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LISA Global Fit
And why we do it?
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Figure 2.2: Illustration of the primary LISA source classes in the gravitational wave (GW) frequency-amplitude plane.
Included are merging massive Black Hole binaries (MBHBs) and an extreme mass-ratio inspiral (EMRI) at moderate
redshift; stellar-mass Black Holes (sBHs), including potential multiband sources, at low redshift; and Galactic binaries
(GBs), including verification binaries (VBs), in the Milky Way. Chapter 3 presents each of these sources and their
science opportunities in detail. Solid teal, solid blue and dashed black lines denote sensitivity limits from instrumental
noise alone, the unresolved GW foreground, and their sum, respectively. The displacement of the cloud of resolvable
sources above the noise is due to the detection threshold being set to signal-to-noise ratio (SNR)=7. The grey shaded
area is the extrapolation of LISA’s instrumental noise below 0.1mHz. All quantities are expressed as Strain Amplitude
Spectral Densities (ASDs) in order to facilitate a unified plot. For deterministic signals, the ASD is not formally
defined but can be approximated as Af

p
f where Af is the Fourier amplitude and f is the Fourier frequency.

Spectral Densities

Spectral densities, which describe the distribution of signal energy as a function of frequency,
are a useful tool for expressing LISA’s instrument performance. Formally, the Power Spectral
Density is defined as the Fourier transform of the autocorrelation function. For a stochastic
signal x (t ) with units [·], the Power Spectral Density (PSD) gives the expectation value for
the variance of the Fourier transform, Sx (f ) / |hx̃ (f )i |

2 and has units [·]
2
/Hz. The PSD

is useful as it allows the strength of a potential GW signal to be compared to instrument
noise only over the relevant portion of the measurement band. In most of this document, the
Amplitude Spectral Density (ASD),

p
Sx (f ), with units [·]/

p
Hz, is used.

As with electromagnetic radiation, different science opportunities reside in different bands of the
gravitational wave spectrum but require distinct approaches to realise sufficiently sensitive instruments.
Figure 2.1 presents a schematic representation of the GW spectrum, spanning more than ten decades
in frequency. The millihertz frequency band targeted by LISA sits between the higher frequencies
covered by ground-based detectors and the lower frequencies observed by pulsar timing arrays.
LISA’s measurement band is expected to have a rich and diverse population of astrophysical –
and potentially cosmological – sources, and thus provides an extremely broad science case for GW
astronomy. Figure 2.2 provides an illustration of a selection of LISA sources in the GW frequency

Page 18/154

ESA UNCLASSIFIED - Releasable to the Public LISA Definition Study Report - ESA-SCI-DIR-RP-002

optimisations.
Because the sources overlap both in time and in frequency, the search step must operate as a “global
fit”, simultaneously solving for the joint distribution of parameters for every source present in the data
(see Section 8.3.2). From this joint distribution it will be possible to construct marginal distributions
for individual events, and hence reconstruct the source waveforms, with uncertainties, accounting for
confusion with other sources (see Section 8.4). It will also be possible to compute the correlation
between pairs of events and to construct a distribution for the total signal component of the data
and the residual after subtracting this total signal component. This residual will be valuable when
searching for unknown sources.

8.3.1 Waveforms: current status and prospective

Figure 8.3: Shapes of the waveforms corresponding to the
GW emission of (from top to bottom): Massive BH binary
mergers; Extreme-mass-ratio inspirals; a single Galactic
binary; a typical stochastic process; and a cosmic string
cusp.

The accuracy of the waveform model that links
source parameters to observed data directly lim-
its the precision of LISA’s source reconstruction.
Waveform models are on a development path to
reach the accuracy needed to control the system-
atic errors. Methods already exist to fold uncer-
tainties into source reconstruction [311]. Most
GW sources in the LISA data are expected to be
compact objects in a binary configuration. When
isolated, and far from coalescence, such systems
are characterised by a set of 17 physical param-
eters. These are the masses and (3D) angular
momenta of the two binary components, the ec-
centricity and inclination of the orbit of the binary
and parameters characterising the sky location,
distance and orientation of the system relative to
the Solar System. For Galactic binary sources,
the model can be simplified as the signals will
be approximately monochromatic, with perhaps
one and at most two frequency derivatives de-
tectable, the effect of the spins being too small
to be detected. For some systems there could be
additional effects due to the environment, such

as tidal effects, magnetic effects and planets around Galactic binaries or accretion disc effects in
extreme mass-ratio inspirals (EMRIs). Models including such effects will have additional parameters.
Stochastic backgrounds, another type of sources, are characterised by a variable number of parameters
that describe the overall amplitude, and spectral shape.
Typical GW signals that we expect to find in the LISA data stream are illustrated in Figure 8.3.
Waveform modelling for LISA has a strong foundation in the development of such models for ground-
based observations, which has been used to detect GWs from binaries and to infer their properties
since 2015. Three main methods are used to compute waveforms from first principles, covering
different parts of the parameter space (see Figure 8.4).
Numerical Relativity (NR) solves the field equations directly, building on the 2005 breakthrough [62,
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LISA Global Fit
And why we do it?

