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FIG. 1: The GW event GW170814 observed by LIGO Hanford, LIGO Livingston and Virgo. Times are shown from August 14, 2017,
10:30:43 UTC. Top row: SNR time series produced in low latency and used by the low-latency localization pipeline on August 14,
2017. The time series were produced by time-shifting the best-match template from the online analysis and computing the integrated
SNR at each point in time. The single-detector SNRs in Hanford, Livingston and Virgo are 7.3, 13.7 and 4.4, respectively. Second row:
Time-frequency representation of the strain data around the time of GW170814. Bottom row: Time-domain detector data (in color),
and 90% confidence intervals for waveforms reconstructed from a morphology-independent wavelet analysis [13] (light gray) and BBH
models described in the Source Properties section (dark gray), whitened by each instrument’s noise amplitude spectral density between
20Hz and 1024Hz. For this figure the data were also low-passed with a 380Hz cutoff to eliminate out-of-band noise. The whitening
emphasizes different frequency bands for each detector, which is why the reconstructed waveform amplitude evolution looks different
in each column. The left ordinate axes are normalized such that the physical strain of the wave form is accurate at 130Hz. The right
ordinate axes are in units of whitened strain, divided by the square root of the effective bandwidth (360 Hz), resulting in units of noise
standard deviations.

DETECTORS

LIGO operates two 4 km long detectors in the US,
one in Livingston, LA and one in Hanford, WA [14],
while Virgo consists of a single 3 km long detector near
Pisa, Italy [15]. Together with GEO600 located near
Hanover, Germany [16], several science runs of the initial-
era gravitational wave network were conducted through
2011. LIGO stopped observing in 2010 for the Advanced
LIGO upgrade[1]. The Advanced LIGO detectors have
been operational since 2015 [17]. They underwent a se-
ries of upgrades between the first and second observation
runs [4], and began observing again in November 2016.

Virgo stopped observing in 2011 for the Advanced Virgo
upgrade, during which many parts of the detector were re-
placed or improved [6]. Among the main changes are an
increase of the finesse of the arm-cavities, the use of heav-

ier test masses mirrors that have lower absorption and bet-
ter surface quality [18, 19]. To reduce the impact of the
coating thermal noise [20], the size of the beam in the cen-
tral part of the detector was doubled, which required mod-
ifications of the vacuum system and the input/output op-
tics [21, 22]. The recycling cavities are kept marginally
stable as in the initial Virgo configuration. The optical
benches supporting the main readout photodiodes have
been suspended and put under vacuum to reduce impact
of scattered light and acoustic noise. Cryogenic traps have
been installed to improve the vacuum level. The vibration
isolation and suspension system, already compliant with
the Advanced Virgo requirement [23, 24], has been fur-
ther improved to allow for a more robust control of the
last-stage pendulum and the accommodation of baffles to
mitigate the effect of scattered light. The test mass mirrors
are currently suspended with metallic wires. Following one
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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017
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FIG. 1: The GW event GW170814 observed by LIGO Hanford, LIGO Livingston and Virgo. Times are shown from August 14, 2017,
10:30:43 UTC. Top row: SNR time series produced in low latency and used by the low-latency localization pipeline on August 14,
2017. The time series were produced by time-shifting the best-match template from the online analysis and computing the integrated
SNR at each point in time. The single-detector SNRs in Hanford, Livingston and Virgo are 7.3, 13.7 and 4.4, respectively. Second row:
Time-frequency representation of the strain data around the time of GW170814. Bottom row: Time-domain detector data (in color),
and 90% confidence intervals for waveforms reconstructed from a morphology-independent wavelet analysis [13] (light gray) and BBH
models described in the Source Properties section (dark gray), whitened by each instrument’s noise amplitude spectral density between
20Hz and 1024Hz. For this figure the data were also low-passed with a 380Hz cutoff to eliminate out-of-band noise. The whitening
emphasizes different frequency bands for each detector, which is why the reconstructed waveform amplitude evolution looks different
in each column. The left ordinate axes are normalized such that the physical strain of the wave form is accurate at 130Hz. The right
ordinate axes are in units of whitened strain, divided by the square root of the effective bandwidth (360 Hz), resulting in units of noise
standard deviations.
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while Virgo consists of a single 3 km long detector near
Pisa, Italy [15]. Together with GEO600 located near
Hanover, Germany [16], several science runs of the initial-
era gravitational wave network were conducted through
2011. LIGO stopped observing in 2010 for the Advanced
LIGO upgrade[1]. The Advanced LIGO detectors have
been operational since 2015 [17]. They underwent a se-
ries of upgrades between the first and second observation
runs [4], and began observing again in November 2016.

Virgo stopped observing in 2011 for the Advanced Virgo
upgrade, during which many parts of the detector were re-
placed or improved [6]. Among the main changes are an
increase of the finesse of the arm-cavities, the use of heav-

ier test masses mirrors that have lower absorption and bet-
ter surface quality [18, 19]. To reduce the impact of the
coating thermal noise [20], the size of the beam in the cen-
tral part of the detector was doubled, which required mod-
ifications of the vacuum system and the input/output op-
tics [21, 22]. The recycling cavities are kept marginally
stable as in the initial Virgo configuration. The optical
benches supporting the main readout photodiodes have
been suspended and put under vacuum to reduce impact
of scattered light and acoustic noise. Cryogenic traps have
been installed to improve the vacuum level. The vibration
isolation and suspension system, already compliant with
the Advanced Virgo requirement [23, 24], has been fur-
ther improved to allow for a more robust control of the
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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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Pulsar Timing Array
‣ Pulsar: magnetized rotating neutron star 

emitting pulse as a lighthouse 

‣ Millisecond pulsar = high precision clock 

‣ Series of extremely regular pulses are 
perturbed by GWs passing between 
pulsar and Earth 

‣ By timing an array of milliseconds 
pulsars we can detect GWs at nHz 
- SuperMassive BH binaries 
- Cosmological backgrounds
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Pulsar Timing Array
‣ PTA-France collaboration: Nançay Radio Station, LPC2E, APC 

‣ European PTA 

‣ International PTA: 

• EPTA 

• NANOGrav (North America) 

• PPTA (Australia) 

• MeerKat (South Africa) 

• CPTA (China) 

• InPTA (India) 

Nançay Radio Telescope
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Supermassive black hole binaries
‣ Observations of Sgr A*, a dark massive object 

of 4.5x106 MSun at the centre of Milky Way. 
‣ Supermassive Black Hole are indirectly 

observed in the centre of a large number of 
galaxies (Active Galactic Nuclei). 

‣ Observations of galaxies mergers. 
→ MBH binaries should exist. 

‣ Observations of double AGN

NGC 6240 (Komossa et al. ApJ 582 L15)
Antennae galaxies 

© Vincent, Paumard, Gourgoulhon, 
Perrin (2011)

© EHT (2019)
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Supermassive black hole binaries
‣ GW emission: 3 phases: 

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

resulting MBH. 

