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Overview
‣Gravitational wave sources in the mHz band and LISA science 

objectives 

‣The mission 
• Space segment (hardware) 
• Ground segment (data analysis & science exploitation) 

‣Science performances 

‣Status: end of phase A (MFR) and Phase B1 

‣Organisations: Consortium & LISA France 

‣LISA at Paris Observatory
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GW spectrum

mHz band: 0.1 
mHz to 1 Hz
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GW sources in the mHz band
‣Binaries: large range of                                                              

masses and mass ratios: 
• SuperMassive BH Binaries 
• Extreme Mass Ratio Inspiral 
• Stellar mass BH Binaries 
• Double White Dwarfs 
• Double Neutron Stars 
• Intermediate Mass Ratio Inspiral 
• Intermediate Mass BH Binaries 

‣Stochastic backgrounds:  
• First order phase transitions, cosmic string networks, … 

‣Bursts: cosmic strings, … 
‣Unknown  ?

To
tal

 m
as

se
s (

so
lar

 m
as

se
s)

Mass ratio

IMRI

SMBHB106

1

102

104

EMRI

106104

IMBHB

1 10

SOBHB/
SmBHB

WD-WD

10

NS-NS
NS-BH





LISA: mission, objectives, status and Paris Observatory  -   A. Petiteau  -  Journée LISA Observatoire de Paris - 8 Décembre 20217

Stellar mass Black Hole Binaries
‣Binaries with 2 black holes of masses between few MSun and 

100 MSun , so called “Stellar mass BH Binaries”  

‣Inspiral: emission in the mHz band 

‣Merger: powerful emission around few tens Hz                    
=> many sources already observed 

‣Fast evolution: few years                                                            
from tens mHz to tens Hz                                                                    
=> multi-observatories                                                      
observations
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Super Massive Black Hole Binaries
‣Mass > 105 MSun 

‣Gravitational wave: 
• Inspiral: Post-Newtonian 
• Merger: Numerical relativity, 
• Ringdown: Oscillation of the                                                       

resulting MBH. 

‣Inspiral at frequency < 10 mHz                                                                            
(depend on the mass)                                  

‣Merger and ringdown around mHz 

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3
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where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-3

© Vincent, Paumard, Gourgoulhon, 
Perrin (2011)

© EHT (2019)
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EMRIs
‣Capture of a “small” object by massive 

black hole (10 – 106 MSun): Extreme 
Mass Ratio Inspiral 
• Mass ratio > 200 
• GW gives information on the geometry 

around the black hole.  
• Test General Relativity in strong                            

field 
• Frequency : 0.1 mHz to 0.1 Hz  
• Large number of source could                                     

be observed by LISA
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Science Objectives
Define in the Science Requirements Doc.: 
‣ SO1: Study the formation and evolution of compact binary stars in the 

Milky Way Galaxy. 

‣ SO2: Trace the origin, growth and merger history of massive black holes 
across cosmic ages 

‣ SO3: Probe the dynamics of dense nuclear clusters using EMRIs 

‣ SO4: Understand the astrophysics of stellar origin black holes 

‣ SO5: Explore the fundamental nature of gravity and black holes 

‣ SO6: Probe the rate of expansion of the Universe 

‣ SO7: Understand stochastic GW backgrounds and their implications for 
the early Universe and TeV-scale particle physics  

‣ SO8: Search for GW bursts and unforeseen sources
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LISA mission
‣Laser Interferometer Space Antenna 
‣3 spacecrafts on heliocentric orbits and distant from          

2.5 millions kilometers 
‣Goal: detect relative distance changes of 10-21: few picometers 

LISA| Slide 9 ESA UNCLASSIFIED – For Official Use  Systems 

ORBIT 

20° 

Orbit parameters 

Initial displacement angle (IDA) 20 deg 

Distance to earth 50-65 million km 

Arm length of constellation 2.5 million km 

Inclination of constellation wrt 
ecliptic 60 deg 

Corner angles 60 deg 

Round trip time for comms 433 s 

Earth azimuth and elevation 
during science 

Az=360 deg; El=-
9.35±3 deg 

Arm length variation ±35000 km 

Arm length variation rate <10 m/s 

Breathing angle ±0.9 deg 

Breathing angle rate 5 nrad/s 

• Three SC required in free flight forming an equilateral triangle, 
no actuation during science mode (except drag free control) 

