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|[Rossell6-Sastre+4-(2024)]

Composed of two signals: QNM oscillations from the ringdown + displacement memory effect.

Phenomenological waveform model for the mode in , for BBH mergers in orbits, with
. Parameter space: ¢ < 10, y;, 0, € [—1,1].

008 R/M h270NR . m——— -015

o . . model i . |
0.06| M o i |

| IR/M hyNR—R/M by gmoce] ; 10.10
0.04 | |
002/ e 0.05
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- q=1, y1=-0.9, y2=—0.5 (SXS:BBH:2083) q=2, y1=x2=0.8 (SXS:BBH:0333) .
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0.03 e Jooto
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0.00 ~0.005
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Implemented in IMRPhenomTHM in the LAL infrastructure [Estellés+(2022)] and in the
Python package phenomxpy [Garcia-Quirds+(2025)]. 2/18
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[Rossellé-Sastre+(2025)]

Setup of the zero-noise injections

e Previous results with the in the (2,0) mode: [Xu+(2024)].
o Current results with the . oscillatory + memory.
e Inject: IMRPhenomTHM+(2,0). Recover with IMRPhenomTHM and IMRPhenomTHM+(2,0) - LALSuite implementation.
Variable Unit Prior Minimum Maximum f LIGO A"
m1.2* Mg Constraint 10 100 f Einstein Telescope |
q - Uniform in Components  0.125 1 L0-19] Cosmic Explorer
M”* Mg Uniform in Components 15 100 Q-
X1z,22 - Aligned Spin -0.99 0.99 -
dr, Mpc Uniform Source Frame 20 1000 @
9]1\1 rad Sin 0 T
0, rad Uniform 0 27 10-23|
0 rad Cos —7/2 /2
Q rad Uniform 0 2T
(0 rad Uniform 0 T _
[PSDs] 1 10 100 1000 10
* More restricted for the L1+H1+3G networks. {[He]
*bilby _pipe with dynesty sampler. *8 injections in the L14+H1 (A") network.
enlive=500, naccept=15. 1 injection in the L1+CE network.
e gw-foutstep method for the Fourier Transform [Valencia+(2024)]. *2 injections in the ET+L1+4+H1 network.
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mi[Mg] ma[Mg)]

: g M[Mg]

X1:  Xa- dr[Mpe] Opirad]
[Rossellé—S astre+(202 5)] Injection1  50.8 199 0970 435 0200 0700 200 /2
\ ’ Injection2  50.8 492 0970 435 0200 0200 200 0
Injection3  35.5 345 0970  30.5 -0.500 -0.500 300 /2
L1+H1 network Injection4  73.2 183 = 0250 405 . 0600 0300 200 /2
R _ A Lol : : Injection 5  20.3 1D 0070« 174 0000 0000 - 400 /2
'fmln _fref = 10 Hz, fsampllng = 4096 Hz, likelihood integration at 20 Hz. Injection6  71.5 358 0.500 43.5 0.200 0200 200 /2
Injection7  50.8 492 0970 435  0.800 0.800 300 /2
Injection8  50.1 251 0500 30.5 -0.600 -0.600 300 /2

0=—0492rad, a =2.77 rad, w = 2.71 rad, ¢ = 5.43 rad, GW150914 trigger time.

