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Overview
‣ Introduction 

‣ Sensitivity from noise budget 

• Low frequency: LISAPathfinder 

• High frequency: model of long arm interferometry 

‣ Sensitivity from science case 

‣ Update on proposal sensitivity 

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

millions kilometers (2.5 millions km in the proposal L3) 
‣ Goal: detect relative distance changes of 10-21: few picometers 
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LISA
‣ Spacecraft (SC) should only be sensible to gravity:  

• the spacecraft protects test-masses (TMs) from external forces 
and always adjusts itself on it using micro-thrusters 

• Readout:  
- interferometric (sensitive axis) 
- capacitive sensing
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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

5



LISA Sensitivity -   A. Petiteau -  LISA Cosmo WG - Mainz - 16 October 2017

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

5



LISA Sensitivity -   A. Petiteau -  LISA Cosmo WG - Mainz - 16 October 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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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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LISA
‣ 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

 © M. Otto, PhD thesis (2016)
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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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Readout noise
‣ Composition of a number of effects: 

• If k = s or sb => P1 = Prec and P2 = Plocal,1 

• If k = 𝜏 or 𝜀 => P2 = Plocal,1 and P2 = Plocal,2
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Readout: shot noise
‣ Due to the small number of photons in the incoming beam 

• Emitted laser power: 
• Received laser intensity: 

• Received laser power on the optical bench: 

• Shot noise:
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Readout: electronic noise
‣ Electronic noise associated to the photodiode
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Readout: RIN & phase meter
‣ RIN: Relative Intensity Noise: 

• For a balanced detection, the phase noise contribution from RIN 
is 

‣ Phasemeter measurement noise: 

• Correlated term: 

• Uncorrelated term:
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Optical Path Noises
‣ Noises on the optical path:
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Other noises
‣ Unmodelled interferometer noise 

‣ Backlink noise 

‣ Residual laser noise after TDI
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Readout noise budget
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Combined on half round trip
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Noise budget in TDI
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Sensitivity
‣ Noise budget in 3 points: 

• Low frequencies: acceleration noise (unperfect free-falling of the 
test) 

• High frequency: interferometric measurements noise 
• Pre-processing pour réduire une partie des bruits (TDI)
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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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Sensitivity
‣ Standard sensitivity, so called “strain sensitivity” or “strain 

linear spectral density” is    

‣ Response to GW: 
• Depends on orbits (see later) 
• Depends on frequency partially due to TDI  
• Computation:  

- Analytic approximation 
- Using simulators: PSD of TDI X with as input 192 white 

stochastic GWs isotropically distributed on sky 
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Response to GWs
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Sensitivity
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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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Sensitivity
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Sensitivity
‣ Analytic approximation

22

p
SX(f) =

vuuut20

3

0

@1 +

 
f

0.41
�

c
2L

�
!2
1

A 4Sacc,m + SIMS,m

L2



LISA Sensitivity -   A. Petiteau -  LISA Cosmo WG - Mainz - 16 October 2017

Energy density sensitivity
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Power Law Sensitivity
‣ For LISA
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Science performance logic
‣ Science                                                                   

objectives 

‣ Science                                                             
investigations 

‣ Observation                                                        
requirements 

‣Mission                                                                 
requirements
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SO1  
‣ Sensitivity  
‣ Mission duration
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SO1  
‣ Sensitivity  
‣ Mission duration
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MRs: 
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SO2  
‣ Sensitivity  
‣ Mission duration
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> 5
20mHz



LISA Sensitivity -   A. Petiteau -  LISA Cosmo WG - Mainz - 16 October 2017

SO2  
‣ Sensitivity  
‣ Mission duration
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SO2  
‣ Sensitivity  
‣ Cadence for downloading data
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MRs: ‣ Protected period
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SO3  
‣ Sensitivity  
‣ Protected period
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MRs: 

100deg2∼ 50
7.2× 10−17Hz−1/2

1.9 × 10−18Hz−1/2

600 104M⊙ z < 1

4.2 ×
10−20Hz−1/2 1× 10−20Hz−1/2

600M⊙
q = 1 z = 1

104 − 106M⊙ z < 3

102 104M⊙

3×10−18Hz−1/2
2 × 10−20Hz−1/2

10 − 60 M⊙ 105 − 106 M⊙

103 − 105

105M⊙
z = 4 ≥ 20

δM/M < 10−4
δm/m < 10−3

103
103

5× 105M⊙ 10M⊙

3.5 × 10−20Hz−1/2
2.3 × 10−20Hz−1/2

> 5
20mHz
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SO3  
‣ Sensitivity  
‣ Protected period
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MRs: 
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SO4  
‣ Sensitivity 
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MRs: 

M⊙

> 7
< 1deg2

1.2 ×
10−20Hz−1/2 4 × 10−20Hz−1/2

50M⊙

103

1.3 × 10−20Hz−1/2

> 100> 50

M > 105M⊙

z = 15 105M⊙∼ 100
2 × 10−20Hz−1/2 1 × 10−20Hz−1/2

107M⊙
7 × 10−17Hz−1/2

3× 10−18Hz−1/2

> 50> 0.9
104

105 10−4

10−3

M⊙

> 7
< 1deg2

1.2 ×
10−20Hz−1/2 4 × 10−20Hz−1/2

50M⊙

103

1.3 × 10−20Hz−1/2

> 100> 50

M > 105M⊙

z = 15 105M⊙∼ 100
2 × 10−20Hz−1/2 1 × 10−20Hz−1/2

107M⊙
7 × 10−17Hz−1/2

3× 10−18Hz−1/2

> 50> 0.9
104

105 10−4

10−3

96 detected over a catalog of 17337 
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SO4  
‣ Sensitivity 
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SO5  
‣ Sensitivity 
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MRs: 

