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Some history ...
‣ Albert Einstein (1905/1916) :                                  

there is no gravity force... 
• Mass deforms geometry of space-time. 
• Bodies are moving in a curve space. 
• Gravitational information propagates at 

the speed of light. 
• Dissipation of energy through deformation 

of space-time => gravitational waves

geometrical  
deformation

distribution 
of energy
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Emission of GWs
‣ A gravitational wave is created during the non-spherical 

acceleration of one or several massive objects (variation of 
quadrupolar moment) : 
• emission: asymetric collapse, bodies in orbits or coalescing, ... 
• no emission: isolated, spherical body possibly in rotation 
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Effects of GWs
‣Modification of distance between 2 objects:  

• Elastic deformation proportional to the distance between the 2 obj., 
• Transverse deformation: perpendicular to the direction of propagation 

(different from ripples on water !), 
• Two components of polarisation : h+ and h⨉ 

deformation wave amplitude
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GW spectrum
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Ground-based obs.: GWs detected  2
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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
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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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ment enabled an electromagnetic follow-up campaign that
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From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
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−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-
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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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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 
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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

‣ Work from E. Barausse (IAP), A. 
Sesana (Univ. of Birmingham), M. 
Volonteri (IAP) et al. 

Gultekin 2009
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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
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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.
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Supermassive black hole binaries

‣ Work from E. Barausse (IAP), A. 
Sesana (Univ. of Birmingham), M. 
Volonteri (IAP) et al. 

Gultekin 2009

16 Scientific objectives
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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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“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 
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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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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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Outline
‣ Introduction to gravitational waves 

‣ Gravitational wave sources in the millihertz regime 

‣ LISA: a space-based gravitational wave observatory 

‣ LISAPathfinder  

‣ LISA status and organisation 

‣ LISA scientific performances 

‣ The French contribution to LISA: 
• Data Processing Center 
• Integration / performance control 

‣ Conclusion and perspectives
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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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fibre

Fibre
coupler
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Received light: 300 pW
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Received light: 300 pW
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interferometer

Reference
interferometer
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interferometer

Reference
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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 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 spacecraft 
๏ 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 
๏ High accuracy frequency stabilization 



        LISA -   A. Petiteau  -  CPPM - 27th November 201728

LISA data

GW sources 
- 10-100/yr SMBHBs 
- 10-1000/yr EMRIs 
- 60 millions Galactic binaries 
- Large number of Black Hole 
binaries 

- Cosmological backgrounds 
- Unknown sources

Corrections, calibrations

Resynchronisation (clocks)

Time-Delay Interferometry 
laser noise reduction

TDI data : 2 uncorrelated channels

GW data analysis

Catalog of GW sources 
with extracted waveforms

Phasemeters (carrier,  
sidebands, distance) 

+ Gravitational 
Reference  
Sensor  

+ Auxiliary channels 
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Outline
‣ Introduction to gravitational waves 

‣ Gravitational wave sources in the millihertz regime 

‣ LISA: a space-based gravitational wave observatory 

‣ LISAPathfinder  

‣ LISA status and organisation 

‣ LISA scientific performances 

‣ The French contribution to LISA: 
• Data Processing Center 
• Integration / performance control 

‣ Conclusion and perspectives
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LISAPathfinder
‣ Technological demonstrator for LISA

LISA :  
‣ 3 spacecraft separated by millions of km 
‣ Role of each spacecraft is to protect the 

fiducial test masses from external forces
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LISAPathfinder
‣ Technological demonstrator for LISA

LISA :  
Locally measure 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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LISAPathfinder
‣ Technological demonstrator for LISA

LISA :  
‣ Measure distance along using laser 

interferometry 

(TM1→SC1) + (SC1→SC2) + (SC2→TM2) 
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LISAPathfinder
‣ Technological demonstrator for LISA

