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Compact Binary GW Signals

M (1age credit: B. P
Abbott et al. Phys.

|Compact binary coalescing signals:
Rev. Lett. 116, 241102

High dimensional parameter space: individuali
masses, spins, orientation parameters, sky location,| &
matter parameters, eccentricity ...

Knowledge about signals from different approaches
during different stages of the evolution: |

Early inspiral: Post-Newtonian theory, Self-force

Numerical relativity: late inspiral, plunge, merger
and ringdown |
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. Ringdown: BH perturbation theory ;Nar\;e:ﬁ;rrcll ggﬂe}lfszraet;ruclal for extracting the best |nfo

merger phase

inspiralling phase numerical relativity { : : _
v i+ Parameter estimation of source properties

post-Newtonian theory

\ ringdown phase :
BH perturbation _ A
1 heory i+ Tests of general relativity

Searches/event rates,

GW amplitude

Accurate general and efficient waveform models]
ineeded for the challenges of next observing runs and 'j,

-0.25 -0.20 -0.15 -0.10 -0.05 0.00 | 1
| _future observatorles (LISA ET)
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Phenomenological waveform modelling program

Phenom(enological) waveform modelling: fast representations of GW signals.

i+ Extreme compression of available information (PN theory, BH perturbation theory, Numerlcal
| Relativity) in terms of fast closed-form expressions for the wavetorms.

I\/Iotlvatlon foratlme domaln Phenom famlly it
In Fourler domaln (best swted for most data anaIyS|s |
lapplications). I+ Dispense with the Stationary Phase]
! | Approximation (SPA) for modelling the
'Continuous development towards modelling generic{] Precession transfer functions.

CBC ST Closer relation to system dynamics (aims to help'

Non-spinning (PhenomA/B) ' i in the modelling of generic systems).

Spin aligned (dominant mode): PhenomC/D/X ’ ' Easier to approximate precessing ringdown.

Precessing: PhenomP/Pv2/Pv3/XP - Cleaner inspiral-merger-ringdown separation for
I testing GR. ;*

Higher harmonics: PhenomHM/XHM/Pv3HM/XPHM ||
it While maintaining Phenom philosophy:
Eccentricity: PhenomXE

| * |I - Efficient and accurate representation of the]
- Matter: PhenomNRTida/NSBH || waveforms.



Phenom modelling in the time domain: non-precessing

GW polarisations decomposed in (spin-weighted) IMRPhenomT/P: Estellés et al 2020
spherical harmonic basis: IMRPhenomTHM: Estellés et al 2020

IMRPhenomTPHM: Estellés et al 2021
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[Model separately each mode (2,+2), (2,+1), (3,+3), (4,24), (5,+5):]

Piecewise C'! expressions for amplitude and phase (derivative) of each mode.

H, =|h,l|, ¢, = arg(h,,), o, = d)zm

- Inspiral: PN analytical expressions (3.5PN spinning TaylorT3 for orbital frequency, 'f |
3PN amplitudes from Blanchet+, 2PN corrections from Buonanno+, 1.5PNj A0S =120 =100 =80 =60
corrections from Arun+ + 3.5PN for (2,2) amplitude from Faye+) ' t/M

+ Intermediate/plunge: phenomenological expressions based: on hyperbolic
functions. I

. Ringdown: adaptation of analytical expressions based on QNM decomposition . : ¥ | . sxs 2019
from Damour+ ; NS o . . BAM

. Teukolsky

- Calibrated with 531 BBH non-precessing NR simulations from SXS Collaboration
Catalog (2019) Boyle+, 15 BAM simulations and 61 numerical waveforms fromj}

i TeukCode. s




Phenom modelling in the time domain: precessing

Precessmg extensmn based on “tW|st|ng up”
technlque

h() =i D= D hl® 25,0

[ —I<m<l]

Inertial frames modes obtained from rotation of non-inertial
(co-precessing) modes with simpler morphology:

hy, () = D, [a(®), B(2), y(O)1h, (1)

Euler angles encode precessing motion of the orbital plane:

g = Credit: Maria de Lluc Planas

a = arctan(Z, ) | |
cosp=J-f=¢, | | : Unit vector perpendicular to thej
{ |orbital plane (Newtonian orbitalj

Co-precessing modes approximated from non-precessin |
e S b i 2 langular momentum).

model (with modified precessing final state):

| | 1J: Total angular momentum of the|

hnonprec

h P mymy, 0, 06) &




Euler angles: analytical approaches

{Main analytical approaches to precessing Euler angles:

 §

Next-to-next-to-leading order (NNLO) (Bohe+) effective single;
spin.

Multiscale analysis (MSA) (Chatziioannou+) doble spin.

w— [IMRPhenomTHM
= = |IMRPhenomTPHM MSA

| Aimed for more direct comparisons with other Phenom models. | -+ IMRPhenomTPHM MSA + numerical y
tEvaluated with non-precessing analytical orbital frequency: |

! |
V(t) B QIB Qorb _ 2602T2

orb’

timprovements over previous implementations: | :

—— THM vs TPHM MSA + numerical y

Numerical evaluation of minimal rotation condition (recoverlng | THM vs TPHM MSA
of nonprecessing limit in MSA).

