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Gravitational Waves detection

Paris, 22 July 2016 M.C. Falvella 2



Effects of gravitational waves on test masses
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Ground and space observations
Ground-based detectors are already being used to try to

identify high-frequency gravitational waves.
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The recent detection of a

gravitational wave signal from the

merger of two black holes of a few

tens of solar masses has inaugurated

gravitational astronomy but the most

predictable and powerful sources of

gravitational waves emit their

radiation at very low frequencies.

Mergers of two massive black holes liberate energies a million times that 

liberated by the event observed by LIGO, and will be detectable with 

high signal to noise ratio from the limit of the Universe. 
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Stellar mass 

black-holes



A deep universe observatory
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T H E GRAVITAT ION AL U N IVERSE	

COSMOLOGICAL  BACKGROUND OF GWs	

THE CLOSEST VIEW TO THE BIG BANG	

COALESCIN G	

BIN ARY BLACK H OLES	

through all cosmic ages	

T RACERES OF GALAX Y 

ASSEMBY	

BLACK H OLE 	
IN  GALACT IC 

N U CLEI	

EMRIs	

U LT RA	
COMPACT  

BIN ARIES	

IN  T H E MILKY 

W AY	

+ what we cannot predict

A mission in astrophysics, cosmology and fundamental physics



The Gravitational Universe

Dark Energy 
73%

Dark Matter 
23%

Dark Atoms 
3,6%

Bright Atoms 
0,4%

• 99,6 % of the Universe is made of no-bright atoms. 
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ESA 3rd large class mission

LISA-Laser Interferometer Space Antenna, an earlier concept for a

spaceborne observatory for gravitational waves, and now used to

describe a class of missions based on the original LISA concept.

LISA Pathfinder is testing key technologies for future LISA-like space

missions to study the gravitational Universe.



THE ESA COSMIC VISION
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-Planets and Life

-The Solar System

-Fundamental Laws

-The Universe

-The Hot and Energetic Universe
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Looking for a path….

To explore the gravitational

Universe requires an object- a test 

mass- to be in free fall.

Space is the ideal laboratory to 

measure for long periods of time.
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LISA Pathfinder was designed 

to be the technology precursor 

for a space based gravitational

wave observatory
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Contrary to ground based detectors like LIGO or Virgo, that operate in

the audio-band, a GW observatory such as LISA, will explore the milli-

Hertz frequency range, that cannot be explored from ground because of

the intense gravitational noise of the Earth.

Mergers of two such black holes liberate energies a million times that

liberated by the event observed by LIGO, and will be detectable with

high signal to noise ratio from the limit of the Universe.



The basic concept
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LISA Pathfinder is designed to test one of the 

key ideas behind gravitational wave detectors:

free particles follow geodesics in space-time. 



LISA Pathfinder 

concept

• Test of 95% of noise 
does not need Million 
km separation

• Requires free-falling 
test-masses inside a 
single spacecraft

• LPF 2 TMs, 2 Ifos, 
Satellite chases one 
test-mass

• Second test-mass forced 
to follow the first at 
very low frequency by 
electrostatics (different 
from LISA)
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The LISA link
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The eLISA link: a time delayed 

differential accelerometer
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The eLISA link: a time delayed 

differential accelerometer



The detector arm (eLISA)
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Most of disturbances are local and can be tested 

within one satellite!
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Easy to describe, challanging to realize
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A spacecraft built to isolate the experiment from all other forces 

except gravity:

- Orbit: L1  to eliminate  Sun radiation pressure and other effects 

- the spacecraft : balanced so that it does not pull on the test masses 

with its own gravitational field

- test masses: in a special combination of gold and platinum to get a  

magnetic susceptibility was virtually zero 

- design: shape of the masses, location of the lasers and thrusters,  

inertial sensors, laser metrology system, drag-free control system 

and an ultra-precise micro-propulsion system , etc.