‣ No full waveform but several approximations exist :  
• Phenomenological waveform, 
• Effective One                                                                               

Body, 
• …  

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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Supermassive black hole binaries
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Figure 2.4: Gravitational wave signals from massive black hole binaries (MBHBs): (a) gravitational wave
energy (upper) and generic waveform (lower) for a massive black hole binary system illustrating the
successive inspiral, plunge, merge, and ringdown phases; (b) two simulated waveforms, illustrating how
the waveforms are highly sensitive to the binary system parameters, including the mass and spin of each
component, as well as the detailed orbit geometry; (c) in the currently favored cosmological model,
galaxies form in a hierarchical fashion, starting from small systems at early times, and then growing
via mergers: each galaxy observed today is a consequence of its merger history extending back to high
redshifts. If black holes formed at early times, they will have followed the merger hierarchy of their host
galaxies. Black hole mergers are therefore expected to be common events.
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to the horizon, in which the more eccentric orbit produces sharp spikes at each pericentre passage.
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galaxies form in a hierarchical fashion, starting from small systems at early times, and then growing
via mergers: each galaxy observed today is a consequence of its merger history extending back to high
redshifts. If black holes formed at early times, they will have followed the merger hierarchy of their host
galaxies. Black hole mergers are therefore expected to be common events.
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Figure 2.5: Gravitational wave signals from ‘extreme mass ratio inspiral’ systems (EMRIs): (a) schematic
of the associated spacetime (Drasco & Hughes, 2006; Amaro-Seoane et al., 2013); (b) segments of generic
waveforms, showing the plus-polarised waves produced by a test mass orbiting a 106MØ black hole spin-
ning at 90 per cent of the maximal rate allowed by general relativity, at a distance D from the observer
(Drasco & Hughes, 2006; Amaro-Seoane et al., 2013). Top panel: slightly eccentric and inclined retro-
grade orbit modestly far from the horizon, in which the amplitude modulation is mostly due to Lense–
Thirring precession of the orbit plane. Bottom panel: highly eccentric and inclined prograde orbit closer
to the horizon, in which the more eccentric orbit produces sharp spikes at each pericentre passage.

+

=

Galaxies merger tree 
(cosmological simulation)

“M - σ relation”: the speed of stars in 
bulge is linked to the central MBH mass 

- Barausse MNRAS 
423,2533 (2012) 

- Klein et al. PRD PRD 
93,024003 (2016)
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Compact solar mass binaries
‣ Large number of stars are in binary system.  
‣ Evolution in white dwarf (WD) and neutron stars (NS). 

=> existence of WD-WD, NS-WD and NS-NS binaries 
‣ Estimation for the Galaxy: 60 millions. 
‣ Gravitational waves: 

• most part in the slow inspiral regime                                                          
(quasi-monochromatic): GW at mHz 

• few are coalescing: GW event of few                                                        
seconds at f > 10 Hz (LIGO/Virgo) 

‣ Several known system emitting around the mHz 
=> guaranteed sources
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EMRIs
‣ Capture of a “small” object by massive 

black hole (10 – 106 MSun) 
• Mass ratio > 200 
• GW gives information on the geometry 

around the black hole.  
• Test General Relativity in stong field 
• Frequency : 0.1 mHz to 0.1 Hz  
• Large number of source could be 

observed by space-based interferometer
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EMRIs
‣ Extreme Mass Ratio Inspiral: small compact objects (10 

MSun) orbiting around a SuperMassive Black Hole 
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Black Hole Binaries
‣ LIGO/Virgo-type sources:   

binaries with 2 black holes 
of few tens solar masses. 

‣ During most part of the 
inspiral time, emission in 
the mHz band                                        
=> multi-observatories                               
GW astronomy

A. Sesana, PRL 116, 
231102 (2016)
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Cosmological backgrounds
‣ Variety of cosmological sources for stochastic background : 

• First order phase transition in the very early Universe 
• Cosmic strings network 
• …
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Unknown sources 
‣ High potential of discovery in the mHz GW band ?

?
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What can we learn ?
‣ The nature of gravity (testing the basis of general relativity) 

‣ Fundamental nature of black hole: existence of horizon, ... 

‣ Black holes as a source of energy, 

‣ Nonlinear structure formation: seed, hierarchical assembly, accretion, 

‣ Understanding the end of the life of massive stars, 

‣ Dynamic of galactic nuclei, 

‣ The very early Universe: Higgs TeV physics, topological defects, ... 

‣ Constraining cosmological models, 

‣ ... 
=> Expand the new observational window on the Universe (with all 
the unexpected !): looking at dark side of the Universe !
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LISA
‣ Laser Interferometer Space Antenna 
‣ 3 spacecrafts on heliocentric orbits and distant from          

2.5 millions kilometers 
‣ Goal: detect relative distance changes of 10-21: few picometers 

LISA| Slide 9 ESA UNCLASSIFIED – For Official Use  Systems 

ORBIT 

20° 

Orbit parameters 

Initial displacement angle (IDA) 20 deg 

Distance to earth 50-65 million km 

Arm length of constellation 2.5 million km 

Inclination of constellation wrt 
ecliptic 60 deg 

Corner angles 60 deg 

Round trip time for comms 433 s 

Earth azimuth and elevation 
during science 

Az=360 deg; El=-
9.35±3 deg 

Arm length variation ±35000 km 

Arm length variation rate <10 m/s 

Breathing angle ±0.9 deg 

Breathing angle rate 5 nrad/s 

• Three SC required in free flight forming an equilateral triangle, 
no actuation during science mode (except drag free control) 

• Low perturbations environment required to achieve 
performances and limit the constellation deformation and fuel 

• No need to keep rigid geometry, though range rate (Doppler) 
and breathing angle (optics/mechanisms) shall be limited 

• Long mission duration, minimum of 4 years of science 
operations 

• High data volume generated, remain in the vicinity of the 
Earth 
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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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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 
• Optical path noises
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DFACS
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Fibre
coupler

Transmitted light: 1 W

Received light: 300 pW

Transmitted light: 1 W

Received light: 300 pW

Micro-Newton
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Science
interferometer

Reference
interferometer

Test mass interferometer

Science
interferometer

Reference
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Test mass interferometer

Capacitive test
mass readout
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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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LISA
‣ A measurements in several steps                            

‣                   
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Concept Design - CAD

Optical Bench Sub-System

Ewan Fitzsimons

LISA: 
Local measurement of distance from TM to SC using: 
‣ Laser interferometry along sensitive axis (between SC)  
‣ Capacitive sensing on orthogonal axes 
‣ TM displacement measurements are used as input to 

DFACS which controls position and attitude of SC respect 
to the TM
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LISA technology requirements 
‣ Free flying test mass subject to very low parasitic forces: 

✓ Drag free control of spacecraft (non-contacting spacecraft) 
✓ Low noise microthruster to implement drag-free 
✓ Large gaps, heavy masses with caging mechanism 
✓ High stability electrical actuation on cross degrees of freedom 
✓ Non contacting discharging of test-masses 
✓ High thermo-mechanical stability of S/C 
✓ Gravitational field cancellation 

‣ Precision interferometric, local ranging of test-mass and spacecraft: 
✓ pm resolution ranging, sub-mrad alignments 
✓ High stability monolithic optical assemblies 

‣ Precision million km spacecraft to spacecraft precision ranging: 
➡ High stability telescopes 
➡ High accuracy phase-meter and frequency distribution 
➡ High accuracy frequency stabilization (incl. TDI) 
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LISA data

Gravitational wave sources 
emitting between 0.02mHz 

and 1 Hz
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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
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LISAPathfinder
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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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The measurement - deltaG
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The measurement - deltaG
deltaG = d2(o12)/dt2 - Stiff * o12 - Gain * Fx2
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Optical bench
deltaG = d2(o12)/dt2 - Stiff * o12 - Gain * Fx2
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𝚫g - raw
‣Differential acceleration Test Mass1 - Test Mass2 

