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2016:  GW exploration of the Universe has started! 



2015-2017:  LISA Pathfinder mission is a success 

End-to end experimental demonstration of the free fall of test masses  at the level required 

by future  space-based GWs observatory like LISA

Performances totally in line with the mission concept in the «Gravitational  Universe »

selected by ESA for L3 of its Cosmic Vision Program



Gravitational Waves Spectrum 

LISA science objectivesà LISA Mission RequirementsàLISA payload instrument baseline



Ø 3 iden'cal spacecra.

Ø 3 arms of 2.5 Million km

Ø 1 AU , 20-degree trailing Earth orbit 

Ø Triangle rotates and changes

by ±1.5°, ±20 000 km,±10 m/s

Brief LISA description

Ø 2 Michelson interferometers,  heterodyne laser 

interferometry in transponder mode

Ø 10 pm/√Hz,

Ø Time Delay Interferometry

Ø 30 cm telescopes, 2W lasers, 100 pW at

receiver, 1064 nm

Ø Test masses in sub-femto-g free fall 

(3 fm/s2/√Hz) of LISA PF



Massive black hole coalescences (MBHCs)

Covers almost all of the mass-redshi: parameter space needed to trace black hole evolu=on

Galaxies host black holes bigger than million solar mass:  trace galaxy mergers

Contour plot of constant SNR for the baseline 
observatory in the plane of total source-frame 

mass, M, and redshift, z

wide range of masses observable
with high SNR out to high redshift.

LISA is a high resolution
deep Universe observatory 



Extreme Mass Ratio Inspirals (EMRIs)

Ø Dozens per year.

Ø Prove horizon exists.

Ø Test the no-hair theorem to 1%.

Ø Masses of holes to 0.1%

Ø Spin of central BH to 0.001. 

Stellar-mass BH captured by a massive BH

Probe the dynamics of dense nuclear
clusters using EMRIs

Explore the fundamental nature of
gravity and black holes



Ø Guaranteed (known) sources at 
high SNR: verifica:on binaries

Ø About 20000 double white dwarf 
binaries resolved 

Ø Discovery of distant/obscured/faint 
binaries.

Ø The millions of ultra-compact 
binaries will form a detectable 
foreground

Compact Galac:c Binaries

Study the formation and evolution
of compact binary stars 

in the Milky Way Galaxy.



Multiband GW Astronomy

Coordinate observation with ground based interferometers and electromagnetic telescopes



Long arm 
interferometer

satellitesatellite

Free falling TM Free falling TM

Local
interferometer

Local
interferometer

Fext Fext

LISA  basic «link» concept and performance limit

TM residual acceleration
Relative to the local inertial frame



LISA Pathfinder Concept and Strategy
Most of disturbances are local and can be tested within one satellite!



LISA Pathfinder Concept and Strategy

• Measures differential acceleration noise from stray forces acting on 2 LISA TM

• Demonstrates the local interferometric measurement of TM acceleration

Most of disturbances are local and can be tested within one satellite!

LISA  PF requirement on max differenEal spurious acceleraEon

Relaxed by a factor  7 relative to LISA  to allow for :
• possible more hostile spacecraft environment 

• stray effects strictly due to single spacecraft configuration



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





The real thing!!!



LISA Pathfinder as differential accelerometer 

Nulled by the electrostatic suspension (below 1 mHz)

Nulled by the drag free loop

The satellite and TM2 are following TM1



Last published «best estimate» of LPF noise  (pre-flight)



Launch, Cruise, Commissioning and …Science Operations start

Ø LISA Pathfinder was launched on 3 December 2015 at 04:04UTC
Ø Transfer to Lagrange Point 1 (L1) took ~50 days

Ø 11 January Switch-on of LISA Technology Package

Ø 15 & 16 February Test Mass release → free floaVng test masses

Ø 1 March Start of Science OperaVons

Ø NASA DRS joint operaVons July-December 2016

Ø • 7 December 2016 mission extension began

Ø • Switched off in July 2017



First results from LISA Pathfinder



Centrifugal force correction below 0.5 mHz
All measurements are performed wrt SC reference frame

that is a rotating frame

estimate from Star Trackers

es?mate by integra?ng the torque applied to TMs 
to hold them with fixed orienta?on wrt SC

few degrees per day, needed to keep the
communication antenna pointed toward the Earth

angular velocity jitter arises from the noisy 
star trackers that drive the SC attitude controller

noisy centrifugal force appears

Not relevant for LISA

we generate the time series 
of the centrifugal force.



