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The gravitational waves in a nutshell

What is a gravitational wave ? 
Elastic deformation of space-time metric 
Observable as a fluctuation of the distance 
between inertial masses 

A new window on the Universe  
Observing the General Relativity in action ! 
Unique knowledge on compact objects and 
fondamental physics 
Detectable at large distances
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Orders of magnitude

The gravitational waves in 3 equations 
Gravitational system compact 

GW Amplitude 
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GW astronomy has begun ! 

Credit: NASA Goddard Space Flight Center
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LISA a new class of instrument
LISA = giant spaceborne interferometer 

3 arms, 2.5 Mkm long  
~7 x Earth - Moon distance 

2 inertial masses per spacecraft  
Drag-free system to compensate the solar 
pressure (and other disturbances) 

Metrology noise  ≤10 pm/√Hz à 10 mHz 
⇒ Sensitivity of ~1 pm/Mkm (10-21)  



Hubert Halloin - The LISA mission  - SF2A - 06 June 2024 6

LISA Sensitivity

Test-mass  
Force Noise

Sensing 
Noise

Arm-length 

Penalty
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Formation and evolution of compact binaries 
in our Galaxy

White dwarfs, Neutron stars and stellar 
black holes 

Estimated population : ~107 
Galactic foreground 
~104 individually detectable 
A few 10s verification binaries 

➡ Formation and 
evolution of 
compact 
binaries 

➡ Mass 
distribution 
within the 
Galaxy

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

severe selection effects with the distance hamper our ability to map the Milky Way at low Galactic
latitudes and large distances (e. g. Galactic centre and beyond). By measuring the amplitude of a
GW, which scales as 1/dL , LISA is sensitive to double WDs in the entire Milky Way and, thus, will
provide a unique opportunity for mapping our Galaxy, complementing EM maps [262], as shown in
Figure 3.2.

Figure 3.2: Spatial distribution of numerous individual
double WDs (dots, coloured according to GW frequency)
projected onto the Galactic plane, from [20]. LISA will
enable mapping our Galaxy. LISA’s position is at (0, 0). In
the background an artist impression of the Milky Way.

Similarly to other spiral galaxies, the Milky Way
has recognisable stellar components: central
bulge/bar, thin and thick disks and halo. These
can be described by density profiles which are
useful when comparing our Galaxy with other
galaxies and with cosmological simulations. The
profile parameters can be derived from the density
distribution of individually resolved LISA detec-
tions. Moreover, building upon the analogy with
stellar population models used to infer stellar
masses of galaxies based on their total light, the
total stellar mass of the Milky Way can be in-
ferred from the number of LISA sources and the
level of unresolved Galactic foreground based on
binary population models [194, 260].
Nature of the measurements – LISA’s mea-
surements of 3D positions (sky location and dis-
tance) of resolved double WDs will be the key
for characterising the shape of the Milky Way.
Several thousands of these measurements will have distance accuracy better than 30% and sky
localisation of less than a few square degree, allowing determination of the underlying stellar density.
More than a thousand of these are located beyond the Galactic centre (Figure 3.2). Scale parameters
encoding the density profile of the bulge/bar and disk can be derived to an accuracy of ⇠10% without
additional modelling [259, 431].

LISA will survey WD binaries with orbital periods of less than ⇠15 minutes across the entire
Milky Way volume, allowing us to reconstruct the stellar mass distribution of our Galaxy using
evolved stars invisible to EM telescopes.

3.1.3 The interplay between gravitational waves and tidal dissipation
To study the interplay between GW, mass transfer and tides, Science Investigation – SI 1.3
– aims at detailed examination of the shortest period systems in order to answer the following
questions:

• What fraction of detached ultra-compact binaries evolve into interacting binaries
and avoid merger?

• What is the role of mass transfer, tides and GWs in the merger of systems,
and what does it tell us about the explosion mechanism of type Ia supernovae?