LISAPathfinder:  
‣ 2 test masses / 2 inertial sensors 
‣ Laser readout of TM1→SC and TM1→TM2 
‣ Capacitive readout of all 6 d.o.f. of TM 
‣ Drag-Free and Attitude Control System 
‣ Micro-newton thrusters
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LISAPathfinder timeline
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LISAPathfinder timeline
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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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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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The measurement - deltaG

TM1
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by Joseph Martino
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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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Requirements: LPF vs LISA
‣Main LISAPathfinder (LPF) measurement : Δg : differential  

acceleration between the 2 test-masses

4.24 x 10-15 = √2 x 3 x 10-15

Relaxed requirement  
because in LISA dominated  
by interferometric measurement 
noises (shot noise + ...)  
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Requirements: LPF vs LISA 
Why the LISAPathfinder requirements are restricted compare 
to LISA ones ?  
‣We understand limitations with LISAPathfinder and correct 

for them in LISA 
‣ Short arm limitation : 

• Gravitational field not perfectly flat  
=> constant electrostatic actuation                                                           
on test- mass 2 

‣ f > 1 mHz : limit duration of                                        
industrial testing 
‣ Industrial margin
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First results
‣ Results M. Armano et al. PRL 116, 231101 (2016)
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First results
‣ 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
‣ 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 …  

pump ? M. Armano et al. PRL 116, 231101 (2016)
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First results
‣ Results M. Armano et al. PRL 116, 231101 (2016)

Low frequency noise 
Investigation 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 ? 

‣Work in progress …

M. Armano et al. PRL 116, 231101 (2016)
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Angle Decorrelation - Euler Forces

1 2

gtan,1

gtan,2

by Joseph Martino

�~gtang = ~gtang,2 � ~gtang,1

= (~r2 � ~r1)⇥ ~̇⌦
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Outline
‣ Introduction to gravitational waves 

‣ Gravitational wave sources in the millihertz regime 

‣ LISA: a space-based gravitational wave observatory 

‣ LISAPathfinder  
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‣ LISA scientific performances 

‣ The French contribution to LISA: 
• Data Processing Center 
• Integration / performance control 

‣ Conclusion and perspectives
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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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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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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

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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LISA science objectives
‣ 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 

‣ SO8: Search for GW bursts and unforeseen sources
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LISA concept in the proposal
‣ 3 arms, 2.5 km  

‣ Launch Ariane 6.4 

‣ Propulsion:  
• micro-prop: cold gaz 
• prop. module 

‣ Frequency band: 

‣ Noise budget: 
• Acceleration => LISAPathfinder 

• Interferometric Measurement System



        LISA -   A. Petiteau  -  CPPM - 27th November 201756

Sensitivity
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Received light: 300 pW

Micro-Newton
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Reference
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Science
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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

Noises

Sensitivity

Response of the detector to GWs
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GW sources
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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 
‣ 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 at ESA 
‣ 25/10/2016   : Call for mission 
‣ 13/01/2017   : submission of «LISA proposal» (LISA consortium)   
‣ 8/3/2017      : Phase 0 mission (CDF 8/3/17 → 5/5/17) 
‣ 20/06/2017   : LISA mission approved by SPC 
‣ 8/3/2017      : Phase 0 payload (CDF June → November 2017) 
‣ 2018→2020   : competitive phase A : 2 companies compete  
‣ 2020→2022   : B1: start industrial implementation 
‣ 2022-2024     : mission adoption 
‣ During about 8.5 years : construction 
‣ 2030-2034     : launch Ariane 6.4 
‣ 1.5 years for transfert 
‣ 4 years of nominal mission GW observations !
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ESA Phase 0 mission
‣ 13 Concurrent Design Facility from March to May 2017 

‣ Conducted by ESA with few members of the consortium 

‣ 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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ESA Phase 0 Payload
‣ From June to November 
‣ Conducted by Payload Coordination Team with ESA  
‣ Support of ESA CDF 