‣Δg = d2(o12)/dt2 - Stiff * o12 - Gain * Fx2

0.01 mHz 1 Hz
by Joseph Martino



       LISA -   A. Petiteau  -  NORDITA - 11th September 2019
32

System-Identification
‣Measure gains and stiffness 
‣Δg = d2(o12)/dt2 - Stiff * o12 - Gain * Fx2

by Joseph Martino
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First results
M. Armano et al. PRL 116, 231101 (2016)
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First results
M. Armano et al. PRL 116, 231101 (2016)

Interferometric noise   
Not real test-mass motion  
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High frequency limit 
‣ Optical measurement system: 

• Interferometric precision: 
30 fm.Hz-1/2 

• Orientation of test-masses
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First results
M. Armano et al. PRL 116, 231101 (2016)

Brownian noise 
Molecules within the noise  
hit test-masses   

Interferometric noise   
Not real test-mass motion  
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Mid-frequency limit
‣ Noise in 1–10 mHz: brownian 

noise due to residual 
pressure: 
• Molecules within the housing 

hitting the test-masses   
• Possible residual outgassing 

‣ Evolution: 
• Pressure decreases with time 

=> constant improvement 

‣  For LISA:  
• Better evacuation system …

M. Armano et al. PRL 116, 231101 (2016)
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First results
M. Armano et al. PRL 116, 231101 (2016)

Low frequency noise 
Investigation still in progress 
...

Brownian noise 
Molecules within the noise  
hit test-masses   

Interferometric noise   
Not real test-mass motion  
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Low-frequency limit
‣ Noise in 0.1 – 1 mHz:  

‣ 50% understood: actuation 
noises 

‣ Still 50% not completely 
explained: 
• 1/f slope 
• Temperature ?           

Small glitches ? 

‣ Still work in progress …
M. Armano et al. PRL 116, 231101 (2016)
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Time evolution of noises
‣ Results evolution

by M. Hewitson
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De-glitching
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LISAPAthfinder final main results
M. Armano et al. PRL 120, 061101 (2018)
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History of LISA
‣ 1978: first study based on a rigid structure (NASA) 
‣ 1980s: studies with 3 free-falling spacecrafts (US) 
‣ 1993: proposal ESA/NASA: 4 spacecrafts 
‣ 1996-2000: pre-phase A report 
‣ 2000-2010: LISA and LISAPathfinder: ESA/NASA mission 
‣ 2011: NASA stops => ESA continue: reduce mission 
‣ 2012: selection of JUICE L1 ESA 
‣ 2013: selection of ESA L3 : « The gravitational Universe » 
‣ 2015-2016: success of LISAPathfinder + detection GWs
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Call for mission at ESA
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 The LISA Proposal
https://www.lisamission.org/

proposal/LISA.pdf

https://www.lisamission.org/proposal/LISA.pdf
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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

Noises

Sensitivity

Response of the detector to GWs
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GW sources
‣ 60 millions Galatic bin
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- 6 x107 galactic binaries 
- 10-100/year SMBHBs 
- 10-1000/year EMRIs 
- large number of Stellar Mass 
BH binaries (LIGO/Virgo) 

- Cosmological backgrounds 
- Unknown sources 
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LISA Consortium

‣ Set for eLISA/NGO and enlarge later => reboot now (Mar 2018) 
‣ The LISA Consortium wrote the LISA proposal (core group) submitted it to ESA  
‣ Letter of endorsement from National Agencies to ESA
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LISA science objectives
LISA Science Requirements Document: 
‣ SO1: Study the formation and evolution of compact binary stars in the 

Milky Way Galaxy. 

‣ SO2: Trace the origin, growth and merger history of massive black holes 
across cosmic ages 

‣ SO3: Probe the dynamics of dense nuclear clusters using EMRIs 

‣ SO4: Understand the astrophysics of stellar origin black holes 

‣ SO5: Explore the fundamental nature of gravity and black holes 

‣ SO6: Probe the rate of expansion of the Universe 

‣ SO7: Understand stochastic GW backgrounds and their implications for 
the early Universe and TeV-scale particle physics  

‣ SO8: Search for GW bursts and unforeseen sources
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LISA science objectives
LISA Science Requirements Document:
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LISA
LISA Mission Requirements Document: 

• 3 arms, 2.5 km  
• Launch Ariane 6.4 

‣ Frequency band: 

‣ Noise budget: 

• Low frequency: Acceleration (LISAPathfinder) 

• High frequency: Interferometric Measurement System
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LISA timeline 
‣ 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→2022   : B1: start industrial implementation 
‣ 2023            : mission adoption 
‣ During more than 8 years : construction 
‣ 2032-2034     : launch Ariane 6.4 
‣ 1.5 years for transfert 
‣ 4 years of nominal mission 
‣ Possible extension to 10 years 

GW observations !
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Phase 0
‣ Studied from March to November 2017 

‣  Drivers: thermal stability/range, mechanical stability, mass, 
power, data rate, volume, integration, … 

‣ Several studied options: 
• Propulsion: chemical (CP) / electrical (EP & EP+) 
• Micro-propulsion: cold-gas (CP & EP)/ electrical (EP+)  
• Communication, 
• Shape, 
• Launch strategies, orbits,  
• …

LISA| Slide 7 ESA UNCLASSIFIED – For Official Use  Systems 

 
 
 
 
 
 
 
 
 
 
 

• Spacecraft dispenser 

Spacecraft (SC) 

Mission Architecture 

Sciencecraft (SCC) 
Payload module (PM) Service Module (SVM) 

Propulsion module (PM) 
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ESA Phase 0 mission
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Phase A
‣ From April 2018 to Summer 2020: detailed studies of the mission, the 

payload, the organisation, the plannings, … 
‣ Importance of performances studies and control from subsystem to 

science: particularly important and complex for LISA because highly 
integrated, i.e. instrument = whole 3 spacecrafts + ground segment 

‣ Plateform: competitive between Airbus and Thales  
‣ Payload: 

• Laser 
• Diagnostics 
• Gravitational Reference Sensor 
• Mechanisms 
• Optical Bench 
• Telescope 
• Constellation Acquisition Sensor 
• PhaseMeter 
• Payload Processing Unit
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LISA 
Consortium

‣ About 1146 members: 
• 552 full (FTE>0.05) 
• 594 associates  

‣ More than 150 groups 
(institutes)
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Galactic binaries
‣ 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) 
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Galactic binaries

GW sources 
- 6 x107 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 

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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Super Massive Black Hole Binaries
LISA: SMBHB from 104 à 107 solar masses in “all” Univers
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Super Massive Black Hole Binaries

GW sources 
- 6 x107 galactic binaries 
- 10-100/year SMBHBs 
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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
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EMRIs
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• very complex waveform 
• No precise simulation at the moment 

‣ Duration: about 1 year 
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EMRIs

GW sources 
- 6 x107 galactic binariess 
- 10-100/year SMBHBs 
- 10-1000/years EMRIs 
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Cosmological backgrounds
‣Work in progress for LPF-LISA … 
‣ Studies within the LISA 

Cosmology Working Group: 
• Ex: first order phase transition in 

the very early                                                           
Universe                             
Caprini et al.                                                                       
JCAP 04, 001                                                                        
(2016) 

• Cosmic strings                                                                    
network 

• …
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Cosmic string networks
‣ Stochastic background + bursts

© Binétruy et al.
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LISA data

Data Analysis of GWs

Catalogs of GWs sources 
with their waveform

Calibrations corrections

Resynchronisation (clock)

