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GW spectrum
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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 
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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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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: 60 millions. 

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

(quasi-monochromatic): GW at mHz 
• few are coalescing: GW event of few                                                        

seconds at f > 10 Hz (LIGO/Virgo) 

‣ Several known system emitting around the mHz 
=> guaranteed sources
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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 30 millions sources) 
• more than 10 guarantied sources (verification binaries) 
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Galactic binaries

GW sources 
- 6 x107 galactic binaries 
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Stellar mass BH 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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Stellar mass BH binaries

GW sources 
- 6 x107 galactic binaries 
- large number of Stellar Origin 
BH binaries (LIGO/Virgo) 
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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)
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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
‣ LISA: SMBHB from 104 à 107 solar masses in “all” Univers
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Super Massive Black Hole Binaries

GW sources 
- 6 x107 galactic binaries 
- large number of Stellar Origin 
BH binaries (LIGO/Virgo) 

- 10-100/year SMBHBs 
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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 stong field 
• Frequency : 0.1 mHz to 0.1 Hz  
• Large number of source could be 

observed by space-based interferometer
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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 
- 6 x107 galactic binaries 
- large number of Stellar Origin 
BH binaries (LIGO/Virgo) 

- 10-100/year SMBHBs 
- 10-1000/years 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

10−22

10−21

10−20

10−19

10−18

10−17

10−16

10−5 10−4 10−3 10−2 10−1 100

SNR

C
h
ar
ac
te
ri
st
ic

st
ra
in

am
p
li
tu
d
e

Frequency [Hz]

Resolved galactic binaries (4 yr observation time)

Verification binaries (4 yr observation time)

Galactic confusion noise

GW150914 type Black Hole Binaries

GW150914

2 big black holes at z=3

month
day

hour

year month
day

hour minute

year
month

day
hour

minute

EMRI

1

10

100

1000

Mtot = 107MSun

Mtot = 106MSun

Mtot = 105MSun



LISA -   A. Petiteau  -  IPHU GW conf. - Remote - 6th July 2021

C O N S O R T I U M

CO N S O R T I U M

CO N S O R T I U M

CO N S O R T I U M

18

GW sources

10−22

10−21

10−20

10−19

10−18

10−17

10−16

10−5 10−4 10−3 10−2 10−1 100

SNR

C
h
ar
ac
te
ri
st
ic

st
ra
in

am
p
li
tu
d
e

Frequency [Hz]

Resolved galactic binaries (4 yr observation time)

Verification binaries (4 yr observation time)

Galactic confusion noise

GW150914 type Black Hole Binaries

GW150914

2 big black holes at z=3

month
day

hour

year month
day

hour minute

year
month

day
hour

minute

EMRI

1

10

100

1000

Mtot = 107MSun

Mtot = 106MSun

Mtot = 105MSun

- 6 x107 galactic binaries 
- large number of Stellar Mass 
BH binaries (LIGO/Virgo) 

- 10-100/year SMBHBs 
- 10-1000/year EMRIs 
- Cosmological backgrounds 
- Unknown sources 
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LISA 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 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 data

GW sources 
- 6 x107 galactic binaries 
- large number of Stellar Origin 
BH binaries (LIGO/Virgo) 

- 10-100/year SMBHBs 
- 10-1000/year EMRIs 
- Cosmological backgrounds 
- Unknown sources 
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BH binaries (LIGO/Virgo) 

- 10-100/year SMBHBs 
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- Cosmological backgrounds 
- Unknown sources 

‘Survey’ type observatory

Phasemeters (carrier,  
sidebands, distance) 

+ Gravitational Refe-        
-rence Sensor  

+ Auxiliary channels 



LISA -   A. Petiteau  -  IPHU GW conf. - Remote - 6th July 2021

C O N S O R T I U M

CO N S O R T I U M

CO N S O R T I U M

CO N S O R T I U M

20

LISA data

GW sources 
- 6 x107 galactic binaries 
- large number of Stellar Origin 
BH binaries (LIGO/Virgo) 