LISA Pathfinder- a pioneering mission
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LISA PATH FINDER PAYLOAD
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THE LISA TECHNOLOGY PACKAGE
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The LISA Technology Package is provided 

by a consortium of European National Space

Agencies and ESA consists of two major 

subsystems:

-the Inertial Sensor Subsystem

- the Optical Metrology Subsystem



THE LISA TECHNOLOGY PACKAGE
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The Disturbance Reduction System
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LISA PATHFINDER TEAM
ESA   PROJECT MANAGER César García Marirrodriga

PROJECT SCIENTIST  Paul McNamara

SPACECRAFT OPERATIONS MANAGER Ian Harrison

SCIENCE TEAM

Karsten Danzmann, AEI, Hannover, Germany Co-PI
Charles Dunn, NASA

Oliver Jennrich, ESA

Philippe Jetzer, University of Zurich, Switzerland

Eric Plagnol, APC, Paris, France

Martijn Smit, SRON, The Netherlands

Carlos Sopuerta, IEEC, Barcelona, Spain

Ira Thorpe, NASA

Stefano Vitale, University of Trento, Italy PI
Harry Ward, University of Glasgow, Scotland

CO-INVESTIGATORS

Inertial Sensor Subsystem (ISS): Stefano Vitale, University of Trento, Italy

Inertial Sensor Front End Electronics (ISS FEE): Domenico Giardini, ETH Zurich, Switzerland

UV Lamp Unit (ULU): Tim Sumner, Imperial College London, UK

Inertial Sensor Special Check-Out Equipment (ISS SCOE): Martijn Smit, SRON, Netherlands

Laser Modulator (LM): Antoine Petiteau, AstroParticule et Cosmologie, France

Optical Metrology Subsystem (OMS): Karsten Danzmann, AEI, Hannover, Germany

Optical Bench Interferometer (OBI): Harry Ward, University of Glasgow, UK

Phase Meter Assembly (PMA): Mike Cruise, University of Birmingham, UK

Data Management Unit (DMU): Carlos Sopuerta, IEEC, Spain

Data Diagnostic Subsystem (DDS): Carlos Sopuerta, IEEC, Spain
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Test-masses and drag-free

• Spacecraft  chases 
test-mass along 
sensitive direction 
(drag-free)

• 3-4 mm clearance 
between test-mass 
and electrodes

• Other test-mass 
degrees of freedom 
controlled via 
electrostatic forces 

• 46 mm gold–
platinum cubes

• The cubes sit 38 
cm apart linked 
only by laser 
beams.



LISA Pathfinder

1. A test of the entire local 
measurement (95 % of 
noise) with a requirement at 
3 fg/√Hz @ 1 mHz

2. A verification step in the 
development of LISA using 
same hardware/processes to 
carry them at TRL 8-9. 

3. A final in-orbit 
consolidation test for our 
physical model of free fall. 
Integrates the results of 
extensive ground testing

Notice : Requirements in 1. are relaxed 
relative to LISA, but relaxation only 
applies to allow for less demanding test 
conditions, not to H/W design.
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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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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, 



LTP Core assembly
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Integration with satellite
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Satellite and launcher

Paris, 22 July 2016 M.C. Falvella 37



Paris, 22 July 2016 M.C. Falvella 38



Finally in orbit!!!!
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Sequence of events

40

IOC

R NASA

Operations

Launch Dec 3rd 2015

Launch, Transfer

Day 1 Day 2 Day 3 Day 4

H1

Noise Run

Discharge

Noise Run

Discharge

H2

Working 

Point Stray 

Potentials

H3

H4
Sys ID

H5

Industrial

Commissioning

LTP Science Ops

03-01 to 06-25

M Hewitson, LPF Status, APS, Salt Lake City 2016

LTP extended

01-11 to 31-5



e
Commissioning timeline

Date Milestone

11 January Switch-on of LISA Technology Package

2 February
Release of test mass launch locks and opening of venting 

valve

15 & 16 February Test Mass release → free floating test masses

18 February Alignment of the laser interferometer

22 February First entry to Science Mode

1 March Start of Science Operations



Requirements

Interferometer noise
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Transition to drag-free: force commanded 

on test-mass 2
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A remote 

laboratory



LISA and LISA Pathfinder disturbance acceleration 

requirements

• LPF amplitude requirement relaxed because single 
spacecraft experiment more noisy

• Frequency requirement relaxed to cut down ground 
testing time 
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Limitation of a single satellite test

LISA

• Each test-mass in one link 

is drag-free

• Inertial forces are negligible

• Force gradients couple each 

test-mass to its own 

spacecraft

LISA Pathfinder

• Spacecraft cannot follow 

both test-masses at once. 

