAL

(iii) Misaligned spins: precession of the orbital plane (waveform modulation)
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Spinning BBHSs
Spin-orbit & spin-spin couplings
(i) Spins aligned with L: repulsive (slower) L-o-n-g-e-r INSPIRAL
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EOB/NR agreement: sophisticated (though
rather simple) model for spin-aligned binaries

Damour&AN, PRD90 (2014), 024054 (Hamiltonian)
Damour&AN, PRD90 (2014), 044018 (Ringdown)
AN,Damour, Reisswig & Pollney, PRD 93 (2016), 044046
AN, Riemenschneider & Platten, PRD2017

AN, Bernuzzi, Del Pozzo et al., PRD98.104052

+ \/A(l + v p;ip; + Q4(p))



TEOBResumS: spin-aligned BBH

100 - * spin-orbit parameter informed by 30 BBH NR simulations
— AT e BEST faithfulness with all NR available (200 simulations)
107! (3,+0.85, +0.85) .

Robust and simple
Tides and spin-induced moment included (BNS)
ONLY publicly avallable stand-alone EOB code
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0= —m = Xaxa+Xpxp=aa+ap ' see poster of F. Martinetti




Sh1(t)

Spa(t)

TEOBResumS on GW150914
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as introduced in Eq. (8).

TABLE IV. Summary of the parameters that characterize
GW150914 as found by cpnest and using TEOBResumS as tem-
plate waveform, compared with the values found by the LVC
collaboration [135]. We report the median value as well as the

AL 90% credible interval. For the magnitude of the dimension-
| less spins |xa| and |xg| we also report the 90% upper bound.
Note that we use the notation x.g = ao for the effective spin,

Jikl TEOBResumS [.VC

T T T T T —|_5 . 7
1126259462.0 1126259462.1 1126259462.2 1126259462.3 1126259462.4 Detector-frame total mass M/Mg 73.672,

Time/s

275 300 325 350
M /Mg

Detector-frame chirp mass M /Mg 3181“3:2
Detector-frame remnant mass My /Mg 70.0i2;8
. A +0.05
Magnitude of remnant spin ar 0.7175 o7
Detector-frame primary mass M4 /Mg 40.21_2:%
Detector-frame secondary mass Mp /Mg 33.5t§;§
Mass ratio Mg /M4 0.8753
Orbital component of primary spin xa 0.2f8'§
Orbital component of secondary spin x B 0.0t8'_§

Effective aligned spin Yes 0.179°3
Magnitude of primary spin |y 4| <0.7
Magnitude of secondary spin |xz| <0.9
Luminosity distance di,/Mpc 4791138

70.674:¢
30.4121
67.4741
0.671007
38.9758
31.6152
0.821029
0.3210:55
0.4475:50
—0.0779-18
< 0.69
<0.89
4107159

Nagar, Bernuzzi, Del Pozzo et al., PRD98.104052



Xeff

Sh1(t)

Spa(t)

Svi(t)
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Neutron stars: tides & spin

TEOBResumsS today [AN+, PRD98, 2018,104052]

« tidal effects + nonlinear-in-spin-effects (&2, S8,57,...) [AN+, PRD99, 2019,044007]

* analytically very complete model (almost final)

* |=3 GSF-informed + gravitomagnetic tides [Akcay+, PRD, 2019, in press]

* checked with (state-of-the-art but short) NR simulations up to merger
 EFFICIENT due to the post-adiabatic approximation [AN & Rettegno PRD99, 2019 021501]
* no precession (yet!)
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TEOBResumS vs NR: BNS

T

A,B A,B
name EOS Ma, g[Mg)] Ca,B ks K3 A3 XA,B Coa,0B
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GW170817- Parameter Estimation (LVC)

® Only existing EOB model independent from existing waveform models in LIGO/Virgo

PE of the binary neutron star GW170817: arXiv:1811.12907 (GWTC-1)
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TEOBResumsS: GSF-improved tides

Tides (for GW170817)

SEOBNRVAT: “dynamical” tides (f-mode coupling)[Hinderer+,2016]
Spin-orbit & self-spin effects (EOS-dependent)
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Higher modes

Improved resummation of wavetorm amplitudes [Messina+ 2018]
NR completion merger-bringdown: (2,2), (3,3),(3,2),(4,4),(4,3),(5,5)
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Use of TEOBResumS

o Use as a benchmark for testing the accuracy of phenomenological
tidal models, e.g IMRPhenomP_NRTidal

o Used to test high-PN (5.5PN) approximants and to identify biases
in tidal parameters due to the inaccurate point-mass baseline.
[Dudi,Messina, Nagar & Bernuzzi in prep.]

—— Injected value [ TaylorF2riqes—55PN
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Conclusions

What exists

e C version stand-alone: complete and working. Dimensionless units. Including both the
PA implementation and the NQC iteration.

 BBH (merger+ringdown), BNS & BHNS (up to merger)

What is in progress/to be released

 BBH sector: Higher modes: (2,1),(3,3),(3,2),(4,4),(4,3),(5,5): completed with NR-informed peak
and postpeak part. The others are “bare” (but still have a peak). Even more modes available for
the non spinning case, e.g. (3,1), (4,1), (4,2).

 BNS sector: improved with more EOS-dependent information and higher modes available. [=3
GSF-resummed tidal potential; included up to NNLO self-spin effects. Not negligible also for
small spins. Current approximates underestimate these effects. EOB-controlled PN
approximant to improve current PhenomPv2NRTidal model [AN+, PRD99, 2019,044007]

 LAL (LVC) version of the model in progress and will be released soon.


https://alex_nagar@bitbucket.org/eob_ihes/teobresums.git