Page 32/155
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Origins, growth and fate of massive Black 
Holes

Super massive black holes at the 
center of Galaxies 

104 to 107 M☉ 

Detectable up to z~12 
Potential EM counterparts up to z~3 

➡ Nature and origin of seed BH at 
cosmic reionisation 

➡ Growth 
mechanisms 
and merger 
history of 
massive BH 

➡ Accretion 
description 
during and 
after 
coalescence

maximum likelihood (RML; e.g., Narayan & Nityananda 1986;
Wiaux et al. 2009; Thiébaut 2013). RML is a forward-modeling
approach that searches for an image that is not only consistent with
the observed data but also favors specified image properties (e.g.,
smoothness or compactness). As with CLEAN, RML methods
typically iterate between imaging and self-calibration, although
they can also be used to image directly on robust closure quantities
immune to station-based calibration errors. RMLmethods have been
extensively developed for the EHT (e.g., Honma et al. 2014;
Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018b; see
also Paper IV).

Every imaging algorithm has a variety of free parameters
that can significantly affect the final image. We adopted a two-
stage imaging approach to control and evaluate biases in the
reconstructions from our choices of these parameters. In
the first stage, four teams worked independently to reconstruct
the first EHT images of M87* using an early engineering data
release. The teams worked without interaction to minimize
shared bias, yet each produced an image with a similar
prominent feature: a ring of diameter ∼38–44 μas with
enhanced brightness to the south (see Figure 4 in Paper IV).

In the second imaging stage, we developed three imaging
pipelines, each using a different software package and
associated methodology. Each pipeline surveyed a range of
imaging parameters, producing between ∼103 and 104 images
from different parameter combinations. We determined a “Top-
Set” of parameter combinations that both produced images of
M87* that were consistent with the observed data and that
reconstructed accurate images from synthetic data sets
corresponding to four known geometric models (ring, crescent,
filled disk, and asymmetric double source). For all pipelines,
the Top-Set images showed an asymmetric ring with a diameter
of ∼40 μas, with differences arising primarily in the effective
angular resolutions achieved by different methods.

For each pipeline, we determined the single combination of
fiducial imaging parameters out of the Top-Set that performed
best across all the synthetic data sets and for each associated
imaging methodology (see Figure 11 in Paper IV). Because the
angular resolutions of the reconstructed images vary among the
pipelines, we blurred each image with a circular Gaussian to a
common, conservative angular resolution of 20 μas. The top part
of Figure 3 shows an image of M87* on April11 obtained by
averaging the three pipelines’ blurred fiducial images. The image
is dominated by a ring with an asymmetric azimuthal profile that
is oriented at a position angle ∼170° east of north. Although the
measured position angle increases by ∼20° between the first two
days and the last two days, the image features are broadly
consistent across the different imaging methods and across all
four observing days. This is shown in the bottom part of Figure 3,
which reports the images on different days (see also Figure 15 in
Paper IV). These results are also consistent with those obtained
from visibility-domain fitting of geometric and general-relativistic
magnetohydrodynamics (GRMHD) models (Paper VI).

6. Theoretical Modeling

The appearance of M87* has been modeled successfully using
GRMHD simulations, which describe a turbulent, hot, magnetized
disk orbiting a Kerr black hole. They naturally produce a powerful
jet and can explain the broadband spectral energy distribution
observed in LLAGNs. At a wavelength of 1.3 mm, and as
observed here, the simulations also predict a shadow and an
asymmetric emission ring. The latter does not necessarily coincide

with the innermost stable circular orbit, or ISCO, and is instead
related to the lensed photon ring. To explore this scenario in great
detail, we have built a library of synthetic images (Image Library)
describing magnetized accretion flows onto black holes in GR145

(Paper V). The images themselves are produced from a library
of simulations (Simulation Library) collecting the results of
four codes solving the equations of GRMHD (Gammie et al.
2003; Saḑowski et al. 2014; Porth et al. 2017; Liska et al.
2018). The elements of the Simulation Library have been
coupled to three different general-relativistic ray-tracing and
radiative-transfer codes (GRRT, Bronzwaer et al. 2018;
Mościbrodzka & Gammie 2018; Z. Younsi et al. 2019, in
preparation). We limit ourselves to providing here a brief
description of the initial setups and the physical scenarios
explored in the simulations; see Paper V for details on both the
GRMHD and GRRT codes, which have been cross-validated

Figure 3. Top: EHT image of M87* from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 μas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T S k2b

2
Bl= W, where S is the flux density,

λ is the observing wavelength, kB is the Boltzmann constant, and Ω is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

145 More exotic spacetimes, such as dilaton black holes, boson stars, and
gravastars, have also been considered (Paper V).

