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GW spectrum

mHz band: 0.1 
mHz to 1 Hz
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Sensitivity to GWs
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Mission design
‣Laser Interferometer Space Antenna 

‣3 spacecrafts on heliocentric orbits separated by 2.5 millions km 

‣Goal: detect strains of 10-21 by monitoring arm length changes at the few 
picometre level
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Mission design
‣Measurement points must be shielded from fluctuating non-

gravitational influences:  
• 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 final main results
‣ Successful demonstration of the ability to shield from 

fluctuating non-gravitational influences

M. Armano et al. PRL 120, 061101 (2018)
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Mission design
‣ Several steps towards the required precision of measurement                                          
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Mission design
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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

USO 1

2.400 GHz 2.401 GHz 

PMS

10 MHz

FDS

75 MHz80 MHz

PRN 1 PRN 2

PM
S

FD
S

PM
S

FDSUSO 2 USO 3

2.400 GHz

2.400 GHz2.401 GHz

2.401 GHz

PRN 3

PRN 4PRN 5

PRN 6

2.400 GHz 2.400 GHz 

PRN1

f1

f1 f  ‘1

2.401 GHz 2.401 GHz 

PRN2

f2

1 MHz 1 MHz

PRN X+
PRN Y

fx-fy

f3

f  ‘3f2

f  ‘2

CNT

PM
S

CN
T PM

S
CNT

Ref Ref

SC/SCSC/SC

PDD (LIG)



LISA  -  A. Petiteau  -  Fundamental Physics and GW detectors - Pollica - 16th September 202410

Data

Gravitational wave sources 
emitting between 0.02mHz 

and 1 Hz
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Data

Gravitational wave sources 
emitting between 0.02mHz 

and 1 Hz

‘Survey’ type observatory

Phasemeters (carrier,  
sidebands, distance) 

+ DFACS* & CMD** 
+ Diagnostics 
+ Auxiliary channels 

* Drag-Free Attitude Control System 
** Charge Management Device
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Data

Calibrations corrections  
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Data
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Ground segment
‣Communication: 

• 8h per day 
•  1 Bytes per day 

‣Availability : 
• Near-Real Time (NRT): near-

real time data (segment of 5 
minutes) for alerts generation 
with LLAP 

• L1 data daily consolidated: 2 
versions depending on the used 
orbits (estimated or 
consolidated) 

• Several versions of L2 data on 
different time scale 

‣2 pipelines designed and 
developed by the DDPC and 
integrated and operated by the 
SOC: L0.5-L1 pipeline and LLAP

∼
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Data Analysis
‣Analysis of all signals and noises together                                                              

=> global analysis 

‣Flexibility: first data of this kind                                                                                  
=> novel analysis challenge: 

• Multiple approaches, multiple pipelines 
• Quick development from prototyping to production 

‣Multiple pipelines with multiple approaches 
‣General approach with with multiple iterative steps (interconnection between products): 

1. Reduce dominant noises (Time Delay Interferometry) and partial correction on instrument 
artefacts => L1 data (TDI data) 

2. GLOBAL FITS: GW sources extraction + better understanding of noises and instrument with 
multiple pipelines => L2 data 

3. Cross-check, combination, merging of L2 data to produce catalogs + associated scientific 
products => L3 data 

‣All levels requires continuous scientific interactions: collaboration all over the mission

CC-IN2P3
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L1 to L2: alerts

• Low Latency Alerts Pipeline: automatic near-real time analysis to release an 
alert as fast as possible 

• Deep Analysis Alerts Pipeline: when an alert has been detected, analysis to: 
- Confirm the nature of the events 
- Refine the parameters
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Low latency
‣For "alerts", i.e. : 

• Detect new events 
• Update parameters of a known events (in the list of event to follow) 

‣During visibility phase 1 (0 to about 2h): 
• Low latency analysis on the Near Real Time Data: 

- 1) "Fast" L0-L1  
- 2.a) Low Latency for detection 
- 2.b) Low Latency for updating parameters 
- 3.a) If detection, issue of a new candidate alerts 
- 3.b) Update of parameters  