• Low perturbations environment required to achieve 
performances and limit the constellation deformation and fuel 

• No need to keep rigid geometry, though range rate (Doppler) 
and breathing angle (optics/mechanisms) shall be limited 

• Long mission duration, minimum of 4 years of science 
operations 

• High data volume generated, remain in the vicinity of the 
Earth 
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LISA mission
‣Spacecraft (SC) should only be sensible to gravity:  

• the spacecraft protects test-masses (TMs) from external forces 
and always adjusts itself on it using micro-thrusters 

• Readout:  
- interferometric (sensitive axis) 
- capacitive sensing
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LISAPathfinder
‣Basic idea: Reduce one LISA arm in one SC. 

‣  LISAPathfinder is testing: 
• Inertial sensor, 
• Drag-free and attitude control system 
• Interferometric measurement between 2 free-falling test-masses, 
• Micro-thrusters
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First results
M. Armano et al. PRL 116, 231101 (2016)

Low frequency noise 
Investigation still in 

progress …

Brownian noise 
Molecules within the noise  

hit test-masses   

Interferometric noise   
Not real test-mass motion  
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LISAPathfinder final main results
M. Armano et al. PRL 120, 061101 (2018)
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LISA mission
‣Several steps for an extremely precise measurements                                          
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(TM2→SC2) + (SC2→SC3) + (SC3→TM3) 
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Interferometric measurements
‣Exchange of laser beams to form several interferometers 

‣Phasemeter measurements on each of the 6 Optical Benches: 
• Distant OB vs local OB  
• Test-mass vs OB 
• Reference using adjacent OB 
• Transmission using sidebands 
• Distance between spacecrafts

H. Halloin
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Interferometric measurements
‣Measurements via 

exchange of beams: 
• Heterodyne interferometry 

with carrier for inter-
spacecraft measurement 
=> GWs 

• Sideband for transferring 
amplified clock jitter     
=> correction of 
additional clock jitter 

• Pseudo-Random Noise   
=> ranging (measure arm 
length) 

• Laser locking
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LISA technology requirements 
‣ Free flying test mass subject to very low parasitic forces: 

๏ Drag free control of spacecraft (non-contacting) with low noise microthruster 
๏ Large gaps, heavy masses with caging mechanism 
๏ High stability electrical actuation on cross degrees of freedom 
๏ Non contacting discharging of test-masses 
๏ High thermo-mechanical stability of spacecraft 
๏ Gravitational field cancellation 

‣ Precision interferometric, local ranging of test-mass and spacecraft: 
๏ pm resolution ranging, sub-mrad alignments 
๏ High stability monolithic optical assemblies 

‣ Precision million km spacecraft to spacecraft precision ranging: 
๏ High accuracy laser frequency stabilization + noise suppression with TDI 
๏ “Tilt to length” coupling (control of alignement + ground correction) 
๏ Low level of stray-light  
๏ High stability telescopes 
๏ High accuracy phase-meter and frequency distribution 
๏ Constellation acquisition 
๏ Precision attitude control of spacecraft
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LISA data

Gravitational wave sources 
emitting between 0.02mHz 

and 1 Hz
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LISA data

Gravitational wave sources 
emitting between 0.02mHz 

and 1 Hz

‘Survey’ type observatory
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LISA data

Gravitational wave sources 
emitting between 0.02mHz 

and 1 Hz

‘Survey’ type observatory

Phasemeters (carrier,  
sidebands, distance) 

+ DFACS & CMD 
+ Diagnostics 
+ Auxiliary channels 
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LISA data

Calibrations corrections  
+ Resynchronisation (clock) 
+ Time-Delay Interferometry 

reduction of laser noise

 3 TDI channels with 2 “～independents”
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LISA data

Data Analysis of GWs

Catalogs of GWs sources 
with their waveform
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Ground Segment LISA
‣Workflow preliminary versions:
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Ground Segment LISA
‣Workflow preliminary versions:

