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GW spectrum
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LISA
‣ Laser Interferometer Space Antenna 
‣ 3 spacecrafts on heliocentric orbits and distant from few 

millions kilometers (2.5 Mkm in the LISA proposal) 
‣ Goal: detect relative distance changes of 10-21: few picometers 
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LISA
‣ Photon flight time measurement between free-floating objects: 

• Reference masses in each spacecraft only sensitive to gravity along 
measurement axis (follow geodesics) 

• Exchange of laser beam between spacecraft 
• Interferometry at the picometer precision 
• Extracting GW signals in the data
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LISAPathfinder
‣ Technological demonstrator for LISA
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LISA :  
‣ Measure distance along using laser 

interferometry 

(TM1→SC1) + (SC1→SC2) + (SC2→TM2) 
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LISAPathfinder
‣ Technological demonstrator for LISA
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LISAPathfinder:  
‣ 2 test masses / 2 inertial sensors 
‣ Laser readout of TM1→SC and TM1→TM2 
‣ Capacitive readout of all 6 d.o.f. of TM 
‣ Drag-Free and Attitude Control System 
‣ Micro-newton thrusters
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LISAPathfinder
‣ Basic idea: Reduce one LISA arm in one SC. 

‣  LISAPathfinder is testing  : 
• Inertial sensor, 
• Drag-free and attitude control system 
• Interferometric measurement between 2 free-falling test-masses, 
• Micro-thrusters

8



      LISAPathfinder & LISA - A. Petiteau  - SF2A - Paris - 4 July 2017

LISAPathfinder timeline
‣ 3/12/2015: Launch from Kourou   

‣ 22/01/2016: arrived on final orbit & separation of propulsion module 

‣ 17/12/2015 → 01/03/2016: commissioning 

‣ 01/03/2016 → 27/06/2016: LTP operations (Europe) 

‣ 27/06/2016 → 11/2016: DRS operations (US) + few LTP weeks  

‣ 01/12/2016 → 31/06/2017: extension of LTP operations  
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Last command: 18/07/2017  
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The measurement - deltaG

deltaG = d2(o12)/dt2 - Stiff * o12 - Gain * Fx2
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First results
‣ Results
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M. Armano et al. PRL 116, 231101 (2016)

Low frequency noise:  
actuation noie + ...

Brownian noise 
Molecules within the noise  
hit test-masses   

Interferometric noise   
Not real test-mass motion  
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Time evolution of noises
‣ Results evolution
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LISA at ESA 
‣ 25/10/2016   : Call for mission 
‣ 13/01/2017   : submission of «LISA proposal» (LISA consortium)   
‣ 8/3/2017      : Phase 0 mission (CDF 8/3/17 → 5/5/17) 
‣ 20/06/2017   : LISA mission approved by SPC 
‣ 8/3/2017      : Phase 0 payload (CDF June → November 2017) 
‣ 2018→2020   : competitive phase A : 2 companies compete  
‣ 2020→2021   : B1: start industrial implementation 
‣ 2021-2022     : mission adoption 
‣ During about 8.5 years : construction 
‣ 2030-2034     : launch Ariane 6.4 
‣ 1.5 years for transfert 
‣ 4 years of nominal mission 
‣ Possible extension to 10 years 
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GW observations !
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 « The LISA Proposal »
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https://www.elisascience.org/
files/publications/

LISA_L3_20170120.pdf

https://www.elisascience.org/files/publications/LISA_L3_20170120.pdf
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Current design
‣ Exchange of laser beam to form several interferometers 

‣ Phasemeter measurements on each of the 6 Optical Benches: 
• Distant OB vs local OB  
• Test-mass vs OB 
• Reference using adjacent OB 
• Transmission using sidebands 
• Distance between spacecrafts 

‣ Noises sources: 
• Laser noise : 10-13 (vs 10-21) 
• Clock noise (3 clocks)  
• Acceleration noise (see LPF) 
• Read-out noises 
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Figure 2.3: Interferometric measurement on one LISA satellite, exemplarily explained
for the horizontal OB. Light of a local laser (red) is used for transmission to the distant
S/C and to sense the space-time variation between for GW interaction. Simultaneously,
the light interfers on the local optical bench with the received weak light (wine red)
to form the science interferometer beatnote. The test mass motion is read out in the
TM interferometer using light (orange) from the adjacent optical bench transmitted
through a back-link fibre. The reference IFO directly compares local laser and adjacent
local laser. Moreover, the spacecraft is controlled by DFACS including TM position
readout and thruster actuation such that the S/C follows the test masses.

its variation due to GW is combined from three interferometric measurements:
TM-to-OB on the far spacecraft, OB-to-OB between sending and receiving S/C, and
OB-to-TM on the receiving spacecraft. This concept is called ‘split interferometry
configuration’ and we will come back to it in Sec. 2.5.

