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What is a gravitational wave ?

A gravitational wave is a tiny ripple in the curvature of
spacetime that propagates at the vacuum speed of light

gravitational wave background curvature

lhab ` 2R̄abcdh
cd “ ´16πTab

Key prediction of Einstein’s general theory of relativity



Electromagnetic vs gravitational waves

Electromagnetic waves Gravitational waves

Origin electromagnetic field spacetime curvature

Nature waves in spacetime waves of spacetime

Sources accelerated charges accelerated masses

Wavelength ! size of source Á size of source

Structure dipolar quadrupolar

Coherence low high

Interaction strong weak

Detection power amplitude

Analogy vision audition

Complementary sources of information about the Universe



The gravitational-wave spectrum



Ground-based interferometric detectors

LIGO Hanford LIGO Livingston

VirgoGEO600









NGC 4993



The birth of multimessenger astronomy



Gravitational-wave science

Fundamental physics
‚ Strong-field tests of GR
‚ Black hole no-hair theorem
‚ Cosmic censorship conjecture
‚ Dark energy equation of state
‚ Alternatives to general relativity

Astrophysics
‚ Formation and evolution of compact binaries
‚ Origin and mechanisms of γ-ray bursts
‚ Internal structure of neutron stars

Cosmology
‚ Cosmography and measure of Hubble’s constant
‚ Origin and growth of supermassive black holes
‚ Phase transitions during primordial Universe
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LISA: a gravitational antenna in space

The Laser Interferometer Space Antenna was selected in
2017 by ESA for L3 mission with a launch planned for 2034



LISA: a gravitational antenna in space

ESA’s LISA Pathfinder mission has demonstrated the technology
needed to build a space-based observatory [PRL 120 (2018) 061101]



Gravitational wave sources for LISA
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Sgr A* : the Galactic Center black hole
[GRAVITY, A&A 618 (2018) L10]
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Spin distribution of supermassive BHs
[Reynolds, Nat. Astron. 3 (2019) 41]
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Circular orbits around a spinning black hole



GW frequencies of Sgr A* close orbits
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GW frequencies of Sgr A* close orbits
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Previous work on Sgr A* as a LISA source

‚ Low-mass main-sequence stars are good candidates for LISA
[Freitag, ApJ 583 (2003) L21] [Barack & Cutler, PRD 69 (2004) 082005]

‚ Zero-eccentricity EMRIs from binaries tidally split by Sgr A*
[Miller et al., ApJ 631 (2005) L117]

‚ Extreme mass ratio bursts of GW from highly eccentric orbits
[Berry & Gair, MNRAS 429 (2013) 589]

‚ GW from orbiting MS stars undergoing Roche lobe overflow
[Linial & Sari, MNRAS 469 (2017) 2441]

‚ Ensemble of macroscopic dark matter candidates, e.g. PBHs
[Kühnel et al. (2018), gr-qc/1811.06387]

‚ LISA could detect tens of brown dwarfs orbiting Sgr A*
[Amaro-Seoane (2019), gr-qc/1903.10871]



Our study

Fully relativistic framework

‚ Gravitational waveform from linearized Einstein equation

‚ Tidal effects from theory of Roche potential around BHs

Limitation to circular orbits; but

‚ Zero-eccentricity EMRIs [Miller et al., ApJ 2005]

‚ In situ formation of MS stars [Collin & Zahn, A&A 2008]

‚ About 3{4 of all orbiting brown dwarfs [Amaro-Seoane, PRD 2019]

All computations have been implemented in a Python package for
SageMath that is part of the Black Hole Perturbation Toolkit:

http://bhptoolkit.org/

http://bhptoolkit.org/
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Roche radius around a spinning black hole
[Dai & Blanford, MNRAS 434 (2013) 2948]

rR » 1.14

ˆ

M

ρ

˙1{3

ùñ
rR
M
» 33.8

ˆ

ρd
ρ

˙1{3

Jupiter Sun Earth red dwarf brown dwarf white dwarf

µ{Md 9.55ˆ 10´4 1 3.0ˆ 10´6 0.20 0.062 0.80

R{Rd 0.10 1 9.17ˆ 10´3 0.22 0.078 5.58ˆ 10´3

ρ{ρd 0.94 1 3.91 18.8 131. 1.10ˆ 106

rR{M 34.9 34.2 21.9 13.3 7.31 0.28

(nonspinning black hole, irrotational body)
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Signal-to-noise ratio in the LISA detector
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Signal-to-noise ratio in the LISA detector

Object r0{M SNR (1d) SNR (1yr)

1Md star 34.5 3.2 61

0.3Md red dwarf 15.7 54 1.0ˆ 103

0.05Md brown dwarf 8.4 165 3.2ˆ 103

compact object (a “ 0) 6 1.5ˆ 104 2.8ˆ 105

compact object (a “ 0.5) 4.2 4.9ˆ 104 9.4ˆ 105

compact object (a “ 0.98) 1.6 2.1ˆ 105 4.0ˆ 106

(inclination angle θ “ 0)



Minimal detectable mass by LISA
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Maximal orbital radius for LISA detection
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Time spent in LISA band during inspiral

rISCO

rRoche

M

Adiabatic inspiral driven by
energy balance:

9E “ ´pF8 ` FHq » ´F8

Ó

Tinsprr1, r2s »

ż r1

r2

E 1prq

F8prq
dr

Tin-band “ Tinsprr0,max, rmins where

#

rmin “ rISCO (compact object)

rmin “ rRoche (other body)



Time in-band for an inspiralling compact body
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Time in-band for brown dwarfs and MS stars

brown dwarf red dwarf Sun-type 2.4M@-star

µ{Md 0.062 0.20 1 2.40

ρ{ρd 131. 18.8 1 0.37

r0,max{M 28.2 35.0 47.1 55.6

rRoche{M 7.31 13.3 34.2 47.6

Tin-band r105 yrs 4.98 3.72 1.83 0.94

(nonspinning black hole, irrotational star, inclination angle θ “ 0)



Brown dwarfs are promising candidates
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A low-mass star candidate?

µ “ 0.18Md
r0 “ 13.2M

T “ 1 day

ó

SNR “ 76
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Summary

‚ We have computed the GW emission and SNR in LISA for
close circular orbits around Sgr A* in full general relativity

‚ Compact objects, MS stars of mass À 2.5M@ and brown
dwarfs orbiting Sgr A* are all detectable in 1 yr of data

‚ LISA can detect orbiting masses close to the ISCO as small
as 1MC if Sgr A* is a fast rotator Ñ primordial BHs

‚ The time spent in LISA band (SNR ě 10) during the slow
inspiral is „ 105 ´ 106 yr, making brown dwarfs promising
candidates

Sgr A* is a valuable target for LISA
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