Time-Delay Interferometry 
reduction of laser noise

 3 TDI channels with 2 “ independents”
Gravitational wave sources 
emitting between 0.02mHz 

and 1 Hz

‘Survey’ type observatory

Phasemeters (carrier,  
sidebands, distance) 

+ Gravitational Refe-        
-rence Sensor  

+ Auxiliary channels 
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LISA data flow
‣ Data

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 data flow
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GWs in LISA data
‣ Example of simulated 

data (LISACode):  
• about 100 SMBHs, 
• Galactic binaries
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LISA Ground Segment
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From L0 to L1
‣ Input (L0): “raw” data from the MOC 

‣ Output (L1): TDI + all data “cleaned” 

‣ Responsibility: SOC (ESA)  

‣With Consortium support => SOC Support group 

‣ Activities / Challenges: 
• Processing —————> 

• Hardware monitoring 
• Quick-look of instrument data 
• …

- Calibration 
- Clock synchronisation  
- Ranging (estimation of delays) 
- TDI
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From L1 to L3
‣ Inputs: TDI + all data “cleaned” 
‣ Outputs: final science products (catalogs, …) 
‣ Responsibility: Consortium => DDPC 
‣ Activities: 

• Data analysis pipelines and simulation: 
- Prepare, Implement, Operate;  
- Support (LSG, SimWG, LDC) design and prototyping; 

• Define, coordinate and implement software framework and 
management structure for data and products 

• Coordinate and operate the DCCs 
• Define, implement and maintain dev. and op. environment 
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Data analysis & simulations
‣ Simulations: 

• Simulations at different scales: micro-sec to years in reasonable time  
• Coherently simulate control loops, integrate discretization/

interpolation, precisions, … 

‣ Data pre-processing: clock, ranging, TDI 
‣ Data processing: extracting science  

• For the matched filtering: optimisation of likelihood computation, 
variety of samplers, possibly large number of parameters, evolving 
number of parameters, … 

• Orchestration of multiple pipelines in parallel 
• Keep track of all produced data 
• Incremental data: new data to integrate every day 
• Fast pipeline for alerts, …
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LISA Data Processing
‣ First data and analysis of this kind + potential unknown sources      

=> Keep flexibility + continuous evolution          
‣ Permanent sources + transient sources  + continuous evolution of 

codes, i.e. full reprocessing phase                                                                 
=> fluctuations of the computational charge: mixed infrastructure 
(standard clusters + on demand, i.e. Cloud) 

‣ Data analysis challenges: large number of mixed sources + no 
direct calibration of instrument                                           
=> need to start the studies now!  
• Simulations 
• LISA Data                                                                      

Challenge
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Current vision of the DDPC
‣ DDPC: unique entity responsable for the data processing (driving, 

integration of software blocks, …)  

‣ DDPC in charge of delivering L2 & L3 products + what's necessary to 
reproduce/refine the analysis (i.e. input data + software + its running 
environment + some CPU to run it). 

‣ Data Computing Centres (DCC): hardware, computer rooms 
(computing and storage) taking part to the data processing activities.  

‣ The DDPC software « suite » can run on “any” DCC. 
• Software: codes (DA & Simu.) + services (LDAP, wiki, database) + OS. 

‣ First solutions: 
• Separation of hardware and software: light virtualization, … 
• Collaborative development: continuous integration, … 
• Fluctuations of computing load: hybrids cluster/cloud
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Proto-DPC: basics 
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Proto-DPC: basics 
‣ Development environment: in production 

• Collaborative work, reproducibility of a rapidly evolving & composite 
DA pipeline; Keep control of performance, precision, readability, etc   

• Use existing standard tools (version control, Continuous Integration, 
Docker) 
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‣ Data basis & data model: in R&D 
• Data sharing, a lot of information (search engine, DB request, tree 

view);  
• Context: Not very big data volume for data itself but large number 

of sub-products, simulations,  … => LDC, simulations, LPF data 
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• Use existing standard tools (version control, Continuous Integration, 
Docker) 

‣ Data basis & data model: in R&D 
• Data sharing, a lot of information (search engine, DB request, tree 

view);  
• Context: Not very big data volume for data itself but large number 

of sub-products, simulations,  … => LDC, simulations, LPF data 

‣ Execution environment: in R&D (singularity, …) 
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Support LISA Consortium today
‣ Simulation: 

• LISACode and LISANode: git with continuous integration, 
docker image, singularity, documentation, … 
=> realistic data used for ex for performance, pre-processing, … 

‣ Exchange: LDC database, Virtual Machine on demand 

‣ IT: Repositories, Document Management System, wikis 

‣ Coming soon: 
• Jupyter hub available soon: share scripts 
• Singularity hub: share image containing all LDC tools 
• Computing facilities (prototyping DCCs) 
• Integration of LDC DA methods submitted with responses
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LISA Data Challenges
‣Mock LDC: 2005→2011 
‣ 2017: start of the LDC 
• Develop data analysis 
• Design the pipelines of the 

mission 
‣ Example of the potential data 

for LDC1
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History: the MLDC

2006

Dec 2006 
Challenge 1 results 

presented in GWDAW-11 
[CQG 24, S529 (2007)]

Jan 2006 
Works begins!

by M. Vallisneri

Jun 2006 
Challenge 1 datatsets released 

at 6th LISA Symposium 
[in proc. ,gr-qc/0609105-6]

Jan 2007 
Challenge 2 datatsets released 

[CQG 24, S551 (2007)]

Jun/Jul 2007 
Challenge 2 results 
presented at Amaldi 

[CQG 25, 114037 (2008)] 
Challenge 1B released

Dec 2007 
Challenge 1B results presented 

at GWDAW-12 
[CQG 25, 184026 (2008)]

Apr 2008 
Challenge 3 released 

[CQG 25, 184026 (2008)]

Jun 2009 
Challenge 3 results at Amaldi 

[CQG 27, 084009 (2009)]

Nov 2009 
Challenge 4 released 

[CQG 27, 084009 (2009)]

2007 2008 2009 2010

Dec 2010 
Challenge 4 deadline
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Previous MLDC
MLDC 1 MLDC 2 MLDC 1B MLDC 3 MLDC 4

Galactic 
binaries

• Verification 
• Unknown 

isolated 
• Unknown 

interfering

Galaxy  3x106 • Verification 
• Unknown 

isolated 
• Unknown 

interfering

Galaxy  6x107 
chirping

Galaxy  6x107 chirping

Massive BH 
binaries

• Isolated 4-6x, over “Galaxy” 
& EMRIs

• Isolated 4-6x spinning & 
precessing over 

“Galaxy”

• 4-6x spinning & 
precessing, extended 

to low-mass

EMRI
• Isolated 
• 4-6x, over 

“Galaxy” & MBHs

• Isolated • 5 together, 
weaker

• 3 x Poisson(2)

Bursts
• Cosmic string 

cusp
• Poisson(20) cosmic 

string cusp

Stochastic 
background

• Isotropic • Isotropic
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Aim of the LDC
‣ To foster the data analysis development: improve performance 

of existing algorithms, try new algorithms

‣ To make a common platform for evaluation and performance 
comparison of various algorithms 

‣ To address the science requirements: project oriented challenges

‣ To introduce the  software development standards for the data 
analysis pipeline

‣ To prototype and develop the end-to-end data analysis pipeline  
(integration into DDPC -- Distributed Data Processing Center).
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Philosophy of the challenges
‣ Two parallel studies

