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Introduction




Inspiral-merger-ringdown (IMR)

Post-Newtonian . .. Perturbation Theory
OO Numerical Relativity

HYR(HZ.0,0) = D Am(t,2)€m2) L, ¥M(0, )
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Inspiral-merger-ringdown (IMR)

Test no-hair the
BH=BH(M, af)

Inspiral
P |
[ I

(22)
.0
(3.3)
(3.2)
44)
43)

Post-Newtonian X .. Perturbation Theory
OO Numerical Relativity

WYR(1,2,0,0) = > Am(t,2)e"m"= _,¥™(9, )
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Ringdown

Sum of damped sinusoids — quasi-normal modes (QNMs)
h(12,0,0) = himn(t, Z) —28™(Qréiimn, 0, )

Imn
Aimn(t,Z) = Amn(E)e ™" cos(wimnt + ¢imn(Z))
Omn = wimn (M, o) +1i/  Timn (My, OF)
~~ ~—

frequency damping time
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QNMs
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Testing the no-hair theorem with QNM

Mwimn = fi + (1 — ar)®
len =Qq+ qQ(] - Gi‘)q3
[Berti+,2006]

Qmn = WimnTimn / 2

nonGR GR
Imn = "-’Imn(-I + 6wlmn)

nonGR GR
Timn = 7'Imn(] + 5Tlmn)

(10'M,,,026)

(10°M,,026) -

027 028 0.,6 53

N 11 025 0.26
Dimensionless BH spin
Mass = 10° M, ar = 0.26
[Gossan+,2012]
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Dimensionless BH spin
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Methodology




Analysis of QNMs with LISA

e Generation of the RD waveform and response of LISA in time
domain — Lisaring

e TD, as the cut of the ringdown is cleaner. Different 14+ are allowed

o Covariance matrix — Toeplitz matrix
o Different methods: fixing 3, A, tstart
e Agnostic approach — PE = (4 dim x modes)
h(t) = ZAkefm e~ Mwi+i/7i)
k
e GR + deviations: — PE =(4 dim x modes)
h(t) = ZA,mnei</>/mne—ff(w/mn(’\/’f,af)*ﬂ+5w/mn)+i/(ﬂmn(Mf70f)*(1+5ﬂmn)))
Imn
e Injection GR + deviations approach:
Amn, &imn — [LOondon et al. 2014, 2020]
{m, mz, x1,x2}, @mn =[(2,2,0),(3,3,0), (4,4,0)]
dwimn = [0.0,0.01,0.03], é7mn = [0.0,0.05,0.1]
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Results




Agnostic approach

h(t) = iAkeM’k e Mt/ )
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Agnostic approach
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Agnostic approach
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Agnostic approach

900 . 05
e assuming that (2,2,0) o @ (Mz0, d220)

does not exhibit a 0 W20, d220)
deviation from GR. We
can compute the GR
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Fractional deviations with agnostic appr.: IMR vs QNMs My, a¢

frue value: 6w = 0.01, 7 = 0.05

0.00732§563

IMR (M, ar)
220(My. ar)
—— truc
0.0541+39%88
(=3
= & 1
LN :
Le]
&

RO T R
“$ “.Q\ Q S Q
6w 330 5T 330

\ e Small fluctuation in the (2,2,0) mode are translated into
‘ fluctuations in the final mass and spin
e Values of M, ar come from a parametrization with ~ 1 — 3% error
o We can identify a deviation from GR, but we can not characterize
it correctly since the recovered values do not agree with the

injected values
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frue value: 6w = 0.03, 67 = 0.1
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GR + deviations

h(f) = Z Almnei¢/mn e_”("“'lmn(vaaf)*(]+5wlmn)+i/(flmn(Mfvc’f)*(]+57'/mn)))

Imn
12204234 14509° T3 UL

v I s 2
—without nosse:

s with noise
— true value

PE: (M, O, Ag20, $220)

+(Almn, Dimn, &Ulmn: 57'Imn)
with Imn = (3.3.0), (4.4,0)
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GR + deviations

inj value: éw = 0.01, 67 = 0.05 inj value: dw = 0.03, 57 = 0.1
0.0098+36362 0.0306:55618
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e We can recover the injected value with high accuracy
e Caveat: several assumptions have been made
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Which method to use

nonGR GR
= wWimn(1 + dwimn),

Wimn
deviations
1 agnostic
—— true value
& \
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o With the agnostic appr. we can identify which QNMs are present

o With deviations appr. we can recover the injected value and
hence characterize the deviation
e The combination of both would be the optimal method*
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Standard deviation

With the deviations template we can study the precision on fractional
deviations (dw, 67)

_ 2, 20 0673 e
oo, =/ T ]
. . 15/ 15 e
where [ is the Fisher
maftrix computed as the 1o ~10) 02
inner product s s .
N—1 BT m.l 10 N 10 10° 10 | 10 ™ I)U ot
—1 source total mass (Mo ) source total mass (M o
rkk = Z 8ekhi(0k)C,-j 8gkh,-(0k . . obw. ) " " o6t
i,j=0 Se-04
15 15 .
One can estimate the 1e04
ncertainty on the " ~1 ' .
fractional deviations 8| s .
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Conclusion and prospects




Conclusions & prospects

Conclusions:

e Exploration of two different approaches — agnostic, deviation
o We inferred the fractional deviation for each template
e The deviation approach is crucial to confidently find the injected

deviations. Need prior knowledge of QNMs. \

e Combination of both method is what inform us the better i
e agnostic case to find which QNMs and raw estimation on (Mg, ar) ,’

e deviations case to find deviations in each QNM /.

