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Gravitational wave astronomy within ESA 
Science Programme



LISA: LIGO/Virgo in space 
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2!10-5÷1  Hz not accessible from ground
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The LISA link

• GW curvature modulates the frequency of the 
received beam

• so do acceleration of satellite relative to their 
inertial frames
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The LISA link

• GW curvature modulates the frequency of the 
received beam

• so do, via Doppler effect, accelerations of 
satellites relative to their local inertial frames 
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• Inertial reference  test-masses are used to correct for 
satellite acceleration

• Equivalent to directly tracking test-masses
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The LISA link



The LISA arm
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• True reflection 
impossible. The LISA 
arm: two phase-locked 
counter-propagating 
links.

• LISA: 3 arms 2.5 Mo km
• 10 pm/!Hz single-link 

interferometry @1 mHz

2.



LISA fundamentals: drag-free

! Free-falling inside a 
spacecraft
" Sooner or later test-masses 

will hit the walls
" LISA: position of 

spacecraft relative to test-
mass is measured by  local  
interferometer

" Spacecraft is kept centered 
on test-mass by acting on 
micro-Newton thrusters.
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LISA fundamentals: the  constellation
! Satellites follow independent heliocentric orbits. 

No formation keeping needed
! Constellation rotates within waves and gives 

source location
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• 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 
Instrument
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•
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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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Why low frequency?
! Frequency of GW 2 x frequency of 

motion

! Kepler: faraway is slow

! Big black-holes: can’t get closer than 
horizon

! By the way, big is powerful: h!M2

 f = 1 !( ) GM r3

  
f !

1
! 8

c3

GM
:    106 M" " 0.01 Hz

Rs !
2GM

c2

12Rome July 4, 2018 S. Vitale



Rome July 4, 2018 S. VitaleRome July 4, 2018

!"##$%$&'()*+,-./))$0,(1#/234
5"#,)(%-/''$&'(65,$-("7&(

'/#/8$,)(9:*11#,;

<*+,-./))$0,(1#/2345"#,(
)7/##"7$&'(/()./##("&, =>?@(1#/2345"#,(A,/-)(

1,B"-,(B$&/#(.,-',-

!".+/26(1$&/-A()6/-)($&(
65,(C$#3A(D/A

!"#$ !"%&
!"#$ %&' ("))"*+'%&
,-.$'
/$0"*1

232245234
6$7*+16

&"+89$6'9*'
:*806

(-66 *;'
6*807$6 <'4542'!8+ 8/'9*'4542'

("))"*+'!8+

!"#$'*;'9:$'
6*807$

<'42254222'
%&

4542'
("))"*+'%&

!"#$ !"%&
!"#$ %&' ("))"*+'%&
,-.$'
/$0"*1

232245234
6$7*+16

&"+89$6'9*'
:*806

(-66 *;'
6*807$6 <'4542'!8+ 8/'9*'4542'

("))"*+'!8+

!"#$ !"%&
!"#$ %&' ("))"*+'%&
,-.$'
/$0"*1

232245234
6$7*+16

&"+89$6'9*'
:*806

13



Million solar mass Black-Holes
! Galaxies host > million solar mass 

Black-Holes
! Galaxy collide and form binary Black-

Holes
! Binaries coalesce: more GW energy than 

all light in the Universe
! 104-106 times the energy of a 

LIGO/Virgo merger
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High-precision gravitation

! All mergers in the 
universe in its 
frequency band, even 
out to z=20, if they 
were happening. 

! Measures: luminosity
distance 1 – 5 %

! Sky location 0.1° - 5 °
! Masses to ±0.1-0.5%
! Spin magnitudes to

±0.01.  
! Spin vectors to ±3-5%
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A deep universe, high resolution observatory
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Cosmological 
stratigraphy

! Almost all BBH in their 
evolution cross LISA band 
(hundreds expected)

! Allows discriminating different 
model of galaxy formation.
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ESA’s MBH 
programme

18

 0

 5

 10

 15

 20

102 103 104 105 106 107 108 109 1010

z

M

10

20

50

100

200

500

1000

!"#$%&'(")&*+,-(.(/0&10&2343

25
!"##$%&'($!)!!*!

 5

#6789:&#;7<89:
=*8<*

>=*:&?@"+#-&
AB/B.C

D@,@-)&EF&91+G&
6>>A:&HI>A:&EE6A

 15

 20

 10z
EA

!"#$

Rome July 4, 2018 S. Vitale

Athena



Extreme Mass-Ratio Inspirals: EMRIs
! Stellar-mass BH capture by a massive BH: 

dozens per year.
! 105 orbits very close to horizon.  