‣ Correlations between sources become important for that many signals


‣ Computational reasons: sequential fits are inefficient 


‣ Grid searches are almost impossible


‣ Imperfect source subtraction yields imperfect residuals 


‣ Uncertainties propagation


‣ Not fixed dimensions! Also see talk by R. Buscicchio
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Erebor
An efficient GPU-accelerated multi-source global fit pipeline for LISA data analysis

[arXiv:2405.04690] Katz, NK, Korsakova, Gair, Stergioulas
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Erebor
An efficient GPU-accelerated multi-source global fit pipeline for LISA data analysis

‣ Accomplished LDC2A analysis


‣ Publicly available code given in Data/Code availability statement in paper.


‣ Published output catalogs readable by lisacattools (all datasets)


‣ Clean up code, document, tutorials, full open-source code.

[arXiv:2405.04690] Katz, NK, Korsakova, Gair, Stergioulas
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Main differences of Erebor
compared to efforts so far

‣ GPUs ( ~5x cost improvement [?] )


‣ Ensemble sampling


‣ Online Reversible Jump Proposal updates. 
[GMM on past samples]


‣ Single-source MCMC used for Reversible 
Jump proposal distribution.


‣ No time build up yet, directly run on the full 
year-long data.

Pass for marginalization

MCMC Ensemble

Noise

MBHB

Galaxy
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Some results [General overview]



Karnesis, LISA Cosmology WG Workshop, Porto 2024

Some results [DWDs]
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Some results [DWDs]
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Some results [DWDs]
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Some results 
[MBHBs]
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Some results [Confusion]
<latexit sha1_base64="5pwZU8JATuQVlnht01MN3FISyb8="></latexit>
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Discussion on the stochastic part
Lessons learned and future work

‣ The purpose of this work was to focus on the transient and 
monochromatic source separation problem.  
 
[which is the first one to solve]


‣ Enhancements, improvements, and updates will follow.

Disclaimer
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Discussion on the stochastic part
Lessons learned and future work

‣ Analytic model: Simple two-parameter model, 
fitted separately for the two channels.


‣ Limited spectral shape flexibility.


‣ The different parameters for the two channels.


‣ No time dependence.  
[OK though, for this particular dataset]


‣ Some minor “features” are being treated now, 
updated results to be released.

A. The instrumental noise
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Discussion on the stochastic part
Lessons learned and future work

‣ Analytic model: While flexible enough for the “bump”, not suitable for data with other features. 
For example we could follow [Phys. Rev. D 107, 063004, 2023] by Littenberg, Cornish. 
 
 
 
 
 
 
 

‣ The same model was used for both channels.


‣ No time-variability assumed.


‣ Due to correlations, other stochastic signals searches might need to enter the loop.

B. The astrophysical confusion noise
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Figure 4. Results for power spectra modelling with a shape agnostic model. (a) The simulated data (gray), generated from the theoretical model (dashed black
line). The PSD computed on an equally-spaced logarithmic grid with the method of (Tröbs & Heinzel 2006; Armano et al. 2018), which is used for inference, is
represented with the red data points. The pink solid lines represent models drawn randomly from the posterior chains. (b) The optimal B-spline knots estimated
by the dynamical parameter estimation procedure. As shown from this histogram, the optimal interior knot count for this data converges to six, corresponding
to eight total knots including the two edge knots. (c) Posterior slice for the knot parameters, (log 5 9,: , log ( 9,: ) , after stacking the MCMC chains across all
model dimensions, :. This illustrates where the model prefers to place spline knots, which clearly corresponds to where the spectral density is changing most
rapidly. It is also evident from this figure that we essentially “scan” the true noise shape (pink solid line), by placing knots across the frequency range (see text
for more details).

with 10 walkers each, while maintaining the same settings for the
adaptivity of the temperatures as in section 3.3.1. Each walker is
initialized at a random point on the parameter space, after drawing
the dimensionality : of the model from : ⇠ U[1, 20]. We adopt a
Gaussian likelihood, with its logarithm written as
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where ⇡8 is the PSD data value for the given frequency 58 , as com-
puted by the method presented in (Tröbs & Heinzel 2006; Armano
et al. 2018), using =8 averaged segments. The N

8,:
( Æ\

:
) is the spline

noise model of order : evaluated at 58 , that depends on a parameter
set
Æ\
:
= {log 51,: , · · · , log 5

:,:
, log (0, · · · , log (

:,:
, log (

:+1}, (36)

in which the log (0 and log (
:+1 parameters refer to the logarithm

of the PSD amplitude of the two fixed knots at the “edges” of the
spectrum. Those two parameters correspond to our zeroth model
order (: = 0), thus they are always being explored by the walkers of
Eryn.