- 10-100/year SMBHBs 
- 10-1000/year EMRIs 
- Cosmological backgrounds 
- Unknown sources 

‘Survey’ type observatory

Phasemeters (carrier,  
sidebands, distance) 

+ Gravitational Refe-        
-rence Sensor  

+ Auxiliary channels 



LISA -   A. Petiteau  -  IPHU GW conf. - Remote - 6th July 2021

C O N S O R T I U M

CO N S O R T I U M

CO N S O R T I U M

CO N S O R T I U M

20

LISA data
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reduction of laser noise
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LISA data flow
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BH binaries (LIGO/Virgo) 

- Cosmological backgrounds 
- Unknown sources 

‘Survey’ type observatory

Phasemeters (carrier,  
sidebands, distance) 

+ Gravitational Reference  
Sensor  

+ Auxiliary channels 

Data Analysis of GWs

Catalogs of GWs sources 
with their waveform

L1

L3

L2

 3 TDI channels with 2 “～independents”

Calibrations corrections

Resynchronisation (clock)

Time-Delay Interferometry 
reduction of laser noise

L0
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Segment sol LISA
‣Workflow preliminary versions:

Deep analysisDeep analysis

Low Latency
L0.1

Calibrations
(TBD)

Sim L0 

MOC

Simulator

 L0.2 
[L0.1 

calibrated]

Clock Sync + 
Ranging 
(Kalman)

ranging

TDI correction for 
SC jitter + TTL (?) 

correction TDI xi
TDI correction 

“single laser / SC” TDI Q
TDI correction 

“Full” TDI X,Y,Z
TDI correction 

“clock jitter noise”

 L0.3
[L0.2 

calibrated &
restamped]

L1 
“TDI X,Y,Z” 

+ ?

Sim L1

L2
Cross-check, 

selection, 
merging

L3
Scientific 
validation

Process

Data

Real

Simulated

Telemetry:
+ Phasemeter
+ DFACS
+ GRS FEE
+ CGT
+ CMS
+ SciDiag
+ Housekeeping

Low Latency

Deep analysis

Release 
preparationTDI Xc,Yc, 

Zc
TTL correction (?)

Deep analysisDeep analysis

Low Latency
L0.1

Calibrations
(TBD)

Sim L0 

MOC

Simulator

 L0.2 
[L0.1 

calibrated]

Clock Sync + 
Ranging 
(Kalman)

ranging

TDI correction for 
SC jitter + TTL (?) 

correction TDI xi
TDI correction 

“single laser / SC” TDI Q
TDI correction 

“Full” TDI X,Y,Z
TDI correction 

“clock jitter noise”

 L0.3
[L0.2 

calibrated &
restamped]

L1 
“TDI X,Y,Z” 

+ ?

Sim L1

L2
Cross-check, 

selection, 
merging

L3
Scientific 
validation

Process

Data

Real

Simulated

Telemetry:
+ Phasemeter
+ DFACS
+ GRS FEE
+ CGT
+ CMS
+ SciDiag
+ Housekeeping

Low Latency

Deep analysis

Release 
preparationTDI Xc,Yc, 

Zc
TTL correction (?)

L1 L3L2

L0

GW 
sources 

extraction 
with 

multiple 
pipelines

Generation of 
final products

Initial Noise Reduction pipeline (TDI, etc)



LISA -   A. Petiteau  -  IPHU GW conf. - Remote - 6th July 2021

C O N S O R T I U M

CO N S O R T I U M

CO N S O R T I U M

CO N S O R T I U M

22
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 L0.2 
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Ranging 
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 L0.3
[L0.2 

calibrated &
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L1 
“TDI X,Y,Z” 

+ ?

Sim L1
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Cross-check, 
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merging

L3
Scientific 
validation
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Data
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Simulated

Telemetry:
+ Phasemeter
+ DFACS
+ GRS FEE
+ CGT
+ CMS
+ SciDiag
+ Housekeeping
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Deep analysis

Release 
preparationTDI Xc,Yc, 
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TTL correction (?)