GRACE/GOCE for massive BHs.
" Prove horizon exists.
" Test the no-hair theorem to 1%.

" Masses of holes to 0.1%
" Spin of central BH to 0.001. 
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EMRIs as a GRG lab
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! The no-hair theorem: spacetime around 
BH  determined by mass and spin 
! 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…
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Cosmography with GW
! GW from chirping binary systems are standard sirens: absolute 

luminosity distances DL from period P and amplitude h:

! GW do not measure redshift z. DL(z) requires identification of e.m. 
counterpart.

!"#$%&'()%*+%,-./ 01%2345($ ,,

  DL ! cP !P h



Cosmography with GW

! Complementary to and totally independent of ESA’s Euclid
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Kepler again: well 
separated  smaller 

binaries rotate at low 
frequency
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1. LISA compact galactic 
binaries.

! Guaranteed (known) 
sources at high SNR: 
verification binaries

! About 20000 double white 
dwarf binaries resolved 

! Discovery of 
distant/obscured/faint 
binaries.

! The millions of ultra-
compact binaries will form 
a detectable foreground
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VIRGO/LIGO BH in 
their Keplerian

phase

2. Detecting LIGO events 
before they happen
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VIRGO/LIGO BH in 



And so on 
and so forth
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LISA development and LISA Pathfinder



free falling masses: must accelerate just because of curvature
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Accelerations relative to local frames must be negligible
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Force vs curvature

• Acceleration of test masses, relative to their 
local free-falling  frames, cannot be 
distinguished from the effect of curvature
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Sub-femto-g force suppression for LISA
! Cannot be tested on ground  ! 0.1 Hz
! Orders of magnitude better than any other space mission
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Sub-femto-g force suppression for LISA
! Cannot be tested on ground  ! 0.1 Hz
! Orders of magnitude better than any other space mission
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LISA Pathfinder 
concept

! 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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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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densedense
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
them damaging the satellite 
at launch
Vacuum enclosure to handle 

Caging mechanism: holds 
the test-masses and avoid 
them damaging the satellite 
at launch
Vacuum enclosure to handle 

stability optical bench for 
the laser interferometer
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Vacuum enclosure to handle 
vacuum on ground
Vacuum enclosure to handle 
vacuum on ground
Vacuum enclosure to handle 

Ultra high mechanical 
stability optical bench for 
Ultra high mechanical 
vacuum on groundvacuum on ground
Ultra high mechanical 
vacuum on groundvacuum on ground
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Test-mass and 
accessories: 

the gravity reference 
sensor 

CGS-OHB, U.Trento-INFN, ETH 
Zurich, Ruag, TAS-I, Imperial College, 

IEEC

Laser interferometer

U. Glasgow, AEI-Max Planck, U. 
Birmingham, AIRBUS DS, APC-

CNRS, IEEC, 
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LTP Core assembly
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LISA (L3) disturbance acceleration requirements
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LISA Pathfinder requirements

• Amplitude requirement relaxed because single spacecraft 
experiment more noisy

• Frequency requirement relaxed to cut down ground testing time
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LISA Pathfinder requirements
• Amplitude requirement relaxed because single spacecraft 

experiment more noisy
• Frequency requirement relaxed to cut down ground testing time
• Interferometer requirements maintained at 9 pm/!Hz ~ as in LISA
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What were we expecting?
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! Two dominating sources:
! Actuation noise: 
! Electrostatic force is noisy, as 

voltage fluctuates.
! Noise scales with setting of 

maximum force gmax you are 
prepared to counteract: the larger 
you set gmax the larger the noise

! Brownian noise:
! Random collisions with gas 

molecules
! Noise scales with pressure: more 

pressure more noise

10.1 
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Interferometer
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First day of operations, March 1st 2016
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• Better than requirement.
• Close to prediction 
• Except interferometer noise at 35 fm/!Hz!



Gravitational compensation 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 ! + 

margin)
• Actual: gmax< 25 pm s-2 
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Authority: 650 pm s-2
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April 2016
• Authority reduced to 50 pm s-2

• Published in June 2016
• Pressure and Brownian decaying thanks to venting to space
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Pressure and Brownian decay
! Initial isothermal decayInitial isothermal decay
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The ultimate performance
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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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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 
charging 

ahead
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A rather accelerated (initial) schedule 
of an international effort
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Athena

Working toward the ideal scenario: 
Athena and LISA up together
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LISA

Courtesy G. 
Hasinger



A large international scientific 
consortium
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