5

The Astrophysical Journal Letters, 875:L1 (17pp), 2019 April 10 The EHT Collaboration et al.

EHT, 2019
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Properties and environments of Black Holes

‘Small’ Black Hole (102 - 105 M☉) 
orbiting a super-massive one  
(>106 M☉) 

Highly relativistic trajectory and 
GW signal 

Probe of the properties of 
quiescent massive Black Holes 

➡ Properties of massive 
BH (spin, mass) 

➡ Immediate 
environments of 
massive BH (gas, 
stars, etc.) 

➡ Constraints on 
formation channels for 
such binary systems 
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Study of the stellar-mass Black Holes
Ground detectors observed BH up to  ~140 M☉  

~10 000 detections, up to z~1, expected at LISA 
observation time 

Detectable years before coalescence in LISA 

Some will be observed while drifting into the 
ground detector bandwidth 

➡ Stellar-mass BH 
formation channels 

➡ Properties of the 
environment of 
these BH 

➡ Alerts for ground 
based detectors and 
multi-messenger 
observations

3

1234567890

11th International LISA Symposium  IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 840 (2017) 012018  doi :10.1088/1742-6596/840/1/012018

Figure 1. Visual representation of the multi-band GW astronomy concept. Violet dashed lines
are, from top to bottom, the total sensitivity curves of LISA configurations N2A1, N2A2, N2A5
(from [19]). The thick solid purple line is the LISA baseline proposed by the LISA Consortium
to address ESA’s L3 call. Orange lines refer to current (dashed) and design (solid) aLIGO
sensitivity curves. Lines in di↵erent shades of blue represent amplitude tracks of BHBs found
in a selected Monte Carlo realization of the flat population model (see main text) seen with
S/N> 1 in the new LISA configuration, integrated assuming a four year mission lifetime (baseline
LISA4yr). Light and dark blue curves starting around 0.01Hz and extending to ⇠ 100Hz are
BHBs coalescing within the LIGO band during the LISA lifetime, and observable by LISA with
S/N> 5 and S/N> 8 respectively; the dark blue ticks in the upper left corner are further sources
with S/N> 8 by LISA but not crossing to the aLIGO band within the mission lifetime. Light
turquoise lines clustering at the bottom are sources seen in LISA with S/N< 5 (for clarity
those were down-sampled by a factor of 20 and sources extending to the aLIGO band were
removed). The characteristic amplitude track completed by GW150914 is shown as a black
solid line for comparison. The chart at the top of the figure indicates the frequency progression
of this particular source in the last 10 years before coalescence. Adapted from [15].

recommendation for a space based GW observatory. During the study, di↵erent baselines for a
spaceborne interferometer were considered. Full details can be found in [19]. In the following,
six baselines featuring one, two or five million km arm-length (A1, A2, A5) and two possible low
frequency noises – namely the LISA Pathfinder goal (N1) and the original LISA requirement
(N2) – are considered. Those configurations, labelled N1A1, N1A2, N1A5, N2A1, N2A2, N2A5,
all assume five years of observations with two equivalent Michelson interferometers (i.e. six
active laser links). Building on the GOAT recommendation, the LISA Consortium proposed
a somewhat di↵erent baseline [20], with slightly di↵erent technical specifications, including an
armlength of 2.5M kilometres and a mission lifetime requirement of 4 years, and an extension goal

[Sesana, 2017]
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Fundamental nature of gravity and Black Holes 

Observation of intertidal trajectories in strong 
gravitational fields (e.g. EMRIs) 

Coalescence and ringdown of massive Black 
Holes 

Mapping of the spacetime metric close to the 
Black Hole  

➡ Are massive BH correctly 
described by the Kerr solution ? 