- Smooth plunge behaviour with linear continuation. ;



Euler angles: numerical evolution

m— S5XS:BBH:0165

Numerlcal evolutlon approach

TPHM Numerical
A ¥ —— TPHM MSA (w/o RD approx)

Solve evolution equations for € (implies evolving individual; = TP MSA (it D appro
spin vectors):

de ; ;;
_t = Q(?), q, S > S2) X : : : -700  —600 -500 —400 -300 -200 100
dSy e Sl 2 S2 BBH:0165 (=

dl- — Q(V(t), q, Sl’ S2) X Sl,2 , - TPHM Numerical

- -Orbit averaged N*LO PN expressions included.

Tracking all degrees of freedom: improvement over previous ‘ 70 e oo e
analytical expressions. .

Time Domain. Sample rate = 4098 Hz

Efficient evaluation in terms of analytical non-precessing o w15
orbital frequency: fast implementation. LN .

~&— NRSur7dq4

—&— SEOBNRv4PHM
~&~ |IMRPhenomXPHM
~&— |IMRPhenomPv3HM

Simple analytical approximation attached at ringdown:

AmpOrder
- 0
v- 1
v 2

Average evaluation time (s)

RD(t) ~ (co122 w1£)t + o

Total Mass (M3 )



Comparison with other state-of-the-art wavetorm models
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Unfaithfulness comparison with other state-|
lof-the-art precessing multimode models:]
IMRPhenomXPHM, SEOBNRv4PHM and]
INRSur7dg4. |

o
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PV=300 FS=4 | } = 1! NRSUr-TPHM
0 " —— XPHM-TPHM

Probability density
Probability density

o
o

|Great agreement with TD models (median ~| [ RIS -
10.2%): more consistent treatment of merger-;
iRD. f

Better agreement of numerical approach with
ISEOB: more accurate inspiral than analytical
\approaches. |

PV=300 FS=4 vs NRSur7dq4

wider region PV=300 FS=4 vs SEOBNRVA4PHM|

0
2.5 5.0 7.5 10.012.515.017.520.0
q=mi/m;

 Disagreement for large mass asymmetry and|
thigh spins norm: possibly caveat of non-|
[precessing orbital frequency.



Comparison with Numerical Relativity

\Unfaithfulness comparison with Numerical] ,
3 i - - . : SXS:BBH:0143 iecti ! @ |njection value
iRelativity precessing simulations: ; 5\ SXS:BBH:0062 | PV=300 F5=4

B (gefault)
1 PV=223 FS=3

Bulk of cases below 1% mismatch.

1 outlier (SXS:0165) with challenging|
parameters. Need to include further physics; « . L
(Mmode asymmetry). T ey | G =ma/m;

Parameter estimation of NR injected signals: -'j .

] M=100Mg ] M=100Mg
M=200Mg M=200Mg

Correct recovery at My = 100M . f, 2 o S

Individual masses in 90% contour levels for]
higher masses. ;

- Need of more detailed systematic studies}
| towards identifying recovery bias, - |




Parameter estimation: GW 190412 re-analysis

[GW190412: first reported GW event with

iconfident mass asymmetry: interesting to|
icompare different multimode models.

parameter

mi/Meg

: m%/M@
§ M°/Mo
A M® /Mg

Non—precessing IMRPhenomTHM employed}
iin published re-analysis (Colleoni+): great]

q

Xeff

SEOBNRv4PHM

31.7+3%
8.075>
39.7150
13.3793
0.2575 04
0.28%3:0s

0.311973

IMRPHENOMPV3HM

28.179°%

8.871%
36.9157
13.210°5

0.3115:52
0.227077)

0.3115:77

LVC Combined

29.7120
8.4717
38.1159
13.3104
0.28+013
0.25+0-98

0.301 012

IMRPhenomXPHM

30.0152

8.4717%
38.4752
13.319°

0.28+0:09

0.25%91

IMRPhenomTPHM
30.9733
8.2707
39.1723
13.3793
0.27+0:08

0.2715:07

0.2315-29 0.2810°15

Consistency with other NR-calibrated models. |

|Precessing re-analysis:
Recovered medians and Cl consistent W|th | |
previous results. \ ;

Slightly better agreement with SEOB
results (in terms of medians and Cls).]
(SEOB results obtained with RIFT PE Code)
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i+ Higher SNR, likelihood and BF that for
| Fourier domain models.



More on parameter estimation

iphenomenological waveform models (Maite Mateu-Lucena,
|presented today at 12:40):

Re-analysis with nonprecessing model IMRPhenomTHM for aII
events and precessing IMRPhenomTPHM for some of them. i

i+ Consistent results with IMRPhenomXPHM, better inference for

i A detalled anaIyS|s of GW190521 W|th
e ‘phenomenological waveform models (Marta

TPHM pBilby

KL |Colleoni, Friday at 15:10):

] XPHM pBilby

Discussion of recovery of high mass ratio support,|
higher mode content effects, probability of PISN|
| mass gap, association with AGN flare]
| ZTF19abanrhr ... |
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Conclusions & future work

New precessmg multlmode model IN the t|me

domaln for BBH signals:

Phenom philosophy: fast and accurate°

representation of the waveforms.

Improved inspiral Euler angle description:}
numerical evolution of spin evolutionij

equations.

- Simple analytical approximation for the,

ringdown.

Fast implementation.

- Candidate model for BBH coalescing signals.

Reviewed by the LVC, publicly available W|th

Caveats and future |mprovements |

Improve efficiency:

Inefficient evaluation time for low mass;
signals.

Bottleneck in ringdown evaluation for highly
redshifted massive systems. |

Improve physics:

- Consistent evolution of orbital frequency in

terms of the evolving spin magnitudes.

Include mode asymmetry effects.

. Bette undertanding f recessing rngdwn_ |