Compare with the pre-flight noise bydget

lower force authority
àlower actuation noise

And at 1mHz is now neglibile

Dgst  < 20 nm/s2   

On-flight



Reducing Dgst by  gravitational balance

By means of a protocol based on:

• measurements of the “as-built” position and the mass of all parts (>10000) 

• finite element calculation tool 

SpacecraB  finite  element model

Updated at different stages of hardware construcGon

...and correct with balance masses



Compare with the pre-flight noise budget

Brownian noise 
due to residual gas pressure

Pre-flight estimation:  2 µPa

The noise floor In flight
could be explained by

~10 µPa of  H2O 
decreasing in time 



LISA PF Noise curve progression

12   ͦC 

22   ͦC 
22 ͦC

a9er 6 months 

Ø Brownian noise reduces in time and by decreasing the temperature à decrease the outgassing rates 
à decrease in pressure around the test masses

Brownian noise of about 1 µPa residual gas of H2O



Final published results: February 2018

Ø long noise measurement runs allowed the measurement of noise down to 20 μHz
Ø (glitch events were detected and fitted away)

Ø Residual gas Brownian noise

Ø Improved correcEon of non-inerEal effects (centrifugal+Euler force)
Ø Lower actuaEon + BeKer calibraEon of the electrostaEc force  actuaEon

Ø (digiEzaEon error correcEon)



Current noise budget

LPF acceleration noise below LISA requirement at all frequencies 

BUT noise budget (conservative) explains 
less than half noise (power) at low frequencies 



Further stray forces investigations for LISA

Possible noise sources at very low frequency:
• Low frequency magne=c fluctua=ons.
• Fluctua=ons of GRS-TM rela=ve posi=on with T.
• Spontaneous outgassing.
• Small-scale surface poten=al fluctua=ons.
• Pressure fluctua=ons in the tanks.
• Outgassing of the spacecraH.

Possible sources of glitches:
• No torque, environmental, diagnos=c coincidences. No change ∆g DC.
• Thermo-mechanical liberated gas outburst requires 10 nPa on top of µPa.
• Possibly testable on ground with torsion pendulum.

Free fall performance consolida=on

• Gravita=onal Reference Sensor physical proper=es and their on-ground verifica=on 
strategy need to be consolidated in order to guarantee the same level of performance 
also on the final observatory.

• Measurement, calibra=on, and mi=ga=on of some known force sources will be  
required also in LISA à transfer of LISA Pathfinder stray accelera=ons measurement 
and suppression strategies to the  LISA mission design . 



LISA performances assessment

Interferometer +shot noise
10 pm/sqrt(Hz)

armlength response
2.5 mio km

Laser interferometry
Ø for the drag-free control has been developed and tested  in LISA PF
Ø Ground based demonstrator
Ø Inter-spacecraJ laser interferometry: Laser Ranging Interferometer 

will be demonstrated on GRACE Follow-On mission using elements
inherited from LISA technology development efforts.

Ø GRACE Follow-On is a  US-German joint project
Ø Targeted to launch May 22, 2018  !!!!

Spurious acceleraUon

Credit: ESA/ATG medialab

Free-fall 



• The Gravitational 
Reference Sensor 
with the test-mass 
• The Optical Bench 
with:
– Local 

interferometer
– Spacecraft to 

spacecraft 
interferometer

• Telescope for the 
spacecraft to 
spacecraft 
interferometer

LISA Instrument



LISA moving optical subassemblies (MOSAs): 

telescope+ optical bench + GRS

courtesy of Airbus D&S

LISA long arm interferometry challenges

Telescope   PoinEng

Precision million km spacecraft to spacecraft precision ranging

High stability telescopes

High accuracy phase-meter and frequency distribution

High accuracy frequency stabilization (incl. TDI)