The results are shown in figure 4. In particular, in figure 4b we show
the histogram of the recovered number of knots for the particular
data-set. It is clear that 8 spline knots are preferred, two of them
being fixed at the edges of the spectrum, and the other six knots free
to take any position in the given frequency range. In figure 4c we
show the 2D sliced posteriors for the spline parameters, {log (

9 ,:
}

and {log 5
9 ,:

}. In this figure, we again stack all the MCMC samples
across model orders. The true spectrum is indicated by the orange
solid line. There is an interesting outcome of this toy investigation;
while there is a preferable dimensionality of the model, there is a
weak constraint on the actual positions of the knots. We find that
the sampler is virtually “scanning” the PSD data, showing slightly
higher preference for locations between �6 and �4 in log-frequency,
where the spectrum follows a more complicated shape. Finally, in
figure 4a, the data (gray solid line and red data points), is shown
together with model evaluations drawn from the posterior samples
(pink solid lines).

4 EXAMPLES FROM GRAVITATIONAL WAVE
ASTRONOMY

In recent years, we have witnessed the beginning of Gravitational
Wave Astronomy. Since the first detection (Abbott et al. 2016) dozens
of waveform signatures have been measured with the current network
of observatories. At the time of the writing of this paper, more than
90 events have been recorded (Abbott et al. 2021a), the vast ma-
jority of them are black hole (BH) binary mergers, with a few of
them being binary neutron star (NS) and BH-NS mergers. At the
same time, detector networks are being improved (The LIGO Sci-
entific Collaboration 2019; Abbott et al. 2020) and there are plans
to expand them with the addition of new observatories, such as the
Einstein Telescope (Maggiore et al. 2020; Punturo et al. 2010) or
Cosmic Explorer (Evans et al. 2021; Abbott et al. 2017). Those
detectors will unlock the sky to larger redshifts I, allowing access
to a vast number of potential sources. In addition, space missions,
such as LISA (Amaro-Seoane et al. 2017, 2012), are predicted to be
signal-dominated observatories, with many types of sources populat-
ing their data streams. In fact, we expect that source confusion will be
one of the primary challenges in future data analysis efforts in gravi-
tational wave astronomy. In a typical data-set, we expect an unknown
number of signals, originating from sources that generate waveforms
with different characteristics. Those range from the stellar-mass BH
binaries now frequently observed by ground-basd detectors, to the
supermassive BH binaries, extreme mass ratio inspirals, ultra com-
pact Galactic binaries (UCB), and stochastic GW signals from both
astrophysical and possibly cosmological origin (Amaro-Seoane et al.
2017, 2012; Auclair et al. 2023). For this final example, we will focus
on the LISA mission, and in particular on the case of discriminating
UCB signals.

4.1 Application to LISA data and the Ultra Compact Galactic
Binaries

LISA is going to measure GW signals in the mHz regime, accessing
sources of all the aforementioned types. As already discussed, the

MNRAS 000, 1–17 (2023)
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Discussion on the stochastic part
Lessons learned and future work
‣ Collaborative project: that involves (in random order) Pieroni, Muratore, Hartwig, Baghi, NK, 

Bayle, Caprini, Nardini, Dam Quang, Santini, Pozzoli, Buscicchio, […].


‣ Increase realism, take advantage of orbits, transfer functions, time variations, flexible models […] 

See talk by F. Pozzoli Also see talk by R. Buscicchio
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Summary & a step forward:

‣ Another block can be added in the blocked Gibbs loop!


‣ For example add searches of spectral shape-agnostic models.


‣ Or use global fit residuals for a hierarchical analysis [was discussed already here].


‣ Add time dependence: use orbits, or fit for it, make use of transfer functions […].


‣ Concerning the Erebor effort we need to add more source-blocks, improve 
existing modules, clean-up code and write examples.


‣ Again: code is intended to be public.

LISA global fitting stochastic signals

See talk by F. Pozzoli See talk by H. Inchauspè See talk by L. Speri See talk by J. Kume
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Extras
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Some results [DWDs]

Strub+

Littenberg+ To be updated 
with improved version!

This work