Deep analysisDeep analysis

Low Latency
L0.1

Calibrations
(TBD)
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L0 to L1

L0.5

INReP

Instrument 
monitoring & 

noise 
characterisation

L1

- TDI
- Estimated armlength 
- Estimated clock 
corrections
- Time TCB

- noise level (best 
estimation
- flags
- …

- PM
- PRN
- orbits (DSN)
- flags

 Monitoring of 
subsystems

- flags

- Status
- Science 
diagnostics
- …

- TDI
- science diagnostics
- flags
- …

Alerts 
IOT

Monitoring 
L0-L1 
flags 

Alerts 
DDPC

- flags

L0
Refo
rmatt
ing

Example of possible components of L0 to L1

TDI

L0.5

L1

Decompose 
Total Frequency

Reduce S/C jitter

Reduce to 3 lasers

Reduce laser noise

Reduce ranging noise

Estimate Travel Time 
& Timer Deviations
(Kalman filtering)

Synchronize 
Measurements

Reduce clock noise

‣Data levels:  
• L0.5: L0 reformatted: engineering/physical values 
• L1: All requested data for GW extraction 

‣ Core part of L0 to L1: Initial Noise Reduction 
Pipeline (INReP):  
• TDI+: Suppress laser noise, clock noises, 

spacecraft jitter noise 
• Data synchronisation 
• Reduce Tilt-To-Length noise

INReP
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Initial Noise Reduction
‣Reducing dominating noises for producing data in which GW 

sources can be extracted 

‣Laser frequency noise reduced by 8 orders of magnitude with 
Time Delay Interferometry: 
• Combination of delayed measurements reconstructing virtually 

several interferometers
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L1 -> L2 -> L3
‣Data levels:  

• L1: All requested data for GW extraction 
• L2: All outputs of multiple pipelines extracting sources 
• L3: Catalogs and other scientific products 

‣ Extract GW sources:  
• detection & parameters estimations 
• Complexity: long term sources + short term sources (with alerts) all 

together  

‣ Research and developments in the Consortium in the LISA Data 
Challenge (LDC) Working Group and the LISA Data Processing 
Group 
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GW data analysis
‣ Data levels:  

• L1: All requested data for GW extraction 
• L2: All outputs of multiple pipelines extracting sources 
• L3: Catalogs and other scientific products 

‣ Large number of overlapping sources => challenges for data analysis  

‣ First data of this kind + fluctuations of computational charge 
(fluctuations of event rates, new calibrations, …)                                        
=> flexible Distributed Data Processing Center 

‣Exploration of multiple technics 

‣Prototyping already started:                                                                         
LISA Data Challenge,                                                                              
detailed simulations                                                                     
(instrument & GW sources)
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Data Analysis Logic
‣ Alerts and deep analysis                                                                         

with data provided daily and near real-time (during communication 
periods) 

‣Main processing and sources extraction from deep analysis: 
• Multiples methods running in parallel (complementarity & cross-validation) 
• Global fits 
• Sources investigations, …
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Distributed Data Processing Center
‣ Operations for the SGS 

• Definition of the global scenario 
• Data availability and time sequence 

with near-real time analysis for alerts 

‣ Interfaces 
• Data levels: definition and content 

‣ Processing concepts: global picture 
• Deep analysis 
• Alerts 
• Several methods for each processing                                                                                 

steps (first data of this kind) 

‣ Architecture assumptions 
• General principle & main use cases

MOC

L0

TSC-SC
8.3 sec

TSC-SC
8.3 sec

TSC-Antenna 
180 sec

TAntenna-MOC
~ 0 sec

Consolidation

Tconsolidation
~ ? sec

SOC

L0.5

Reformatting

Treformatting
~ ? secTMOC-SOC

~ 0 sec

INREP
TINREP
~ mins

LLAP
TLLAP
~ mins

L1 Alerts

DDPC
DAAP

TDAAP 
? 

