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5 ×106 km

Spacecraft
(no mechanical contact)

Free falling 
particles

( 3 10-15 ms-2 Hz-1/2 @ 0.1 mHz)

Interferometer
( 40 pm Hz-1/2 @ 3 mHz)

20 -3

Strain sensitivity 

h 10 Hz   @  10 Hz−≈
GW at 

0.1 mHz – 0.1 Hz

LISA
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LTPLTPLISA essentials 1: the smart orbits
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• Measurements on    
detected sources: 
- ∆θ ~ 1’ – 1o

- ∆(mass,distance) ≤ 1%

Angular Resolution with LISA
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Test
mass

Test
mass

LISA essentials 2: the laser transponding scheme

Power loss due to beam divergence makes interferometry 
by reflection impossible

5×106 km
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Test mass

Laser Sensor 

Phase-lock 
loop

5 106 km

Beating power loss due to beam divergence

LISA essentials 2: the laser transponding scheme
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LTPLTPThe GW from  difference of phase in adjacent arms

Laser phase noise common to both arms:                 
GW signal from difference: laser noise is suppressed

The standard GW 
interferometer
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LTPLTPLISA unequal arms confuse phases

Need to recombine light emitted at equal times
Needs knowledge of armlength with ± 20 m

L 

L±
10

5 k
m
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Thrusters

Test-mass Capacitive motion 
sensor

Lisa essential 3: Drag-free control loop
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Ac bias 

Test 
mass 

injection 
electrode Ac amplifier

PSD

The drag-free key elements:   1 the displacement
sensor



Firenze 28 09 2006 S. Vitale 12

LTPLTP

 

Ac bias 

Test 
mass 

injection 
electrode Ac amplifier

PSD

The drag-free key elements:   1 the displacement
sensor
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x

y 

z

θ 

φ 
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θ & y 

η & x 

φ & z 

The drag-free key elements: the displacement
sensor

 

Ac bias 

Test 
mass 

injection 
electrode Ac amplifier

PSD
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Requirement
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Drag-free key elements 2: Microthrusters
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Advanced
resonant
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8 frequency decades of GW astronomy
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LTPLTPBinary Star in our  Galaxy (White Dwarfs, Neutron 
Stars)
Very bright signal
List of known sources (verification binaries)
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∆tP [s]

Binary systems
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class source dist (pc) f =2/P b (mHz)

M1 

M
M2

 M
h             SNR

(1 Year)

WD + WD WD 0957-666 100 0.38 0.37 0.32 4.00E-22 4.1
WD1101+364 100 0.16 0.31 0.36 2.00E-22 0.4
WD 1704+481 100 0.16 0.39 0.56 4.00E-22 0.7
WD2331+290 100 0.14 0.39 >0.32 2.00E-22 0.3

WD+sdB KPD 0422+4521 100 0.26 0.51 0.53 6.00E-22 2.9
KPD 1930 +2752 100 0.24 0.5 0.97 1.00E-21 4.1

AM CVn RXJ0806.3+1527 300 6.2 0.4 0.12 4.00E-22 173.2
RXJ1914+245 100 3.5 0.6 0.07 6.00E-22 195.0

KUV05184-0939 1000 3.2 0.7 0.092 9.00E-23 27.3
AM CV n 100 1.94 0.5 0.033 2.00E-22 35.6
HP Lib 100 1.79 0.6 0.03 2.00E-22 32.0
CR Boo 100 1.36 0.6 0.02 1.00E-22 10.6

V803 Cen 100 1.24 0.6 0.02 1.00E-22 9.2
CP Eri 200 1.16 0.6 0.02 4.00E-23 3.3

GP Com 200 0.72 0.5 0.02 3.00E-23 1.1
LMXB 4U1820-30 8100 3 1.4 < 0.1 2.00E-23 5.7

4U1626-67 <8000 0.79 1.4 < 0.03 6.00E-24 0.2
W UM a CC Com 90 0.105 0.7 0.7 6.00E-22 0.5
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Frequency (Hz)
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Detection threshold (S/N = 5)

for a 1-year observation

RXJ1914.4+2456

4U1820-30
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m g w

(from Schutz)

