Journal of Basics and Applied Sciences Research (JOBASR)
ISSN (print): 3026-9091, ISSN (online): 1597-9962

Volume 3(6) November 2025
DOI: https://dx.doi.org/10.4314/jobasr.v3i6.20

\ERSIT,
o

Theoretical Frameworks for Multi-Messenger Gravitational Wave Astrophysics: Advanced W
Waveform Modeling and Parameter Estimation for Space-Based Detection Systems

Jude Durojaiye Koffa*
!Department of Physics, Federal University Lokoja, Nigeria
“Corresponding Author Email: durojaiye.koffa@fulokoja.edu.ng

ABSTRACT

The Laser Interferometer Space Antenna (LISA), formally adopted by the
European Space Agency in January 2024 with a planned 2035 launch, will
revolutionize gravitational wave astronomy by accessing the millihertz
frequency band. This theoretical framework is developed for multi-messenger
gravitational wave astrophysics that employ 3.5PN-accurate inspiral waveforms
with leading self-force corrections, numerical relativity-calibrated merger-
ringdown models, and reduced-order modeling for computational efficiency.
Using the Nessai nested sampling algorithm with LISA's 2.5-Gm arm
configuration and design sensitivity curve, this study demonstrates median sky-
localization improvements from 120 deg? to 35 deg? for massive black hole
binaries at SNR 15-50, with luminosity-distance uncertainties reduced by 24%
compared to standard methods. For extreme mass-ratio inspirals, This achieve <
1% mass ratio recovery accuracy at SNR > 30 using augmented analytic kludge

Keywords: waveforms. This global fitting framework successfully resolves 94% of injected
Gravitational waves, sources in confusion-limited regimes. These results assume circular or low-
LISA, eccentricity orbits (e<0.1), neglect subdominant spin-orbit coupling effects

beyond 3.5PN order, treat detector noise as stationary Gaussian, and do not
account for thermal noise systematics. The frameworks enable reliable
parameter estimation for multi-messenger observations, with joint gravitational
wave and electromagnetic analysis constraining the Hubble constant to 3-5%
precision for sources at z<2, contingent on electromagnetic counterpart
identification within 30 deg? sky areas.

Waveform modeling,
Bayesian inference,
Multimessenger
Astronomy, parameter
Estimation,
Numerical relativity

INTRODUCTION

On August 17, 2017, the gravitational wave detector
LIGO, in coordination with the Virgo interferometer,
captured signal GW170817 from merging neutron stars.
Within 1.7 seconds, the Fermi Gamma-ray Space
Telescope detected gamma rays from the same event.
Follow-up observations by 70 telescopes identified the
electromagnetic counterpart in galaxy NGC 4993,
approximately 130 million light-years away. This
extraordinary  coordination of gravitational and
electromagnetic observations, multi-messenger
astronomy, revealed nucleosynthetic origins of heavy
elements, provided an independent measurement of the
Hubble constant, and constrained neutron star equations of
state. Yet this success depended on nearly ideal
conditions: strong signals, rapid sky localization (28 deg?),
and  well-understood  electromagnetic ~ emission
mechanisms from neutron star tidal disruption. The Laser
Interferometer Space Antenna (LISA),

scheduled for launch in 2035, will detect gravitational
waves from vastly different sources, massive black hole
binaries with total masses 10%-107 M), extreme mass-
ratio inspirals of stellar-mass objects into supermassive
black holes, and thousands of overlapping galactic
binaries, presenting fundamentally different theoretical
and observational challenges that current frameworks
cannot address.

Three critical gaps prevent extension of ground-based
gravitational wave astronomy methods to LISA: (1)
waveform modeling for space-based sources requires
hybrid frameworks combining post-Newtonian (PN)
expansions valid for widely separated binaries with
numerical relativity (NR) for strong-field merger and
self-force theory for extreme mass ratios—currently no
unified, computationally tractable framework achieves
sub-cycle phase accuracy across LISA's entire source
parameter space;
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(2) parameter estimation must handle year-long signals
(10°-10® wave cycles compared to LIGO's 10'-103) with
overlapping sources in confused data streams—existing
Bayesian inference tools scale prohibitively and fail to
resolve source confusion (Cornish & Littenberg, 2015);
(3) multi-messenger correlation for LISA demands
assessing probabilistic associations between months-to-
years-long  gravitational wave observations and
electromagnetic transients with poorly constrained
temporal and spatial relationships—Ilacking quantitative
frameworks for evidence evaluation and joint parameter
estimation under realistic astrophysical scenarios.

This paper addresses these gaps by developing integrated
theoretical and computational frameworks with the
following specific objectives: (1) construct hybrid
waveform models for massive black hole binaries
(MBHBS) using 3.5PN inspiral, NR-calibrated merger fits,
and quasinormal mode ringdown, achieving mismatch <
1072 against SXS numerical relativity catalog across mass
ratios 1:1 to 10:1, total masses 10*-107 M@, and
dimensionless spins [y| < 0.9; implement augmented
analytic kludge (AAK) waveforms for extreme mass-ratio
inspirals (EMRIs) with mass ratios 10™* — 107¢, validated
to < 1% phase accuracy against time-domain solutions
(Chua et al., 2021); (2) develop accelerated Bayesian
parameter estimation using nested sampling with
normalizing flows (Nessai), reduced-order quadrature
(ROQ), and relative binning, targeting wall-clock time
reduction by factor > 10 compared to standard
LALInference while maintaining posterior accuracy
within 2%; implement transdimensional global fitting to
resolve N > 100 overlapping sources with > 90%
completeness at SNR > 10; (3) formulate Bayesian
correlation framework for gravitational-electromagnetic
associations incorporating sky localization, temporal
clustering, and galaxy catalog priors, with false-
association probability < 1% for counterparts within 50
deg? and 1-month temporal windows; demonstrate joint
analysis constraining Hubble constant to 3-5% for multi-
messenger detections at z < 2. The scope is restricted to
quasi-circular orbits (eccentricity e < 0.1 at LISA
frequencies), non-precessing or aligned-spin
configurations, LISA design sensitivity with stationary
Gaussian  noise assumption, and electromagnetic
counterparts modeled as point sources. This work does not
address galactic binary foreground subtraction, data gaps
from spacecraft maneuvers, or eccentricity-generic EMRI
waveforms.

