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Abstract: Extreme-mass-ratio inspirals (EMRIs) are the only gravitational-wave sources for the future LISA detector that combine the is:
strong-field complexity with that of long-lived signals. The result is a profoundly difficult inverse problem, with many theoretical and computati
challenges presented both by the forward modeling of the predicted EMRI waveform, and by the recovery of an inverse solution for the pr
and properties of actual EMRI signals in LISA data. | outline recent progress and ongoing work on both fronts. Specifically, | describe: i) the
generation of accurate, efficient and extensive models for (the response of LISA to) an EMRI signal; and ii) a heuristic study of degeneracy
space of LISA-observable EMRIs, with a view to informing analysis strategies for EMRI search and characterization.
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The inverse problem in GW astronomy

e Waveform modeling provides the basic forward models of GW science:

Parameters — observables

o  Other forward models include those for detector noise, or for source populations

e Data analysis uses forward models to find inverse solutions:

Data — parameters

o “Parameters” here include presence of signal itself (traditional LVK name: detection)

e Both parts are solved in very different ways, often by separate communities
e Butitis useful to keep in mind that they are flip sides of the same problem
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LISA: An overview

e Laser Interferometer Space Antenna
o 3 spacecraft, 2.5 x 10° m separation
o Earth-trailing “cartwheel” orbit
o  Mission lifetime: 4-10 years

N. Douillet
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LISA: An overview

e GW sensitivity band: 10*-1 Hz
e Effectively 3 interferometers
o 2 Michelson: Measure GW polarizations
o 1Sagnac: Measure non-GW noise
\ " \ /
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LISA: An overview

‘ N
e GW sensitivity band: 10*-1 Hz
e Effectively 3 interferometers
o 2 Michelson: Measure GW polarizations
o 1Sagnac: Measure non-GW noise
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LISA: An overview

cosmic vision

ESA

e Selected as ESA L3, l[aunch 2034

o Mission adoption within 5 years
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LISA: An overview

e LISA Pathfinder

o 2 inertial masses, 40 cm separation
©  Orbit around Sun-Earth L1
o  Mission lifetime: Dec 2015-Jun 2017

® Not sensitive to GWs

ESA
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LISA: An overview

107 e
— L3: LISA Acceleration Requirement
E N
e Demonstrated drag-free technology |= \af\

o Measured displacement to <10" m g ?kawb !
¢ Achieved LISA noise requirement! m}wﬁm

10_153 L ......_4 . — ..._1 PR -

107 10 10 10
Frequency (Hz)

Danzmann et al. (2017)
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The LISA inverse problem: Key issues >

Issue O: The LISA instrument

e Complicated instrument response
o  Orbits of 3 spacecraft & 6 test masses
o  Time-delay interferometry

e Data gaps & glitches
o 7-hour gaps every 2 weeks
o  Optical-path & acceleration glitches

e Non-stationary noise

o Time-evolving noise PSD

N. Douillet
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The LISA inverse problem: Key issues

Issue 1: Signhal confusion

T T T
Everything (TDI X) Galaxy Instrument

e Many signals overlap in time/frequency =
o 10-10° MBH mergers ?, gmgHm“;;" “”N,(\}R/M }
(@] 1_104 EMRIS f- j'r\_ i ;:‘I"-\.:i‘:’/m"”“ﬂl' gm;(l f‘ .
o 10%10° resolvable Galactic WD binaries %M smaf."/]'.; N || EMR.S“REQ I 1]
‘_?. —sun=ui h || SNR=38 | I | |
o Etcetera E o |auft | f\ I Y )ﬂum.' LA N
. g SNR=100 smBH, || | { MiKlrg RN
e Cannot just subtract then move on £ /, ) =ele | IY' /‘n 1N
2 0 7 [ swen ||| LA i
@ 107® \/ /sNH:éauo JI." II‘. J /‘{| ‘,‘ l,-‘l‘l b
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Arnaud et al. (2007)
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The LISA inverse problem: Key issues

Issue 1: Signhal confusion

‘ Residuals are passed
around the circle

WA

Mi -

' Talalel . q Y MOV C Q§§§‘ SOBH
e Global-solution algorithm \/ /
©  Not practical to do fully simultaneous fit UGwW

© Separate pipelines for each source type

f\J. Eorlqisih

© Repeated catalog update & lookup
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The LISA inverse problem: Key issues