One test mass is controlled 

(noisy)

• Spacecraft reference frame 

is significantly non-inertial 

→ centrifugal force 

• Force gradients couple both 

test-masses to same 

spacecraft
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Best Estimate Before Launch
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Effects studied over years in the laboratory:

Knowledge pushed forward in different fields of physics
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Last Best Estimate
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depends on value 

of gravitational 

force to be 

compensated



LISA and LISA Pathfinder disturbance acceleration 

requirements
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First day of operation. March 1st, 2016
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April 8-14, 2016. 
• The results in 

http://link.aps.org/doi/10.1103/PhysRevLett.116.231101

• Decreased because of elapsed time and  basic instrument 
optimization
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The limiting disturbances

Interferometer noise 
No real test-mass 

motion

Thermal noise due to  
viscous damping by residual 

gas

Scales with square root of  
pressure
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May 16-18, 2016. 

• System continuously vented to outer space

• Pressure gone further down
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Sub-femto-g differential accelerometry: orders of magnitude 

improvement in the field of experimental gravitation
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The limiting disturbances

Low 

frequency  

extra noise

Found to 

decay with 

time
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The limiting disturbances

Disturbances already estimated with dedicated 

experiments performed so farParis, 22 July 2016 M.C. Falvella 57



The two main categories of gravitational-wave sources for LISA are the galactic binaries and the 

massive black holes (MBHs) expected to exist in the centres of most galaxies.Noise almost 

entirely modeled: original LISA requirements at hand
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With current demonstrated sensitivity most science obtained anyway
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Simulated LISA acceleration signal  for two 5×105 M☉ black-holes with their galaxies 

merging at 12.5 billion light-years

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

merging at 12.5 billion light-years

LISA Pathfinder acceleration data 
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Next

• LISA pathfinder investigations continuing till 

May 31, 2017

• ESA plans for GW observatory
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A possible schedule
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The Gravitational Wave  observatory  after LISA 

Pathfinder

• The physics of the observatory 
demonstrated down to critical 
details  

• Substantial part of hardware 
and methods may be directly 
transferred to the observatory:
– Gravity Reference Sensors

– Drag-free control

– Local interferometer

– ……..

• Important steps on how to 
operate the observatory will 
have been practiced and 
understood

• A key “go ahead” for  LISA
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SUCH AN OBSERVATORY WILL LIKELY BE THE 

MOST POWEFUL ASTROPHYSICAL EXPLORER 

OF THE DEEP AND EARLY UNIVERSE AND THE 

MOST ACCURATE LABORATORY TO STUDY 

GENERAL RELATIVITY AND GRAVITATION IN 

THE SO-CALLED FIELD REGIME.

THE JOINT STUDY OF ELECTROMAGNETIC 

SPECTRUM AND GRAVITATIONAL WAVE 

MESSAGERS WILL OPEN A NEW ERA FOR 

ASTROPHYSICS MAKING THE BEST USE OF 

THE MOST POWERFUL OBSERVATORIES AND 

IT WILL OPERATING IN SPACE



THE GOLDEN ERA FOR 

GRAVITATIONAL WAVE DETECTION

• LISA mission @ ESA Cosmic Vision

• 3 Dec 2015 : LISAPathFinder launch

• 12 Feb 2016: high-frequency gravitational 
waves, emitted by a pair of merging black 
holes, were directly detected for the first time 
with the Advanced Laser Interferometer 
Gravitational-Wave Observatory.

Paris, 22 July 2016 M.C. Falvella 67



The Italian delegation recommended that ESA and its Member
States urgently reconsider the planning of the science program in
order to optimally meet the unique opportunity that the new
scenario opens to capitalize on its investment and in order to
maintain European worldwide leadership in this high profile field
of space science.

In order to achieve this goal , Italy proposes:

- To constitute a working group to identify the guidelines
for a revision of the Cosmic Vision program by the June 2016
SPC.

- To elaborate a roadmap for the short term development of
the needed technologies .

- To postpone the adoption of new missions after the
conclusions of this working group will be available.
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- Express your point of view

- Invite the team

- Join the team

- Support the development
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Wishing a go on for LISA development soon, 

THANKS FOR YOUR ATTENTION!!!