➡ Existence of horizonless compact 
sources ? 

➡ New light fields and « no hair » 
theorem 

➡ GW beyond the standard model 
and GR ?

[Babak+, 2017]
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Cosmology and stochastic backgrounds
Black Holes binaries as standard ‘sirens’ 

In conjunction with EM observations or statistical 
inference 

Astrophysical backgrounds, galactic and extra-
galactic 

Cosmological background from the early Universe  

➡ Expansion rate of the universe at high 
redshift  

➡ The Early Universe beyond standard 
model 

➡ Measurement / constraints on the 
background amplitudes 

➡ Large scale anisotropies of GW 
backgrounds  

N. Tamanini  J. Phys. CF 2016 

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

Figure 3.9: Left panel, SI 7.2a: the detection of a cosmological SGWB. Here the presence of the injected FOPT
SGWB (green line) can be identified in the simulated LISA data imposing a hard prior on the instrument noise, for
two tested values of the relative uncertainty on the noise + astrophysical signals: " =5% and 30%. The frequency
region over which the signal is identified (Bayes factor logBFOPT > 50) is shown as the coloured regions: orange,
" = 30% and yellow, " = 5%. Right panel, SI 7.2b: The outcome of a signal reconstructing procedure based on
searching for the FOPT SGWB (green, dashed line: injected signal) as a series of power laws in frequency bins. The
SGWBinner code has been run on simulated data (red dots) containing the FOPT SGWB, the astrophysical signals
(sBHBs SGWB in dark blue and Galactic foreground in light blue), and the instrument noise (black). The code has
iteratively merged several initial frequency bins in two final ones. The presence of a break in the FOPT SGWB can be
reconstructed piece-wise, with two power laws (green, solid). The 2� error on the reconstructed signals and noise are
shown as shaded areas.

Table 3.12: Relative 2� errors on the parameter set of the reconstruction of the FOPT SGWB, performed dividing
the LISA frequency range in bins and fitting piece-wise power-laws in each bin. The analysis results in two final bins:
the second column gives the SNR in each bin i , the third and fourth the errors on the SGWB parameters: amplitude
at a pivot frequency and slope (log ⌦i , ni ). Also shown are the errors on the two noise parameters (A, P ), and on the
two astrophysical signals’ amplitudes (AGB,AsBHB) (the spectral index of the sBHBs SGWB is fixed to 2/3). The
errors on these latter are smaller than those given in Table 3.11 because for SI 7.1 the noise is reconstructed together
with the astrophysical signals, while for SI 7.2b a model for the noise is assumed.

SI 7.2b SNR � log ⌦i

log ⌦i

�ni
ni

�A

A

�P

P

�AGB
AGB

�AsBHB
AsBHB

Bin 1 67.72 0.45% 7.08%
0.85% 0.014% 0.045% 0.27%

Bin 2 67.39 1.94% 10.18%

Page 66/155
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Main LISA sources
More infos ?  
Read the LISA ‘Red Book’ : https://www.cosmos.esa.int/web/lisa/lisa-redbook

https://www.cosmos.esa.int/web/lisa/lisa-redbook
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French contributions to LISA

3rd ESA ‘Large’ Mission 
Following LISA Pathfinder 2015-2017 
Selected in June 2017 
Adopted in January 2024 
Expected launch in 2035 
~1900 Consortium Members 

3 major contributions for France 
Distributed Data Processing Center 
Ground test and validation of the LISA 
metrology ‘Core’ 
‘Performance & Operations’ 

17 French research institutes on LISA 
APC, ARTEMIS/OCA, CNES, CPPM, 
Fresnel, IAP, IP2I, IPhT, IRAP, IRFU, L2IT, 
LAM, LPCC, LPC2E, LUTH, ONERA, 
SYRTE/OBSPM
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Overview of the French contributions