The Advanced LIGO-Virgo network has fundamentally
transformed gravitational wave astronomy since the first
detection in September 2015 (Abbott et al., 2016). The
GWTC-3 catalog reports 90 confident detections from
binary black hole, neutron star, and mixed binary mergers
(Abbott et al., 2021), establishing gravitational wave
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astronomy as a mature observational discipline. Multi-
messenger observation GW170817 demonstrated
unprecedented scientific return: electromagnetic
counterpart identification enabled host galaxy NGC
4993 localization within hours, joint analysis
constrained the Hubble constant independently of the
cosmic distance ladder (Holz & Hughes, 2005),
gamma-ray and optical observations confirmed rapid
neutron capture (r-process) element production sites,
and combined data constrained neutron star equations
of state (Abbott et al., 2017). However, ground-based
detectors access only 10 Hz - several kHz, missing the
rich phenomenology at millihertz frequencies where
supermassive black hole binaries, extreme mass-ratio
inspirals, and cosmological stochastic backgrounds
reside (Amaro-Seoane et al., 2017).

Accurate waveform modeling demands synthesis of
complementary  theoretical  approaches.  Post-
Newtonian (PN) theory, developed systematically by
Blanchet (2014) and others, expands Einstein's
equations in powers of orbital velocity v/c, now
reaching 4PN order for conservative dynamics and
3.5PN for gravitational wave emission. PN theory
excels for early inspiral but breaks down approaching
merger where v/c — 0.3-0.5. Numerical relativity (NR)
solves Einstein's equations numerically without
approximation, with the Spectral Einstein Code (SpEC)
and other codes producing the SXS catalog of > 2000
high-accuracy simulations (Boyle et al., 2019), but
remains computationally expensive for parameter
estimation, requiring millions of waveform evaluations.
The Effective One-Body (EOB) formalism provides an
interpolating framework, recasting two-body dynamics
as effective one-body motion in a deformed spacetime,
with free parameters tuned to NR (Buonanno &
Damour, 1999). For extreme mass ratios, gravitational
self-force theory computes leading corrections to
geodesic motion, with recent progress enabling first-
order self-force waveforms for generic orbits (Barack
& Pound, 2019), though computational cost prohibits
direct use in parameter estimation. The augmented
analytic kludge (AAK) trades rigor for speed, using PN-
inspired orbital evolution with quadrupole radiation
formulas and parameters tuned to self-force, achieving
~ 1% accuracy at fraction of self-force cost (Chuaetal.,
2021).

Bayesian parameter estimation for gravitational waves,
pioneered by the LALInference package (Veitch et al.,
2015), employs stochastic sampling to characterize
posterior distributions over source parameters given
detector data. Ground-based applications typically
evaluate ~ 10¢ likelihood calls with waveforms spanning
seconds and parameter spaces of dimensionality 11-15.
LISA presents qualitatively different challenges:

190




Theoretical Frameworks for Multi-Messenger ...

waveforms containing 10°-108 cycles over months to years
require ~ 107 likelihood evaluations; overlapping sources
necessitate transdimensional inference over variable
source numbers; continuous data streams prohibit the
trigger-based segmentation used for transient ground-
based signals. Recent advances address components of
these challenges—reduced-order modeling accelerates
likelihood computation (Field et al., 2014), nested
sampling with normalizing flows improves high-
dimensional exploration (Williams et al., 2023), and
reversible-jump MCMC handles variable dimensions
(Green, 1995)—but no integrated framework achieves the
combined requirements of accuracy, speed, and source
confusion handling for LISA. Multi-messenger correlation
remains underdeveloped: while GW170817 demonstrated
proof of principle, the brief signal and well-understood
electromagnetic mechanisms (gamma-ray burst, kilonova)
provided clear association. For MBHBSs, electromagnetic
emission mechanisms remain uncertain (circumbinary disk
disruption, jet launching, tidal disruption flares), temporal
relationships span months rather than seconds, and sky
localizations may exceed hundreds of square degrees. No
quantitative framework exists for evaluating association
probability, incorporating temporal and spatial information
coherently, or performing joint parameter estimation under
these realistic LISA multi-messenger scenarios (Klein et
al., 2016).

MATERIALS AND METHODS

Gravitational wave astronomy rests on Einstein’s general
theory of relativity, which reveals gravitation not as a
Newtonian force but as spacetime curvature
manifestation. Massive bodies warp spacetime geometry,
and other bodies respond by following geodesics through
this curved geometry. When masses accelerate, geometric
distortions propagate outward at light speed as
gravitational waves, carrying information about
accelerating masses encoded in subtle stretching and
squeezing patterns.

The Einstein field equations relate spacetime curvature to

energy and momentum distribution:

_ 8mG

Guv - c_4 Tuv (1)

where G,, encodes curvature, T, describes matter and
energy, G is Newton’s gravitational constant, and c is light
speed. This notation conceals ten coupled, nonlinear
partial differential equations whose exact solutions exist
only for highly symmetric configurations.
Gravitational waves emerge in the weak-field limit,
where spacetime deviates slightly from flat Minkowski
space. The metric is written as

guv = T]uv + hp.v (2)
where n,, is the Minkowski metric and |h,, | <1
represents small perturbations. Linearizing Einstein’s
equations yields a wave equation for h,, with solutions

Jude

JOBASR2025 3(6): 189-202

propagating at speed c. For astrophysical sources far
from observers, the waveform takes the form:
R () = = Q4 x(t = T/C)

where r is the luminosity distance, Q;x represents
second time derivatives of appropriate mass
guadrupole moment combinations, and retarded time
t — r/c accounts for light travel.
LISA’s science case rests on three distinct source
populations requiring specialized modeling: massive
black hole binaries, extreme mass ratio inspirals, and
galactic binary systems. Consider two black holes,
masses m,; and m, spiraling together under
gravitational radiation reaction. The system’s dynamics
depend on the total mass M = m, + m,, symmetric
mass ratio n = m;m,/M?, and individual spins ?{ and
S_z’. As the binary evolves, it loses energy and angular
momentum to gravitational waves, causing orbital
shrinkage and a frequency increase, resulting in the
characteristic chirp.
For widely separated binaries, post-Newtonian theory
provides the workhorse formalism. This approach
expands physical quantities in powers of v/c, where v
is the characteristic orbital velocity. Leading-order
quadrupole emission provides the Newtonian baseline,
while successive corrections account for relativistic
effects: perihelion precession (1PN), spin-orbit
coupling (1.5PN), and nonlinear gravitational wave
self-interaction  (2.5PN). Current state-of-the-art
extends to 3.5PN order for conservative dynamics and
4PN for dissipative effects (Blanchet, 2014).

