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Why Gravitational Wave Observation from Space?

• Push down to much lower frequencies: mHz 
• expect rich science from: 

• super-massive BH binaries out to high redshift 
• the orbiting of solar mass black holes around super-massive black 

holes in galactic centres (EMRIs) 

• Ground-based instruments limited by seismic and gravity 
gradient noise 

• Fractional length stability of ground-based instruments is 
difficult to achieve at these frequencies 
• e.g., temperature and structural fluctuations 

• Increase arm-length to improve strain sensitivity 
• go to space
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GW Spectrum
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The LISA Concept

• Probe the change in proper 
time between free-falling test 
masses caused by GWs 

• Free-falling test masses are 
housed in drag-free spacecraft 
separated by a few million km 

• Proper time is inferred by the 
time of flight of photons 
exchanged between the 
satellites 

• We have multiple transponder 
links from which we can form 
Michelson-like signals
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The measurement concept

• test-mass to test-mass 
measurement is 
synthesised from: 

• test-mass to SC 

• SC to SC 

• SC to test-mass 

• Combine 6 links on 
ground 

• Time Delay 
Interferometry
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LISA Performance
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LISA Science
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LISA Science — Massive Black Holes
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• Masses 10
2
 to 10

8
 M☉ 

• Questions: 
• When did the first Black Holes appear  in pre-galactic halos and what is 

their mass and spin? 
• How did Black Holes form, assemble and evolve from cosmic dawn to 

present time, due to accretion and mergers? 
• What role did Black Holes play in re-ionisation, galaxy evolution and 

structure formation? 
• What is the precise luminosity distance to loud standard siren black hole 

binaries? 
• What is the distance – redshift relation and the evolution history of the 

universe? 
• Does the Graviton have mass? 
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LISA Science — Extreme Mass Ratio Inspirals
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• EMRIs (1 to 10 M☉ into 10
4
 to 5x10

6
 M☉) 

• How are the stellar dynamics in dense galactic 
nuclei? 

• How does dynamical relaxation and mass 
segregation work in dense galactic nuclei?  

• What is the occupation fraction of black holes in 
low-mass galaxies? 

• How large are deviations from Kerr Metric, and 
what new physics causes them? 

• Are there horizonless objects like boson stars or 
gravastars? 

• Are alternatives to GR viable, like Chern-Simons 
or scalar tensor theories or braneworld 
scenarios?  
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LISA Science — Ultra-Compact Binaries
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• Binaries in the Milky Way 
• What is the explosion mechanism of type Ia 

supernovae? 
• What is the formation and merger rate of compact 

binaries? 
• What is the endpoint of stellar evolution? 
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LISA Science — Stochastic Signals

• Cosmological 
• Directly probe Planck scale epoch at 1 TeV to 1000 TeV before 

decoupling of microwave background 
• Were there phase transitions and of which order? 
• Probe Higgs field self coupling and potential, and search for 

supersymmetry. 
• Are there warped sub-millimetre extra-dimensions? 
• Can we see braneworld scenarios with reheating 

temperatures in the TeV range? 
• Do topological defects like Cosmic Strings exist? 

• Astrophysical 
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LISA Proposal for ESA’s L3 mission slot
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https://www.lisamission.org/proposal/LISA.pdf

www.lisamission.org

https://www.lisamission.org/proposal/LISA.pdf
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Mission Profile and Orbit

• Breathing angles ± 1 deg 

• Doppler shifts ± 5 MHz 

• Launch on dedicated 
Ariane 6.4 

• Transfer time ~400 days 

• Direct escape V∞ = 260 m/s 

• Propulsion module and S/C 
composite
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Operations concept

• Checkout and testing during cruise 

• Initial acquisition 

• Main science mode: all TMs in free-fall along lines of sight between S/Cs 

• DFACS with uN thrusters 

• Minimum deliberate disturbance (~100% duty cycle) 

• No station keeping 

• Daily communication with observatory of ~ 8 hours 

• 35 kbit/s, 334 MB / Day 

• data links on laser light between S/C (~15 kbit/s) 

• X band 

• Maintenance activities 

• antenna repointing every 9 days 

• laser frequency plan adjustments
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Defining the target sensitivity curve

