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Talk outline

‣LISA 
• Mission 
• Data analysis 
• Planning  
• Organisation 

‣Gravitational wave sources for LISA 

‣LISA science objectives 
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GW spectrum
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GW spectrum

mHz band: 0.1 
mHz to 1 Hz
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Sensitivity to GWs

gwplotter.com
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LISA mission
‣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

2.5 millions km

2.
5 

m
illi

on
s 

km

2.5 m
illions km

ESA Redbook (preliminary)

L3
 pr

op
os

al 
 (L

ISA
 Co

ns
or

tiu
m)

PDD (LIG)



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 20236

LISA mission
‣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

A

B

C

Laser

Test masses

MOSA

ESA Redbook (preliminary)



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 20236

LISA mission
‣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

A

B

C

Laser

Test masses

MOSA

ESA Redbook (preliminary)



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 20237

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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LISA mission
‣Several steps towards the required precision of measurement                                          
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LISA mission
‣Several steps towards the required precision of measurement                                          
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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 data

Gravitational wave sources 
emitting between 0.02mHz 

and 1 Hz
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LISA data
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+ Diagnostics 
+ Auxiliary channels 

* Drag-Free Attitude Control System 
** Charge Management Device
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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
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LISA data
‣What kind of data will we measure? 

• Fractional frequency deviations (relative doppler shits) from 27 interferometers  
• Times series sampled at 4 Hz, observed over 4+ years with 82% duty cycle 
• Dominated by laser noise 
• After pre-processing, obtain 3 time-delay interferometry (TDI) data streams 

(X, Y, Z)



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 202312

LISA data
‣What kind of data will we measure? 

• Fractional frequency deviations (relative doppler shits) from 27 interferometers  
• Times series sampled at 4 Hz, observed over 4+ years with 82% duty cycle 
• Dominated by laser noise 
• After pre-processing, obtain 3 time-delay interferometry (TDI) data streams 

(X, Y, Z)

VGBs

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

From Q. Baghi



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 202312

LISA data
‣What kind of data will we measure? 

• Fractional frequency deviations (relative doppler shits) from 27 interferometers  
• Times series sampled at 4 Hz, observed over 4+ years with 82% duty cycle 
• Dominated by laser noise 
• After pre-processing, obtain 3 time-delay interferometry (TDI) data streams 

(X, Y, Z)

VGBs + EMRI

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

From Q. Baghi



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 202312

LISA data
‣What kind of data will we measure? 

• Fractional frequency deviations (relative doppler shits) from 27 interferometers  
• Times series sampled at 4 Hz, observed over 4+ years with 82% duty cycle 
• Dominated by laser noise 
• After pre-processing, obtain 3 time-delay interferometry (TDI) data streams 

(X, Y, Z)

VGBs + EMRI

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

+ MBHB

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

From Q. Baghi



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 202312

LISA data
‣What kind of data will we measure? 

• Fractional frequency deviations (relative doppler shits) from 27 interferometers  
• Times series sampled at 4 Hz, observed over 4+ years with 82% duty cycle 
• Dominated by laser noise 
• After pre-processing, obtain 3 time-delay interferometry (TDI) data streams 

(X, Y, Z)

VGBs + EMRI + Galaxy

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

+ MBHB

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

From Q. Baghi



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 202312

LISA data
‣What kind of data will we measure? 

• Fractional frequency deviations (relative doppler shits) from 27 interferometers  
• Times series sampled at 4 Hz, observed over 4+ years with 82% duty cycle 
• Dominated by laser noise 
• After pre-processing, obtain 3 time-delay interferometry (TDI) data streams 

(X, Y, Z)

VGBs + EMRI + Galaxy

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

+ MBHB + noise

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

From Q. Baghi



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 202312

LISA data
‣What kind of data will we measure? 

• Fractional frequency deviations (relative doppler shits) from 27 interferometers  
• Times series sampled at 4 Hz, observed over 4+ years with 82% duty cycle 
• Dominated by laser noise 
• After pre-processing, obtain 3 time-delay interferometry (TDI) data streams 

(X, Y, Z)

VGBs + EMRI + Galaxy

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

+ MBHB + noise

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

All

Galaxy

MBHB

EMRI

VGBs

Noise

From Q. Baghi



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 202312

LISA data
‣What kind of data will we measure? 