Issue 2: Search algorithms | .. ‘ “
e Parameter space can be huge =T Y00 @ " Y
o Dimensionality: Up to 20 per source type = e e e e e i
o Volume measure: Fisher information metric g
o Credible regions can be very localized ; ‘ B
e Probability surface can be multimodal | & O'
o  Multiple signals per source type o . \h/‘l/ e -
© Possibly severe degeneracies (more later) R - ;

Littenberg et al. (202(5
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The LISA inverse problem: Key issues

Issue 2: Search algorithms -
o =
- -
"

ssib re dege : o
e Main option is stochastic search ;
o MaF;be hierarchical: Coarse- to fine-grained L | Itf—;ratloln 3210
o Many waveform evaluations are required 4 5 6 7 8 g 10

M. Joseph
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The LISA inverse problem: Key issues
Issue 2: Search algorithms .
S
wn — ’_q} “&
<« 4
e Main option is stochastic search .
lteration 500
©  May be hierarchical: Coarse- to fine-grained s | 1 | | :
o Many waveform evaluations are required 4 5 6 7 8 g 10
M. Joseph
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The LISA inverse problem: Key issues

Issue 2: Search algorithms .
8§
n — - n Y g ﬁ}"’ﬂ(
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e Main option is stochastic search .
lteration 176
© May be hierarchical: Coarse- to fine-grained L I i | |
o  Many waveform evaluations are required 4 5 6 7 8 9 10

M. Josep_h
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The LISA inverse problem: Key issues

Issue 2: Search algorithms -
W =
<« 4
o
e Main option is stochastic search ;
o MaF;be hierarchical: Coarse- to fine-grained L : Ite;ratloln 7190 i
o Many waveform evaluations are required 4 5 6 7 8 g 10
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The LISA inverse problem: Key issues

Issue 3: High-accuracy modeling oas
0.40 | T By
- . \ ‘\
e Some strong-field, high-SNR sources sagik S
(Mo/M, = 1000)
o Complexity + strength = variability 030}
©  Most interesting, but most difficult to model & oz . | \
e Need theoretical error < statistical error S 020 BT NN
1L 1044106 M., - \
o  Waveform mismatches of < 10* 015} e WMGH??« @m\
040l i (MM, = 10) .’ % {
. 6,=152°, $=228° e ad \
0.05 | 9:93:1%;;.3;9:”“ (MM, = 1) ?ﬁ?&o‘;&:) E
0.00 . L : . . , &
-7 -6 -5 -4 -3 -2 -1 0 1
Alog(M,) x 1072

Cutler & Vallisneri (2007)
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The LISA inverse problem: Key issues

Issue 3: High-accuracy modeling

L R | L B S AL R L

1.2+ 3 NR resolution "* IMRPhenomPv2 -
£ 1.0L 1 Surrogate « SEOBNRv3 -

S 0.8---" Cross-validation

0.0 B E

10° 10F 10° 102 107 10°
Mismatch

Blackman et al. (2017)

e Achieving accuracy is only the first step
o Use accurate models to inform efficient ones
o Efficient models must still be accurate enough
o  Standard LVK techniques may not scale




@ 201022 PI - Google Slides - Mozilla Firefox — O X

© & https://docs.google.com/presentation/d/1q1XISCncWV8Xqsb4NNJ1gC8Ut3CrIRLeSk2Sp9c8HI8/present?token=ACAWSV} *** w =

EMRIs: An overview

e Extreme-mass-ratio inspirals
o  Capture of stellar-mass compact object by MBH
o  Long-lived in LISA band: 10*-10° strong-field orbits
©  Extreme precession, can be eccentric up to plunge

NASA




@ 201022 PI - Google Slides - Mozilla Firefox — O X

RLeSk2Sp9c8HI8/present?token=AC4wS5V} *** ﬂ’ =

© & https://docs.google.com/presentation/d/1q1XISCncWV8Xqsb4NNJ1gC8Ut3Crl

EMRIs: An overview

® The physics of EMRIs

© Cannot use NR

o BH perturbation theory with small mass ratio (< 10™)
o Calculate effective SF on Kerr orbits
©  Need SF up to 2nd-order dissipative _
o Recent breakthrough at 2nd-order [Pound et al., 2020] ., \
| Barack (2009)
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EMRIs: An overview

e The astrophysics of EMRIs
o Event-rate estimates: 1-10* (per LISA) [Babak et al., 2017]

o Brown-dwarf “problem” [Gourgoulhon et al., 2019; Amaro-Seoane, 2019; Amaro-Seoane, private comm.]