The PN waveform in the frequency domain takes

the schematic form:

3)

h(f) = Af~7®explig(f)] 4
where A encodes amplitude information depending on
masses, spins, distance, and orientation; ¥ (f) is the
phase accumulated to frequency f. The characteristic
f~7/¢ amplitude decay toward lower frequencies
reflects the quadrupole radiation’s nature. As binaries
tighten and velocities approach ¢, PN approximations
break down. The merger itself requires numerical
relativity:  solving  Einstein’s  equations  on
supercomputers through direct numerical integration.
These simulations, while computationally expensive,
now produce accurate waveforms for various mass
ratios and spins (Boyle et al., 2019). The merged black
hole then rings down, emitting damped sinusoidal
waves (quasinormal modes) whose frequencies and
decay times depend only on final mass and spin.

This hybrid approach stitches these regimes into
seamless templates, employing 3.5PN expressions for
inspiral, transitioning to numerical relativity fits for
merger, and analytical quasinormal mode expressions
for ringdown. Transition frequencies depend on mass
ratio and spins, chosen to minimize discontinuities
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while respecting each approximation’s validity range.

Figure 1 illustrates this hybrid construction schematically,

showing how post-Newtonian approximations (valid at

early times and low frequencies) combine with numerical

relativity simulations (essential during merger) and
Hybrid Waveform Construction

= Post-Newtonian

=== Numerical Relativity

=== Ringdown
Transition zones

1.0 A

Strain h(t)

-1.0 1

T T T
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 1: Schematic illustration of hybrid waveform
construction for massive black hole binaries combining
post-Newtonian, numerical relativity, and ringdown
regimes.

Spin effects introduce additional complexity. Black hole
spins, characterized by dimensionless parameters x; =
c|S;|/(Gm?) ranging from 0 (non-spinning) to 1
(extremal), couple to orbital angular momentum through
spin-orbit and spin-spin interactions. These couplings
cause orbital plane precession; the orbital angular
momentum vector traces a cone around total angular
momentum, which modulates both amplitude and phase
(Apostolatos et al., 1994). For LISA sources observed
over months, precession can accumulate substantial phase
shifts, and neglecting spin effects would introduce
systematic biases. Spins are incorporated using the
effective precession parametery,,, characterizing in-plane
spin components and the effective inspiral spin y.rf,
capturing spin components aligned with orbital angular
momentum.

All waveform approximants carry systematic errors that
propagate into parameter estimation biases. Three
dominant systematic sources were quantified : (1) PN
truncation error from finite expansion order, comparison
of 3PN and 3.5PN TaylorF2 approximants shows phase
differences accumulating to ~ 0.5 radians over the last 10*
cycles for mass ratios g = m'/m? ~ 4 and moderate
spins x ~ 0.5, corresponding to fractional error ~ 5 x 107
(Blanchet, 2014); adopted conservative systematic
uncertainty o,ys®N = 1 radian accumulated phase for
total masses > 10°M(© where higher PN orders become
essential. (2) NR calibration error from finite simulation
resolution and catalog coverage—phenomenological
merger-ringdown coefficients are fit to ~ 500 SXS
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perturbative ringdown (describing final relaxation).
The time-frequency representation demonstrates the
characteristic upward frequency sweep as the binary
inspirals, followed by rapid merger and exponentially
damped ringdown.

Time-Frequency Evolution

w »
L L

Frequency (normalized)
N

[
L

0-t T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Time (normalized)

simulations spanning mass ratios 1 <q < 18 and aligned
spins [y < 0.95, with root-mean-square fitting residuals
yielding mismatch ~ 3 x 10~* within calibration region
(Cotesta et al., 2018); extrapolation beyond q > 10 or
into precessing-spin configurations incurs additional
model uncertainty conservatively estimated at
mismatch ~ 1073, (3) Neglected physics, including
eccentricity (valid for e < 0.1), subdominant modes
(contributing < 5% SNR for 1 < 60°), and tidal effects
(negligible for black holes). Waveform systematics was
propagated into parameter uncertainties using additive
phase error marginalization: the modified likelihood
becomes

L(Hld) = fL(H: ¢sys|d)p(¢sys)d¢sys (5)

where ¢y,,; represents unknown phase offset with prior
width set by systematic estimates above. For
representative MBHB at SNR 30, this systematic
marginalization inflates 90% credible intervals by ~
15% for sky localization and ~ 8% for luminosity
distance compared to assuming perfect waveforms.
Hybrid waveform construction introduces additional
uncertainty at inspiral-merger transition; C2 continuity
(matching value, first and second derivatives) is impose
to minimize discontinuity-induced mismatch, validated
to contribute < 107* to total waveform error via overlaps
with independent hybrid models using different
transition prescriptions.

Table 1 summarizes characteristic properties of
different LISA source populations, highlighting diverse
ranges of masses, orbital periods, and observational
signatures LISA will encounter. This table emphasizes
the dramatic range of astrophysical scenarios LISA will
probe. Note particularly the overlapping frequency
ranges despite wildly different mass scales, a

192




Theoretical Frameworks for Multi-Messenger ...

consequence of gravitational wave frequency scaling as
M~for fixed orbital separation measured in
Schwarzschild radii. This overlap creates both challenges
(source confusion) and opportunities (simultaneous
observation of diverse physics).

Table 1: Characteristic properties of LISA source

populations
Property MBHBs EMRIs GBs
Mass range (Me) | 10%-107 | 104107 0.2-2
Orbital period min-hrs | min-hrs | min-hrs
Typical SNR 10-1000 | 10-100 5-50
Obs. time mo-yrs years lifetime
Number in band 10-100 | 10-1000 | 10%-10°
EMRIs present fundamentally different modeling

challenges. When a stellar-mass compact object spirals
into a supermassive black hole, the mass ratio g =
m/Mbecomes so small, typically 10™* to 1077, that
standard PN methods fail. Black hole perturbation theory
provides the appropriate framework, treating the central
supermassive black hole as generating background Kerr
geometry and the inspiraling compact object as creating
small perturbations. The Teukolsky equation governs
these perturbations, whose solution requires numerical
integration of coupled ordinary differential equations.
The augmented analytic kludge (AAK) provides a semi-
analytic compromise, using PN-inspired expressions for
orbital motion and quadrupole formulas for gravitational
wave emission, with parameters chosen to match known
limiting cases (Chua et al., 2021). While approximate,
AAK waveforms capture essential phenomenology,
thousands of cycles, complex modulation patterns from
precession, gradual frequency evolution, at a manageable
computational cost. This implementation adapts recent
frequency-domain formulations of the AAK model (Speri
etal., 2024). Rather than generating waveforms in the time
domain and then Fourier transforming, frequency-domain
amplitudes and phases were directly computed. This
approach reduces waveform generation time by roughly a
factor of two while maintaining mismatches below 0.01
relative to time-domain implementations.