• Fractional frequency deviations (relative doppler shits) from 27 interferometers  
• Times series sampled at 4 Hz, observed over 4+ years with 82% duty cycle 
• Dominated by laser noise 
• After pre-processing, obtain 3 time-delay interferometry (TDI) data streams 

(X, Y, Z)

VGBs + EMRI + Galaxy

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°2

°1

0

1

2

T
D

I
X

[d
∫
/∫

]

£10°22

+ MBHB + noise

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

2.4957 2.4958 2.4959 2.4960 2.4961 2.4962
Time [s] £107

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

T
D

I
X

[d
∫
/∫

]

£10°20

All

Galaxy

MBHB

EMRI

VGBs

Noise

10°4 10°3 10°2

Frequency [Hz]

10°26

10°24

10°22

10°20

10°18

T
D

I
X

P
SD

[d
∫
/∫

H
z°

1/
2 ]

Noise

Galaxy

VGBs

MBHB

EMRI

From Q. Baghi



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 202313

Ground Segment
‣Draft schematic of the LISA science data processing and 

data flow form the preliminary SMP:

ESA SMP (preliminary)

Communication:  
•8h per day 
•～1 GBytes per day 
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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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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
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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

MOC

L0

8.3 sec

 180 sec

~ 0 sec

MOC Processing
~ ? sec

SOC

L0.5
Initial SOC 
processing

~ ? sec~ 0 sec

L0.5-L1 
pipeline
~ mins

LLAP
~ minsL1 Alerts

DDPC
Deep 
Alerts 

Analysis

L1
sync 
mirror

8.3 sec
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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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Observing from space
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Timeline 

‣ 1993: first proposal ESA/NASA 
‣ 20/06/2017: LISA mission approved by ESA Science Program Committee 
‣ End 2021: success of the ESA Mission Formulation Review 
‣ Now: accelerated phase B1 with ESA Adoption 25/01/2024  
‣ Long building phase of multiple MOSAs: 6 flight models + test models 
‣ Building of some subsystem models already started 
‣ 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
‣End of phase B1 and adoption: 

• I-SRR: Instrument System Requirement Review => passed  
• MAR: Mission Adoption Review 
• Adoption 
• Selection of the prime (ITT)
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Example of Data Release Scenario

‣ Commissioning in 2 phases:  
- transfert 
- commissioning 

‣ Current envisaged data policy:  
- DR1 (first data release) after 18 months for L0 to L3 

of 6 months of data at least 
- Then Data Release every year 

Transfert & early commissioning commis
sioning

Nominal science operations

Acq. data DR1 Acquisition for data DR2
Direct analysis of the acquired data

Reanalysis 
& prep DR1

Re-analysis 
& prep DR2

Re-analysis 
& prep DR3

2036 2037 2038 2039 2040

©ESA,CREMA

Dec-2035:  
launch 

Oct-2037 
Start operations 

Oct-2037 
Start commissioning 

Mar-2039 
Data Release 1

Mar-2041 
DR3

Mar-2040 
DR2

©ESA,CREMA
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Mission configuration for adoption
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Sensitivity

Ch
ap

te
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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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
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RedBook
‣The content shown in the next 

slides is based on the redbook, 
the main science document of 
the LISA mission which is almost 
finished. 

‣The Redbook is written by the 
LISA ESA Science Study Team 
with scientists of the Consortium. 

‣The document is in a advanced 
draft version so all content is 
preliminary.
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Compact solar mass binaries
‣Large number of stars are in binary system.  

‣Evolution in white dwarf (WD) and neutron stars (NS). 

=> existence of WD-WD, NS-WD and NS-NS binaries  

‣Estimation for the Galaxy: 30 millions. 

‣Gravitational waves: 
• most part in the slow inspiral regime                                                          

(quasi-monochromatic): GW at mHz 
• coalescence at f > 10 Hz 

‣Several known system emitting around the mHz 
=> guaranteed sources
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Galactic binaries
‣GW waveform: 

• Approx.: 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 30 millions sources) 
• more than 17 guarantied sources (verification binaries) 

ESA Redbook (preliminary)
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Super Massive Black Hole Binaries
‣Mass > 105 MSun 

‣GW waveform: 
• 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 

‣10 - 100 events per 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

© Vincent, Paumard, Gourgoulhon, 
Perrin (2011)

© EHT (2019)
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Super Massive Black Hole Binaries
‣Duration: hours to months 

‣SMBHB from 104 à 107 solar masses in “all” Universe
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EMRIs
‣Capture of a “small” object by massive 

black hole (10 – 106 MSun): Extreme 
Mass Ratio Inspiral 
• Mass ratio > 1000 
• 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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EMRIs
‣GW waveform:  

• Very complex waveform 
• Multiple harmonics 
• No long & 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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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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Binaries observed by LISA
‣60 millions Galatic bin

ESA Redbook (preliminary)
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Cosmological backgrounds
‣Variety of cosmological sources for stochastic backgrounds: 