Inj: 0.200 Inj: 0.20 Inj: -0.50 Inj: -0.60
Inj. 1 Inj. 2 Inj. 3 Inj. 4
0.241 ‘ ‘ —0.257 ‘ ‘ ‘ — L T
IMRPhenom THM+(2,0) — IMRPhenomTHM +(2,0) — IMRPhenomTHM+(2,0) E IMRPhenomTHM+(2,0) =
IMRPhenomTHM E IMRPhenomTHM E —0.301 IMRPhenomTHM ‘I" 0.4 IMRPhenomTHM el
0.221 o 0.2 N o ' o o
' DO * B o o
S S 0.351 e S S
PA¢
BV, 0.11 0.21
0.20 7 0401
N R * NN (NN
= = =0 4r =
018‘ * O.OA 0.45
0.01 PA¢
—0.50
0.161 —0.11
—0.55
—0.21
0.141 —0.21 —0.601 ,
018 020 022  0.24 02 03 04 05 0.6 —0.7 —0.6 —0.4 —0.65 —0.60 —0.55 —0.50
X1z X1z
Inj: 0.00 Inj: 0.200 Inj: 0.80 Inj: -0.60
Inj. 5 Inj. 6 Inj. 7 Inj. 8
0.27 ‘ ‘ ‘ E— —0.2 ‘ ,
IMRPhenomTHM+(2,0) — IMRPhenomTHM+(2,0) = IMRPhenomTHM+(2,0) = IMRPhenomTHM+-(2,0) =)
IMRPhenomTHM 2. 0.30] IMRPhenomTHM <. 0.84 IMRPhenomTHM =t IMRPhenomTHM =
0.11 o o S 0.3 o
) o [\ Q0 )
S — = S
e 0.821 #
A 0.251 041
. 5 40.80 .
= = = S,
—0.11 . —0.51
0 020 w 0.78‘
$/\
0.2 0.76 1 —0.6 %
0.151
~0.31 ‘ ‘ ‘ ‘ ‘ ‘ 0.741 ' ' ' —0.71
*0.2 *01 0.0 0.1 02 0.16 0.18 0.20 0.22 0~76 0.78 0.80 0.84 70'.75 70'.70 70'.65 70.60 70255 5/18
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[Rossellé—S astre+(202 5)] Injection1  50.8 199 0970 435 0200 0700 200 /2

\ ’ Injection2  50.8 492 0970 435 0200 0200 200 0
Injection3  35.5 345 0970  30.5 -0.500 -0.500 300 /2
L1+H1 network Injectiond  73.2 183 = 0250 405 . 0600 0300 200 /2
R _ A Lol : : Injection 5  20.3 19.7 0970 174  0.000 0.000 400 /2
‘fmln _fref = 10 Hz, fsampllng = 4096 Hz, likelihood integration at 20 Hz. Injection 6  71.5 358 0.500 43.5 0.200 0200 200 /2
Injection7  50.8 492 0970 435  0.800 0.800 300 /2
Injection8  50.1 251 0500 30.5 -0.600 -0.600 300 /2

0=—0492rad, a =2.77 rad, w = 2.71 rad, ¢ = 5.43 rad, GW150914 trigger time.

Inj: 1.57 Inj: 1.6 1.5703
Inj. 4 Inj. 5
mod
| g0 ~ e
300l )T E =
= | ;700 N - N
; | 600 i | > +0(0, ) =4/ ——(1 £cosb)e
2501 | -_ 64r
B | B s
=995 = ' ‘ 1 /15
3 x . —2 . 2
B s S Y, (@) = —4/—sin“0
- = ’ 4\ 2
200 I+ /A
| 300 i _
1759 5 '; TMRPhenomT+(2,0)
IMRPhenomTHM+(2,0) : 2001 [ 1 IMRPhenomT-+mem 1
1 50 i IMRPhenomTHM ] IMRPhenomT
1.4 15 16 17 i ! 3
0;x[rad] 0;x[rad]

Comparison with[Xu-(2024)]. 6/18
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/ ml[M@] mz[M@] q M[M@] X12 X2z dL[MpC] HJN[rad]
[Rossell6-Sastre+(2025)] Injection9 508 99 0908 5 om0 o0
Injection 10 102 985 0970 87.0 0.600 0.600 800 /2

0=—-—0.492rad, a = 2.77 rad, w = 2.71 rad, ¢ = 5.43 rad, GW150914 trigger time.

o/min =2 Hz, f,ef = 10 Hz, foimpline = 4096 Hz, likelihood integration at 10 Hz.