Start simple 
with limited 
complexity

Complexity

More realistic instrument

More realistic sources 
(waveform, population, etc)

Complex 
“full” data 

sets

81
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“Radler” data set
‣ Noise: very simple (Gaussian),  
‣ Orbit: analytic LISA orbit,  
‣ TDI: 1.5 generation TDI (rigid LISA) 
‣ Response of instrument: 

• Full simulation (time domain - LISACode - slow) 
• and/or approximation (evolved low frequency approximation - fast) 

‣Data ready and available 
‣Problem of conventions for polarisation between various 

sources and waveforms => a new version will be generated 
after correcting conventions 
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“Radler” data set: MBHB
‣ Radler #1: one MBHB 

• Duration of the signal: 0.6-1.2 years 
• SNR = 100-500 
• Time domain using LISACode (for the response) 
• Waveform: IMRPhenomD  

- inspiral-merger-ringdown 
- non-precessing: spins parallel orbital angular momentum.  
- only the dominant mode: l = 2,m = ±2 
- h+,h× in frequency domain and Fourier transformed 

• Observation: 1.4 years @ 10s
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“Radler” data set MBHB
‣ Radler #2: one MBHB idem as #1 but 

• generated completely in the frequency domain,  
• including approximative TDI response (frequency  domain)  

‣ Radler #3 (?): one MBHB idem as #1 but noise  
• instrumental noise will be assumed gaussian but its level will be 

chosen uniform U[1,2] of the nominal value for each link. 
• => We do not know the level of the noise in each link and one 

cannot easily construct the TDI combination A, E, T with 
uncorrelated noise.  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“Radler” data set: MBHB
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“Radler” data set: EMRIs
‣ Radler #4: Extreme Mass-Ratio Inspiral (EMRI) 

• one EMRI GW signal 
• waveform: idem as in the old MLDC: not a faithful 

representation of the expected GW signal but fast to produce 
=> participants should not rely strongly on the model for the 
detection purposes  

• SNR: 40-70 
• duration 1-1.5 years  
• Observation: 2 years @ time step is 15 sec  

‣  Radler #5: EMRI: idem #4 but:  
• waveform: AAK (augmented analytic kludge)
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“Radler” data set: EMRIs
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“Radler” data set: GBs
‣ Radler #6: Galactic binaries:  

• population of Galactic white dwarf binaries: about 30 millions of 
binary systems 

• waveform : h+, h× is produced by Taylor expansion of the phase 
(up to first derivative in frequency) at the t0 (beginning of 
observations).  

• LISA response function: approximate  
• Observation: 2 years @ 15 sec.
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“Radler” data set: GBs
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“Radler” data set: GBs
‣ Radler #5: one MBHB idem as #1 but 

•  Galactic binaries: The gaussian noise and GW signals from the 
population of Galactic white dwarf binaries. The population 
contains about 30 millions of binary systems. The waveform (h
+,h×) is produced by Taylor expansion of the phase (up to first 
derivative in frequency) at the t0 (beginning of observations). 
The response function is approximate and described in details 
[5]. Time step is 15 sec. Duration of observation is assumed to 
be 62914560 seconds.  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“Radler” data set: sMBHB
‣ Radler #7: stellar Mass Black Hole Binaries (or SOBHB): 

• Population of sMBHB (similar LIGO-Virgo): 21721 sources  
• Some of those binaries will be detectable in the band of ground 

based detectors several years after being observed in LISA 
• Waveforms: h+, h× (IMRPhenomD) model => frequency 

domain then transformed into time domain. 
• Observation: 2.6 years @ 5s 

‣ Radler #8: bright stellar mass black hole binaries:  
• Similar to #7 but with only the signals which have the total 

SNR above 5.0 (against the instrumental noise!).  
• Same population as #7  => can be subtracted from #6 in 
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“Radler” data set: sMBHB
‣  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“Radler” data set: SGWB
‣ Radler #8: Stochastic GW signal 

• Gaussian instrumental noise only 
• Isotropic 
• Power Law: amplitude and slope similar to the one expected 

from sMBHB  

‣ Radler #9: Stochastic GW signal 
•  Idem #8 but with a broken power law  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Radler LDC-1
‣ The main aim of “Radler” is to dust-off old and/or develop new 

data analysis tools, however we can use these datasets to 
• to study the time-iterative data analysis (low latency prototyping) 
• to check robustness of the algorithm to gaps   
• to develope modular structure for the DA pipeline 
• catalogues building and releases  

‣ Projects using LDC tools / infrastructure: 
• Waveform systematics study 
• SNR computation, parameter estimation 

‣ Tutorials on LISA data analysis 

‣ Evaluation of the results and algorithms.  

‣ Visuzalization tools 



       LISA -   A. Petiteau  -  NORDITA - 11th September 2019
95

Radler LDC-1
‣ Projects using LDC tools / infrastructure: 

• Waveform systematics study 
• SNR computation, parameter estimation 

‣ What else do we expect from LDC-1: 
• Tutorials on LISA data analysis 
• Evaluation of the results and algorithms.  
• Visuzalization tools 
• Pipeline construction and management tools
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Beyond the first data set
‣ Improve sources and populations 

• more precise waveforms 
• different populations  

=> test the ability to constrain the population model 
• several type of sources in the same data  
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Beyond the first data set
‣We need to move away from the simplistic assumption about 

the noise: 
• Develop pipelines to produce L1 data (TDI) from raw data (L0):  
• Calibrations, remove / reduce noises, gaps, frequency planning, 

non-stationarity, unexpected events  
• Use LPF results to mimic instrumental artefacts in LISA 

simulations (gaps, glitches, non-stationarity) 
• Work together with the simulation WG: end-to-end simulation 
• Work on the estimation effect of gaps is under way  

=> For each astrophysical source we need to revisit the 
detection (Gaussian) algorithms with realistic noise
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Next … LDC-2
‣ Spritz: Non-stationary instrum. noise + light astrophysical 

content 
• to address  robustness of algorithms used in Radler for non-

stationary noise  
• to help setting some requirements on the instrument 

performance/artifacts 

‣ Sangria: Mild Enchilada: Galaxy + MBHBs + EMRI+ Gaussian 
stationary noise 
• Start prototyping global fit pipeline 
• Investigation: are signals aware of each other? 
• Building the catalogues 
• Assessment of required resources and hardware structure (HPC 
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Generating LDC data sets
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Generating LDC data sets
‣ Decide on the GW sources (and number of sources) which we want 

to put in the data

‣ Decide on the parameters of each signal (we will use catalogues of 
sources based on several astrophysical models)

‣ Decide on the theoretical model of the GW signal to be used 
("state-of-art" models are usually computationally expensive)

‣ Apply the response function to the GW signal : requires LISA orbit.

‣ Decide on the noise (simplistic: equal noise in each measurement, 
uncorrelated, Gaussian, or ....)