WD Binary confusion limit
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Chandra Deep Image

Supermassive
Black-Hole 

Mergers
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SMBH Binary formation
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NGC6240
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LTPLTP So bright to be visible 
“everywhere” in the Universe

Angular resolution up to 1’
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Gravitational waves give 
distance
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A co
sm

ologica
l co

ordinate l
adder
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A recent 
result in 

numerical 
relativity:
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Do  Black Holes 
really have no hair?

1 yr before plunge:
r=6.8 rHorizon

185,000 cycles left,

S/N ~ 100

1 mo before plunge:
r=3.1 rHorizon

41,000 cycles left,

S/N ~ 20

1 day before plunge:
r=1.3 rHorizon
2,300 cycles left,

S/N ~ 7

1 yr before plunge:
r=6.8 rHorizon

185,000 cycles left,

S/N ~ 100

1 mo before plunge:
r=3.1 rHorizon

41,000 cycles left,

S/N ~ 20

1 day before plunge:
r=1.3 rHorizon
2,300 cycles left,

S/N ~ 7
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Cutler, 
Phinney

et al.
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Gravitational Waves can escape from 
earliest moments of the Big Bang

Inflation:
Big Bang plus 

10-35 seconds?

Recombination:
Big Bang plus 
300,000 Years

Today:
Big Bang plus 

15 Billion Years

Seeds of Structure
+

Gravitational Waves

NASA



Firenze 28 09 2006 S. Vitale 40

LTPLTP

Is LISA feasible?



Free falling particles mark TT coordinates 



Mass-energy distort distances (metric tensor)
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5 ×106 km
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5 ×106 km

Interferometer
( 40 pm Hz-1/2 @ 3 mHz)
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Parasitic force fluctuations

change distances and mimic gravitational waves

No parasitic force (acceleration) beyond 

3×10-15ms-2/√Hz @ 0.1 mHz (3 hours)

Free falling 
particles
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LTPLTPHow accurately coordinate frame must be marked by 
free-falling particles?
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LTPLTPHow accurate must be free-fall of  particles?
(lack of spurious relative acceleration)
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A major leap in the definition 
of inertial frames
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Electrodes

Test-mass

Fiber 

What can be done on 
ground:

torsion pendulum



Firenze 28 09 2006 S. Vitale 49

LTPLTP

Achieving free motion in the horizontal plane (0 g)
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Hollow proof-mass 
for torsion 

pendulum testing
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Best Noise
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Converted into acceleration for LISA
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Tilt and temperature subtracted
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Equivalent acceleration noise
Readout noise

Read-out noise
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Readout + Thermal

Equivalent acceleration noise

Thermal noise form measured parameters
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Readout + Thermal

Equivalent acceleration noise

LISA requirements

LISA requirements
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LISA requirements

The measured excess
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Upper limit form fit and uncertainties
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LISA requirements

Pendulum
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KUV05184−0939AMCVnHPLib

CRBoo4U1820−30

Galactic binaries signals

LISA requirements

Pendulum
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Testing specific 
disturbances. One example: 

temperature gradients
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Engineering model Data
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Knudsen formula
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4-TM pendulum
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10-15

10-14

10-13

10-12

F
NS
Hz

⎛ ⎞
⎜ ⎟
⎝ ⎠

Testing quality of free fall

Torsion pendulum 
(surface disturbances)

LISA
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The LTP Concept

Shrink one LISA arm to 38 cm

And fit it into one Spacecraft

Goal: 3×10-14/√Hz f > 1mHz
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Test-m
ass

Test-m
ass

Interferometer

DLR
SSO
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Test-mass

Electrode
Housing
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BIPM
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Molibdenum
layer