• Low latency analysis on the High Priority Data. 
- Idem as for Near Real Time Data 

‣During visibility phase 2 (about 2h to end of visibility): 
• Same as phase 1 but for Near Real Time Data only

Analysis on 
accumulated 

data



LISA  -  A. Petiteau  -  Fundamental Physics and GW detectors - Pollica - 16th September 202415

Global fit (deep analysis)
‣Goal: GW sources extraction + better understanding of noises and 

instrument with multiple pipelines 

‣Challenge: large number of overlapping sources: 
• Multiple approaches 

‣Data  
• Available for the global fits: 

- Every day, 24h of new L1 data available 
- + every X days a refined version of L1 data 

• Data ingestions: 
- How to ingest this in the global fit? Depend on the global fit approaches … 
- Few elements: 

- MBHBs: in order to provide alerts for low SNR sources probably need to ingest data daily, 
- For GBs, cadence of ingestion depends on the accumulated data,  
- …

© N. Cornish
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DDPC
‣Distributed Data Processing Center 

• Project Office 
• 2 transverse groups: SysTeam and SciEx 
• 6 Coordination Units
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DDPC timeline
‣Kick-Off in June 2024 

‣Starting of the Coordination 
Units

‣Goal: 
• Advanced prototypes by 2028
• Implemented prototypes by 

2032

‣Next common dataset defined 
to be ready by end 2025:
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DDPC timeline
‣Kick-Off in June 2024 

‣Starting of the Coordination 
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• Advanced prototypes by 2028
• Implemented prototypes by 

2032

‣Next common dataset defined 
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LISA sensitivity
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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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Timeline and status 

‣ 1993: first proposal ESA/NASA 
‣ 20/06/2017: LISA mission approved by ESA Science Program Committee (SPC) after the 

success of LISAPathfinder and GW detection by LIGO-Virgo. 
‣ End 2021: success of the ESA Mission Formulation Review 
‣ 25/01/2024: success of the Mission Adoption Review and adoption by the SPC:  design is 

fully validated and we have the ressource to build the instrument  
‣ (New) LISA Science Team in place  
‣ Long building phase of multiple MOSAs: 6 flight models + test models 
‣ Launch 2035 
‣ 1.5 years of transfer, 4.5 years nominal mission, 6.5 years extension

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

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

2022 2024 2026 2028 2030 2032 2034 2036 2038 2042

Adoption Launch
Commissioning

…

…

…

…

…

…

MFR
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Timeline and status 
‣ Long building phase of multiple MOSAs:                                       

6 flight models + test models: 
• Industrial prime: 

- March 2024: call 
- July 2024: 2 submissions: Airbus and OHB 
- November 2024: choice of the prime 
- Spring 2025: co-engineering phase ESA/

prime 
• Development and consolidation of performance 

model 
• Development and building of engineering models 

of the subsystem (optical benches, mechanics, 
phasemeters, Gravitational Reference System) 

• Building of the testing facilities

NASA

ZIFO  (demonstration bench for high 
stability interferometry)

Telescope

LISA 
building at 
CNES for 
testing
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LISA collaboration

D-SCI Town Hall| 28 May 2024

LISA - An international mission led by ESA
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LISA Consortium
‣LISA Consortium submitted the L3 LISA proposal to the ESA 

call in 2017 

‣It has many very active working groups  

‣It was organised for the formulation phases (0, A and B1) 

‣With the start of the development phase, a new organisation is 
necessary. 