=> Write the Payload Definition Document: 
• System requirements 
• Architecture 
• Budgets 
• Commissioning 
• Communications 
• Control 
• Critical items 
• Data 
• Electrical 
• Environment 

• Subsystems: 
• Laser 
• Diagnostics 
• Gravitational Reference Sensor 
• Mechanisms 
• Optical Bench 
• Telescope 
• Constellation Acquisition 

Sensor 
• PhaseMeter 
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ESA next steps
1. Payload Definition Document (PDD) 

2. ESA appointed the Science Study Team: responsible for the 
Science Requirement Document (SRD): 

3. SRD + PDD => input to the Mission Requirement 
Document (MRD) 

4. MRD is used to defined the ITT: invitation to industries 

All these steps need to be done by december 2017 

5. March 2018: start of phase A
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ESA Next steps
‣ Mission Definition/Consolidation/Selection/Adoption Review,                   

Payload Definition Doc, Experiment Interface Doc. 
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ESA Team(s)
‣ Project Study Scientist: Paul McNamara 
‣ Project Study Manager: Martin Gelher 
‣ CDF: Diego Escorial Olmos + ESA experts 
‣ Science Study Team:  

• LISA Europe: 
- K. Danzmann (Germany) 
- M. Colpi (Italy) 
- P. Jetzer (Switzerland) 
- M. Hewitson (Germany) 
- G. Nelemans (Neederland) 
- A. Petiteau (France) 
- C. Sopuerta (Spain) 
- H. Ward (UK) 

• External: 
- N. Tanvir 
- J. Hjorth 

• LISA US: 
- K. Holley-Bockelmann 
- D. Shoemaker 

• Observers: 
- O. Jennrich (ESA) 
- I. Thorpe (NASA) 
- R. Sambruna (NASA)
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Outline
‣ Introduction to gravitational waves 

‣ Gravitational wave sources in the millihertz regime 

‣ LISA: a space-based gravitational wave observatory 

‣ LISAPathfinder  

‣ LISA status and organization  

‣ LISA scientific performances 

‣ The French contribution to LISA: 
• Data Processing Center 
• Integration / performance control 

‣ Conclusion and perspectives
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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

OG 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

OG 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 … 

‣ But studies done in the context of eLISA already showed: 
• Ex: first order phase transition in the very early Universe                             

Caprini et al.                                                                       
JCAP 04, 001                                                                        
(2016) 

• Cosmic strings                                                                    
network 

• …
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Others sources

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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Others sources

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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Outline
‣ Introduction to gravitational waves 

‣ Gravitational wave sources in the millihertz regime 

‣ LISA : a space-based gravitational wave observatory 

‣ LISAPathfinder  

‣ LISA scientific performances 

‣ The French contribution to LISA: 
• Data Processing Center 
• Integration / performance control 

‣ Conclusion and perspectives
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LISA data

Gravitational wave sources 
emitting between 0.02mHz 

and 1 Hz
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LISA data
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‘Survey’ type observatory
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LISA data

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

Gravitational wave sources 
emitting between 0.02mHz 

and 1 Hz

‘Survey’ type observatory

Phasemeters (carrier,  
sidebands, distance) 

+ Gravitational Refe-        
-rence Sensor  

+ Auxiliary channels 

Source Measurement
Channel 
Count

Sample 
Rate [Hz]

Bits per 
Channel Rate [bits/s]

Inter-S/C IFO 2 3,0 64 384,0
Test Mass IFO 2 3,0 64 384,0
Test mass y IFO 0 3,0 64 0,0
Reference IFO 2 3,0 64 384,0
Clock Sidebands 4 3,0 64 768,0

error point 1 3,0 32 96,0
feedback 2 3,0 32 192,0
clock sidebands monitoring 
(local pilot tone beat) 1 3,0 32 96,0
SC η,φ 4 3,0 32 384,0
TM η,φ 4 3,0 32 384,0
TM θ (from y IFO) 0 3,0 32 0,0