‣ Produce the noise with the signal(s)



       LISA -   A. Petiteau  -  NORDITA - 11th September 2019
100

LDC production pipelines
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Tools for the LDC from LDPG
‣Webpage connected to a data base:  

               https://lisa-ldc.lal.in2p3.fr/  
• Upload/download the data 
• Description 
• Web portal 

https://lisa-ldc.lal.in2p3.fr/
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Tools for the LDC from LDPG
‣ Repository: gitlab.in2p3.fr:stas/MLDC (registration required) 

• Codes  
• Continuous Integration to run 

- tests 
- build documentation 
- build docker image  

• Wiki 
• Issues 
• Features
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Tools for the LDC from LDPG
‣ Repositories:  

• git 
• database 

‣ The core pipeline: 
• hdf5 for data 
• steps for producing data: 

-Choose sources 
-Generate waveform 
-Configure instrument 
-Configure noises 
-Run simulations 

‣ Users: 
• docker 
• singularity 
• jupyter 
• jupyterhub (soon) 
• singularity hub (soon) 
• documentation 

‣ Developpers 
• docker 
• workflow 
• tests



       LISA -   A. Petiteau  -  NORDITA - 11th September 2019
104

Example of SGWB analysis 1
‣ A methodology adapted/evolved from LPF data analysis: 10.1103/

PhysRevLett.120.061101 

‣ Throughout the mission we were measuring a noise excess of 
unknown origin (no models) at the lower part of the differential 
acceleration spectrum. 

‣ So, we set up this                                                                    
methodology to estimate                                                                         
this excess for all runs:                                                                       
needed to take into account                                                                               
the variability of the noise,                                                                           
i.e. the Brownian levels,                                                                                                                                                
inertial forces, etc.

at ð1.74" 0.01Þ fm s−2=
ffiffiffiffiffiffi
Hz

p
above 2 mHz and ð6" 1Þ × 10 fm s−2=

ffiffiffiffiffiffi
Hz

p
at 20 μHz, and discusses the

physical sources for the measured noise. This performance provides an experimental benchmark
demonstrating the ability to realize the low-frequency science potential of the LISA mission, recently
selected by the European Space Agency.

DOI: 10.1103/PhysRevLett.120.061101

Introduction.—LISA Pathfinder (LPF) [1] is a European
Space Agency (ESA) mission dedicated to the experimental
demonstration of the free fall of test masses (TMs) as
required by LISA [2], the space-based gravitational-wave
(GW) observatory just approved by ESA. Such TMs are the
reference bodies at the ends of each LISA interferometer
arm and need to be free from spurious acceleration, g,
relative to their local inertial frame; any stray acceleration
competes directly with the tidal deformations caused by
GWs. LPF has two LISA TMs at the ends of a short
interferometer arm, insensitive to GWs because of the
reduced length but sensitive to the differential acceleration,
Δg, of the TMs arising from parasitic forces.
LPF was launched on December 3, 2015 and was in

science operation from March 1, 2016. Operations ended
on June 30, 2017, and the satellite was finally passivated on
July 18, 2017. On June 7, 2016, we published [3] the first
results on the free fall performance of the LPF test masses.
These results showed that the amplitude spectral density
(ASD) ofΔgwas found to be (see Fig. 1 of Ref. [3]) limited
by Brownian noise at S1=2Δg ¼ ð5.2" 0.1Þ fm s−2=

ffiffiffiffiffiffi
Hz

p
, for

frequencies 1 mHz≲ f ≲ 30 mHz; rising above the
Brownian noise floor for frequencies f ≲ 1 mHz,

increasing to ≲12 fm s−2=
ffiffiffiffiffiffi
Hz

p
at f ¼ 0.1 mHz; and lim-

ited, for f ≳ 30 mHz, by the interferometer readout noise
of S1=2x ¼ ð34.8" 0.3Þ fm=

ffiffiffiffiffiffi
Hz

p
, which translates into an

effective Δg ASD of S1=2x ð2πfÞ2.
The previously published data referred to the longest

uninterrupted stretch of data, of about one week duration,
we had measured up to the time of publication. Since that
time, several improvements have allowed a significantly
better performance, presented in Fig. 1. First, the residual
gas pressure has decreased by roughly a factor of 10 since
the beginning of operations, as the gravitational reference
sensor (GRS) surrounding the TM has been continuously
vented to space [3] with a slowly decreasing outgassing
rate. Second, a more accurate calculation of the electrostatic
actuation force has eliminated a systematic source of low-
frequency force noise. Third, another inertial force from the
LPF spacecraft rotation has been identified and corrected in
theΔg time series. This last effect will be highly suppressed
in LISA by the improved rotational spacecraft control.
Finally, we have removed, by empirical fitting, a number of
well-identified, sporadic (less than one per day) quasi-
impulse force events or “glitches” from the data, allowing
uninterrupted data series of up to ∼18 days duration. This

FIG. 1. ASD of parasitic differential acceleration of LPF test masses as a function of the frequency. Data refer to an ∼13 day long run
taken at a temperature of 11 °C. The red, noisy line is the ASD estimated with the standard periodogram technique averaging over 10,
50% overlapping periodograms each 2 × 105 s long. The data points with error bars are uncorrelated, averaged estimates calculated as
explained in the text. For comparison, the blue noisy line is the ASD published in Ref. [3]. Data are compared with LPF requirements [1]
and with LISA requirements taken from Ref. [2]. Fulfilling requirements implies that the noise must be below the corresponding shaded
area at all frequencies. LISA requirements below 0.1 mHz must be considered just as goals [2].

PHYSICAL REVIEW LETTERS 120, 061101 (2018)

061101-2

Karnesis, Petiteau, Lilley (2019) submitted , arXiv:1906.09027
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Example of SGWB analysis 1
‣ The same philosophy can be applied to the TDI channels of LISA, 

looking for an excess in power that, for the case of Radler, is 
caused from a SGWB. 

‣ We start by this “ideal case” data (no bright sources, no data 
artefacts, only isotropic                                                                                     
& stationary SGWB) by                                                                                
calculating the logPSD. 

‣ Equally spaced bins in                                                                         
frequency i, different                                                                            
number of averages                                                                                        
for each bin Ni.

Karnesis, Petiteau, Lilley (2019) submitted , arXiv:1906.09027
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‣ Then, if D is the data averaged power spectrum (logPSD), 
we get  
 

‣Where Sm is the theoretical power spectrum we are 
interested in. Then if we assume 
 
and that we have a prior knowledge of Sn around ε, we can 
try to marginalise it out by  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Example of SGWB analysis 1

2

trum in section IV, by deriving an analytic expression
for the Bayes factor that depends on the two aforemen-
tioned quantities. Finally, in section V we discuss our
main results and elaborate on the possible applications
of our technique.

II. PROBABILITY OF POWER EXCESS

Let us suppose that we have a series of k data channels
d
k

(t), which in our case are the time series after applying
the Time Delayed Interferometer (TDI) [8] algorithms
(see section III for details). For this exercise, the overall
measured noise is going to be considered equal for all
channels, S

n,k

(f) ⌘ S
n

(f). The power spectrum of the

noise can depend on a set of parameters, ~✓
n

, but for now
we consider it completely known. Then, and if we assume
Gaussian and zero mean noise sources [9, 10], the real and
imaginary parts of the Fourier transform of the data d̃

k

[i]
are also independent Gaussian variables, provided that
we correctly downsample the spectrum given the choice
of windowing function used for its computation. The
joint conditional probability density function for the k-
th channel follows �2 statistics [6, 11] and can be written
as

p(d̃
k

[i]|~✓, S
m

[i]) =
Y

i2F

1

S
m

[i]
exp

0

B@�

���d̃
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���
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S
m

[i]

1

CA , (1)

where S
m

[i] is the measured power spectrum in frequency
bin i for each channel, which in our case is the sum of
the stochastic signal and the instrument noise, and F =
{f