Inj: 0.97 Inj: 0.20 Inj: 1.571
Inj. 9 Inj. 9 Inj. 9
e 0.275 \ \ \
IMRPhenomTHM-+(2,0) 5 IMRPhenomTHM +(2,0) — A _
43.96 IMRPhenomTHM ~  0.2501 IMRPhenom THM <. S10 E.
o ’ | — o0
&) [\ (@)
43.54- | © 995 S 805 =
J1352 T 10.200 SR 2800 e
S & % =]
| 1 ~
4350, | 0.175 < o5
ET triangular 0.150]
Conflgu ratlon 0.125 ] IMRPhenomTHM+(2,0)
4346 ] i 785 | IMRPhenomTHM ]
[LUCk—-(2022)] 0.94 0.96 0.98 0-100 0.15 0.20 0.25 1.560 1.565 1.570 1.575 1.580
. y q X1z HJN[rad]
Inj: 0.970 Inj: 0.60 Inj: 1.571
Inj. 10 | Inj. 10 Inj. 10
IMRPhenomTHM-+(2,0) 15) ' IMRPhenomTHM +(2,0) = 807 51 .
IMRPhenomTHM o IMRPhenomTHM = ' E.
872‘ : \] O co
2 062 g  805.04 S
—87.11 F802.5<
= N 0.60 : - 1 =
= 3 =i 1 - 800.0 : &
87.01 =
797.51
0.58
86.9 1 ] 795.01
IMRPhenomTHM+(2,0)
| 0.56( | | | 7925| Il\'/[RPhenor?TH:M | | | | 2 18
0.96 0.97 0.98 | 0.56 0.58 0.60 0.62 0.64 1.566 1.568 1.570 1.572 1.574 /

q X1z QJN [rad]
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The precessing waveform model [Rossellé-Sastre+(2025)]
g = 3.03, 71" = {0.540, - 0.137, - 0.435}, 75! = {0.056,0.258,0.129}, yp, = 0.557.

Twisting up the oscillatory component

J—frame J—frame
0.15;\““\““\““\““\““ ﬂ 0.15——— ; S e B S
Twisting-up of the co-precessing modes using the 0.10 0.10
Wigner D-matrices: = 0.05 © 005
y S 0.00 4 - § 0.00 B £ HF WA
I _ 2 Cp = 005 = 005 |
hpm= Dy Dol D () = E
m'=—p¢ —0.10; ] —0.10;
~0.15 ~0.15 :
With the Euler angles: A S R
T /7 0.04; : 0.04 |
a = arctan(Ly/Lx), : o 0.02 Eo002
;E“ 0.00 S 0.00
R . g —002 E -0.02
COSﬂ =7z-L = LZ, % ~0.04 | % ~0.04
~0.06" 1 ~0.06
~0.08 " ] -008- 4V
y = — . COS ,B . ~5000 4000 -3000 -2000 —1000 0 ~150  -100 -50 0 50 100
t/M t/M
SXS:BBH:1520 Contribution from hy (P ¢ IMRPhenomTPHM
0l . ' IMRPhenomTPHM — ====- Contribution from hy (P **¢ SXS
The “twisted” (2,0) mode: Twist up SXS modes

h%,OOSC — % hgg OSCT1 + 3 cos(2B)] H24/6 | sin*(B) <Re [ ] cos(2y) + Im [hzcgl sin(2y)> — zsm(2ﬂ)(Re [ ] sin(y) — Im [hz ] cos(y))

New term added ) 1) 79/18
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The precessing waveform model [Rossellé—Sastre—-( 2025)]
T Twict " =3.03, yFe = {0.540, - 0.137, — 0.435}, yFef =
%g wisting up the memory component s
£ Memory integration from the BMS balance T T TTIN
Cﬁ] laws [Mitman+-(2021)]: = o
S 1. L(ey.2 3 oo
5 J, = = —0°D"! —J ‘h‘ du| + a g M
- 2 4 S |
0N : U _ = -0.002
CIL) I
= ~0.004— b L L BRI
- ~ ) 0.00~—F—— 7T T T T
— 2 2
2 pl mem _ ,/ ° J (1+3cos2p)) | |AP| — L jep I
_lE 2,0 28 ]Z' ) 2,2 9) 2.1 ) é 0.005"
L B 2 ) T ﬁ
S ) . CP | .cpl icp < 0.000;
S +eos2psin(p) |3 m [i$P| ) ) +v6 Re [iP|iSP | 2
- - ’ ’ = :
E 1 & -0005
0 2 Cp CpliCcpt 4, o F
8 +sin@psin (ﬂ)[ e [ ] Im [h | +2v/6 Im [ Y| hm] }du gt b L LI |
& ; ]
Py 0.025 ]
) g ; ]
C\lh :5 0.020 f
O 1 5 (U, ) £ 0.015
< hI mem _ 7‘ /6_7zJ h%,o du :z; 0.010
O ) “ 0.005
E’ + : > [ ! 2d + : > [ ! 2d 0.000 | * w » |
o) A\ - 2.2 UT—\ 7 2,2 u Y250 -0 -50 0 50 100 150
i 14V 61 " 14V 6x " o
Q
S 1 5 U . 2 1 5 " . 2 SXS:BBH:1520 + Memory correction
2 = || du—— /=] |A_,| du e
LL] 28 671- Ju, ’ 28 671- " J Memory integration inertial frame