o Possibly many other environmental effects
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EMRIs: An overview

e Why bother? Environment may mess up modeling/analysis, or even existence

e There are several good reasons
o  High-precision science: MBH & galaxy astrophysics, tests of fundamental physics
o Global fit: Even if LISA data contains just 1 EMRI signal, it will have to be accurately subtracted
o Challenge: Everybody likes one
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The EMRI inverse problem: Difficulties

e Everything is hard for EMRIs (+ astrophysics, but let’s not go into that here)
e Difficulty 1. Accuracy

o EMRIs are strong-field, high-SNR sources that require accurate modeling to find & characterize
o Phasing accurate to post-1-adiabatic order will be enough, but we are not there yet
e Difficulty 2: Efficiency
o  EMRI signals are long-lived with rich harmonic content; they are costly to model & analyze
o  Stochastic algorithms in data analysis require bulk generation of waveforms (at least billions)
e Difficulty 3: Extensiveness
o  Even the “leading-order” space of EMRI orbits is gargantuan in terms of information volume
o Waveforms are only half the battle: detector response encodes important extrinsic effects
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Outline

e Next-generation EMRI waveform models
© Model 1: Eccentric Schwarzschild, adiabatic
© Model 2: Generic Kerr, PN adiabatic

e The uncharted space of EMRI signals

©  Approximative techniques
o Here there be degeneracies
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Next-generation models: Definitions

e Waveform model:
o  Accurate (fully relativistic)
Not necessarily efficient & not necessarily extensive

0
o  Only examples are adiabatic (Teukolsky-based) models
@

Previous adiabatic models are very slow & limited in scope
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Next-generation models: Definitions

e Template model:
©  Not necessarily accurate
Efficient & extensive

o
o Only examples are semi-relativistic (kludge) models
o  Semi-relativistic models have an inherent cap on accuracy
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Next-generation models: Definitions

e Aim is for next generation of models to be accurate, efficient & extensive
e The 2 new models are accurate & efficient, but not yet extensive
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Next-generation models: Framework

e Standard modular description " 1 A He=PmnOy; (g
o  Angular & frequency-based decomposition : ) e Z lmk”( 3"”‘("”( qb)
. : Ilmkn
o  Osculating geodesics N
e Generic Kerr orbits G(t) = (p(t), e(t), u(t))
© Need schemes to evolve through resonances
o Need secondary spin, mass/spin evolution, etc. Vémkn(gg @) _ —QSlmkn(Q)Q%me
e Angular dependence
©  Spheroidal harmonics with spin weight -2 & (t) - { gy (G t’))
: ; : = 1nit. + Wik + osc.
e Inspiral trajectory (+ mode phasing) mkn o (
o Post-1-adiabatic order
e Mode amplitudes A (£) = 2Z1min(G(2))
o Adiabatic order mkn(G(t))
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Next-generation models: Inspiral trajectory

e Trajectory models
o PN flux-based (partial coverage, only for search)
o  Teukolsky flux-based (only for search) -
©  NIT [van de Meent & Warburton, 2018] |
o  Two-timescale framework

Separatrix

Self-force trajectory: (p, &)
NIT trajectory: (B, &)
----- Inverse NIT trajectory: (5 — n Y5, & - n ¥i")

6 7 8 9 10 11

van de Meent & Warburton (2018)
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Next-generation models: Inspiral trajectory

Spin dependence

® Resonance schemes
o  Fit jump vectors over resonance surfaces
o  Switch between fast & slow evolution

Brink, Geyer & Hinderer (2013)
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Next-generation models: Mode amplitudes

e Amplitude models
o PN amplitudes (partial coverage)
o Interpolate Teukolsky amplitudes (local)
o  Fit Teukolsky amplitudes (global)

e Are adiabatic amplitudes OK?

1: cos (wt), T = 10° cycles
2:cos ((1+ 10 *)wt)
3 : cos (wt) + 107" cos (100w?)
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Next-generation models: Mode amplitudes

e Interpolation/fitting is difficult though
o  High-dimensional mode space: 10°-10°
o Kerr: > 2-dimensional geodesic space

© Many evaluations along trajectory ‘
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