!

e Fractional deviation sensitivity for fixed parameters (g, ;‘
X1, X2, L, @, B, A) af different masses and distances

Prospects:

e Inclusion of 3, A, fsqrt in the PE — better understanding of the
robustness of the analysis
Inclusion of nonlinear effects (QQNMs)
Analysis with higher number of QNMs
Sensitivity of LISA fo NR waveforms

e Infroduction of glitches or gaps
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Conclusions & prospects

Conclusions:

e Exploration of two different approaches — agnostic, deviation
o We inferred the fractional deviation for each template
e The deviation approach is crucial to confidently find the injected

deviations. Need prior knowledge of QNMs.
o Combination of both method is what inform us the better
e agnostic case to find which QNMs and raw estimation on (Mg, ar)
e deviations case to find deviations in each QNM
e Fractional deviation sensitivity for fixed parameters (g,

X1, X2, L, @, B, A) af different masses and distances

Prospects:
e Inclusion of 3, A, fsqrt in the PE — better understanding of the
robustness of the analysis . n\
e Inclusion of nonlinear effects (QQNMs) Ten'\'\o '
e Analysis with higher number of QNMs r OT

Sensitivity of LISA to NR wovefogﬁjr O

Intfroduction of |'Tolﬁsﬁ‘é®
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Agnostic IMR estimation
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000 = (0.01,0.01), no deviation assumed with deviations app

M, (M)~ 12178660.23289+3124287537

N
1IN ~—injection: 6w = [0.00, 0,01, 0.03), 67 =[0.00, 0.05,0.1]
/ A\ injection: 6w = [0.0007, 0.01,0.03), 67 = [0.005, 0.05,0.1]
N\ La;- 0829441509797 —— injection: 6w =[0.01, 0,01, 0.03], 67 =[0.01,0.05,0.1]
—— true value
5 : !
. A\
& 1)
& / 30 - 0.0008215.00067
_— = ‘
". i
g f ] |
& «® 53430~ 0.03907+9.9378
- ‘ /’\ \‘
2 ‘ 1
3 € 1B
& f \ :\
/16w _440-0.02078*3 59138
s &@ — = L‘ = {1(\\
1o ® |0 '\
5 /37440 = 008851092633
(Ng /
3. S N ? 4 /d / f‘ \
5 O L \ /1%
o %) & Q 28 /] &
& )
K3 S > H @ S & F PS> o
Chantal Pitte vV I I s
My(Mo) ar BSw 330 67 330 B 440 61 440



Agnostic appr. with deviation in 220
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Search for more gnms

g 2

2

™

I

g @

2

Y

I

Chantal Pitte

logB ~2.5,1.24

LFPWG - 2024



Teukolsky equation

(rF+a° ov? 4Mor ow? | [a* 1 ] ow?

{ A o’ sin’ 0 82 + A 90, 85)
A5 O [ asi1) OV 1 2 8\Il a(r—M) icost] ow
A o (A ) O sinf 0y 89 -2 A sin?0 | 9
2s {M

sinZ 6

A

— iacos 9] hd + (32 cot? 6 — s) V = AxpT
Ot
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Separable equation

Can be decoupled into a radial and angular part:
W(t,r,0,¢) = e "™ R(r)S(6)
where R(r) and S(0) satisfy

60 [\ OR (K2 2is(r— M)K . B
A E(A )E+ = diswr = A R=0,

] 2 inea—s
sinfdp """ By

sin? 0 sin 6

2
+(C72w2c05297 m 72Ow5c0507M752c0t29+5+.,4)3:0.

Where, K = (> + a®)w — am, A = A + a®w? — 2amw and A is the
separation constant. For fixed values of s, m, aw the eigenvalues are
label by 1.
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Bayes factor

— Bayesian method:
likelihood prior
—N— T
P(DI©, M) P(O|M)
P(DIM)
——
evidence

— Focus on estimating the evidence

P(©|D, M) =

1
z= [ pOMyde = [ r@©)r(©)de = / £(X) aX
Qo Qo 0 S~
iso—Ikh
where
_ 1 -e-neyic(@-ne)
/def(2:C)

Bayes factor:

5o e er L1(0)m(©)de
T2 fﬂe L2(0)m(©)de
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