LISA Mission Schedule

Ø At the end of 2016: Call for mission project addressing the 
science of the  “Gravitational Universe” was issued by ESA

Ø An international collaboration of scientists called “ LISA 
Consortium” submitted a proposal in January 2017

Ø Beginning 2017 ESA started CDF study

Ø Mission selection  in June 2017

Ø Mission Definition Review in Nov 2017

Ø Phase A , industrial implementation studies 2018-2020

Ø Mission adoption 2020-2022

Ø Launch 2030-2034

The LISA ConsorVum:
12 EU Member States +US

www.lisamission.org/proposal/LISA.pdf

Parallel competitive industrial studies for 
mission design just startet !

THALES-ALENIA (Torino)

ASTRIUM



LISA Consor+um
Led by K.Danzmann

In parallel with the mission study, the 
Consor;um will:

support the defini+on of the payload, the 
requirements and the performances.

support ESA System Engineering Office

deliver the integrated and tested science 
instrument at the heart of the payload, lasers 

and telescopes, will be procured by ESA or 
provided by NASA

Ac+ve Science Working Groups
• Astrophysics;
• Cosmology; 

• Fundamental Physics;
• LISA Data Challenges;

• Simula;on;
• Advocacy and Outreach

interface with the science community 
interested in LISA

LISA Organigram in PHASE A 



Thank you !!! 

https://www.elisascience.org/



EXTRA SLIDES



At very low frequencies the spacecra5 
is a rota6ng reference frame – Part I

∆" # = %&' − )*',,-. + 0''1&' + Δ0'1& − 0× 0×4&' 5 ̂7 − 0×8&' 5 ̂7

r12

⍵
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Centrifugal Coriolis

• Autonomous Star Trackers
(AST) keep the a<tude of 
the spacecfra> w/r fixed
stars and Sun

• Ω  ̴10-7 rad s-1/sqrt(Hz) @0.1 
mHz

• r12  ̴ 38 cm

Courtesy of D. Vetrugno



At very low frequencies the spacecraft 
is a rotating reference frame – Part II
∆" # = %&' − )*',,-. + 0''1&' + Δ0'1& +

−0× 0×4&' 5 ̂7 Centrifugal

− 0×8&' 5 ̂7 Coriolis
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r12

⍵

x

y

z

Ω̇  ̴ 10-10 - 10-11 rad s-2/sqrt(Hz)
@ 0.1 mHz

Courtesy of D. Vetrugno



Glitches in the data were detected

Statistics and characteristics

• Observationally indistinguishable from 
quasi impulse on TMs.

• Duration: few seconds – hours (rare).

• Arrival: 0.8/day (Poissonian).

• Impulse: about 10 pm/s.

• Model: double exponential, single 
amplitude.



Da Gerhard



Sub-femto-g differen1al accelerometry: orders of magnitude improvement 
in the field of experimental gravita1on



LISA Science Objec-ves

Ø SO 1 Study the formation and evolution of compact binary stars in the Milky Way Galaxy
Ø SO 2 Trace the origin, growth and merger history of massive black holes across cosmic ages
Ø SO 3 Probe the dynamics of dense nuclear clusters using extreme mass-ratio inspirals (EMRIs)
Ø SO 4 Understand the astrophysics of stellar origin black holes
Ø SO 5 Explore the fundamental nature of gravity and black holes
Ø SO 6 Probe the rate of expansion of the Universe
Ø SO 7 Understand stochastic GW backgrounds and their implications for the early Universe and 

TeV-scale particle physics
Ø SO 8 Search for GW bursts and unforeseen sources
LISA: a high resolu-on, deep Universe observatory 

Exploring redshiVs larger than z  20 
systems of blackholes with masses ranging from a few 
M⊙ to 108M⊙.
Test the General-Rela-vis-c nature of black holes 
through detailed study of the amplitude
and phase of the waveforms 
The LISA mission will scan the en-re sky as it follows 
behind the Earth in its orbit, obtaining
polarisa-ons of the Gravita-onal Waves ,
and will measure source parameters with astrophysically
relevant sensi-vity in a band from below
10−4 Hz to above 10−1 Hz.



LISA Pathfinder pre-flight performance budget