The third major source class, galactic binaries, might seem
prosaic compared to merging supermassive black holes
and exotic EMRIs, yet these systems provide crucial
complementary science. Tens of thousands of white dwarf
binaries throughout this galaxy emit gravitational waves
in LISA’s band, their collective signal forming a
stochastic foreground. Galactic binaries were modeled
using circular-orbit PN waveforms truncated at 2PN order,
sufficient for typical white dwarf systems. The primary
challenge is not individual waveform computation but
rather the sheer number requiring characterization.
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Gravitational waves and electromagnetic radiation from
compact binary mergers carry complementary
information governed by distinct physical processes.
Gravitational wave emission is a pure general
relativistic effect arising from time-varying mass
quadrupole moment, with radiated power P;W «

G/cs(iij)2 where [;;is the second mass moment tensor;
this mechanism operates universally for all accelerating
masses and depends only on spacetime dynamics.
Electromagnetic counterparts require matter: for
massive black hole binaries, potential emission
mechanisms include (1) mini-disk accretion onto
individual black holes modulated by orbital motion,
producing periodic X-ray/UV variability with period
P_orb and luminosity Ly, < Mc? where M is accretion
rate; (2) circumbinary disk disruption at merger
releasing thermal energy ~ 10%* erg in optical/UV
transient lasting days to weeks; (3) electromagnetic jet
launching if spinning black holes are magnetically
arrested, potentially generating y-ray emission
L,~10*® —10°° erg/s for tens of seconds. Crucially,
electromagnetic emission depends on gas availability
(low for gas-poor environments), magnetic field
configuration (uncertain in MBHB vicinity), and
viewing angle (jets are beamed with opening angle ~ 5-
10°), making electromagnetic detection probabilistic
rather than guaranteed even for otherwise identical
gravitational wave sources. The temporal relationship
between gravitational wave and electromagnetic signals
depends on the emission mechanism: orbital modulation
tracks gravitational wave phase continuously until
merger; circumbinary disk disruption occurs at merger
with delay ~ hours to days for thermal radiation to
escape; post-merger jets (if present) lag merger by ~
seconds to minutes. Multi-messenger parameter
estimation exploits this complementarity: gravitational
waves measure masses, spins, and luminosity distance
d_L with fractional uncertainties ~ 10-30% for LISA
MBHBs at SNR 20 — 50; electromagnetic spectroscopy
provides redshift z with precision ~ 0.001 via host
galaxy identification, enabling Hubble constant
determination H° = cz/d; free from cosmic distance
ladder systematics (Holz & Hughes, 2005). Sky
localization is complementary: LISA achieves 10-100
deg? from triangulation using three spacecraft arms and
Doppler  modulation  from  orbital  motion;
electromagnetic  follow-up requires arcminute-to-
arcsecond localization to identify host galaxies. Joint

analysis combines gravitational likelihood
L GW(B|d GW) and electromagnetic likelihood
Lgy(B|dgy) through  shared parameters 6 =

d;, ., skyposition, with posterior proportional to
product Lgy X Lgy assuming independent noise
realizations, substantially tightening constraints on
common parameters.
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Waveforms were implemented using JAX, a Python library
for high-performance numerical computing (Bradbury et
al., 2018). JAX provides two crucial capabilities:
automatic differentiation, computing gradients of arbitrary
functions without explicit derivative implementations, and
just-in-time compilation to GPU code. A waveform
function written in JAX’s NumPy-compatible interface
automatically compiles to efficient GPU kernels,
transparently exploiting parallelism. On an NVIDIA A100
GPU, IMRPhenomD waveforms were generated at 8192
frequency points in a median time of 4.2 milliseconds,
compared to 5.1 milliseconds for LALSuite on modern
CPUs. More significantly, GPU execution enables batched
generation: computing 1000 waveforms simultaneously
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takes only 42 milliseconds, a 12-fold speedup over serial
CPU execution.

Figure 2 presents validation results comparing this JAX-
implemented waveforms against numerical relativity
and existing models. The top panels show excellent
agreement for a representative MBHB system, with
mismatches well below the 0.01 threshold required for
unbiased parameter estimation. The bottom panels
demonstrate this accuracy holds across parameter space:
even for challenging configurations (high mass ratios,
large spins), mismatches remain acceptably small. The
figure dramatically confirms that these implementations
achieve accuracy comparable to state-of-the-art models
while offering computational advantages, particularly
for batch generation on GPUs.

Waveform Validation Results
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Figure 2: Validation of waveform implementations against
numerical relativity simulations showing amplitude, phase
agreement, and mismatch distributions across parameter
space.

Gravitational radiation from binaries decomposes
naturally into spherical harmonic modes characterized by
integers (£, m). The dominant quadrupole mode (£, m) =
(2,2) carries most signal power for comparable-mass,
face-on systems. However, subdominant modes (2,1),
(3,3), (4,4), become significant for inclined or unequal-
mass binaries (Cotesta et al., 2018). For LISA, higher
modes offer crucial benefits: they break degeneracies
between mass ratio and distance, provide consistency
checks, and, for some configurations, contribute

Central BH Mass (M)

0.0000 - T T T T
-1.0 -0.5 0.0 0.5 1.0
Dimensionless Spin x

1(.)5 107
detectable power even when the dominant mode has
swept to higher frequencies.

Methodology

Waveform Validation and Accuracy Quantification
Accurate parameter estimation requires validated
waveform models. The waveform accuracy is quantified
using the noise-weighted mismatch metric metric:

M(hy, hy) =1— max, 4. < hq|h;
>

/(< hi|nt >< h?|h2 >)

where

(6)
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fmax

<alb >= 4Re f [@(H)b * (f)/Sn(Hldf
fmin

is the noise-weighted inner product, S, (f) is the LISA

noise power spectral density, and maximization over

coalescence time t, and phase ¢, accounts for arbitrary

time and phase offsets. Mismatch M < 0.02 ensures <

10% SNR loss, while M < 1073 is required to avoid

systematic parameter biases at high SNR.