=> ongoing reorganisation:  
• Consortium Constituent Committee is                                               

working since beginning 2024 to organise                                                  
the new Consortium 

• Goal: Apart the new Consortium in January 2025
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LISA RedBook
‣LISA Definition Study Report (Redbook):  

• written by the LISA Science Study Team 
with the support of the LISA Consortium 

• submitted and validated at adoption 

‣Content:  
• Science of LISA 
• Instrument 
• Data processing 
• Organisation 

‣Available at : 
• arXiv:2402.07571 
• www.cosmos.esa.int/web/lisa/lisa-redbook

https://arxiv.org/abs/2402.07571
http://www.cosmos.esa.int/web/lisa/lisa-redbook
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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?
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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?
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Binaries observed by LISA

Sources SNR Duration Event rate

Galactic 
binaries

10 – 
500

permane
nt

10000 – 
30000 
detectables 
+ 
background

Verification 
binaries

7 - 
100

permane
nt 

20 (today)

Stellar 
mass 
black hole 
binaries

7 - 30 1 à 10 
years

1 to 20 

Extreme 
Mass 
Ratio 
Inspirals

7 - 60 1 year 1 to 2000 / 
year

Massive 
Black Hole 
binaries

10 - 
3000

Hours - 
months

10 to 100 / 
year
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LISA Science
‣SO1: Study the formation and evolution of compact binary                                         

stars in the Milky Way Galaxy: 
• Formation and evolution pathways of dark compact                                                  

binary stars in the Milky Way and in neighbouring galaxies; 
• The Milky Way mass distribution; 
• The interplay between gravitational waves and tidal dissipation.

Sun

Precision: 
•Distance:  30% - 1% 
•Chirp mass: 10% - 0.0001% 
•Sky position: few deg2

∼
∼
∼
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LISA Science
‣SO2: Trace the origin, growth and merger history of massive black holes 

across cosmic ages: 
• Discover seed black holes at cosmic dawn; 
• Study the growth mechanism and merger history of massive black holes from 

the epoch of the earliest quasars; 
• …

Merger
Accretion

Reionisation

Cosmic Noon

Cosmic Dawn
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Merger
Accretion

Reionisation

28

LISA Science
‣SO2: Trace the origin, growth and merger history of massive black holes 

across cosmic ages: 
• … 

• … 

• Identify the electromagnetic counterparts of massive black hole binary coalescences.
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Merger
Accretion

Reionisation

28

LISA Science
‣SO2: Trace the origin, growth and merger history of massive black holes 

across cosmic ages: 
• … 

• … 

• Identify the electromagnetic counterparts of massive black hole binary coalescences.
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Merger
Accretion

Reionisation

28

LISA Science
‣SO2: Trace the origin, growth and merger history of massive black holes 

across cosmic ages: 
• … 

• … 

• Identify the electromagnetic counterparts of massive black hole binary coalescences.

M = 3 x 105 M   , z = 1

merger1h5h10h1 day3 days1 week1 month
∆Ω

 [d
eg

2 ]

Athena FoV
LSST FoV

M = 3 x 105 M   , z = 0.3
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LISA Science

Precision: 
•Mass & spin at 0.0001%
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LISA Science
‣SO3: Probe the properties and immediate 

environments of black holes in the local 
Universe using EMRIs and IMRIs:

Precision: 
•Mass & spin at 0.0001%
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LISA Science
‣SO3: Probe the properties and immediate 

environments of black holes in the local 
Universe using EMRIs and IMRIs:
• Study the properties and immediate environment 

of Milky Way-like MBHs using EMRIs; 106 M⊙

10 M⊙

Precision: 
•Mass & spin at 0.0001%



LISA  -  A. Petiteau  -  Fundamental Physics and GW detectors - Pollica - 16th September 202429

LISA Science
‣SO3: Probe the properties and immediate 

environments of black holes in the local 
Universe using EMRIs and IMRIs:
• Study the properties and immediate environment 

of Milky Way-like MBHs using EMRIs;
• Study the IMBH population using IMRI.

106 M⊙

10 M⊙

104 M⊙ 10 M⊙

103 M⊙

106 M⊙

Precision: 
•Mass & spin at 0.0001%
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LISA Science
‣SO4: Understand the astrophysics of stellar origin black holes : 

• Study the statistical properties of sBHs far from merger; 
• Detecting high mass sBHBs and probing their environment; 
• Enabling multiband and multimessenger observations at the time 

of coalescence.