L1
sync 
mirror

Data availability & alerts
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Overview
‣Gravitational wave sources in the mHz band and LISA science 

objectives 

‣The mission 
• Space segment (hardware) 
• Ground segment (data analysis & science exploitation) 

‣Science performances 

‣Status: end of phase A (MFR) and Phase B1 

‣Organisations: Consortium & LISA France 

‣LISA at Paris Observatory
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Sensitivity

Ch
ap
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r2

47

DFACS

Back-link
fibre

Fibre
coupler

Transmitted light: 1 W

Received light: 300 pW

Transmitted light: 1 W

Received light: 300 pW

Micro-Newton
thrusters

Science
interferometer

Reference
interferometer

Test mass interferometer

Science
interferometer

Reference
interferometer

Test mass interferometer

Capacitive test
mass readout

Telescope

Telescope

Figure 2.3: Interferometric measurement on one LISA satellite, exemplarily explained
for the horizontal OB. Light of a local laser (red) is used for transmission to the distant
S/C and to sense the space-time variation between for GW interaction. Simultaneously,
the light interfers on the local optical bench with the received weak light (wine red)
to form the science interferometer beatnote. The test mass motion is read out in the
TM interferometer using light (orange) from the adjacent optical bench transmitted
through a back-link fibre. The reference IFO directly compares local laser and adjacent
local laser. Moreover, the spacecraft is controlled by DFACS including TM position
readout and thruster actuation such that the S/C follows the test masses.

its variation due to GW is combined from three interferometric measurements:
TM-to-OB on the far spacecraft, OB-to-OB between sending and receiving S/C, and
OB-to-TM on the receiving spacecraft. This concept is called ‘split interferometry
configuration’ and we will come back to it in Sec. 2.5.

Laser light from the adjacent optical bench (orange) is used for the interferometric
TM readout. Since the benches are not rigidly connected to provide the angular
pointing flexibility of ±1¶ (Sec. 2.1.2), the OB-to-OB connection is established by
an extensile optical fibre. Laser light is transmitted through this so-called back-link

Noises Response of the detector to GWs

Sensitivity
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Galactic binaries
‣Gravitational wave: 

• quasi monochromatic 

‣Duration: permanent 

‣Signal to noise ratio: 
• detected sources: 7 - 1000 
• confusion noise from non-detected sources    

‣Event rate:  
• 25 000 detected sources  (over 60 millions sources) 
• more than 10 guarantied sources (verification binaries) 
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Galactic binaries

GW sources 
✴ 3 x107 galactic binaries 
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Super Massive Black Hole Binaries
‣Gravitational wave: 

• Inspiral: Post-Newtonian, 
• Merger: Numerical relativity, 
• Ringdown: Oscillation of the                                                       

resulting MBH. 

‣Duration: between few hours and several months 

‣Signal to noise ratio: until few thousands 

‣Event rate: 10-100/year 

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-3
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Super Massive Black Hole Binaries

GW sources 
✴ 3 x107 galactic binaries 
✴ 10 - 100 / year SMBHBs 
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EMRIs
‣Gravitational wave:  

• very complex waveform 
• No precise simulation at the moment 

‣Duration: about 1 year 

‣Signal to Noise Ratio: from tens to few hundreds 

‣Event rate:                                                            
from few events per                                                                                                                                       
year to few                                                                
hundreds
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EMRIs

GW sources 
✴ 3 x107 galactic binaries 
✴ 10 - 100 / year SMBHBs 
✴ 1 - 1000 / year EMRIs
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Cosmological backgrounds
‣Potential detection of cosmological background from: 

• First order phase transition in the very earlyUniverse 

• Cosmic strings                                                                    
network 

• …

Caprini & Figueroa 2018, CQG 35,163001
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GW sources
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GW sources
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✴ 3 x107 galactic binaries 
✴ 10-100/year SMBHBs 
✴ 10-1000/year EMRIs 
✴ Few Stellar Mass BH binaries 
✴ Cosmological backgrounds 
✴ Unknown sources 
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Overview
‣Gravitational wave sources in the mHz band and LISA science 

objectives 

‣The mission 
• Space segment (hardware) 
• Ground segment (data analysis & science exploitation) 

‣Science performances 

‣Status: end of phase A (MFR) and Phase B1 

‣Organisations: Consortium & LISA France 

‣LISA at Paris Observatory
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Planning & status

‣ 1993: first proposal ESA/NASA: 4 spacecrafts 
‣ 20/06/2017: LISA mission approved by SPC 
‣ Now: end of phase A with ESA Mission Formulation Review (October 

to December 2021) 
‣ ESA Adoption end 2023  
‣ Long building phase of multiple MOSAs: 6 flight models + test models 
‣ Building of some model for subsystem already started 
‣ Launch mid-2030s

