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We present a comprehensive comparison between numerical relativity (NR) angular momentum
fluxes at infinity and the corresponding quantity entering the radiation reaction in TEOBResumS,
an Effective-One-Body (EOB) waveform model for nonprecessing coalescing black hole binaries on
quasi-circular orbits. This comparison prompted us to implement two changes in the model: (i)
including Next-to-Quasi-Circular corrections in the £ = m, £ < 5 multipoles entering the radiation
reaction and (ii) consequently updating the NR-informed spin-orbital sector of the model. This
yields a new waveform model that presents a higher self-consistency between waveform and dynam-
ics and an improved agreement with NR simulations. We test the model computing the EOB/NR
unfaithfulness Frop /Nr over all 534 spin-aligned configurations available through the Simulating
eXtreme Spacetime catalog, notably using the noise spectral density of Advanced LIGO, Einstein
Telescope and Cosmic Explorer, for total mass up to 500M. We find that the maximum unfaith-
fulness Faax /NR 18 mostly between 10~* and 1073, and the performance progressively worsens up
to ~ 5 x 1072 as the effective spin of the system is increased. We perform similar analyses on the
SEOBNRv4HM model, that delivers Fgdg, g values uniformly distributed versus effective spin and
mostly between 10~% and 1072, We conclude that the improved TEOBResumS model already repre- X 1 . 2 1 1 1 1 4 1 49
sents a reliable and robust first step towards the development of highly accurate waveform templates a r I V . D g r_ q C

for third generation detectors.




Compact binary coalescences

- Coalescence of two compact objects (BH/NS):
emission of gravitational radiation

- Faithful waveform templates needed to detect the signal through
matched filtering and infer the sources parameters

- Einstein’s equations can be solved numerically
-> but high computational costs
-> impossible to cover the whole parameter space

- Analytical approaches: allow a fast and accurate waveform generation




The two-body problem in General Relativity
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The Effective-One-Body formalism
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Theoretical framework

Mass ratio my > n Symmetric mass ratio

- Hamiltonian: conservative dynamics

L» found by mapping the “energy levels”
of the real problem a’F a given PN 2 _ et — mc?
order to the effective ones: &, =

2Mc?

A

- Radiation reaction force 5’/7¢: allows the orbit to shrink and circularize

- Full waveform: inspiral + merger + ringdown

w__/
plunge
(smooth transition)




Dynamical baCkgrOu nd Tortoise rescaled variables: G=c=1

re = Jdr(A/B)”Z p,. = (A/B)*p.

Dimensionless EOB phase space variables
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Continuous deformation in v of a Schwarzschild metric:
dsZ; = gdxt dxly = — A(di2 + B(dR? + RXd6? + sin 0dp?) (= 1r

Acl))rllj(u) =1 —2u+2vu’ +vau*+v [asc(v) + aslog In u] u + v [ag(v) + aéog In u] u®




PN expansions: from 3PN
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NR-informing the EOB pt. |
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Spinning Black Holes Dimensionless spins =~ 1=
Deformation of a Kerr background:
S=5+S5 3*: 5 [ spin of the S*=%S1+%52 S, = S spin of the
L B primary M, M, M?| secondary
m

Dlmen5|onless effective Kerr parameter: dy=d; + d, = x| X| + X5

L .
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gyro-gravitomagnetic functions
(spin-orbit interaction)




NR-informing the EOB pt. Il s o« &« o
—0.05}

@ 0) = p 1+ nydy + nyd + nydi + nyd 010 =060

e ’ 1 + dldo I Glcs]
+pag 1 —4v +p, (G, — a,) v sy
effective parameter tuned to -0.20,
numerical simulations |
-0.25
A |

Gy=GlGs, Gl=2uu?  Gy=
’ S
C 1+ Ciol, + Czol/lg +@/¢g + C()zprz* + C12ucp;%l< + C04p;}*
A\N