0.004

R/M Tm[hy o' ™™

anlaw)

0.010 -

R/M Im[h2711 mem]

-0.010 -

-0.015"

{0.056,0.258,0.129}, 7, = 0.557.

J—frame

0.002

0.000

—-0.002 -

0.005 -

0.000;

—0.005 -

0.010 17

R/M Im[hy ! mem]

0.005 -

0.000+

~0.005

0,010

—150

—100 -50

0 o0 100 150

t/M

Twist—up co—precessing modes & Memory integration ‘

BMS Memory correction (SXS)
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The precessing waveform model [Rossellé-Sastre+(2025)]
Two approaches that are not equivalent

J—frame
Twisting up cp modes. ?“é Compute memory integration in cp *
Compute memory integration. frame. 002y EEEEREE
g i |
Twist up memory contributions. : : / |
HQ OOlj // i}
1 C mem é\] : :
mem _ 1 [0 [© oo |2 by — (li3cs20)h 3 f
hy 5™ = 53 6_7r/ (14 3cos(28)) |hyy 4 s 0007
u1 = —i\/zu1+302 hs o[*d 7
1 0 . , L2 [h1+3cos(2B)liz P du |
plmem — i\ﬁ | et i du O 5\@6‘”“ sin® ()™, O g s bt
’ 28 /s U1 ’ L A R BT SR R SR B SRR
1[5 [, 2 i /
[ mem i mem iy cp mem 2.5
ho 5" = %\/;/’qu e sin*(3) du, e — 5\/;62 Sine (e
2.0 .
hy T = *sin(B) cos(B) |hE 2du 3
2,2 ) hI mem 5 —ix Slll(ﬁ) COS(,B)h;I?Omem, o 1.9 ” ;
2 1.0 =
hy P9 = [/ e’ sin(B) cos(B) |hs%| du. 1 3. . E |
hy' =7 = 56” sin(3) cos(B)hy g - 0.5 MMNW\/\J |
. 0.0 ! ! ! \ ! ! ! ! \ ! ! ! ! ! ! ! ! \ ! ! ! ! \ ! ! ! ;
Wlth —150 —100 -50 0 50 100 150
t/M
ppmen hAS mem __ l i / . LP ‘2
o Q- [
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The precessing waveform model [Rossellé-Sastre+(2025)]
Model accuracy

Implementation within IMRPhenomTPHM in the Python package phenomxpy [Garcia-Quirds+(2025)]: flag to select the

contributions included in the waveform.

Mismatch calculation: model against 1076 SXS precessing simulations + memory.

h max p( £)a*(f)
| - =1 — Znix lg) , (h|g)=4Re ];ff)f df LIGO A" PSD
tAg /(R h){glg) min _
_M=100Mo, Ogx=n/2 o M=A0M, N=mf2
150 150
5§ 100} = 100
S S |
50 50
T S A S O O ! | IR v s A [ U O S Y e B =l
1074 0.001 0.010 0.100 1074 0.001 0.010 0.100
1-M 1-M

@ SXS =2 with memory vs TPHM ¢=2 with memory
0 SXS ¢=2 with memory vs TPHM ¢=2 no memory, no (2,0) 12/18
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. o 505‘7;0%5 107 e IMRPhenomTPHM+(2,0)+memor

The precessing waveform model M DR Phecom TPHM (30) memary |

. . . . . . : 1[1 0]
Parameter estimation: zero-noise injection Tl 2
o Injection: IMRPhenomTPHM+(2,0)4+memory. STy |l ,
5 NN (Rl E .