Phase A Phase B1 Phase B2/C/D Phase E

Scope, 1st 
definition Definition Detailled definition, production, integration, tests, validation L Transfert C Operations

2022 2024 2026 2028 2030 2032 2034 2036 2038 2042

Adoption Lancement
Commissioning

…

…

…

…

…

…

MFR
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MFR
‣ For FMT: 16 review docs + 34 reference docs: 

• Mission: Management plan of the Consortium 
• System Engineering Support 
• Calibrations and Operations 
• Performances: 
• Performances Model 

- Performance Model Validation 
- Figures of Merits 
- LISA Data Analysis Robustness Verification Plan 
- Implication of TDI Processing on Data Rates 

• SGS Data and Information Flow Analysis and Architecture Assumptions 
• TN L2/L3 Data Processing Simulations Result 
• TN SGS Technical Budget Estimation
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MFR
‣For FMT: 16 review docs 

+ 34 reference docs 
‣More from Subsystems
Review	Documents
LISA−LCST−MIS−PL−001 LISA	Consor1um	Management	Plan

LISA-LCST-INST-DD-002
Interferometric	Detec1on	System	
Descrip1on	Document

LISA-LCST-INST-LI-001 Consor1um	Risk	Register
LISA-LCST-INST-PL-003 Consor1um	Risk	Management	Plan
LISA-LCST-INST-PL-002 Technology	Development	Plan
LISA-LCST-INST-TN-003 Performance	Model	jus1fica1ons
LISA-LCST-INST-ML-001 Performance	Model

LISA-LCST-INST-RP-003
Performance	Model	CBE's	and	
Alloca1ons

LISA-AEI-INST-SP-001 Opera1ons	Assump1ons	Document
LISA-LCST-INST-TN-016 A	Plan	for	LISA	Calibra1on	Studies

LISA-LCST-SGS-DD-002
INREP	Descrip1on	of	the	
implementa1on	and	func1on

LISA-LCST-SGS-FI-001 INReP	SoRware	Reference	Pipeline
LISA-LCST-SGS-MAN-001 INREP	SoRware	User	Manual
LISA-LCST-SGS-RS-004 INREP	Requirements	Specifica1ons
LISA-LCST-SGS-RP-001 INREP	Study	Case	Results

LISA-LFRA-INST-RP-001
DEVELOPMENT	APPROACH,	MODEL	
PHILOSOPHY	AND	HIGH	LEVEL	
SCHEDULE

Reference	Documents
LISA-LCST-SGS-AD-001 Science	Ground	Segment	Data	and	Informa1on	Flow	Analysis	and	

Architecture	Assump1ons
LISA-LCST-SGS-TN-002 TN	L2/L3	Data	Processing	Simula1ons	Result

LISA-LCST-SGS-RP-002 TN	SGS	Technical	Budget	Es1ma1on

LISA-LCST-SGS-RS-005 Simula1on	Requirements	&	Planning

LISA-LCST-INST-DD-004 LISA	Simula1on	in	Simscape

LISA-LCST-INST-TN-012 Analy1cal	TTL	models	for	LISA

LISA-LCST-INST-DD-003 LISASim:	An	open-loop	LISA	simulator	in	MATLAB

LISA-LCST-INST-RP-004 LISA	Simscape	Performance	Verifica1on

LISA-LCST-INST-RP-002 Post-processing	subtrac1on	of	Tilt-To-Length	noise	in	LISA

LISA-LCST-INST-TN-013 Performance	Model	Risk	Analysis

LISA-LCST-SGS-TN-003 FoM	Jus1fica1on	document	(LSG)

