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Curvature: time-
varying Doppler 

shift between free 
falling observers 



•! A constant frequency light beam is sent out by one free-falling 
observer to a second one far away in space-time. 

•! GW curvature distorts space-time (accelerates  far away free-
falling frames) and modulate frequency of beam for second 
observer. 
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The Doppler link 



•! Doppler due to curvature indistinguishable from acceleration of  
receiver along the beam, relative to its  local inertial frame. 

•! Same applies to emitter 
•! Acceleration relative to local inertial frame is due to true forces. 
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Same applies to emitter 

The need for free-fall 

Doppler due to curvature indistinguishable from acceleration of  
receiver along the beam, relative to its  local inertial frame. 

Acceleration relative to local inertial frame is due to true forces. 
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•! Inertial observer are replaced by test-masses 
•! (Satellites accelerate too much because of solar 

radiation pressure) 
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The LISA link 
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•! 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 
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LISA Instrument 
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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 

•! Some test-mass 
degrees of 
freedom 
controlled via 
electrostatic 
forces  



Free fall in LISA 
•! Acceleration relative to local inertial frame are due to 

true forces. 

 
•! LISA: !g noise to be suppressed at <"2#3 fm s-2/"Hz 
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Measuring Doppler shift 
•! Doppler shift measured by laser interferometer displacement 

(phase) signal 
•! Interferometer  noise: 

 
•! LISA: %x noise to be suppressed at < 13 pm /"Hz (two-way) 
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!g requirements 
may be relaxed 
above ~2-3 mHz 

Signal suppression due to beam finite propagation time 



Most of noise in LISA is generated inside 
each spacecraft independently 

•! Disturbance force is local 
•! Opto-electronic noise is local  
•! Pick-up of spacecraft motion due to optical 

misalignments relative to local laser wave-
front 
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Non-local disturbance: Frequency noise 
•! Laser frequency noise 

suppressed by comparing 
light beam that have 
traveled along both 
(unequal) arms 

•! Done in data post-
processing with high 
accuracy phase-meter 

•! Frequency noise is the 
single noise source that 
involves the entire 
constellation 
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Most of 
disturbances can be 
tested within one 

satellite 

•! Some can only be 
tested in 0-g 

•! And their 
suppression requires 
required order of 
magnitudes 
improvement  
relative to state of art 
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LISA 
Pathfinder 

1.!A test of most of the 
local measurement 
(95 % of noise)  

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

3.! In-orbit consolidation 
test for our physical 
model of free fall. 
Integrates the results 
of extensive ground 
testing 
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The LISA Technology Package 

•! The LTP consists of  9 elements: 
•! LTP main assembly, containing: 

-! Two inertial sensors 
-! Test mass 
-! Caging mechanism 
-! Electrostatic position system 
-! Vacuum enclosure 

-! The optical bench 
-! The structure and thermal shield 

•! Inertial Sensor Front End Electronics * 2  
•! Caging Mechanism electronics. 
•! Charge Management System electronics and 

UV lamps. 
•! Phase detector FEE. 
•! Laser system.  
•! Acousto-optic Modulator box. 
•! Processor and diagnostics. 
•! Overall mass ~82 kg, Overall power ~100W 

Diameter 354, 
length 600 



LISA Pathfinder concept 
•!One LISA link inside a 
single spacecraft (no 
million km arm) 
•!2 TMs, 2 Ifos  
•!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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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 
•! Interferometer requirements to allow for margin and to match LISA 

sensitivity range 
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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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dense 

vacuum on ground 

Electrode housing: 
electrodes are used to exert electrodes are used to exert 
very weak electrostatic 
force 

Vacuum enclosure to handle 

UV light, neutralize the 
charging due to cosmic rays charging due to cosmic rays 
Caging mechanism: holds 
the test-masses and avoid 
them damaging the satellite 
at launch 
Vacuum enclosure to handle 

Caging mechanism: holds Caging mechanism: holds 
the test-masses and avoid 
them damaging the satellite 
at launch 

Ultra high mechanical 
stability optical bench for 
the laser interferometer 
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vacuum on ground vacuum on ground 
Ultra high mechanical 
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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,  

H. Ward talk 
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LTP Core 
assembly 
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Integration 
with satellite 
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Satellite and launcher 
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P. McNamara talk 

Currently in NASA-DRS operation. LTP extension 
granted to May 31, 2017 



Rather smooth operations 

•! Transition to 
Drag-free 
control 

•! Transition to 
low-noise 
science mode 

•! Station 
keeping 
maneuvers 
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Test mass control and commanded forces 
•! Acceleration depend on 

parasitic forces 
(measurement target) but 
also on feedback forces 

•! fc is known within a 
calibration factor (that 
we measure) 
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Calibrating 
•! Injecting a guidance in the suspension loop 