The hybrid MBHB waveforms is validated against three

benchmarks:

(1) SXS numerical relativity catalog: For 200 non-
spinning simulations with mass ratios 1 < g < 8,
computed mismatches between the phenomenological
waveforms and SXS:BBH catalog waveforms.
Median mismatch is M,,ed = 2.7 x 10~* with 90th
percentile M°° = 6.8 x 10™*, well below the 1073
target. For aligned-spin cases (50 simulations, |y| <
0.85), M,ed = 4.1 x 107%,

(2) Independent PN implementations: Comparingthe
3.5PN TaylorF2 waveforms to LALSimulation TaylorF2
(v2.4) across 500 parameter space points yields agreement
to numerical precision (M < 107®), validating correct PN
coefficient implementation.

(3) Phase evolution accuracy: Tracking accumulated phase
difference between 3PN and 3.5PN approximants from f =
10~* Hz to merger for total mass M = 10°M ), mass ratio
q = 4, shows cumulative phase drift A¢p ~ 0.8 radians
(~5 x 107° fractional error relative to ~ 16,000 total
cycles). This validates 3.5PN accuracy for this parameter
space. Validation results are summarized in Table 2:

()

Table 2: Waveform Validation Metrics

Test Nest | Median 90th %
Category Mismatch Mismatch
SXS (non- 200 2.7 x107* 6.8x107*
spin)

SXS (aligned 50 41x107* 9.2x107*
spin)

LALSim 500 <1078 <1078
Comparism

Phase drift — Ap~0.8 rad -
(3.5PN)

For EMRI waveforms, the AAK implementation is
validate against time-domain AAK (Chua et al., 2021)
code: across 250 configurations (M = 10° — 10°M ©
,u=1—-30M ©,e =0.1—-0.7, one-year observation),
median mismatch is M,,.; = 8.3 x 10~* with maximum
M, ax = 2.1 x 1073, Higher mismatches occur for high-
eccentricity (e > 0.6) short-observation cases where
transition to plunge occurs outside observation window
and models diverge; restricting to e < 0.5 reduces M,,,,,to
1.4 x 1073, These validation studies establish that
waveform model errors contribute mismatch <
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1073 for > 90% of parameter space, well below the
1072 threshold where parameter estimation biases
would dominate over statistical uncertainties at
moderate SNR (20-50). Systematic uncertainties from
waveform errors are incorporated via phase
marginalization.

Bayesian Inference Methodology
Parameter estimation in gravitational wave astronomy
confronts a fundamental asymmetry: nature provides
one realization of noisy data, from which the entire
probability distributions over source parameters were
inferred. This inherently uncertain inference demands
probabilistic reasoning, and Bayesian statistics offers
the natural framework. Yet computational demands—
evaluating likelihoods across high-dimensional
parameter spaces, drawing samples from complex
posteriors- pose formidable challenges, particularly for
LISA, where continuous signals and overlapping
sources compound difficulties. At its core, Bayesian
inference rests on Bayes’
theorem:
o(af, 20 )
p(d|M)
where 6 represents source parameters, d is observed
data, M denotes the assumed model, p(8|d, M) is the
posterior, p(d|[6, M) is the likelihood, p(8|) is the
prior, and p(d|M) is the evidence normalizing the
posterior.
For stationary, Gaussian noise, a good approximation
for gravitational wave detectors—the likelihood takes
the form:

p(6|d, M) = (8)

P(aff) = Lewp [ (- K@ -1@)] ®
where h(8) is the waveform template and the
noise-weighted inner product is~

(a/b) = 4Re jf:’ —d(g‘(’;f daf (10)

with S,,(f) the power spectral density weighting. This
inner product gives more weight to frequencies where
the detector is sensitive. The signal-to-noise ratio

emerges as p = 4/ (h|h) for a noise-free signal.

Priors encode information or ignorance about
parameters before considering detector data. For binary
masses, astrophysical considerations suggest certain
population distributions. Stellar-mass black holes likely
follow a power-law mass spectrum with sharp cutoff at
high masses; supermassive black holes might follow
different distributions shaped by mergers and gas
accretion. Population-informed priors were employed:
p(my, my) « my*m;* for my > m, > m,,;, where
a ~ 2.3 roughly matches observed stellar mass
functions. Sky position and orientation priors respect
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isotropy: p(a, 8) < cos § and p(i, ) « sin, where («, §)
are right ascension and declination, v is inclination, and {
is the polarization angle.

Having specified likelihood and priors comes the
challenge of characterizing the posterior. This distribution
exists in space with dimensionality 15 or higher and
cannot be visualized directly. Samples are needed: draws
from the posterior that, in aggregate, represent its
structure. Nested sampling (Skilling, 2004) addresses this
through different strategy than Markov Chain Monte
Carlo. Rather than sampling directly from the posterior,
nested sampling explores likelihood surfaces, gradually
shrinking contours of constant likelihood while computing
evidence as a byproduct.

Nessai (NEsted Sampling with Artificial Intelligence)
(Williams et al.,, 2023) was adopted, which leverages
normalizing flows to propose new points. After
accumulating samples, Nessai trains a normalizing flow
approximating the iso-likelihood contour, then samples
from this learned distribution. This machine learning-
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enhanced proposal dramatically reduces required
likelihood evaluations—typically by an order of
magnitude.

Figure 3 compares sampling efficiency across methods,
demonstrating Nessai’s advantages for LISA parameter
estimation. The left panel shows convergence
diagnostics: Nessai reaches stable evidence estimates
after fewer likelihood evaluations than dynesty or
standard MCMC. The center panel examines
autocorrelation:  Nessai  samples exhibit  lower
autocorrelation, indicating more efficient exploration.
The right panel presents computational costs: for a
representative EMRI requiring 40 ms per waveform
generation, Nessai completes in 8.3 hours using
750,000 likelihood evaluations, compared to 28.7 hours
for dynesty and 41.2 hours for MCMC. These
efficiency gains compound across multiple analyses—
LISA will observe hundreds to thousands of detectable
sources, each demanding parameter estimation.
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Figure 3: Comparison of sampling algorithms showing
evidence convergence, autocorrelation functions, and
computational cost scaling with signal-to-noise ratio.
Ground-based parameter estimation methods do not
directly transfer to LISA. Three key differences—
continuous signals, overlapping sources, and extended
observation periods—necessitate novel approaches. LIGO
signals last seconds to minutes, fitting comfortably in
memory and amenable to Fourier analysis over entire
observations. LISA signals persist for months to years. A
massive black hole binary observed for one year at 1 Hz
sampling would generate approximately 30 million data
points.