LISA-LCST-SGS-TN-004 FoM	report	comparing	CBE	and	SciRD

LISA-LCST-SGS-RP-003 TDI	transfer	func1ons	valida1on

LISA-LCST-INST-TP-001 Performance	Model	valida1on	plan

LISA-LCST-INST-RP-005 Concept	for	balanced	detec1on	in	LISA

LISA-LCST-SGS-TN-005 Implica1on	of	TDI	Processing	on	Data	Rates

LISA-LCST-SGS-PL-002 LISA	Data	Analysis	Robustness	Verifica1on	Plan

LISA-LCST-MIS-ST-001 Conven1ons	and	Nomenclature

LISA-LCST-INST-RP-001 TTL	Mi1ga1on	Concept

LISA-LCST-INST-TN-014 Iden1fied	top-level	failure	modes

LISA-AEI-INST-RP-001 LISA	Instrument	Telemetry	Budget

LISA-AEI-INST-DD-001 MOSA	Design	Defini1on	File

LISA-AEI-INST-TN-004 Gravita1onal	balance	analysis

LISA-AEI-INST-TN-005 Thermal	analysis

LISA-AEI-INST-TN-006 Deforma1on	analysis

LISA-AEI-INST-TN-007 Sta1c	and	dynamic	stress	analysis

LISA-AEI-INST-TN-008 Performance	analysis	report

LISA-AEI-INST-ML-001 CAD	model

LISA-AEI-INST-ML-002 Thermal	model

LISA-AEI-INST-ML-003 Structural	model

LISA-LFRA-INST-TN-001 IDS	PRELIMINARY	TEST	LIST

LISA-FZU-FSU-PL-001 LISA	FSU	MECHANISM	ENGINEERING	PLAN

LISA-LCST-INST-IF-001 QPR	Interface	Descrip1on	Document

LISA-LCST-INST-ML-002 LISANode	Simula1on	Model
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MFR
‣45 questions (RIDS) from ESA review panel: 

• 5 major 
• 20 on FMT 
• 7 on GRS 
• 5 on ePMS 
• 11 on OB 
• 2 on Diag & Control 
• All RIDs “closed”, some with actions  

‣Unofficial outcome: we passed phase A (TBC by the official 
report) but we have few items to consolidate and clarify!
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LISA organisation

Consortium
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LISA Consortium
‣1527 members: 

• 730 "full members" committing time 
• 797 associates participating to the 5 WGs:  

- Astrophysics,  
- Cosmology,  
- Fundamental Physics,  
- LISA Data Challenge,  
- Waveforms

Number of  “Full” members

USA
123

UK
54

Switzerland
27 Sweden

4
Spain

22

Romania
17

Portugal
24

Norway
3

New Zealand
7

Netherlands
37

Japan
10

Italy
63

Ireland
9

Hungary
3

Greece
5

Germany
63

France
143

Finland
3

ESA
20

Denmark
2

Czech Republic
4

China
1

Canada
5

Belgium
6

Total number of members

USA
348

Unknown
10 Ukrain

3

UK
153

Taiwan
5

Switzerland
48

Sweden
11

Spain
47

South Corea
1

Russia
1

Romania
19

Portugal
30

Pakistan
4

Norway
8

New Zealand
15

Netherlands
76

Kuwait
3

Japan
19

Italy
141

Israel
1

Ireland
13

India
6

Hungary
3

Greece
10

Germany
111

France
226

Finland
14

ESA
23

Denmark
5

Czech Republic
16

China
14

Chile
8

Canada
23

Belgium
16

Australia
8
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LISA Consortium
‣Organisation

ESA Study 
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ESA Study 
Manager

ESA Mission 
System Engineer

ESA Payload 
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Formulation Management Team
(FMT)
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Physics WG

Waveform WG
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(WPTs)

Executive 
Committee

(EC)
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National Project 
Managers Board

(NPMB)

Diversity, Equity & 
Inclusion 

Committee
(DEI)

Membership 
Management Team

(MMT)

Publication & 
Presentation 
Committee

(P&P)

Advocacy & 
Outreach 

Committee
(AdvoReach)
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LISA Consortium

Note: only formal interfaces are shown
Version 1.0
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LISA Consortium
‣ LISA Consortium commits to: 

• support ESA with key personnel, providing expert knowledge on the 
critical aspects of the observatory; 

• deliver to ESA several key parts at the heart of the payload: 
- Interferometric Detection Subsystem, 
- Gravitational Reference Sensor Subsystem, 
- Optical Metrology Equipment for the ground qualification and verification, 
- and the Science Diagnostics 

• support ESA with the development of the mission ground segment, 
specifically: 
- by providing a Distributed Data Processing Centre 
- by providing a data processing software including TDI routines 
- by supporting the design of science operations 