e Recovery: = o WY s :
|MRPhen0m“PHM 10.97 0.97It8;°{ . 10 o
IMRPhenomTPHM+(2,0)4+memory. e v T A I

Variable Unit Prior Minimum Maximum ) |
miz2 Mg Uniform 5 100 D .
q - Uniform in Components  0.125 1 ; | [ROSSG”O Sastre (2025)]
M Mg Uniform in Components 15 100 i
afl,2 = UIllfOI'm O 0.99 0.2530.25:3”-133% — iﬁiiienomiiﬁﬁ+(2,0)+memory
91 I'aC Sln O 70 * Injec.ted Value
0 rad Sin 0 . o
¢ 192 rad Uniform 0 27T =1 0.27 0.267093
OIL rad Uniform 0 2 s
dr,  Mpc Uniform Source Frame 20 1000
HJN rad Sin 0 A8

o bilby pipe with dynesty sampler. 1l

o nlive=500, naccept=15. i ;H

o gw-foutstep method for the Fourier Transform - v«JK (\ st 7@

| ' | ) || (N i

‘ >/ ‘ ) !

[Valencia4(2024)]. nzal 5 j H
«112 CPUs x 1 core. I iR

T R R T R N N N
PP P PO P LD G
NI N N NS ].3/].8

Xp dr[Mpc] On

o LIGO A" sensitivity, SNR=235.


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.124026
http://www.apple.com/es

Modeling the complete (£ = 2, m = 0) mode in ahgned -spin and precessmg bmary

. Ib.erian GW I\/Ie._eti‘ng, 24th June

black holes: applications to parameter estimation

Preliminary results on eccentric (2,0)
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Preliminary results on eccentric (2,0)

First steps comparing the eccentric simulations from SXS with our quasi-circular model:

Low eccentricity e of(fof = 0.017) = 0.11 High eccentricity e of(Mf, o = 0.00045) = 0.80
0.05 0.100-
0.04- ] 0.07 1
= 0.03] = 0.0501
=3 =3
= 0 = 0.025-
001 >
000, SXS:BBH:1371 0-0007 ‘ SXS:BBH:2527
' QC model 0025 ] QC model
OO T 000 3000 —2000 —1000 0 —100 50 0 50 100 —15000  —10000  —5000 0 —100  —50 0 50 100
t/M t/M t/M t/M
5 10
101; I T e Future work: Implement eccentric corrections as in
? IR SRR IMRPhenomTEHM [Planas+(2025)]:
= 1 vo® o o®°
= 102? e .: : 0 o)
E | .3 3PN and terms for non-spinning
—31 ¢
= 10775 B 4 systems from [Ebersold+(2019), Arun+(2009)] and
] 8 : :
-y X spinning systems from [Henry+(2024)].
I . PSD=1 2

0.0 0.2 0.4 0.6 0.8 15/18
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o First Parameter Estimation injections using the

o Biases in the

e Improvement in the measurement is negligible compared to other higher modes.

e More pronounced biases are expected at , analysis is restricted by limited computational resources.

o Extended the AS waveform model for the full (2,0) mode to systems with

o Used the for the
e Developed for computing the in all the £ = 2 modes.
o Implementation in the Python package under the waveform model, allowing

independent selection of contributions.

o Performed a test to evaluate biases from excluding the full (2,0) mode and memory

\

effects.

o - extension of the waveform model to

(v
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Asymptotically flat spacetimes —» (infinite-dimensional generalization of the Poincaré group):

* Supertranslations. Infinite set of symmetries — Infinite set of balance laws Related to soft hair

e Superrotations. and BH information paradox

e Superboosts.

rU

. 1._ .
h= [ (iPdu—-4 <\P2 s Zhh) _am,,, [Mitman-(2021)]

J=J +J,+Jy+]s

| _1 L, .. _ 4 different contributions J.: Bondi mass aspect.
J==0D " |— \h|"du—- (Y, +—=hh )| +0al,¢p) ———>
2 4 J_ 4 T J.: energy flux.
unknown Jg: angular momentum aspect.
constant
J7: angular momentum flux.
Calculation of the only from the contribution of the
| 1 ore ) ‘ Main contribution (AS case) into the
J == |—=]| |hl*du| +«
2 4 "
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s ml[M@] mz[M@] q M[M@] X12 X2z dL[Mpc] HJN[rad]
[Rossell6-Sastre+(2025)]  ~fecgons 508 492 0970 435 0300000 800 /3
Injection10 102 985 0970 870 0.600 0.600 800 /2

0=—-—0.492rad, a = 2.77 rad, w = 2.71 rad, ¢ = 5.43 rad, GW150914 trigger time.

o/min =3 Hz, fof = 10 Hz, fsampling = 4096 Hz, likelihood integration at 10 Hz.