1

, f
2

, . . .} is the complete set of frequency bins. We
make the assumption that the data is stationary and free
of bright and spurious signals. We can thus safely split
the data in N segments and average them in frequency
so that eq. (1) becomes

p(D
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|~✓
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, S
m

) =
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S
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m

=
e�N

Dk
S
m

SN

m

, (2)

where we have dropped the [i] indices for convenience,
and D

k

the average of the N periodogramms for channel
k. Assuming the measured spectra for all k channels
measure a signal component that manifests in the same
manner for all channels, the actual measured power S

m

in all channels should be

S
m

[i] = S
o

[i] + S
n

[i, ~✓
n

], (3)

where S
n

[i, ~✓
n

] is the instrument noise of parameters ~✓
n

and is assumed known for now, while S
o

is the excess
of power measured in all channels for each frequency bin
i. Then, we can directly substitute eq. (3) into (2). We
also assume a level of uncertainty for S

n

[i] defined by the
parameter ✏[i], such that the instrument power spectrum
lies between S̄

n

[i]� ✏[i] and S̄
n

[i]+ ✏[i] for each frequency

bin i. Marginalizing over S
n

, the resulting PDF for each
frequency bin i is
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After a change of variable, we can use the incomplete
gamma function �

t

(x) =
R1
x

yt�1eydy in eq. (4). Then,
the posterior PDF for the signal power S

o

[i] for each
frequency bin can be expressed as

p(S
o

|D
k

, S
n

) /
�
�
N�1

�
A+

�
� �

N�1

�
A��� , (5)

with

A± =
ND

k

S̄
n

+ S
o

⌥ ✏
, (6)

where again the [i] indices have been dropped for the sake
of clarity.
Let us now reintroduce the dependance of S

n

on the
parameters ~✓

n

. In this study, our simple noise model is
comprised of the test mass position and acceleration noise
levels, that for the sake of convenience are considered
equal for all test masses. Prior information on these pa-
rameters from instrumental studies exist and we can as-
sume that their prior densities follow ~✓

n

⇠ U [~✓min

n

, ~✓max

n

].
Consequently, the aforementioned limits generate lower
and upper bounds on the overall power spectral density
of the instrumental noise such that

Smin

n

= S
n

[i, ~✓min

n

]  S
n

[i]  S
n

[i, ~✓max

n

] = Smax

n

. (7)

Without loss of generality and for the sake of simplic-
ity, we can just choose prior ranges for ~✓

n

so that S
n

=
S̄
n

[i]± ✏[i, ~✓
n

]. Thus, if we substitute eq. (3) into (2) and
marginalise over S

n

, the resulting PDF for each frequency
bin i is reduces again to eq. (4).

So far we have defined the statistical framework to be
applied directly to the data set d

k

(t) in order to infer the
signal S

o

[i]. But before proceeding, we must carefully
perform the averages over the k data series and estimate
the errors on the binned averaged spectra D

k

. Follow-
ing [12] and [13], we compute the power spectra of the
time series on a logarithmic frequency axis, by adjust-
ing N . In essence, short data segments are chosen for
higher frequencies, while longer data segments are cho-
sen at lower frequencies, and the number of averages is
in fact N [i]. In [6, 14, 15] the approach of [12] was
extended in order to take into account the correlations
between Fourier coe�cients by carefully choosing an ap-
propriate N [i] in a procedure depending on the choice of
windowing function and its spectral properties. In this
work, we follow this methodology to produce the series
of k averaged in frequency power spectra D

k

.
The above results can be directly applied to the detec-

tion of stationary and isotropic stochastic types of sig-
nals. In the end, in order to construct the posteriors of
eq. (5) for each frequency coe�cient i, one must carefully

O M Solomon, Jr. Psd computations using welch’s method. [power spectral density (psd)]
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where again the [i] indices have been dropped for the sake
of clarity.
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comprised of the test mass position and acceleration noise
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(t) in order to infer the
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[i]. But before proceeding, we must carefully
perform the averages over the k data series and estimate
the errors on the binned averaged spectra D
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ing [12] and [13], we compute the power spectra of the
time series on a logarithmic frequency axis, by adjust-
ing N . In essence, short data segments are chosen for
higher frequencies, while longer data segments are cho-
sen at lower frequencies, and the number of averages is
in fact N [i]. In [6, 14, 15] the approach of [12] was
extended in order to take into account the correlations
between Fourier coe�cients by carefully choosing an ap-
propriate N [i] in a procedure depending on the choice of
windowing function and its spectral properties. In this
work, we follow this methodology to produce the series
of k averaged in frequency power spectra D
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.
The above results can be directly applied to the detec-

tion of stationary and isotropic stochastic types of sig-
nals. In the end, in order to construct the posteriors of
eq. (5) for each frequency coe�cient i, one must carefully
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trum in section IV, by deriving an analytic expression
for the Bayes factor that depends on the two aforemen-
tioned quantities. Finally, in section V we discuss our
main results and elaborate on the possible applications
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‣ Then, taking into account the definition of Gamma 

functions, we can derive the posterior of the underlying 
signal as  
 
 
 
 
We can then sample the posterior via MCMC, or simply map 
it with a grid. Reminder: this is per frequency bin, so we 
estimate So(fi).
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‣ We can go a little further, and try to assess the detectability of a given 

signal, depending on our level of knowledge of the noise PSD 
(parametrised by ε).  

‣ Bayes factor: 
- M1: Instrumental noise + SGWB signal 
- M0: Instrumental noise only 

‣ Since we have nice closed forms of the posteriors, we marginalise so  
that: 

‣ In the above expression we know D, Sn, N, and we can play with ε 
In the above expression we know D, S_n, N, and we can play with ε

4

we also sample the extra noise parameters S
a

and S
i

. We
follow a conservative approach on the prior for the total
noise power at each frequency f

i

, choosing ✏[i] = 5% S̄
n

[i]
in all frequency bins.

The methodology described in the previous section II,
yields the results presented in figure 1. The contour in
this figure illustrates the logarithm of the posterior prob-
ability densities for each frequency bin, while the data
points indicate the maxima of these probabilities. The
two sigma error estimate is shown in the corresponding
vertical bars. It is quite evident that we can accurately
reconstruct the excessive signal due to the SGWB and
separate it from the noise of the instrument. The re-
construction of the signal is also poorer, as expected, for
lower signal-to-noise ratio areas of the spectrum. For the
sake of comparison, we also include in this plot, as a null
test, the maximum a posteriori estimates (grey dots) for
a signal excess on a data set in which there is no other
noise sources other than the LISA instrument noise. The
noise parameters are marginally estimated to be within
the 2-� limit, an expected result due to the di↵erences
between the simple analytical model of eq. (8) and the
simulator noise [18]. Finally, the parameters of eq. (9)
and eq. (10) can be extracted by fitting a line in log-space
on the extracted data points, deconvolved by the LISA
instrument response function R(f). R(f) is the response
of LISA to the generic observed GW signal, and it basi-
cally depends on the orbits of the constellation. Given a
LISA configuration, one can analytically approximate the
response function [19, 20], but here we directly use the
LISA simulator [18] to estimate it numerically. For the
data presented in figure 1, we find log(⌦

0

) = �8.25± 0.6
and ↵ = 0.72±0.2. To put this result into perspective, we
compare with a template-based analysis (as in [21, 22])
on the same data set. For the ideal case of a known noise
power spectrum, we recover log(⌦

0

) = �8.55+0.38

�0.36

and
↵ = 0.64± 0.1, which is in good agreement with our pre-
vious result. At this point it is worth mentioning that
in this application, we demonstrate the performance of
this methodology in an ideal scenario: the data is Gaus-
sian and presents no artefacts such as gaps, or spurious
noise signals. We also assume that we are working on
perfect residuals, meaning that all “loud” sources have
been perfectly subtracted.