Laser light from the adjacent optical bench (orange) is used for the interferometric
TM readout. Since the benches are not rigidly connected to provide the angular
pointing flexibility of ±1¶ (Sec. 2.1.2), the OB-to-OB connection is established by
an extensile optical fibre. Laser light is transmitted through this so-called back-link
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Figure 2.4: Complete LISA measurement principle. Each interferometric output is
fed into an anti-alias filter to suppress mirrored noise > 20 MHz and then into an
analog-to-digital converter, which is triggered from an ultra-stable oscillator providing
a time reference. The phase of the digitised data is determined to microcycle precision
in a phasemeter, low-pass filtered and downsampled and then transmitted to Earth
for further data processing and analysis.

and limiting the overall performance. Additionally, the ADCs on each S/C contribute
inherent jitter. Therefore, the inclusion of a pilot tone, i.e., a stable sinusoidal
reference signal derived from the USO, will be used for ADC jitter correction [Bar15].
In order to suppress the di�erential clock jitter of the three onboard USOs, a clock
tone transfer chain was proposed by [BTS+10] using sideband (SB) modulations
with amplified clock noise on the outgoing light. After defining one of the clocks as
a reference, these SB modulations yield su�cient data to completely remove the
clock noise and allow for correction of relative clock drifts in post-processing with
respect to one clock chosen as the master clock [WKB+13]. We will discuss this
issue in detail in Ch. 4.

 © M. Otto, PhD thesis (2016)
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LISA
‣ Photon flight time measurement between free-floating objects: 

• Reference masses in each spacecraft only sensitive to gravity along 
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LISA data
‣ Data
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Data Analysis of GWs

Catalogs of GWs sources 
with their waveform

L0

L1

L3

L2

Calibrations corrections

Resynchronisation (clock)

Time-Delay Interferometry 
reduction of laser noise

 2 data channels TDI non-correlated
Gravitational wave sources 
emitting between 0.02mHz 

and 100 mHz

‘Survey’ type observatory

Phasemeters (carrier,  
sidebands, distance) 

+ Gravitational Reference  
Sensor  

+ Auxiliary channels 
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LISA Data Challenges
‣Mock LDC : 2005 → 2011 
‣ 2017: start LDC 
‣ Data: few sources + 

simplified noises 
‣ Challenges of increasing 

complexities 
‣ Goals : 

• Check the feasibility of 
LISA data analysis 

• Develop data analysis 
• Make the pipelines for the 

mission
18
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LISA
‣ Quick noise budget: 

• Low-frequency: acceleration noises (reference test-masses) 
• High frequency: interferometric mesurent system 
• Pre-processing for reducing part of the noises (TDI)
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LISA
Response of the detector to GWs 
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‣ Gravitational wave: 
• quasi monochromatic 

‣ Duration: permanent 
‣ Signal to noise ratio: 

• detected sources: 7 - 1000 
• confusion noise from non-

detected sources    
‣ Event rate:  

• 25 000 detected sources   
• more than 10 guarantied sources 

(verification binaries) 
21

Galactic Binaries
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Super Massive Black Hole Binaries
‣ Gravitational wave: 

• Inspiral: Post-Newtonian, 
• Merger: Numerical relativity, 
• Ringdown: Oscillation of the                                                       

resulting MBH. 

‣ Duration: between few hours and 
several months 

‣ Signal to noise ratio: until few 
thousands 

‣ Event rate: 10-100/year 
22

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-3
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EMRIs
‣ Gravitational wave:  

• very complex waveform 
• No precise simulation at the moment 

‣ Duration: about 1 year 

‣ Signal to Noise Ratio: from tens to 
few hundreds 

‣ Event rate:                                                            
from few events per                                                                                                                                       
year to few                                                                
hundreds

23
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Others sources
‣ Data

24

GW sources 
- 6 x107 galactic binaries 
- 10-100/year SMBHBs 
- 10-1000/year EMRIs 
- large number of Stellar Origin 
BH binaries (LIGO/Virgo) 

- Cosmological backgrounds 
- Unknown sources 

?
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LISA: sensitivity
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LISA consortium

26

In France:  
‣ Data Processing Center 
‣ Participation to the payload AIVT (performance models & test benches) 
‣ Support in system engineering
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Conclusion
‣ After 1.5 years in space and a large number of experiments, 

LISAPathfinder provides extremely good results  
• Noises sources understood except one component at low freq. 
=> green light for LISA 

‣ LISA: 3 spacecraft exchanging laser over 2.5 Mkm to 
measure relative distance changes at the picometer level. 

‣Will observe GW sources between 0.02 - 100 mHz: large 
number of existing and potential sources  

‣ LISA proposal accepted by ESA => LISA officially started ! 
• Now: phase 0 in progress until Nov. 2017 
• Scientists gets quickly organise to form a solid consortium 
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