• Started with a bottom-up definition 

• LPF measured acceleration contributions 

• Current best estimates for OMS noise source 

• This evolved to include margin 

• Observatory configuration was defined early in 
the process
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Observatory configuration

• 3 arms was baseline from the start, based on GOAT report 

• Telescope diameter triggered much thought 

• size ranged from 20 to 40 cm 

• 30cm was chosen 

• monolithic construction at this size should not be a cost driver 

• this diameter doesn’t drive SC volume 

• not completely shot-noise limited, so increasing doesn’t help that much (see arm-length 
discussion) 

• Laser output power: 2W 

• considered achievable goal given currently flying lasers and current levels of testing 

• Arm-length 

• possible range considered: 1 to 5 Gm 

• 2.5 Gm is loosely considered a threshold in technical complexity of mission 

• not much high-frequency gain above 2.5 Gm
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Arm-length
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Sensitivity versus Arm-length
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low frequency: acceleration noise limited

‘bucket’: mix of acceleration and OMS

high frequency: OMS limited
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Acceleration noise in LPF
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figure removed
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Acceleration noise
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OMS Noise

• Bottom up approach of best 
estimates 

• Added: 

• a little margin for un-modelled 
phase noise effects 

• relaxation to low frequency to 
ease testing
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----------- LISA Observatory 01 ----------- 
                Name:  
         description:  
           armlength: 2.50 [Gm] 
                Dtel: 0.30 [m] 
              Plaser: 2.00 [W] 
                Ptel: 1.26 [W] 
                  w0: 13.38 [cm] 
                Irec: 10.25 [nA/m^2] 
                Prec: 507.36 [pW] 
              Plocal: 1.67 [mW] 
                 Zpd: 636.62 [Ohm] 
                 Rpd: 0.69 [A/W] 
                 Cpd: 10.00 [pF] 
              Ndiode: 4 [] 
             Npdsegs: 4 [] 
               f_het: 25.00 [MHz] 
             eta_het: 0.80 [] 
             eta_opt: 0.70 [] 
                 RIN: 1e-08 [] 
                TM_Q: 1e+07 [e] 
          lambda_eff: 1.3e+03 [e/s] 
              DeltaX: 5 [mV] 
    sqrt(S_brownian): 2 [fm s^-2 Hz^-0.5] 
         sqrt(S_Ipd): 1.25 [pA/sqrt(Hz)] 
         sqrt(S_Upd): 2 [nV/sqrt(Hz)] 
-------------- OMS Noise ---------------- 
   sqrt(S_dx_margin): 0 [m/sqrt(Hz)] 
      sqrt(S_dx_RIN): 0.0017 [pm/sqrt(Hz)] 
     sqrt(S_dx_elec): 2.9 [pm/sqrt(Hz)] 
     sqrt(S_dx_shot): 4.1 [pm/sqrt(Hz)] 
       sqrt(S_dx_PM): 1 [pm/sqrt(Hz)] 
     sqrt(S_dx_PAAM): 2.2 [pm/sqrt(Hz)] 
 sqrt(S_dx_pointing): 4 [pm/sqrt(Hz)] 
sqrt(S_dx_telescope): 1 [pm/sqrt(Hz)] 
       sqrt(S_dx_OB): 2.4 [pm/sqrt(Hz)] 
  sqrt(S_dx_thermal): 2 [pm/sqrt(Hz)] 
  sqrt(S_dx_scatter): 2 [pm/sqrt(Hz)] 
----------------------------------------- 
   sqrt(S_OMS_total): 7.82 [pm/sqrt(Hz)] 
----------------------------------------- 
-------------------------------------------
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Total single link contribution
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Link = 1 x phase readout + 4 x force noise
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Full observatory break-down
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Condensed description
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Payload concept (per S/C)

• 2 LPF Gravitational 
Reference Sensors 

• TM, EH, FEE, caging 
mechanism, discharge system 

• 2 Optical Benches 

• imaging of received light, 
local and science IFOs, back-
link/phase reference 

• 2 Telescopes and mounting 
structures 

• Breathing mechanism

26

Images courtesy of Airbus D&S GmbH,
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Payload concept (per S/C)