CE: 40 km-long arms

Inj: 0.970 Inj: 0.20 Inj: 1.57
Inj. 9 | Inj. 9 | Inj. 9
- - i —  0.24 ' ' ' - 8507
43 541 IMRPhenomTHM-(2,0) = IMRPhenomTHM+(2,0) = -
IMRPhenom THM P IMRPhenomTHM = =
| o 0.22 ' N | %
; X b . =
43.53 = - 35(
— R R S T =
= 4352 fr R\ S 3 =)
S | % =
0.18-
43.511 700
0.16- ,
IMRPhenomTHM-(2,0)
43 .50 : : | 650 IMRPhenOIInTHM
095 096 097 098 099 | 0.18  0.20 0.22  0.24 | 1.5 1.6 1.7

q X1z VAN [rad]


https://arxiv.org/abs/2506.05859

Modeling the complete (£ = 2, m = () mode in allgned -spin and precessing blnary

Ib.erian GW I\/Ie‘eti-ng, 24th June

black holes: applications to parameter estimation

Network SNR Runtime Runtime
injected WF IMRPhenomTHM+(2,0) IMRPhenomTHM

Injection 1 456 14h 52min 14h 49min
Injection 2 930 13h 35min 12h 43min
Injection 3 192 17h 56min 17h 19min
Injection 4 184 17h 21 min 17h 6min
Injection 5 107 1d 21h 18min 1d 17h 25min
Injection 6 435 15h 41 min 15h 30min
Injection 7 370 15h 38min 15h 13min
Injection 8 174 21h 21 min 18h 36min

Detector Network SNR Runtime Runtime

network injected WF IMRPhenomTHM+(2,0) IMRPhenomTHM
Injection9 CE+LI 594 3d 15h 33min 3d 12h 1min
Injection 9 ET+L1+HI 257 3d 6h 59min 3d 3h 7min

Injection 10 ET+L1+H]I 484 23h 52min 23h 39min
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plmem _ 224\f / {48 sin®(8) sin(4y) | (1m [A,] sin(B) — Re [AF,] B) (1m [hF5]) B + Re [hy] sin B )
+125in(8) cos(47) [2( (Im [AF,])* — (Re [h,])*) (4? — sin®(8)a?) + 8 Im [hF,] Re [A,] sin(B)Ba]

+ 8 Re h;‘jQ 4 Im has] (14 3cos(28))% +Im |hy,| (13 cos(B) + 3cos(36))& — 6 Re |hys| sin(QQ)B_

—81Im hF, | |4 Re [AFy] (1+ 3 cos(2B))7 + Re [AFy] (13 cos(B) + 3cos(35))c + 6 Im [h,] sin(26)

- ‘h;% - {16(:_3 cos(f) 4+ 3cos(38))ya — 4(1 + 3cos(20)) (52 — 8’72) + (60 cos(26) + 3cos(45) + 65)(342]

;I)Q’ }du

+8(1 + 3 cos(25))

SXS:BBH:1156 SXS:BBH:1196 SXS:BBH:1520
- T ] 0.07; L A ) B A A A R ‘f T+ . r~ T~ 1 T T T T [ T T T T [ T T T T [ T T T T [ 1 ]
0.030 - 0-030 All terms . 006 0% All terms B 0.015 o.015; ] All terms
- 0.025¢ ] ] 7L 005 ] ] I ? ?
- 0.020] Last term 1 C o4l Last term 1 " 0.010f : Last term
g - 0.010" : < C 002 2 0.005"
Egﬁ 0020 0005; | agﬁ 004j 001; Sgﬁ 0010 :
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