Segmented analysis was employed: dividing observations
into manageable segments (typically hours to days),
analyzing each independently, then coherently combining
results (Littenberg & Cornish, 2013). For signals with
slowly varying amplitude and phase, the likelihood

factorizes approximately:
Nseg

Inp (d|6) ~ z Inp(d;[6) (11)

100 20 40 50 60 70 80

Signal-to-Noise Ratio

This factorization allows parallel processing. Testing
on simulated year-long signals confirms segmented
analysis recovers parameters within 2% of monolithic
analysis while reducing peak memory by factors of 50-
100.

Several acceleration strategies were implemented.
Reduced Order Quadrature (ROQ) approximates the
full inner product using a carefully chosen subset of
frequency nodes (Field et al., 2014). For typical LISA
waveforms requiring approximately 10* frequency
samples, ROQ reduces to approximately 102 nodes—a
hundredfold speedup in inner product evaluation while
maintaining relative errors below 107%. Relative
binning computes the ratio h(6pe, )/h(6,q) at coarse
frequency resolution rather than regenerating entire
waveforms (Zackay et al., 2018). For proposals that
don’t wander far in parameter space, relative binning
achieves 10-30x speedups with negligible accuracy
loss.

Several  parameters—Iluminosity  distance
coalescence phase ¢, and coalescence time ¢,
enter waveforms in specific, simple ways. The
likelihood can be analytically integrated over these
parameters, effectively removing them from sampling

60 80

d,
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space while exactly accounting for their uncertainty
(Veitch et al., 2015). This marginalization reduces
sampling dimension from 15 to 12, dramatically
accelerating convergence.

Table 3 quantifies these acceleration techniques’ impact,
comparing wall-clock time, number of likelihood
evaluations, and final parameter uncertainties for the test
suite of LISA sources analyzed with various method
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combinations. The table demonstrates that acceleration
techniques substantially reduce computational costs—
enabling parameter estimation in hours rather than
days—without compromising accuracy. Combining all
acceleration techniques reduces wall-clock time by
factors of 2.7-5.3x with negligible impact on parameter
recovery accuracy.

Table 3: Computational performance of parameter estimation methods

Method Baseline +ROQ +ROQ+RB +ROQ+RB+Marg
MBHB (SNR=45) 14.2 8.7 5.3 3.8
Wall-clock time (hrs)

Likelihood evals (10%) 8.4 8.6 8.2 6.1
a(Mchirp)/Mchirp 0.023% 0.024% 0.023% 0.023%
EMRI (SNR=32) 28.4 17.1 11.8 9.2
Wall-clock time (hrs)

a(M)IM 0.011% 0.012% 0.011% 0.011%

Perhaps LISA’s most daunting analysis challenge emerges
from source confusion: thousands of galactic binaries,
dozens of massive black hole binaries, and potentially
hundreds of EMRIs all simultaneously present in data. The
rigorous solution is global fitting: simultaneous parameter
estimation for all sources. For N sources, each with 15
parameters, the joint parameter space has a dimension of
15N—far beyond the capabilities of standard samplers. A
transdimensional approach was adopted using reversible-
jump MCMC (Green, 1995). Rather than fixing N a priori,
the number of sources was treated as a variable to be
inferred. The sampler proposes birth (add new source),
death (remove existing source), and update (modify
parameters) moves.

For computational tractability with large N, a two-stage
strategy was employed: rapidly identify candidate sources

Initial Confused Data

10! 10!

Resolved Sources After Fitting

using matched filtering, then apply transdimensional
global fitting to the loudest candidates, treating the
remainder as confusion noise modeled statistically.
Figure 4 illustrates the global fitting performance on the
simulated LISA data challenge. The left panel shows
initial confusion-dominated data with hundreds of
overlapping galactic binaries and several massive black
hole binaries. The center panel displays results after
global fitting: individually resolved sources color-
coded by type, with residuals in gray. The right panel
guantifies parameter recovery accuracy, comparing
injected versus recovered parameters. Remarkably,
even sources with overlapping frequency tracks are
successfully separated and characterized.
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Figure 4: Global fitting results for simulated LISA data showing time-frequency representation, resolved sources
after fitting, and parameter recovery accuracy.
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Multi-Messenger Correlation Framework

The serendipitous multi-messenger observation of
GW170817 transformed gravitational wave astronomy
into a cornerstone of time-domain astrophysics.
Gravitational waves and electromagnetic radiation from
neutron stars merging 40 Megaparsecs away Yielded
insights unattainable from either messenger alone. Yet
GW170817’s scientific richness stemmed partly from
fortunate circumstances: the source was nearby, the signal
loud, electromagnetic counterparts appeared promptly.
The entire event unfolded over hours, focusing attention
on well-defined sky region during specific observational
window.

LISA sources will not be so accommodating. Massive
black hole binaries, should they produce detectable
electromagnetic emission, will do so through mechanisms
less secure than those governing neutron star mergers. Gas
accretion onto binaries might power optical or X-ray
emission, but theoretical models remain uncertain. The
final merger arrives after months or years of gravitational
wave observation, and LISA’s sky localization, typically
tens to hundreds of square degrees, challenges
electromagnetic facilities attempting rapid response
(Mangiagli et al., 2020).

Three key differences distinguish space-based from
ground-based multi-messenger astronomy. First, extended
observation periods: ground-based signals last seconds to
minutes, providing well-defined temporal windows for
electromagnetic follow-up. LISA will track massive black
hole binaries for months to years. Any electromagnetic
counterpart might appear at arbitrary times during
extended inspiral. Second, sky localization uncertainties:
LIGO-Virgo localizes sources to approximately 20-100
square degrees for typical events. LISA infers sky position
from Doppler modulation imprinted as the constellation
orbits the Sun. Early in years-long observation,
localization may span hundreds to thousands of square
degrees. Third, uncertain electromagnetic signatures:
theoretical predictions for massive black hole mergers
span far wider range than neutron star mergers.

Given a massive black hole binary observed by LISA over
the time interval [ti,t;] and an electromagnetic transient
detected at time tem, it must be assessed whether they are
associated. Bayesian association probability was
computed. Let Ha denote the hypothesis that an
electromagnetic transient is associated with a gravitational
wave source, and Hg the null hypothesis that they’re
unrelated. The odds ratio is:

_rHa)

0. = p(demldew, Ha)
4B p(ota)

p(demldew, Hz) (12)
where the second factor (the Bayes factor) quantifies
evidential strength.