• support to calibration and operations
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Consortium: Space Segment
4 main CPI Consortium  
Provided Items: 

‣ IDS (Interferometric 
Detection Subsystem) 

‣ GRS (Gravitational 
Reference Sensor 
Subsystem) 

‣ Optical Metrology 
Qualification & 
Verification Ground 
Support Equipment 

‣ Science Diagnostics & 
Control Subsystem
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Consortium: Space Segment
4 main CPI Consortium  
Provided Items: 

‣ IDS (Interferometric 
Detection Subsystem) 
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Reference Sensor 
Subsystem) 

‣ Optical Metrology 
Qualification & 
Verification Ground 
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Consortium: Ground 
‣Global organisation
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Consortium: Ground 
‣Global organisation
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Consortium: Ground Segment
‣ Support ESA with the development of the mission ground segment, 

specifically: 
• by providing a Distributed Data Processing Centre 
• by providing a data processing software including TDI routines 
• by supporting the design of science operations 

‣DDPC WBS (preliminary) 
• Science softwares: 

- L0 -> L1: INReP 
- L1 -> L2 Alerts  
- L1 -> L2 Deep Analysis 
- L1 -> L2 Mono-blocks 
- L2 -> L3 SW 
- Simulation 
- Common SW & Tools

• System softwares: 
- Software Development kit 
- Prototyping Framework 
- Expertise Lab Framework  
- Data Management  
- DDPC Framework  
- DevOps 
- DDPC Deployment 
- Pipeline Management 

• Infrastructure
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Figures of merits
‣ Infrastructure to derive Science Performance (detection of sources, parameter 

estimation, etc) from any configuration of the mission (linked via noise 
budget / performance model and mission profile) 

‣ 30 Fig. of Merits defined by Science Group (LSG) for 7 Science Objectives 
(SciRD) 

‣ 1 hour (on a small cluster) to evaluate the performance of a configuration

Performance 
model

Mission 
configuration

Science performances
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LISA France
‣About 220 members of the LISA 

Consortium are from French institutes: 
140 full members  

‣Contribution: 
• Science: 

- All topics: Astrophysics, Cosmology, 
Fundamental Physics, Data Processing, 
…  

• Project: 
- Managed by CNES with contributions of 

11 laboratories

Nombre total de membres

SYRTE - SYstèmes de Référence Temps Espace
12

Orléans for LISA (LPC2E-MAPMO-LIFO)
6

ONERA/IEA
3

LUTH
9

LPC2E Astro PTA-LISA
3

LPC Caen
3

LAM Marseille
17

L2IT
4

IRFU Saclay
38

IRAP
11

IPhT - Institut de Physique Théorique
8

IP2I-LMA
3

Institut d’Astrophysique de Paris
17

IF - Institut Fresnel
5

CPPM
9

CNES
20

CC-IN2P3
2

ARTEMIS
17

APC
39

Nombre total de membres

x Autres
6

OP
20

ONERA
3

INSU
48

INSIS
25

IN2P3
59

CNES
20

CEA
40
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LISA France
‣Contribution to "project": 

• IDS: System Engineering and AssemblyIVT: 
- Ground Segment Equipement (GSE): Optical, Electrical and 

Mechanical 
• MOSA: development of complex GSE 
• Performance model 
• Distributed Data Processing Center: 

- Important role of France in the Science Ground Segment
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LISA France: IDS
Work Breakdown Structure 

‣ Facility (CNES) 

‣Ground Segment Equipement: 
• Optical GSE: 

- Test mass simulator 
- Beam simulators 
- Lasers 

• Electrical GSE: 
- Command & control 
- Phasemeters 

• Mechanical GSE: 
- Stable structure 

- Thermal set 
- Hoisting 

‣Engineering Model (EM) 
Campaign: 
• EM Test Specification 

‣Qualification Model (QM) 
Campaign: 
•  QM Test Specification
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LISA France: Performances
‣Performance Model

From Joseph Martino
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LISA France: SGS
‣Science Ground Segment in France  

• Leading role of France on the Distributed 
Data Processing Center 

• On-going discussion between CNES and 
French laboratories to define the possible 
contribution from each laboratories and then 
the French contribution 