Brazing
alloy

Sapphire
layer
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Test-mass

Vacuum
enclosure

Electrode
Housing

Optical
Window

Caging
Mechanism

UV Optical
Fibres for

Discharging
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P h a s e  a

P h a s e  b

P h a s e  c

v N e x l i n e  =  c o n s t .

v S t a c k  =  f ( F R )
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Template 
assembly

Fine alignment 
jig
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LTP Team Workshop, Trento, 10 - 12 October 2005

LTP lab in operation

Class 1000 cleanroom with large ultra-
clean laminar flow cabinet for bonding 

operations

CMM operation – metrology with 2.5 µm 
precision over 20 cm distances
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electrode

proof-
mass

fib
er

fib
er

+

+

+

+

- - - -

•Fighting cosmic rays 
with UV-light non-
contacting discharging 
system

Imperial College
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LTPLTPExperiment Main Goals
1. Demonstrate that total acceleration noise in 

realistic conditions is not larger than goals
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LISA Requirements
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Cross−talk subtracted

LISA Requirements
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Cross−talk subtracted
Magnetic subtracted

LISA Requirements
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Cross−talk subtracted

Temperature subtracted

LISA Requirements
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LISA Requirements
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LTPLTPSource Name Formula Value Am s-3ê2E
Correlated

readout noise
fcorr fcorr =

è!!!!
2  $%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%ftrip

2 + fampip
2 + fact100

2 6.36¥ 10-18

Uncorrelated
readout noise

func func =
è!!!!2  

"############################fact02 + factth2 8.81¥ 10-18

Thermal effects fthermal fthermal = 2 Hfrad+ fradpr + fog + fth + fgravISL 4.97¥ 10-15

Brownian Noise fBrownian fBrownian =
è!!!!

2  $%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%fdiel
2 + fgas

2 + fmagdmp
2 + fmagimp

2 9.36¥ 10-16

Magnetics SêC fmagnSC fmagnSC =
è!!!!2  HfB + fDB + fBacL 8.9¥ 10-15

Magnetics
Interplanetary

fmagnIP fmagnIP =
è!!!!2  HfBi + fLzL 3.25¥ 10-16

Charging andvoltage fcharge fcharge =
è!!!!2  "###################fq2 + fvs2 3.61¥ 10-15

Miscellanea fmisc fmisc = 2 $%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%fVAC
2 + flaser

2 + fgrav2 6.04¥ 10-15

Cross - talk fcross -talk fcross -talk 1.01¥ 10-14

Readout noise freadout freadout =
"##########################fcorr2 + func2 1.09¥ 10-17

Drag - free fdragfree fdragfree = AbsADwx2E xtot 1.57¥ 10-15

Total ftotal

ftotal =
,Ifdragfree

2 + fcorr
2 + func

2 + freadout
2 + fthermal

2 + fBrownian
2 +

fcross -talk
2 + fmagnSC

2 + fmagnIP
2 + fcharge

2 + fmisc
2 M

1.61¥ 10-14

Measurement noise fmeas fmeas =
"#####################################fact2 + fbl2 + fOM2 5.06¥ 10-15

GrandTotal fgtotal fgtotal =
"#############################ftotal2 + fmeas2 1.68¥ 10-14
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Estimated

LISA Requirements
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Excess upper limit

LISA Requirements
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RXJ1914+245

KUV05184−0939
AMCVnHPLib

CRBoo
V803Cen 4U1820−30

Excess upper limit

LISA RequirementsFor 
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10-15

10-14

10-13

10-12

F
NS
Hz

⎛ ⎞
⎜ ⎟
⎝ ⎠

Testing quality of free fall

LISA

Torsion pendulum 
(surface disturbances)

LISA PF
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The plan:

LISA PF +6 years: LISA

LISA PF: In flight demonstration of reference 
frames 2009

LISA + 1 year: enjoy listening to black-holes
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