M⊙

> 7
< 1deg2

1.2 ×
10−20Hz−1/2 4 × 10−20Hz−1/2

50M⊙

103

1.3 × 10−20Hz−1/2

> 100> 50

M > 105M⊙

z = 15 105M⊙∼ 100
2 × 10−20Hz−1/2 1 × 10−20Hz−1/2

107M⊙
7 × 10−17Hz−1/2

3× 10−18Hz−1/2

> 50> 0.9
104

105 10−4

10−3

M⊙

> 7
< 1deg2

1.2 ×
10−20Hz−1/2 4 × 10−20Hz−1/2

50M⊙

103

1.3 × 10−20Hz−1/2

> 100> 50

M > 105M⊙

z = 15 105M⊙∼ 100
2 × 10−20Hz−1/2 1 × 10−20Hz−1/2

107M⊙
7 × 10−17Hz−1/2

3× 10−18Hz−1/2

> 50> 0.9
104

105 10−4

10−3

M⊙

> 7
< 1deg2

1.2 ×
10−20Hz−1/2 4 × 10−20Hz−1/2

50M⊙

103

1.3 × 10−20Hz−1/2

> 100> 50

M > 105M⊙

z = 15 105M⊙∼ 100
2 × 10−20Hz−1/2 1 × 10−20Hz−1/2

107M⊙
7 × 10−17Hz−1/2

3× 10−18Hz−1/2

> 50> 0.9
104

105 10−4

10−3

> 200

> 103M⊙

<
a f ew104M⊙

z < 0.2
z < 1.5 z < 6

M > 50M⊙ z < 0.1< 1deg2

5 × 105M⊙ 10M⊙
z = 1.5 1deg2

105 106M⊙ z < 5

< 10deg2

w0

2

Ω

Ω = 2 × 10−10 ( f /25Hz)2/3

0.8mHz < f < 4mHz
4mHz < f < 20mHz
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SO5  
‣ Sensitivity 
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SO6  

> 200

> 103M⊙

<
a f ew104M⊙

z < 0.2
z < 1.5 z < 6

M > 50M⊙ z < 0.1< 1deg2

5 × 105M⊙ 10M⊙
z = 1.5 1deg2

105 106M⊙ z < 5

< 10deg2

w0

2

Ω

Ω = 2 × 10−10 ( f /25Hz)2/3

0.8mHz < f < 4mHz
4mHz < f < 20mHz

> 200

> 103M⊙

<
a f ew104M⊙

z < 0.2
z < 1.5 z < 6

M > 50M⊙ z < 0.1< 1deg2

5 × 105M⊙ 10M⊙
z = 1.5 1deg2

105 106M⊙ z < 5

< 10deg2

w0

2

Ω

Ω = 2 × 10−10 ( f /25Hz)2/3

0.8mHz < f < 4mHz
4mHz < f < 20mHz

‣ Sensitivity 
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MRs: 
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SO7  
‣ Sensitivity 
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> 200

> 103M⊙

<
a f ew104M⊙

z < 0.2
z < 1.5 z < 6

M > 50M⊙ z < 0.1< 1deg2

5 × 105M⊙ 10M⊙
z = 1.5 1deg2

105 106M⊙ z < 5

< 10deg2

w0

2

Ω

Ω = 2 × 10−10 ( f /25Hz)2/3

0.8mHz < f < 4mHz
4mHz < f < 20mHz

4 ×
10−20( f /2.4mHz)−2Hz−1/2 0.8mHz < f < 4mHz

1.6 × 10−20Hz−1/2
4mHz < f < 20mHz

Ω = 1.3 × 10−11 ( f /10−4Hz)−1
0.1mHz < f < 2mHz 2mHz < f <

20mHz Ω = 4.5 × 10−12 ( f /10−2Hz)3
2mHz < f < 20mHz 0.02 < f <

0.2

2.1 × 10−19( f /1mHz)−2.5Hz−1/2
1.6 × 10−20( f /11mHz)−0.5Hz−1/2
9.3 × 10−20( f /0.11Hz)Hz−1/2
0.1mHz < f < 2mHz 2mHz < f < 20mHz
0.02Hz < f < 0.2Hz
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SO7  
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All
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Update for the SRD
‣ The ESA LISA Science Study Team is preparing the Science 

Requirement Document based on the science 

‣ Effective duration: 90% duty cycle on LISAPathfinder         
=> 70% on LISA => 3 years of science data ? (pessimistic) 

‣ Limitations on the Interferometric Metrology System noise 
model used in the proposal: 
• Optimistic for noise sources with large uncertainties 
• No residual laser noise 

=> relaxation of the IMS from 10 pm/√Hz to 15 pm/√Hz  
- Impact on middle and high-frequency …
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Update for the SRD
‣ Impacted Science 

Objectives:  
• SO4: SOBHBs 

(96 → 42) 
• SO7: stochastic 

background …
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Conclusion
‣ The LISA sensitivity used in the LISA proposal is the results 

of the adjustment of 2 approaches: 
• from noises budget 
• from science requirement 

‣ It enables a large science case 

‣ It will be adjusted and relaxed in the coming month to avoid 
hard border line constrain on the technologies.  
• Only a small reduction in the science case 

‣More studies of science performances needed
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Thank you
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Power Law Sensitivity
‣ Introduce by Thrane & Romano 2013 

‣ For isotropic unpolarised Gaussian stationary background 
described by a simple power law  

‣ Sensitivity for a given SNR and observation time.  

‣ Done by scanning all slopes                                                   
and finding for each slope the                                                               
amplitude corresponding to                                                             
the SNR.  

‣ Example : old-LISA, 1 year 
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