Broad and continuous coverage from instrument 
development to GW science

AIVT 
Instrumentation

Data Processing GW Science

DDPC Pre-proc 
(TDI)

Performance  
&  

Operations
E2E Simulation 
Figures of merit

Data 
Analysis

AIVT / R&D Data Processing GW SciencePerformance

Metrology benches for 
ground tests
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LISA ground segment

SC → L0 
Packets extraction, removal of corrupted data, time-
ordering … 
Processed by ESA 

L0 → L0.5 
Calibrated, de-biased, synchronized data 
Processed by ESA with support of instruments 
teams 

L0.5 → L1 

Calibrated and noise-corrected TDI streams 
Processed by ESA with TDI algorithms from the 
scientific community 

L1 → L2 
‘Global fit’ : Sources parameters extraction 
Processed by the scientific Data Processing Center 

L2 → L3  
Catalogs of consolidated data + L1 residuals 
Processed by the scientific Data Processing Center 
Released by ESA
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From LISA Data Challenges to DDPC 
deliverables

LISA Data Challenges : 
Foster R&D on this challenging signal 
dominated analysis 
Support ESA reviews on that topic 
Get cost estimate and DDPC design drivers 

Challenges 
LDC 1a Radler / 1b Yorsh 

Beginner’s data set with individual sources 
LDC 2a Sangria 

2/3 global-fit prototypes for first enchilada 
(GB+MBHB) challenge 

LDC 2b Spritz 
Dealing with gaps and glitches

LDC 2a Sangria
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Testing LISA on ground  

LISA Optical Bench

Test Mass Simulator

Ultra-stable structure

Beams Simulator
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Zerodur Demonstration Bench

Crédits: Maxime Vincent 
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Zerodur Demonstration Bench

Crédits: Maxime Vincent 

Thermo-elastic noise 

Photoreceivers Chain Noise 

Straylight 

Synchronisation biases 

Beam Intensity noise 

Laser frequency noise 

Tilt-to-length couplings 

Acquisition & sampling noises 

Seismic & acoustic noises 

…
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21

Performances obtenues 
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LISA Metrology 

Noise Budget
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Some LISA enthusiasts…
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Extra
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Main LISA development milestones

Event From To Comment
Phase 0 (Concept study) Jul 2017 Nov 2017 Completed
Mission Definition review (MDR) 27 Nov 2017 Successful

Phase A (Feasibility study) June 2018 Oct 2020 Completed
Mission Consolidation review (MCR) 22 Oct. 2019 Successful

Extended Phase A Oct 2020 Dec 2021 Completed
Mission Formulation review (MFR) End 2021 Successful
Phase B1 (Preliminary Definition with concurrent Prime Contractors) Jan 2022 Dec 2023 Completed
Mission adoption review (MAR) Nov. 2023 Successful
Mission adoption (by ESA SPC) Jan. 2024 Successful
Phase B2 (Preliminary Definition with a single Prime Contractor) Q1 2024 April 2027 Starting

Mission Preliminary Design review April 2027
Phase C (Detailed Definition) Q3 2027 Q4 2030
Mission Critical Design review (CDR) Jan. 2031
Phase D (production and Verification) Q1 2031 2034/2035
Flight Acceptance Review (FAR) and Launch 2034/2035
Transfer & commissioning 1.5/0.5 years
Operations 4.5 years

7.5 years of science 
missionExtended mission Up to 3 more 

years
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Time Delay Interferometry

~8.3 s ~8.3 s~8.3 s ~8.3 s

~8.3 s

~8.3 s
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Time Delay Interferometry

~8.3 s ~8.3 s~8.3 s ~8.3 s

~8.3 s

~8.3 s
Combination of delayed recorded data streams to 
cancel out propagated laser noises 

Requires accurate knowledge of the S/C to S/C distance 

Noise reduction factor ~7 orders of magnitude 

Numerically and experimentally demonstrated


