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Intro

e EMRIs: capture of stellar-mass objects by a supermassive BH
e Primary targets of future space-borne observatory (LISA)
e Binary properties can be measured with great accuracy

e Response to tidal field reveals structure of a body

Tidal deformability is zero for a BH...
. while it is tiny but non-zero for an exotic object
All tidal effects can be encoded in the Tidal Love Numbers k
Key question:

can we measure k of a supermassive exotic object in EMRIs?

We performed a parameter estimation with Fisher matrix approach
using the Stationary Phase Approximation (SPA) plus a few tricks
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Qutline of the presentation

@ Modeling the inspiral

@ Parameter estimation with the SPA

© Conclusions and future perspective
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Modeling the inspiral
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Tidal response in the extreme-mass-ratio limits

For g = /M < 1, the (dimensionless) tidal deformabilities are

2 2
A = §k1 primary Ao = §q5k2 secondary

k; enters at adiabatic order in the gravitational wave phase!
TLN binding energy at 6PN

1/6 881
E“N_E(E+?F>k1

TLN flux at 6PN

Frn(r) = 128( 1 22 1 >k1

5 \r10 21,11

Pani and Maselli, 2019
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Radiation reaction equations

We consider circular, equatorial orbits with spins aligned.

Small corrections due secondary spin x and TLN k;
E=E°+0E"+ Exip Q(r) = Q°%r) + oQ(r)
with o == 5/(uM) = xq.
Gravitational wave fluxes
F(r,Q) = F°>r, Q%) + Frn(r) + o F(r, Q% Q1)

FO and F! computed with Teukolsky formalism?
Evolution equations (expanded in q)

dr dEN' ddew
o) SR -0

*Piovano+,2021
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Parameter estimation with the SPA
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Error estimate with Fisher Information matrices

In the high SNR limit

Y= (1 covariance matrix
dhy | dha : :
Fij = Z (dxi g ) . Fisher matrix
a=1,11 X=%o
fmax df
(Pa|Ga) = 4Re/ 5 (f)ﬁg(f)c“/a(f) scalar product

12 parameters for circular equatorial orbits with spins (anti)aligned
@ intrinsic: masses (In u, In M), spins (a, x), to, ki
@ extrinsic: ¢g, angles (Vs, ps, ¥k, ¢k), distance In D

[ is ill-conditioned: small error in [;j = large error in X

Problem exacerbated by computing dh,/dx’ with finite difference methods
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Frequency domain waveform with the SPA

Applicable for strictly monotonic frequency Q(t)

h NI e T o~ i(®a(E(F))En/4)
hulf) = PP A, ot

4 (E(F)) = 2nf((f) — to) — 2(4(E(F)) — po) — ¢O°P(E(F)) — O3 ((F))

a = 1,1l for the two LISA channels (in long-wavelength approx)

AX %
¢h(t) = arctan < - A%EQ) Au(t) = \/(A;Q(t))2 + (A3 (1))?
AL (t) = (1 + cos? 9)F. (t) AX(t) = —2cosIF(t)

t(f) is solution of
Q(t) =nf
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Semi-analytic derivatives of waveforms with the SPA

Functions t(f; X), ¢((f; X); X) and r(t; X) depends implicitly on parameters
X = (InM,lInpu,a,x, ki) for SPA waveforms

By the theorem of the implicit functions

OHFX) 1 09(t;R)

ox’ Q(t; ) ox!

t=(f;%)

@(E(f; X); X) and r(t; X) are solutions of ODEs like

d
e =9(tyia)  y(0) =y
then
d (Oy(tia)\ _ 99(t,y, @) y(t; o) n 09 (t,y, ) dy(0;a) 0
dt oo N oy Oa Jda do

Gabriel Andres Piovano Love and EMRIs in SPA



Testing the SPA waveforms

(hSPA‘hFFT)
F(hPA REFT) = max c___¢
to,P0 \/ ( hEPA‘ hEPA)( hFFT | hFFT)