IV. DETECTABILITY ASSESSMENT

Having a relatively easily integrable expression for the
posterior distribution can be very useful to study the level
of detectability of a signal in di↵erent scenarios. Work-
ing in a Bayesian framework, the detectability can be
assessed by computing the ratio of the marginalized pos-
terior distributions, or evidences, between the competing
models. In the case at hand, we can directly calculate
the Bayes Factor B

10

for the two models of interest. The
first model, M

1

, corresponds to the model that includes
the presence of GW signal in the data, while the second,

FIG. 2: The logarithm of the Bayes factor B
10

as a
function of the relative uncertainty in the instrumental

noise spectrum, ✏, comparing models M
0

and M
1

applied to the Radler LDC data set. The first model
M

1

, assumes the presence of GW signal in the data,
while M

0

corresponds to the instrumental noise only
case. As shown in figure 1, high SNR signals are
obtained for frequencies above 1 mHz, so that the

greater values of B
10

are obtained for these particular
frequencies.

M
0

corresponds to the instrumental noise only hypoth-
esis. The Bayes factor will then take values greater than
unity in regions of the parameter space where detection
of a signal is more probable. We can write the evidence
M

1

as the double integral of eq. (2) over the excess signal
S
o

and noise S
n

for each frequency bin as
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with C a constant. Similarly, for M
0

we get
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Taking their ratio yields a Bayes factor that depends on
the uncertainty ✏ of the power spectral density of the
instrument noise S

n

, and the quantities D̄ and N that
are constant, and depend on the spectral preprocessing
of the time series data:
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with �± = �
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ND̄

�
/
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n

± ✏
��
. The expression in

eq. (13) can thus be used to assess the detectability of a
stochastic gravitational wave signal as a function of the
level of uncertainty in the noise spectrum.

We apply this expression directly to the Radler data
set. The result is shown in figure 2, where the log-
arithm of B

10

is plotted for each frequency bin as a
function of the value of ✏. As expected, for frequencies
lower than 1 mHz where the signal-to-noise ration is low,
the B

10

takes values smaller than unity, supporting the
noise-only model M

0

. It is also quite evident that for
this idealized data set, the detection of a SGWB with
log

10

(⌦
0

) = �8.445 and ↵ = 2/3 is becoming more chal-
lenging when our knowledge of the instrumental noise
reaches the relative limit of 20% for each of the available
data channels.

Reversing this argument, we can start by consider-
ing a fixed level of noise uncertainty for all frequencies,
and predict the gravitational wave signal amplitudes that
would yield greater than unity B

10

, that would in-turn
indicate higher probability levels for M

1

. To do that,
we assume a measurement with the same properties as
the one of the Radler LDC data set (zero-mean Gaussian
noise, idealized and an uninterrupted data stream for a
duration of two years). We then substitute D̄ with S̄

n

+S
o

and compute the logarithm of B
10

given by eq. (13), for
di↵erent values of the SGWB signal level S

o

. This en-
ables us to infer the signal S

o

levels that would yield pos-
itive detection levels, given a particular instrument con-
figuration, observation duration, and confidence in the
instrument noise power spectrum for each frequency bin.
The results of this computation are shown in figure 3.
The dashed blue lines correspond to the contour levels
for B

10

= 10, while the solid blue lines correspond to val-
ues of Bayes Factors of B

10

= 100. These two levels of
Bayes Factors correspond, respectively, to positive and
very strong [23] evidence of a SGWB signal present in
the measurements. The calculation is repeated for three
illustrative cases of confidence levels of the noise, with
✏ = 1%, 5% and 10%. As expected, when the level of
uncertainty in the noise, parameterized by ✏, increases,
the SGWB amplitude required for detection increases.

V. DISCUSSION

We have presented an e�cient methodology to extract
the characteristics of the underlying isotropic and sta-
tionary stochastic Gravitational-Wave Background from
the LISA TDI measurements. A variation of this tech-
nique has already been employed to analyze the LPF
data [6]. For the case of LPF, this analysis technique
was utilized to identify an excess of noise power of un-
known origin in the lower frequency part of the di↵eren-
tial acceleration spectra, measured throughout the mis-
sion. Here, we start from the assumption that we can
employ an arbitrary number of channels that measure
the same quantity simultaneously, while we allow di↵er-

FIG. 3: The values of the Bayes factor B
10

as a function
of the GW signal power. The dashed coloured lines are
the contour lines for B

10

= 10 for ✏ = 1%, 5%, 10%,
while the solid coloured lines correspond to B

10

= 100.
The two levels of B

10

correspond, respectively, to
positive and very strong evidence of a SGWB signal

present in the data. The black solid line represents the
corresponding noise level. This figure has been

produced for a data set similar to Radler, i.e. assuming
an uninterrupted data series of length two years for all
TDI channels (see text for details). The frequency bins
of this analysis are represented by the minor grind on

this plot.

ent noise spectral shapes in those channels. In this work,
we focus on the Radler LISA simulated data set, but this
methodology can be straightforwardly adapted in numer-
ous potential applications related to LISA data analysis
or otherwise.
The particular data set contains only a power ex-

cess signal that originates from a stationary stochastic
Gravitational-Wave background that follows a power law.
We manage to recover the shape of the injected spec-
trum, with very good accuracy in the frequency bins
where the signal-to-noise ratio is high (see figure 1). In
addition, together with the spectral coe�cients of the un-
derlying signal, we estimate the parameters of a simple
analytic model of the instrument noise spectrum. The
Radler data set was generated by a LISA instrument
where all test-mass acceleration and displacement noises
are equal, further simplifying the calculations. However,
this methodology can easily be extended to the more
complicated case where each of the readout channels has
di↵erent noise properties. The e↵ect of adding more free
parameters in this problem remains to be studied in fu-
ture work, however we naturally expect that larger un-
certainty about the noise power spectrum would yield

Karnesis, Petiteau, Lilley (2019) submitted , arXiv:1906.09027
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Example of SGWB analysis 1

‣ Bayes factor as a 
function of the 
uncertainty on the 
noise model
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Example of SGWB analysis 1
‣ The logarithm of the Bayes factor as a function of the GW 

signal power. 
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Example of SGWB analysis 1
‣ To conclude on this example … 

• Fast and model-free approach to analyse stochastic backgrounds. 
• It can be a very useful tool to quickly assess the detectability of 

a given model given the LISA noise uncertainty. 
• It can be used in combination with other methods for dealing 

with the foreground noises. 
• It can be very useful for helping us define priors for models 

based searches. 
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Summary
‣ LISA will observe GWs between 10-5 and 1 Hz: 

• Large number of sources: compact objects binaries with large range of 
masses, stochastic backgrounds, …  

• Huge scientific potential: physic, astrophysics, cosmology, … 

‣ LISAPathfinder: success  
• Performances > 7 times better than the requirements 

‣ LISAPathfinder + detections of Ground-based observatories                 
=> Green light for LISA: complementarity with PTA and LIGO/Virgo  
=> speed-up of the ESA planning: 
• Done: call for mission, selection, phase 0 
• Now: 

• Phase A  => on time for 2032-2034 !  
• Adoption 2023 => busy time because all scientific studies have to be 
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Thank you !


