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Space borne Gravitational Wave observatories
LISA Pathfinder, LISA and beyond



LISA: the quest for low-frequency GW
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Low frequency GW astronomy
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Super-massive sources

• Binaries are nearly Keplerian,  frequency 
of wave twice frequency of revolution
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Supermassive BH mergers: the brightest sources 
• Wave amplitude scales with 𝑀!×𝑀": detectable “everywhere” in the 

universe
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Supermassive BH mergers: the brightest sources 
• Detectable “everywhere” in the universe
• Sooner or later frequency crosses LISA 

band : cosmological stratigraphy
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Extreme Mass Ratio Inspirals
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XMM-Newton 
GSN 069



EMRIs as a GRG lab
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• The no-hair theorem: spacetime around BH  
determined by mass and spin 
• No deformability
• Quadrupole moment measured at 0.1 % - 0.01 

%
• Inconsistency with Kerr multipole structure 

allows to discriminate:
– Strong environmental perturbation
– New type of exotic compact object 

consistent with General Relativity: boson 
star, horizonless objects, non-Kerr 
axisymmetric geometries….

– Failure in General Relativity itself: 
dynamical Chern-Simons, scalar-tensor 
theories, braneworld models, theories 
with axions, constraints within 
parametrised models…



Cosmography with GW

• GW from chirping binary systems 
are standard sirens: absolute 
luminosity distances DL from 
period P and amplitude h:

𝐷@ ∝
𝑐𝑃�̇�
ℎ

• GW do not measure redshift z. 
DL(z) requires identification of 
e.m. counterpart.
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Non-transient GW astronomy

Heraklion 27/07/2022 S. Vitale 9

• GW-binary astronomy of local 
group

• BH multi-band astronomy



The high ℛ end: the GW Milky Way
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T. Littemberg et al arXiv:2004.08464

• Tens of thousand of discernible sources 
• Plus a stochastic foreground

Kupfer T, et alhttps://doi.org/10.1093/mnras/sty1545

Valeriya Korol



Expectations
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Multi-band GW astronomy
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Multi-band GW astronomy and fundamental physics

Heraklion 27/07/2022 S. Vitale 13

Joint observation greatly 
improves measurement of 
deviation from GR 

S. Datta et al arXiv:2006.12137v1 [gr-qc] 22 Jun 2020



Data analysis a formidable challenge
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Interesting reading

Heraklion 27/07/2022 S. Vitale 15

arXiv:2204.05434v1 [astro-ph.CO] 11 Apr 2022 arXiv:2203.06016v1 [gr-qc] 11 Mar 2022

Astrophysics with LISA Cosmology with LISA

Fundamental Physics with LISA
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Detecting gravitational 
wave in space

• Waves of space-time 
curvature that propagate at 
speed of light

• Doppler tracking of free 
orbiting bodies modulated 
at period of gravitational 
wave

Δ�̇�
𝜈'

≃ 𝑐𝑅 ( ) (
) 𝐿

Curvature
tensor

Separation between  bodies



LISA
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The LISA link
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L Receiver (rec)Emitter (em)

• Propagating throughout GW curvature, beam accumulates a time modulated 
frequency shift  #%̇

%A
≃ 𝑐𝑅 & ' &

' 𝐿

• Acceleration of spacecraft via standard Doppler effect also shifts frequency 
and mimics GW #%̇

%A
= 𝑐𝑅 & ' &

' 𝐿 + (BCD)(CE
*

• Spacecraft (S/C) accelerate too much because of solar radiation pressure

Curvature
tensor

Size of 
detector



Coping with S/C acceleration

Heraklion 27/07/2022 S. Vitale 19

• Free-floating test-masses (TM) are carried inside S/C
• No contact between TM and S/C, “drag-free” along the beam
• Measure S/C-to-TM acceleration and correct signal for Doppler



LISA link: combination of three independent 
measurements

2×test-mass to spacecraft measurements
1×spacecraft to spacecraft interferometer
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Equivalent to a direct test-mass to test-mass measurement
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The LISA arm
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• True reflection impossible. The 
LISA arm: two counter-
propagating links.

• LISA: 3 arms=6 links
• LISA science signals: 1 

frequency signal per link, i.e. 6 
single-link signals

2.



• Best stabilized laser frequency 
noise off scale:
– Required≼ 1 𝜇𝐻𝑧/ 𝐻𝑧
– Available ≼ 1 𝑘𝐻𝑧/ 𝐻𝑧

• Ground based interferometers 
beat noise comparing beams 
emitted at same time (equal arms)

• LISA: arms are unequal (ΔL ≃
10+𝑘𝑚) and time varying over 
the year.

• Combine single-link signals to 
mimic   light beams that have 
traveled equal lengths
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Laser frequency noise & time delay 
interferometry



Weber – Amaldi 13 / GR 22 - 20190712

8 orders of magnitude suppression
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Requires high accuracy measurement of phase
• Demonstrated in lab by many teams
• For instance
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10F − 10GG dynamic range



Time delay interferometry
• Requires knowledge of light 

travel time within 3 ns/1 m
• Done with “laser GPS”:

– Pseudo-random code transmitted 
as modulation of laser frequency

– Received signal correlated 
locally with same code to find 
true delay

• Predicted accuracy 1 − 10 𝑐𝑚
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The LISA link instrument
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Test-
mass

Spacecraft
(optical bench)



• The Gravitational 
Reference Sensor with 
the test-mass 

• The Optical Bench 
with:
– Local interferometer
– Spacecraft to 

spacecraft 
interferometer, 
including telescope
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LISA link 
Instrument



The Gravity reference Sensor (GRS)
• Drag-free along sensitive direction
• Other test-mass degrees of 

freedom controlled via 
electrostatic forces 

• 3-4 mm clearance between test-
mass and electrodes
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The optical bench
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The full complement
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C O N S O R T I U M