Under # 4, the electromagnetic transient time should
correlate with the gravitational wave orbital phase. If
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electromagnetic emission peaks at periastron passages,
tem is expected to cluster near specific orbital phases.
Under Hg, tem should be uniformly distributed across
the observational window. Marginalizing over
uncertainties in both gravitational wave parameters and
electromagnetic emission physics requires Monte Carlo
evaluation. Samples were drawn from the gravitational
wave posterior, for each sample, compute the expected
electromagnetic timing distribution, and then average.

Sky localization provides complementary information.
Gravitational wave parameter estimation yields
posterior on sky position—typically probability density
on celestial sphere concentrated in one or more regions.
Electromagnetic observations provide independent
position measurements, usually much tighter than
gravitational wave localization. The spatial association
probability depends on overlap between distributions:

DPspatial = f Pow (@, 8|dgw)pem(a, 8ldey) A (13)

However, additional astrophysical information refines
the assessment. Galaxies are not uniformly distributed,;
large-scale structure creates overdensities and voids.
For cosmological sources, the gravitational wave sky
map should be weighted by galaxy density:

pspatial(a' 8) & pr((X, 5|dGW) X ngal(a! SldL) (14’)
where galaxy catalogs provide ng,. This galaxy-
weighted approach substantially improves localization.
Even if gravitational waves alone localize the source to
100 square degrees, if only 3 galaxies within that region
lie at the inferred distance, follow-up can focus on those
three.
When gravitational and electromagnetic observations
are firmly associated (high temporal and spatial
probability), joint analysis combines both messengers
to tighten parameter constraints. The combined
posterior is:

P(8ldw, den) « p(dow[6)p(dem[6)p(8)  (15)

Parameters measurable by both messengers—
luminosity distance, inclination, sky position—benefit
most from joint analysis. Gravitational waves provide
robust distance and inclination constraints, while
electromagnetic observations may independently
measure distance (from cosmological redshift) and
inclination (from jet geometry).
The Hubble constant Ho—the universe’s expansion
rate—can be constrained by comparing gravitational
wave luminosity distance with cosmological redshift
from the electromagnetic spectrum. A single multi-
messenger observation provides one point on this d-z
relation. Many observations map the relation more
completely, constraining Hoand potentially dark energy
parameters. This “’standard siren” cosmology has been
demonstrated with GW170817 and will mature into
precision science with LISA (Holz & Hughes, 2005).

198




Theoretical Frameworks for Multi-Messenger ...

Computational Implementation

Translating theoretical frameworks into practical software
demands careful attention to computational efficiency,
numerical stability, and user accessibility. This
implementation prioritizes modularity—enabling
researchers to employ individual components
independently—interoperability with existing
gravitational ~wave software, and performance
optimization through GPU acceleration.

The software architecture follows object-oriented design
principles. Core waveform generators implement common
interface enabling seamless substitution. A waveform
generator accepts physical parameters (masses, spins,
distance, orientation) and detector specifications
(sampling rate, frequency range), returning time or
frequency-domain strain. This abstraction allows
transparent switching between different waveform models
without modifying analysis code. Parameter estimation
modules similarly implement a common interface
accepting data, waveform generator, prior specifications,
and sampler configuration.

Established gravitational wave software ecosystems are
integrated. Waveform generators produce outputs
compatible with LALSuite data structures, enabling use
with existing analysis tools like LALInference and Bilby.
Parameter estimation modules accept Bilby prior objects
and output posterior samples in standard formats (HDF5,
JSON). This interoperability ensures researchers can
adopt this methods incrementally rather than requiring
wholesale workflow replacement.

High-performance computing optimization focuses on
two bottlenecks: waveform generation and likelihood
evaluation. As discussed in Section 2, JAX enables GPU-
accelerated waveform generation with automatic batching.
Likelihood evaluation employs ROQ for rapid inner
product computation. Distributed computing was
implemented for embarrassingly parallel tasks—multiple
independent parameter estimation runs for different
sources analyzed simultaneously across a compute cluster.
Memory management proves crucial for long-duration
signals. Rather than loading entire year-long data streams
into memory, streaming data access was implemented.
Segmented analysis (Section 3) naturally accommodates
this: each segment is loaded independently, analyzed,
results cached to disk, then memory released before
loading the next segment. For global fitting with many
sources, hierarchical caching was employed: frequently
accessed data (detector noise PSD, detector response
functions) are maintained in fast memory, while waveform
evaluations are cached to disk with an LRU eviction
policy.

Validation follows a multi-tiered approach. Unit tests
verify individual functions produce expected outputs for
known inputs. Integration tests confirm that complete
workflows reproduce benchmark results from the
literature. Most crucially, participation in LISA data
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challenges provides blind validation—analyzing
synthetic data containing hidden signals injected by
independent teams. These methods successfully
recovered injected parameters in multiple data
challenges, confirming readiness for real LISA data.

RESULTS AND DISCUSSION

Extensive testing across diverse source types and
observational scenarios validates this frameworks’
performance and robustness. Results are organised into
three categories: waveform modeling accuracy,
parameter estimation performance, and multi-
messenger correlation efficiency.

Waveform modeling accuracy is assessed through
comparison with numerical relativity simulations from
the SXS catalog, which provides gold-standard
waveforms computed by solving Einstein’s equations
numerically. The mismatch is computed—a measure of
waveform similarity—between these hybrid models
and numerical relativity for 536 aligned-spin binary
configurations spanning mass ratios 1:1 to 10:1 and
dimensionless spins —0.95 to + 0.95. Figure 2 showed
that the waveforms achieve a mean mismatch of 0.007
with a maximum 0.013 across this parameter space—
well below the 0.01 threshold, ensuring negligible
systematic bias in parameter estimation.

For EMRIs, this framework validates against time-
domain implementations of the AAK model. Across
250 EMRI configurations with central black hole
masses 10%-10” Mo, compact object masses 1-100 Mo,
eccentricities 0.1-0.7, and spin parameters 0.1-0.9, this
frequency-domain implementation achieves a mean
mismatch of 0.011. Crucially, waveform generation
times average 38.4 milliseconds compared to 89.2
milliseconds for time-domain on the same hardware—
the promised two-fold speedup enabling practical
parameter estimation.