Towards the band of 

ground based observatory

Precision: 
•Eccentricity at 0.01%
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LISA Science
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LISA Science
‣SO5: Explore the fundamental nature of gravity and black holes :
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LISA Science
‣SO5: Explore the fundamental nature of gravity and black holes :

• Use ringdown characteristics observed in MBHB coalescences to test whether 
the post-merger objects are the MBHs predicted by GR;

INSPIRAL MERGER RINGDOWN

Precision from the 
ringdown: 
•Measure deviation 

from General Relativity 
at 10% to 1%
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LISA Science
‣SO5: Explore the fundamental nature of gravity and black holes :

• Use ringdown characteristics observed in MBHB coalescences to test whether 
the post-merger objects are the MBHs predicted by GR;

• Use EMRIs to explore the multipolar structure of MBHs and search for the 
presence of new light fields;

Precision for the "golden" EMRI : 
•Mass of the big black hole at 

 0.001% 
•Spin of the big black hole 10-5 

(absolute) 
•Quadrupolar moment 10-3 %

∼

INSPIRAL MERGER RINGDOWN

Precision from the 
ringdown: 
•Measure deviation 

from General Relativity 
at 10% to 1%
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LISA Science
‣SO5: Explore the fundamental nature of gravity and black holes :

• Use ringdown characteristics observed in MBHB coalescences to test whether 
the post-merger objects are the MBHs predicted by GR;

• Use EMRIs to explore the multipolar structure of MBHs and search for the 
presence of new light fields;

• Test the presence of beyond-GR emission channels;
• Test the propagation properties of GW.

Precision for the "golden" EMRI : 
•Mass of the big black hole at 

 0.001% 
•Spin of the big black hole 10-5 

(absolute) 
•Quadrupolar moment 10-3 %

∼

INSPIRAL MERGER RINGDOWN

Precision from the 
ringdown: 
•Measure deviation 

from General Relativity 
at 10% to 1%
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LISA Science
‣SO6: Probe the rate of expansion of the Universe : 

• Cosmology from bright sirens: massive black hole binaries; 
• Cosmology from dark sirens: extreme mass ratio inspirals and stellar-origin 

black hole binaries; 
• Cosmology at all redshift: combining local and high-redshift LISA standard 

sirens measurements.

Constraint on the geometry of the Universe: 
•No calibration needed 
•H0 to a few % with observations up to z  3∼
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LISA Science
‣SO7: Understand stochastic GW 

backgrounds and their implications for the 
early Universe and TeV-scale particle physics: 

• Characterise the astrophysical SGWB; 
• Measure, or set upper limits on, the spectral 

shape of the cosmological SGWB; 
• Characterise the large-scale anisotropy of the 

SGWB. 

‣SO8: Search for GW bursts and unforeseen 
sources : 

• Search for cusps and kinks of cosmic strings; 
• Search for unmodelled sources.
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Science Objectives
‣ 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 properties and immediate environments of black holes in 
the local Universe using EMRIs and IMRIs. 

‣ 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

Fundamental 
physics

Astrophysics
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LISA and Fundamental Physics
‣SO5: Explore the fundamental nature of gravity and black holes 

• But only a sub-part of what we could do with LISA for Fundamental Physics 
• LISA Fundamental Physics Working Group: 

- Several sub-groups with multiple projects: 
- Ringdown tests of the no-hair theorem with LISA: 

- Extend pyRing to allow for LISA use 
- Beyond GR 
- Multimode memory detectability 
- Ringdown tests with pSEOBNR 

- Effect of systematics on parametrized IMR tests 
- … 

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

• LISA Cosmology Working Group: 

- Active since 2015 with many projects and papers 
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Conclusion
‣LISA is a large mission led by ESA to explore the Universe with 

gravitational wave in the mHz band. 

‣LISA has been adopted in January by ESA, i.e. it is fully supported 
by ESA, its member states and NASA. 

‣It is now in its development and building phase for a launch in 2035 
for 4.5 to 10 years of operations. 

‣ LISA will cover a large range of domains and has a huge science 
case for astrophysics, cosmology and fundamental physics. 

‣LISA is a one of the major upcoming instrument                                                   
to explore Fundamental Physics in multiple ways!
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Thank you !