&

1

Gy = GG, GO =@B2u2 Gy = -
S = Vs Ise s, ¢ 1 + cfyu,. + cyu? +@c3' + cioud + s + chueps + ciap
A\




Hamiltonian equations of motion

d(p aHEOB @Orbital frequency

dt ap,
dr (A /2 OHpop
dt \B op,.

dp(p
—_— Radlatlon reactlon

i, (AN ol
dt B or

System of ODEs
-> solved numerically with ODE solver

Initial conditions: found via the

Post-Adiabatic approximation

-> lowers initial eccentricity

-> allows to increase
computational speed



Radiation Reaction | .
horizon contribution

szstengwz_Jw_JHl_JHz ggﬂ =+

asymptotic contribution

f’}' = — 21/ r4 Q5f°0 (V V) Modified Kepler’s law
5 v valid during the plunge

1

Reduced flux function: f= = New F 4, energy flux radiated

22 \/m at infinity

‘ gTNQC correction from
the waveform




Inspiral + plunge waveform
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Complete waveform
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Improving the EOB model TEOBResumS

- Checking the dynamical self-consistency of the model:
agreement between orbital frequency and waveform frequency

)

- Comparison of angular momentum flux + development of a “cleaning’
method to remove spurious oscillations from numerical curves

- To improve the agreement with numerical relativity:
- addition of Next-to-Quasi-Circular corrections
in the radiation reaction
- new calibration of the effective spin-orbit parameter c,

- Result: increased faithfulness of the dynamics and of the waveform



0.5

T T T T T T T T T
SXS:BBH:2111 A\//\
0.45 F —— |Up|/v .
w22

0.4 - TEOBResumS
- = [Up|/v

035 2Q
w2

Orbital frequency

03r
0.25

02r

0.15 |

2Q correctly grows as o,
-> dynamical self-consistency

0.1

0.05 |-

w ow @ o om0 » o« e w w o qualitative agreement with the large-

t—tmrg . . . Ja
- | ——— mass-ratio limit (v = 1073) forg=§
— "8/ large mass-ratio limit
0.4r 208 1 . . . .
e s+ TEOBResumsS is built consistently with

test-mass results -> good starting point
to build a model for extreme-mass-ratios

S=S5+5, §=—-

-150 -100 -50 0 50 100 M2




Angular momentum flux: Numerical Relativity

: 1 :
Angular momentum flux radiated at infinity: Jg, = — < 2 mss (hfmh?m>
T
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Numerical simulations publicly available from
the Simulating eXtreme Spacetimes catalog

Spurious oscillations in the initial part:

Unclear comparison with other
curves
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Output of the NR fluxes computation:
- comparable mass ratio / positive spins -> more adiabatic motion
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Having modified radiation reaction we had to re-calibrate the

spin-orbit sector of the model...



New calibration of the effective spin-orbit parameter c;

# 1D (q i X2) 5'0 cgrst guess Cgt

1 BBH:1137 (1,—0.97,—0.97) 097 | 89.7 89.33 . . . .
> BBHOISG (I-09405,-0.9498) 095 | 885 8533 « Chose set of 37 simulations uniformly covering
3 BBH:0159 (1,—0.90,—0.90) —0.90 | 845  85.86

4 BBH:2086 (1,—0.80,—0.80) —0.80| 82  80.93 the parameter Space

5 BBH:2089 (1,—0.60,—0.60) —060 | 71 7119

6 BBH:0150 (1,40.20,+0.20) 4020 | 355 3573

7 BBH:2102 (1,40.60,+0.60) 4060 | 222 2167 . . . .

$ BBH:2104 (1,+0.80,-0.80) +0.80| 159  16.31 ° FlrSt'gUESS values obtained allgnlng EOB
9 BBH:0153 (1,40.85,+0.85) 4+0.85 | 1505  15.29 ) ; .