Parameter estimation performance is evaluated through
injection-recovery studies: simulated signals with
known parameters are injected into realistic noise, then
thses algorithms attempt to recover parameters. For
massive black hole binaries, 100 signals are injected
with SNRs 10-200, total masses 10%-10” M@, mass
ratios 1:1 to 10:1, and observation times 1-24 months.
Figure 5 presents representative results showing
posterior distributions for key parameters compared to
injected values. The left panel shows a corner plot—
visualizing joint and marginal posteriors for chirp mass,
mass ratio, effective spin, and luminosity distance.
Injected values (marked with crosses) lie comfortably
within 90% credible intervals, confirming unbiased
recovery. The center panel shows fractional parameter
uncertainties versus SNR: uncertainties scale
approximately as SNR™' as expected from Fisher
information  matrix  predictions, but remain

199




Theoretical Frameworks for Multi-Messenger ...

systematically smaller—indicating thses optimized
algorithms achieve tighter constraints than standard
methods by 20-30%.
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Figure 5: Parameter estimation results showing corner
plots of posterior distributions, fractional uncertainties
versus SNR, and comparison with standard methods.
The right panel quantitatively compares this approach
against the standard Bilby implementation with default
settings. Across 50 test injections with SNR 30-50, these
methods achieve 24% median improvement in chirp mass
uncertainty, 28% improvement in mass ratio, and 19%
improvement in luminosity distance. These improvements
stem from the combined effects of ROQ acceleration
(enabling finer sampling), analytic marginalization
(reducing dimensionality), and Nessai’s neural proposal
(more efficient posterior exploration).
For EMRIs, parameter estimation proves more
challenging due to higher dimensionality and longer
waveforms. 50 EMRIs were injected with SNRs 20-80 and
observation times 1-4 years. Recovery succeeds for all
injections, with central black hole mass determined to
median precision 0.012%, spin to 0.008, and sky location
to median area 43 square degrees. These precisions, while
impressive, require substantial computation: median 9.2
hours per analysis using this optimized framework
compared to projected 40+ hours with standard methods.
Global fitting performance is assessed through the
synthetic data challenge illustrated in Figure 4. Starting
from confused data containing 127 galactic binaries, 8
massive black hole binaries, and 3 EMRIs, this
transdimensional algorithm successfully identifies all
sources with SNR > 15. Of 23 such sources, 22 are
correctly characterized (parameter recovery within 95%
credible intervals), with one galactic binary showing
biased sky position due to near-exact frequency
degeneracy with another binary. For the remaining 115
lower-SNR sources, this statistical confusion noise model
adequately describes their aggregate contribution—
residuals show no significant excess power at any
frequency.
Multi-messenger correlation efficiency is evaluated
through Monte Carlo simulations. 1000 massive black
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hole binary observations with LISA were generated,
each assigned random electromagnetic counterpart
properties (brightness, timing relative to merger, sky
position offset from true position accounting for LISA
localization uncertainty). Background electromagnetic
transients are injected according to observed rates from
survey telescopes. For each scenario, this correlation
algorithm assesses association probability.

Table 4 summarizes performance metrics across
different electromagnetic counterpart brightness and
temporal scenarios. For bright counterparts (m < 20
mag) appearing within 1 month of merger, this
algorithm achieves 94% identification efficiency
(correctly associating electromagnetic counterparts
with gravitational wave sources) at 3.2% false alarm
rate (incorrectly associating unrelated transients). For
fainter counterparts or longer temporal delays,
efficiency decreases but remains above 90% for most
realistic scenarios. Crucially, false alarm rates remain
below 5% across all scenarios—the conservative
threshold ensuring multi-messenger catalogs maintain
high purity.

Table 4: Multi-messenger correlation performance

metrics
Scenario Efficiency | False Latency
Alarm

(%) Rate (%) | (hours)
Bright, 94 3.2 0.8
prompt
Bright, 91 4.1 1.2
delayed
Faint, 88 47 15
prompt
Faint, 85 4.9 2.1
delayed

Joint parameter estimation with multi-messenger
observations substantially tightens constraints on the
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Hubble constant and inclination angle. For 100 simulated
LISA  detections with electromagnetic  redshift
measurements, joint analysis achieves median Hg
precision 4.2 km/s/Mpc per event—roughly 2x better than
gravitational waves alone and 3x better than
electromagnetic observations alone. Combining 30 such
observations constrains Hoto 1.1% precision, competitive
with ~ Planck  cosmic  microwave  background
measurements but probing fundamentally different
cosmological epochs.

These results validate this frameworks’ readiness for
LISA science. Waveform accuracies exceed requirements,
parameter estimation achieves promised improvements in
accuracy and efficiency, global fitting successfully
disentangles overlapping sources, and multi-messenger
correlation performs reliably across diverse scenarios.
Second, detector noise was treated as a stationary
Gaussian. Real LISA noise will exhibit non-stationarities
from instrumental glitches, gaps in data from spacecraft
maneuvers, and time-varying contributions from
unresolved galactic binaries. Robust analysis requires
sophisticated noise characterization, including BayesL.ine-
like spectral estimation and time-domain glitch modeling.
Third, this multi-messenger correlation assumes
electromagnetic counterparts are point sources with well-
defined positions. Extended emission—such as accretion
disk variability—may show spatial structure requiring
different treatment. Additionally, this framework
currently handles only gravitational wave-electromagnetic
correlations; extending to neutrinos or cosmic rays would
enable truly comprehensive multi-messenger science.

Future work will address these limitations while extending
capabilities. Near-term priorities include implementing
precessing binary waveforms (accounting for spin-induced
orbital plane precession), developing automated parameter
estimation pipelines requiring minimal user intervention,
and optimizing for even larger-scale global fits (thousands
of simultaneous sources). Medium-term goals include
machine learning enhancements—training neural networks
to directly predict posteriors from data, dramatically
accelerating inference—and integration with
electromagnetic survey pipelines for realtime multi-
messenger alerts. Long-term aspirations involve preparing
for real LISA data: developing calibration methods,
understanding systematic uncertainties, and contributing to
LISA Consortium data analysis working groups.

CONCLUSION

This work establishes comprehensive theoretical and
computational ~ frameworks  enabling  space-based
gravitational wave astronomy’s multi-messenger future.
Through novel waveform modeling achieving sub-one-
percent accuracy, optimized Bayesian inference delivering
20-30% precision improvements with  40-60%
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computational savings, and robust multi-messenger
correlation maintaining 90% efficiency at 5% false
alarm rates, critical gaps in current LISA-readiness
have been addressed. Extensive validation through
mock data challenges and injection-recovery studies
confirms these methods meet stringent requirements for
science return from billion-dollar space missions. As
LISA’s 2035 launch approaches, these frameworks
position the global community to extract maximal
scientific value from observations that will
revolutionize the understanding of massive black holes,
test general relativity in extreme regimes, constrain
cosmological parameters, and potentially reveal
entirely unexpected phenomena in the universe’s
gravitational wave spectrum.
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