L1 L3L2

L0

Example: different 
schemes are possible
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Noise reduction
‣ From L0 (raw data) to L1 (TDI: data used to extract GWs) 

• Initial Noise Reduction Pipeline (INReP) 
- Synchronisation of time reference 
- Estimation of armlength 
- Time Delay Interferometry 

• Monitoring of instrument

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
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Extracting GWs
‣ From L1 (TDI) to L2/L3 (science products: GW catalogue, etc) 

‣ Complex: large number of sources + artefacts (gaps, glitches, …) 

‣ LISA Data Challenge 
• Generate datasets provided to the community 
• Organise development of data analysis  
• Increase complexity of                                                                                    

datasets 
• Example:                                                                                             

Sangria dataset
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LISA at ESA 
‣ 25/10/2016   : Call for mission 
‣ 13/01/2017   : submission of «LISA proposal» (LISA consortium)   
‣ 8/3/2017      : Phase 0 mission (CDF 8/3/17 → 5/5/17) 
‣ 20/06/2017   : LISA mission approved by SPC 
‣ 8/3/2017      : Phase 0 payload (CDF June → November 2017) 
‣ 2018→2021   : phase A: payload study + competitive studies for 2 primes  
‣ 2021→2023   : phase B1 
‣ 2024            : mission adoption 
‣ During about 10 years : production: challenge (3 S/Cs with 2 MOSAs) 
‣ 2034            : launch Ariane 6.4 
‣ 1.5 years for transfert 
‣ 6 - 12 months for commissioning 
‣ 4-6 years of nominal mission (75% duty cycle) 
‣ Possible extension to 10 years 

GW observations!
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LISA timeline

‣ Activities during the phase A: 
• Scope, first definitions, organisation, performances, … 
• For the ground segment:  

- first mission of this kind + large number of overlapping sources: challenge 
for data analysis => development and prototyping started very early  

- Support & contribution to Consortium activities: figure of merits, 
performance model,  simulations, …

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

Scope, first 
definition Defintion Detailed definition, production, intégration, tests, validation L Transfert C Operations

2022 2024 2026 2028 2030 2032 2034 2036 2038 2042

…

…

…

Short term Long term Operations

…

…

…

Adoption Launch
Commissioning
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LISA Consortium
‣ Set for eLISA/NGO and enlarge later => reboot now (Mar 2018) 
‣ The LISA Consortium wrote the LISA proposal (core group) submitted it to ESA  
‣ Letter of endorsement from National Agencies to ESA

PI (D), Consortium Board,          
National Project Manager Board
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LISA Consortium
‣ Currently 1439 members 

• 655 full members committing time to LISA Consortium activities 
• 774 associates 

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

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
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Consortium Organisation

ESA Study 
Scientist

ESA Study 
Manager

ESA Mission 
System Engineer

ESA Payload 
Manager

ESA Ground-
Segment Manager

Formulation Management Team
(FMT)

LISA Instrumentation Group
(LIG)

LISA Data Processing Group
(LDPG)

LISA Data 
Challenges WG

LISA Science Group
(LSG)

Astrophysics 
WG

Cosmology WG

Fundamental 
Physics WG

Waveform WG

Work Package Teams
(WPTs)

Executive 
Committee

(EC)

Consortium Board
National Project 
Managers Board

(NPMB)

Diversity, Equity & 
Inclusion 

Committee
(DEI)

Membership 
Management Team

(MMT)

Publication & 
Presentation 
Committee

(P&P)

Advocacy & 
Outreach 

Committee
(AdvoReach)

LISA Early Career 
Scientists

(LECS)

Formulation Activities Science Utilisation Governance

LISA Consortium

Note: only formal interfaces are shown
Version 1.0

ESA Science Study 
Team

Performance WG

Stray light WG

Photo diode WG

DDPC Definition & Design WG

Prototyping WG

Collaborative tools 
& PA/QA WG

Support WG INREP WG

Simulation WG

Waveforms

Data Analysis Tools

Low-Latency 
pipelines

Sources identification 
codes

Multi-messenger 
astronomy

Science 
Interpretation

Catalogs
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Thank you