Noise in a LISA link
• Once frequency noise has been suppressed, LISA sensitivity 

limited at low frequency by acceleration of test-masses
• Only at higher frequencies interferometer readout noise sets in
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Acceleration of test-masses Interferometer readout 

noise



Acceleration noise and LISA science
• LISA sensitivity limited at low frequency by acceleration of test-masses
• LISA is a low frequency instrument: much of SNR for most interesting 

sources accumulated ≼ 10 mHz
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Acceleration of test-masses

Interferometer 

noise



LISA: Sub-femto-g force suppression required

• Cannot be tested 
on ground  ≲
0.1 Hz

• Not even in low 
Earth orbit: (>3) 
orders of 
magnitude better 
than any other 
space mission
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LISA: Sub-femto-g force suppression required

• Cannot be tested 
on ground  ≲
0.1 Hz

• Not even in low 
Earth orbit: 
orders (>3) of 
magnitude better 
than any other 
space mission
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LISA Pathfinder

• Force disturbance is 
local. Test does not 
require million km size
•One LISA link inside a 

single spacecraft (no 
million km arm)
• 2 TMs, 
• 2 Interferometers (Ifo) 
• Satellite chases one test-

mass
•Contrary to LISA, second 

test-mass forced to 
follow the first at very 
low frequency by 
electrostatics 
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The LTP
• Test masses gold-platinum, 

highly non-magnetic, very 
dense
• Electrode housing: 

electrodes are used to exert 
very weak electrostatic 
force
• UV light, neutralize the 

charging due to cosmic 
rays
• Caging mechanism: holds 

the test-masses and avoid 
them damaging the 
satellite at launch
• Vacuum enclosure to 

handle vacuum on ground
• Ultra high mechanical 

stability optical bench for 
the laser interferometer
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The real H/W
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From instrument integration to orbit
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LISA acceleration requirements
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Relaxed LISA Pathfinder requirements

Heraklion 27/07/2022 S. Vitale 42

Just above 1 mHz

Factor 10 more noisy



Expected performance
• LISA Pathfinder performance budget: 276pages
• A short list of dominating effects
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Expected performance
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• Electrostatic 
actuation noise:
– For a given voltage 

source noise, the 
larger the needed 
force you set, the 
larger the force 
noise.

• Brownian noise 
from residual gas:
– The larger the 

pressure 
surrounding the 
test-mass the larger 
the noise

• Interferometer 
readout noise: ≃
10 𝑝𝑚/ 𝐻𝑧 as for 
LISA



First day of operations: March 1st 2016
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• Better than 
requirement.

• Close to 
prediction 

• Except for 
interferometer 
noise at 35 
fm/√Hz instead of 
10 pm/√Hz 



The magic interferometer
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Gravitational control and actuation
• Electrostatic force mostly compensates 

gravitational force
• Gravitational force canceled in dead 

reckoning with ~1.8 kg balance mass
• Specification gmax<650 pm s-2 (3 σ + 

margin)
• Actual: gmax< 25 pm s-2 (~5% probability)
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Authority 650 pm s*+
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Authority 50 pm s*+
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Brownian noise decays because of venting to space



Pressure and Brownian decay
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Authority 50 pm s*+
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The ultimate performance
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Consolidating the noise model: LPF full menu of experiments
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Test mass charging

• Cosmic rays keep charging up the test-
mass

• Random charge 𝛿𝑄 interact with parasitic 
potentials Δ𝑉 and produces force noise 
𝛿𝐹- =

.-/0
1

• Charging events random and uncorrelated: 
Poisson statistics expected.

• Force noise with 1/𝑓 spectrum 
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Test mass charging
• We were able to measure charge by using an oscillating 

potential
• Oscillating force produced

𝛿𝐹0 =
𝛿𝑄
𝑑
Δ𝑉𝐶𝑜𝑠(𝜔1𝑡)

• 𝛿𝑄 𝑡 , at frequencies ≪ 𝜔1/2𝜋 , from induced test-mass 
motion
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𝛿𝑄

Δ𝑉𝐶𝑜𝑠(𝜔H𝑡)

d

Napoli 28/06/2021 S. Vitale

Suppressing force 
noise due to charge 
by balancing the 
parasitic potential 



Test mass discharging
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• Charge biases TM and needs to 
be removed

• Discharging performed with UV 
light (non contacting)

• Electron can both be extracted
from TM or deposited onto it

• Full bipolar discharging achieved
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An independent check of performance:  
gravimeter vs accelerometer

• Control with intermittent force pulses and 
unperturbed 300 s flights in between 

• Noise on time scale > 300 s accurately  
interpolated 
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Micrometeroid impacts on LPF



Simulated LISA acceleration signal  for two 5×105 M☉ black-holes with their galaxies 
merging at z=5

LISA Pathfinder acceleration data 
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Simulated LISA acceleration signal  for two 5×105 M☉ black-holes with their galaxies 
merging at z=5

LISA Pathfinder acceleration data 
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Green Light for LISA
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LISA marching ahead
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LISA currently in phase B1
• Phase-A study competitive: cannot show much!
• A rather stable concept, working out the details



Technology developments
(TRL 6 by adoption)
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LISA OB Layout (B−Side) V2.2, Ewan Fitzsimons, July 2022
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• The back link systems

Technology developments
(TRL 6 by adoption)



Technology developments
(TRL6 by adoption)
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Charge management

Laser

Telescope



The International Collaboration
• The LISA Consortium (1437 

1612 members)
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Beyond and besides LISA
• Efforts in China
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天琴计划



Beyond and besides LISA
• Planning for the future
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