• First order phase transition in the very early Universe; 
• Cosmic strings network; 
• Primordial Black Holes; 
• …
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Stochastic backgrounds
‣Large uncertainties on the prediction but huge potential of 

discovery

ESA Redbook (preliminary)
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Science Objectives
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‣SO1 : Study the formation and 
evolution of compact binary stars in 
the Milky Way Galaxy:

36

Science Objectives
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‣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;

36

Science Objectives



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 2023

‣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;

36

Science Objectives
ESA Redbook (preliminary)



LISA Science Prospects -   A. Petiteau  -  Seminar CERN - 19 July 2023

‣SO1 : Study the formation and 
evolution of compact binary stars in 
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distribution;
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Science Objectives
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Science Objectives
‣SO2 : Trace the origin, growth and 

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

merger history of massive black holes 
across cosmic ages:
• Discover seed black holes at cosmic 
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Science Objectives
‣SO2 : Trace the origin, growth and 

merger history of massive black holes 
across cosmic ages:
• Discover seed black holes at cosmic 
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Science Objectives
‣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;
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Science Objectives
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counterparts of massive black hole 
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Science Objectives
‣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;

• Identify the electromagnetic 
counterparts of massive black hole 
binary coalescences.
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Science Objectives
‣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;

• Identify the electromagnetic 
counterparts of massive black hole 
binary coalescences.
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Science Objectives
‣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.
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Science Objectives
‣SO6 : Probe the rate of expansion of the Universe : 

• Estimation of cosmological parameters via the observation of standard 
sirens: observations of binaries : 

• GWs ➪ “luminosity distance”, D 
• Electromagnetic observations ➪ redshift, z                                             
➪ constraint on the relation D(z) depending on the geometry of the 
Univers ➪ measurement of cosmological parameters

S. Noble - NASA
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Fig. 6.— Collective figures of merit of our experiment. In each panel, corresponding to a different setup of our experiment as labelled in
figure, the red solid curve corresponds to the data, i.e. the sum of the posterior distributions of w over all realizations. The blue dashed
curve is a Gaussian fit with parameter given in the legend of each plot.
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Fig. 7.— Mean values and standard deviations resulting from
the Gaussian fit of the posterior P (w). The setup of each panel
correspond to the one adopted in the panel of figure 6 labelled by
the same letter).

Here and in the next subsections we make use of 20
selected realizations, which we found to be sufficient to
depict the relevant trends of the analysis. We took 15
“good” (mean values close to the true and small rms
errors) and 5 “bad” cases from the fiducial setup.
In this subsection we study the effect of the prior p0(w)

on the posterior distribution. We considered an extreme
case: a Gaussian N (w0 = −0.2,σ = 0.3). As shown in
panel (c) of figure 6, the global posterior distribution is
still centered at the true value w = 0. This demonstrates
that the final conclusion is basically unaffected by the
choice of the prior (as long as the prior covers the true
value) and GW observations, in principle, could be used
as an independent mean of estimating w.

5.4. Using deeper surveys

Here we study the dependence of our results on the
depth of the follow up spectroscopic survey: i.e. on the

observability threshold. We considered the same 20 real-
izations as in the previous section, but now with different
limits on the apparent magnitude of observable galaxies:
mr = 24, 25, 26. The case mr = 26 is given in panel (d)
of figures 6 and 7. The results are comparable to the
fiducial case. They show a small improvement in sigma
and slightly larger bias for the combined distribution.
We also notice that 4 out of 5 “bad” cases remain bad.
We should say few words about the number of galaxies

used here. As mentioned above, the typical number of
galaxies for the fiducial case (mr = 24) is less than few
thousand for events at z < 1 and less than few tens of
thousands for the high redshift event. For the improved
observational limit (mr = 26), these numbers are 2 to 10
times larger. The fact that our results are not sensitive to
the depth of the survey reflects the self-similarity of the
spatial distribution of galaxies in different mass ranges.

5.5. Improving the sky localization and the luminosity
distance estimation

In our fiducial setup, the assumed source sky localiza-
tion and luminosity distance error are rather conserva-
tive. In this subsection we consider the effect of improv-
ing such measurements. So far, we considered only the
inspiral part of the GW signal; the inclusion of merger
and ringdown will improve the localization of the source
by at least a factor of two (McWilliams et al. 2010), due
to the large gain in SNR. We artificially reduced the sky
localization error coming from the inspiral by a factor of
two (factor of four in the area), assuming that this will
be the case if we take the full GW signal. We reanalyzed
the same 20 realizations with this new error on the sky.
Because the size of the error box is smaller, the number
of potential counterparts is reduced by a factor of ∼ 4
compared to the fiducial case. The results are presented
in panel (e) of figure 6. We see that the main effect of
a better GW source localization is to reduce the number
of outliers and to remove the non-Gaussian tails in the
combined probability. As it is clear form panel (e) of
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the Gaussian fit of the posterior P (w). The setup of each panel
correspond to the one adopted in the panel of figure 6 labelled by
the same letter).