• 2 LPF Gravitational Reference Sensors 

• TM, EH, FEE, caging mechanism, discharge system 

• 2 Optical Benches 

• imaging of received light, local and science IFOs, 
back-link/phase reference 

• 2 Telescopes and mounting structures 

• Breathing mechanism
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Setting science requirements
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Example
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SO2: Trace the origin, growth and merger history 
of massive black holes across cosmic ages

SI2.1: Search for seed black holes at cosmic dawn

SI2.2: Study the growth mechanism of MBHs from the epoch of the 
earliest quasars

SI2.3: Observation of EM counterparts to unveil the astrophysical 
environment around merging binaries

SI2.4: Test the existence of Intermediate Mass Black Hole Binaries 
(IMBHBs)
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SO2 breakdown
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SO2
Origin, growth and 
merger history of 

massive black holes

SI2.1
Seed black holes

OR2.1
Inspiral of MBHBs

103 � 105 M�
10 < z < 15

MR2.1
Sensitivity constraint

SI2.2
Growth mechanism of 

MBHs

OR2.2.a
coalescence of MBHBs

104 � 106 M�
z < 9

OR2.2.b
measure spins to 0.1

105 � 106 M�
z < 3

MR2.2
Sensitivity constraint

SI2.3
Observations of EM 

counterparts

OR2.3.a
mergers of Milky Way type 
galaxies, sky localisation, 

EM alerts

OR2.3.b
follow up EM observations 

via accurate sky 
localisation

MR2.2
Sensitivity constraints, data processing latency, protected 

periods

SI2.4
Existence of IMBHs

OR2.4.a
Inspiral signals from equal 

mass systems
600� 104 M�

z < 1

OR2.4.a
Inspiral signals from 

unequal mass systems
⇠ 100 + 105 M�

z < 3

MR2.4.a
Sensitivity constraints

MR2.4.b
Sensitivity constraints
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Mass/Redshift plane
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Data Processing (1)

32

Calibration

Preprocessing

TDI ProcessingAstrophysics 
DA

Source 
Catalogues
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Data Processing (2)
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● The many data streams needed to extract the science of 
LISA are sent to ground at low sample rate (few Hz) 

● A number of post processing steps are needed to 
● make accurate measurements of the arm length (as a 

function of time) 
● correct timing jitter 
● noise subtractions, data cleaning, calibrations 

● Use Time Delay Interferometry to compute physical 
variables sensitive to GWs 
● cancel laser frequency noise, spacecraft jitter, etc 
● additional data conditioning
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The challenge of LISA data analysis

34

• LISA is signal dominated! 
• Multiple signals are 

always present in the 
data 

• Need to disentangle all 
those signals to extract 
information about the 
sources 

● Mock LISA Data Challenges 
● international community 

working on the problem
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Path to launch
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2017 2018 2019 2020

Phase 0 
CDF

Payload  
Phase 0

Proposal  
Selection

Competitive Industrial Phase A studies

2024

Mission  
Definition  

Review

Mission  
Consolidation  

Review

Mission  
Selection  
Review

2026 2028 20322030 2034

Mission 
Adoption

Implementation Phase (B2/C/D)

Launch
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Post launch
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2034 2036 2040 2046

Transfer & Commissioning Operations Mission Extension

Launch
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LISA in ESA’s Concurrent Design Facility
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LISA in ESA’s Concurrent Design Facility

• Large study team at ESA 
• ~40 engineers 

• Support from Consortium
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LISA in ESA’s Concurrent Design Facility
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In the CDF…

• Overall mission analysis 

• orbits, launch, transfer, etc 

• Power, mass, volume budgets 

• Overall architecture 

• Data handling 

• Payload definition 

• DFACS 

• Programmatics 

• Structures 

• Ground stations and operations
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Summary

• L3 Proposal is in! 
• has been studied by ESA’s advisory group 
• Phase 0 (CDF) is nearly complete 
• Payload Phase 0 starts soon 

• We have a robust baseline mission which delivers 
the science of The Gravitational Universe 

• Properly builds upon the heritage and 
experience of LPF 

• We are ready to build LISA!
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