•! Fitting commanded force to relative acceleration 
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Generating !g data 
•! Acceleration depend on 

parasitic forces (measurement 
target) but also on feedback 
forces 

•! fc is known within a 
calibration factor (that we 
measure) 

•! fc can be subtracted 
•! Correction very relevant at 

low frequency. Missing 
correction underestimates 
noise 
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Best Estimate before flight 

•! Electrostatic feedback 
mostly compensates 
unbalanced static 
gravitational force 

•! Gain fluctuations:  
noise scales with 
required compensation 
force 
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Gravitational compensation 
•! Gravitational force canceled in dead 

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

margin) 
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V. Ferroni Poster 



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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Very effective gravitational compensation 
•! Static forces found within ±25 pm s-2  

•! Voltage settings decreased from those required to 
accommodate >650 pm s-2 to those for 25 pm s-2 
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The limiting disturbances 
 
 
 
 
 
 
 
 
 
 
 

Interferometer noise  
  
 
 
 
 
 

Interferometer noise  

M Hewitson talk 
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The limiting disturbances 
 
 
 
 
 
 
 
 
 
 
 

Interferometer noise  
  
 
 
 
 
 

 
 
 
 
 
 
 
 

Thermal noise due to  
viscous damping by 

residual gas 
 

Scales with square root of  
pressure 



May 16-18, 2016.  

•! System continuously vented to outer space 
•! Pressure gone further down 
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System vented to space 62 days after launch: 
pressure still dominated by outgassing 
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Temperature variations 
due to DRS operations 

R. Dolesi and W. Weber talks 



Pressure estimated from  radiometer effect  

•! Reasonable 
agreement with 
Brownian prediction 
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F. Gibert poster 

LPF 

Torsion 
pendulum 
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The limiting disturbances 
 
 
 
 
 
 
 
 
 
 
 

Interferometer noise  
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Thermal noise 

 
 
 
 
 
 
 

Low 
frequency  
extra noise 

 
 



Centrifugal correction at 
low frequency 
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•! Accelerations measured relative to 
spacecraft frame: centrifugal force is 
differential 

•! Centrifugal noise: mixing of quasi-
static rotation and angular noise from 
noisy star-trackers (mrad /"Hz) 

•! Irrelevant for LISA: angular control of 
spacecraft on laser wave-front: nrad/
"Hz 

•! Can be corrected:  
–! 'qs measured from star-trackers 
–! 'noise measured using test-masses as 

gyroscopes, i.e. integrating torque 
needed to keep them fixed to spacecraft 

  
!gcentrifugal

noise
! 2!r"quasi#

static
"noise



An example of one of the largest 
corrections 

•! Due to large quasi-
static angular 
velocity  of 
spacecraft during this 
specific run (antenna 
pointing) 

•! Affects data only 
below ~0.5 mHz 

•! For other runs at low 
angular velocity the 
correction is found to 
be negligible 
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Low frequency tail and stationarity 

•! Power at low 
frequency found 
dependent on static 
drift of  
commanded force 

•! Very likely due to 
identified 
quantization  non-
linearity in 
feedback-force 
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Calculated noise contribution Calculated noise contribution 

W. J. Weber talk 

stationarity

commanded force 
Very likely due to 
identified 
quantization  non-
linearity in 

frequency found 
dependent on static 

Very likely due to 
commanded force 
Very likely due to 



Current Performance Estimate 
•! Performance at times with drift less than 0.05 pm s-2/d 
•! Normalized to Brownian at 4 fm s-2/"Hz 
•! Estimated noise from other known sources* investigated so far 
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 investigated so far 

*Actuation (W.J. Weber talk), Charge, Patch potentials (P. Wass talk), Laser 
pressure (N. Korsakova poster) 

/d 

Estimated noise from other known sources  investigated so far  investigated so far 



Free-flight 
experiment: 

x-actuation off 
•! Preliminary 

results consistent 
with low-drift 
runs  

•! (spectral bias 
under 
consolidation) 

•! R. Giusteri talk and G. 
Russano Poster 
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(spectral bias 
under 
consolidation) 

results consistent 



Other sources under investigation  

•! Residual non linear actuation noise 
•! Calibration inaccuracies 
•! Clock synchronization effects 
•! Interplanetary magnetic field (M. Nofrarias 

talk) 
•! Temperature fluctuations 
•! ….......... 
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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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A. Petiteau talk 



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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