E) channel F
| 0.9931
0.9 [ 0.9970
| 0.9942
0.99 1 0.9971

Table: Faithfulness .7 between FFT hEFT and SPA ASPA waveforms
Z better than 0.993 for 1 year observation down to the Kerr ISCO3
(1 — ospa/orrr) of FFT and SPA standard deviations in the worst cases:
@ no prior for x: 15%
@ prior for x: 2%

3In agreement with Hughes+,2021
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Fisher-matrix errors for the primary TLN

M = 10°M, ;1 = 10M, x = 0, k; = 0. Sky location fixed.
a/M prior ‘ M Inp a/M x /M Kk oo

0.9 no | -49 -41 -38 16 048 -15 0.74
' yes | -5.7 -42 -41 057 048 -16 0.74
099 M -2 -46 -44 12 021 -27 0.74
yes | -5.7 -48 -49 061 021 -31 0.74

Table: log,, of the errors with and without imposing a prior on x.

a/M prior | InD AQs AQg
no | -0.069 62x10"* 75
yes | -0.069 5.9x107* 75
no |-0.071 2.7x10~% 6.7
yes | -0.071 27x107* 6.7

0.9

0.99

Table: errors on In D and sky location of source (AQs) and primary spin (AQk).
TLN of the primary is measurable
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Probing corrections at the horizon scale

101:LI,IIIIIIIII,IIIIIIIII’IIIIIIIII’IIIIIIIII,IIIIIIIII,IIIIIIIII,IIIIIIIII,IIIIIIIII’IIIIIIII%
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" Potentially achievable with
@ a=0.99!
Error on TLN k; for primary spins

a=0.1,0.2...0.9,0.99

Maselli+,2018 and 2019
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Conclusions and future perspective
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Conclusions

We estimated the error on the TLN k; of a supermassive object in
EMRIs with a Fisher matrix approach and kludge waveforms
Summary:

e ki can be measured with great accuracy

e Potential to distinguish supermassive BH from a class of ECOs

e Probe Planck correction at the horizon for fast spinning primaries?

But there are some caveats:
e Focused on circular, equatorial orbits with spins aligned
o Neglected important self-force effects
o Assumed the PN terms of the TLN are still valid in strong regime
o How general is relation between the TLN and §7*

“Datta, 2022
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Future work

o Consider general orbits (eccentric and inclined)
o Include post-adiabatic corrections
o Test quadrupole deviations together with TLN®

o Use our approach for Fisher matrices to do parameter
estimation with second order SF waveform®
Most importantly
o Learn how to use FEW @7 and play with it
o Speed-up everything in my life with GPUs and ML!

5Barack and Cutler,2006

5Wardell+,2021

"Katz+,2021
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Final notes and acknowledgments

o code and data will be soon available at the GitHub
repository
https://web.uniromal.it/gmunu/resources

o this work makes use of the BHPToolkit ©
https://bhptoolkit.org/

o Feel free to contact me at gabriel.piovano@ucd.ie

Thank you for you attention!
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Backup slides
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Gaussian prior

In the high SNR limit, the posterior distribution is approximated by a
Gaussian distribution

—

log p(8]s) o< log po(0) — (0 — Berue) T (6 — Oirue) = £(0)

N

Gaussian prior on x, with g, = 1 and centered in x =0

—

1
log po(0) = _§X25xi with d,; delta Kronecker

—

We can then rewrite () as single quadratic form plus a constant term

o 1 - o o o
f(0) = -3 6 — r;olsb)frpos(e - r;olsb) +R

where

- — 1/- - o —
I_pos =T+ 5xi b= gtruer R = 5 <btr71 b— atrueretrue)

pos
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Radiation reaction effects and balance laws

GW fluxes and waveforms computed with the Teukolsky formalism

U::iziqzxq with ¢ < 0 < 1 in EMRIs
pM-

At first order in the secondary spin®

dE\  dE d\  dJ
dt Jo,  dt dt Jow  dt

Technical assumptions:

@ no radiation reaction on $* and assumed S = cost
e orbits remain circular and equatorial
We employed the numerical routines of the BHPToolkit® °

8Akcay+, 2019
®Black Hole Perturbation Toolkit https://bhptoolkit.org
i e Pt



	Modeling the inspiral
	Parameter estimation with the SPA
	Conclusions and future perspective
	Backup slides