10 BBH0L60 (1,-+0.90.-+0.90) +090| 147 145 waveforms to numerical ones in the time
11 BBH:0157 (1,+0.95,40.95) 4095 | 143 141 . o .

12 BBH:0177 (1,+0.99,40.99) 4099 | 142 1429

I (BB (Ll i £ 02 domain and minimizing the phase difference
14 BBH:0005 (1,+0.50,0.0) +025| 35 3417

15 BBH:2105 (1,+0.90,0.0) +045 | 277 2721 .

16 BBH:2106 (1,40.90,40.50) +0.70 | 19.1  19.09 . Changed fu nCtlonal form

17 BBH:0016 (1.5,—0.50,0.0) —030 | 562  56.14

18 BBH:1146 (1.5,40.95,+0.95) +0.95 | 14.35 13.98

19 BBH:2120 (2,40.60,0.0) 4040 | 295  29.31 ~ ~) ~3 ~4

20 BBH:2130 (2,-+0.60,+0.60) 1060 | 23 2241 1+ nyag + nyay + nidgy + nydg

21 BBH:2131 (2,+0.85,+0.85) +0.85 | 162  15.73 C (d a y) =p

22 BBH:2139 (3,—0.50,—0.50) —050 | 653  62.45 3\ 720 0 1 +d.a

23 BBH:0036 (3,—0.50,0.0) —0.38| 583  57.62 140

24 BBH:0174 (3,40.50,0.0) 4037 | 285 3087 ~ / ~ ~ 2

25 BBH:2158 (3,40.50,40.50) +0.50 | 27.1  26.64 +p1a0V 1 —4v +p2 (al - a2) v

26 BBH:2163 (3,40.60,+0.60) 4+0.60 | 243  23.56

27 BBH:0293 (3,40.85,+0.85) +0.85| 171  17.05 ‘

28 BBH:1447 (3.16,+0.7398,+0.80)  +0.75 | 19.2  19.46

29 BBH:2014 (4,40.80,+0.40) 4072 | 215 2152 ” ) -3 )

30 BBH:1434 (4.37,40.7977,+0.7959) +0.80 | 19.8  20.05 | + nya, + n,dy + ns;a, + na,

31 BBH:0111 (5,—0.50,0.0) —042| 54 5718 C (& a 1/) —

32 BBH:0110 (5,40.50,0.0) 4042 | 32 3098 3\M > 2o Po ~

33 BBH:1432 (5.84,+0.6577,40.793) 4+0.68 | 25  24.42 1+ dlaO

34 BBH:1375 (8,—0.90,0.0) —080| 645  65.12 B -

35 BBH:0114 (8,—0.50,0.0) —0.44 57  56.07 +p1a0\/ 1 —4v +p2a0\/ 1 —4v

36 BBH:0065 (8, 40.50,0.0) 4044 | 295 3178

37 BBH:1426 (

8,+0.4838, +0.7484) +0.51 30.3 29.98 +p36701/ /1 _ 41/ +p4 (dl _ a~2) 1/2
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Unfaithfulness: probing the reliability of the 22 mode
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From M. Pirrer and C.J. Haster. - Gravitational waveform accuracy requirements
for future ground-based detectors. Phys. Rev. Res., 2(2):023151, 2020.
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The semi-analytical models here considered (IMRPhenomPv2 and
SEOBNRv4 ROM) are required to increase their
accuracy of three orders of magnitude

!

The results of TEOBResumS suggest a more encouraging picture
in view of next generation detectors




Conclusions

TEOBResumS:

- dynamical self-consistency

- improved radiation reaction by agreement with numerical fluxes
- re-informed the spin-orbit sector

- good starting point for 3G detectors (and potentially for LISA)

Space for improvement:
- tuning to NR: different fits
- incorporating more analytical information
(e.g. higher PN orders, spinning particle terms in the Hamiltonian)
- model for EMRIs: tuning to GSF