Here and in the next subsections we make use of 20
selected realizations, which we found to be sufficient to
depict the relevant trends of the analysis. We took 15
“good” (mean values close to the true and small rms
errors) and 5 “bad” cases from the fiducial setup.
In this subsection we study the effect of the prior p0(w)

on the posterior distribution. We considered an extreme
case: a Gaussian N (w0 = −0.2,σ = 0.3). As shown in
panel (c) of figure 6, the global posterior distribution is
still centered at the true value w = 0. This demonstrates
that the final conclusion is basically unaffected by the
choice of the prior (as long as the prior covers the true
value) and GW observations, in principle, could be used
as an independent mean of estimating w.

5.4. Using deeper surveys

Here we study the dependence of our results on the
depth of the follow up spectroscopic survey: i.e. on the

observability threshold. We considered the same 20 real-
izations as in the previous section, but now with different
limits on the apparent magnitude of observable galaxies:
mr = 24, 25, 26. The case mr = 26 is given in panel (d)
of figures 6 and 7. The results are comparable to the
fiducial case. They show a small improvement in sigma
and slightly larger bias for the combined distribution.
We also notice that 4 out of 5 “bad” cases remain bad.
We should say few words about the number of galaxies

used here. As mentioned above, the typical number of
galaxies for the fiducial case (mr = 24) is less than few
thousand for events at z < 1 and less than few tens of
thousands for the high redshift event. For the improved
observational limit (mr = 26), these numbers are 2 to 10
times larger. The fact that our results are not sensitive to
the depth of the survey reflects the self-similarity of the
spatial distribution of galaxies in different mass ranges.

5.5. Improving the sky localization and the luminosity
distance estimation

In our fiducial setup, the assumed source sky localiza-
tion and luminosity distance error are rather conserva-
tive. In this subsection we consider the effect of improv-
ing such measurements. So far, we considered only the
inspiral part of the GW signal; the inclusion of merger
and ringdown will improve the localization of the source
by at least a factor of two (McWilliams et al. 2010), due
to the large gain in SNR. We artificially reduced the sky
localization error coming from the inspiral by a factor of
two (factor of four in the area), assuming that this will
be the case if we take the full GW signal. We reanalyzed
the same 20 realizations with this new error on the sky.
Because the size of the error box is smaller, the number
of potential counterparts is reduced by a factor of ∼ 4
compared to the fiducial case. The results are presented
in panel (e) of figure 6. We see that the main effect of
a better GW source localization is to reduce the number
of outliers and to remove the non-Gaussian tails in the
combined probability. As it is clear form panel (e) of
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‣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.
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Science Objectives
‣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
Defined 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

Fundamental physics

Astrophysics
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Conclusion
‣LISA is a space-based interferometer to observe the Universe with 

Gravitational Waves 

‣ESA large mission at ESA to be adopted in January 2024 and 
launch in 2035 for 4.5 to 10 years of operations 

‣Complex and very integrated mission but no technological 
showstopper. 

‣Challenges: 
• Data analysis with very large number of overlapping sources 
• High precision metrology in space 

‣Huge science case for astrophysics, cosmology and fundamental 
physics organised in 8 science objectives 
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Merci
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Data availability during operations
‣Data available from MOC for SOC assuming 8h visibility per day 

every 24h: 
• During visibility phase 1 (0 to about 2h): 

- Stream of Near Real Time Data by chunk of 5mn (TBC) every 5mn 
(TBC). 

- Stream of High Priority Data by chunk of 2x5mn (TBC) every 5mn 
(TBC). 

• During visibility phase 2 (about 2h to end of visibility): 
- Stream of Near Real Time Data by chunk of 5mn (TBC) every 5mn 

(TBC). 
• End of visibility + 8h (TBD) for consolidation: 

- All data acquired from 16h before the start of visibility to end of 
visibility, 1 day of data consolidated.
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Low latency
‣For each candidate detection, dedicated pipelines are started 

in order to  
• confirm,  
• consolidate,  
• refine the alerts  

‣using  
• data used for the detection  
• + new Near Real Time Data
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LISA DA in operations: alerts
‣Sequence diagram for alerts: Space Segment + Ground 
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LISA DA in operations: deep analysis
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