• Similar discussion will start at the 
Consortium level
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Overview
‣Gravitational wave sources in the mHz band and LISA science 

objectives 

‣The mission 
• Space segment (hardware) 
• Ground segment (data analysis & science exploitation) 

‣Science performances 

‣Status: end of phase A (MFR) and Phase B1 

‣Organisations: Consortium & LISA France 

‣LISA at Paris Observatory
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OP & LISA Consortium
‣20 members / 2 laboratories in the LISA Consortium 

‣SYRTE (9 full members / 2 associates) 
• Laser for MIFO (laser iode) and for OGSE 
• Alternative INReP 
• Galactic binaries (collab. IRFU):                                                       

detectability of magnetic & tidal effects for WD-WD 

‣LUTh (9 associates) 
• Waveforms: numerical relativity, perturbation theory & self-force,  … 
• GW sources 
• General Relativity and Fundamental Physics
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Science Objectives
Define in the Science Requirements Doc.: 
‣ SO1: Study the formation and evolution of compact binary stars in the 

Milky Way Galaxy. 

‣ SO2: Trace the origin, growth and merger history of massive black holes 
across cosmic ages 

‣ SO3: Probe the dynamics of dense nuclear clusters using EMRIs 

‣ SO4: Understand the astrophysics of stellar origin black holes 

‣ SO5: Explore the fundamental nature of gravity and black holes 

‣ SO6: Probe the rate of expansion of the Universe 

‣ SO7: Understand stochastic GW backgrounds and their implications for 
the early Universe and TeV-scale particle physics  

‣ SO8: Search for GW bursts and unforeseen sources
Cosmology

Funcdamental physics

Astrophysics
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LISA & Obs. Paris
‣ "Forces" of Observatoire de Paris: 

• "Lois de la gravitation, Objets compacts et hautes énergies" (GW, 
physics of compact objects, high energy environments and modelling, 
tests gravitation laws, …)                                                               
=> direct and indirect connexion with many scientific fields of LISA in 
particular via compact objects binaries (SO1, SO2, SO3, SO4, SO5 - 
astrophysics & fundamental physics) 

• "Les galaxies: des étoiles aux grandes structures": (dynamical evolution 
of galaxies, large scale structures, Milky Way modelling, …)               
=> connexion with SO1, SO2, SO3 and SO4: 
- Trace the origin, growth and merger history of SMBHB 
- Milky Way structure via binaries WD, NS, BH 
- Dense nuclear cluster 
- Astrophysics of Stellar mass BH binaries
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LISA & Obs. Paris
‣ "Forces" of Observatoire de Paris: 

• "Instrumentation: recherche & ingénierie" (optics, metrology, data 
processing, system engineering, …)                                                           
=> IDS AIVT and MOSA GSE: high precision alignment, optics, lasers, 
noise reduction, …  

• "Pipelines de traitement de données"                                                            
=> leading role of France on the DDPC, development of data analysis 
pipelines 

• "De la planétologie aux systèmes exoplanétaires"                                             
=> small connexion via the detection of planets around compact galactic 
binaries
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Conclusion
‣ LISA: space-based interferometer to observe the Universe with GWs 
‣Will observe a large number and variety of GW sources in the frequency 

band 10-5 to 1 Hz    

‣Huge scientific potential: astrophysics, cosmology, fundamental 
physics 

‣ESA led mission: end of phase A, adoption in 2023 and launch mid-2030s 

‣Very integrated system with an extremely high precision in metrology 

‣Large scientific Consortium with important French contributions 

‣Observatoire de Paris  
• Already involved in LISA (SYRTE, LUTh) 
• But also has expertises in many fields relevant for LISA
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Supermassive Black Holes
‣ Observations: 

• Sgr A* : 4.5x106 MSun at the center of the                                                        
Milky Way (VLT - Gravity) 

• M87: 6.5x109 MSun (picture EHT) 

‣ Supermassive Black Hole are indirectly observed                                                             
in the centre of a large number of galaxies                                                                        
(Active Galactic Nuclei). 

‣ Observations of galaxy mergers =>  
=> SuperMassive BH Binaries (SMBHB) should exist.

NGC 6240 (Komossa et al. ApJ 582 L15)
Antennae galaxies 

© Vincent, Paumard, Gourgoulhon, 
Perrin (2011)

© EHT (2019)