Ancillary Time Semaphores 4 3,0 64 768,0
PRDS metrology 4 3,0 32 384,0

0 3,0 32 0,0
Optical Truss 0 3,0 32 0,0
TM x,y,z 6 1,0 32 192,0
TM θ,η,φ 6 1,0 32 192,0
breathing errorpoint 0 1,0 32 0,0
breathing actuator 2 1,0 32 64,0
TM applied torques 12 1,0 24 288,0
TM applied forces 12 1,0 24 288,0
SC applied torques 3 1,0 24 72,0
SC applied forces 3 1,0 24 72,0
EH 16 0,1 32 51
OB 20 0,1 32 64
Telescope 10 0,1 32 32
interface 10 0,1 32 32

Magnetometers TM 12 0,1 32 38
radiation monitor 1 30

FIOS output powers 
(Inloop and Out of 

Loop)
6 3,0 32 576

pressure sensor 0 0,1 32 0
body mic CGAS	tanks 0 3,0 32 0

breathing	mechanism 0 3,0 32 0

RIN monitoring
2 lasers, 2 frequencies, 2 
quadratures 8 3,0 32 768

0,0 0
0,0 0

Payload HK 1000
Total Payload 7984

4000
Total Platform 4000

11984
1198

13182
Packaged Rate for Constellation 39546

DFACS / GRS Cap. Sens.

Payload

IFO Longitudinal

Freq	reference

IFO Angular

Optical Monitoring

Raw Rate per SC
Packetisation Overhead [10%]
Packaged Rate per SC

DFACS

Science Diagnostics

Themometers

Platform
Housekeeping [Based on LPF]

Totals
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LISA data

Gravitational wave sources 
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LISA DPC
‣ Data Phasemeters (carrier,  

sidebands, distance) 

+ Gravitational Reference  
Sensor  

+ Auxiliary channels 

L0
Calibrations corrections

Resynchronisation (clock)

Time-Delay Interferometry 
reduction of laser noise

‘Survey’ type observatory

Data Analysis of GWs

Catalogs of GWs sources 
with their waveform

L1

L3

L2

 2 data channels TDI non-correlated

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 



        LISA -   A. Petiteau  -  CPPM - 27th November 201779

GWs in LISA data
‣ Example of simulated 

data (LISACode):  
• about 100 SMBHs, 
• Galactic binaries
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Ground Segment (Consortium)

PRELIM
INARY
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DPC CNES Phase 0
‣ In 2013-2014, CNES did a phase-0 with APC & CapGemini 

‣ Results of this Phase-0 :  
• Doable within a reasonable budget (～ 22 millions euros) 
• Developments & pipelines: First analysis of this kind + potential 

unknown sources          Keep flexibility + continuous evolution 
• Infrastructure : fluctuations of the computational charge : 

permanent sources + transient sources  + continuous evolution of 
codes (full reprocessing phase) 

mixed infrastructure based on regular cluster + cloud  to absorb 
variation of                                                                                                                 
needs with                                                                                                                                       
time 
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Current vision of the DPC
‣ DPC: unique entity responsable for the data processing (driving, 

integration of software block, …)  

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

‣ First solutions: 
• Separation of hardware and software: ligth virtualization, … 
• Collaborative development: continuous integration, … 
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DPC Organisation

PRELIM
INARY
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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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Proto-DPC: basics 
‣ Development environment: in prod. https://elisadpc.in2p3.fr/home 

• Goals 
- Ease the collaborative work: reason why it’s already started  
- Guarantee reproducibility of a rapidly evolving & composite DA pipeline 
- Keep control of performance, precision, readability, etc   

• Use existing standard tool  
- Control version system 
- Continuous integration (like in Euclid, LSST) 
- Docker image 

• Done: 
- Simple install of open & standard tools (Jenkins, SonarQube, gitlab CI)  
- Worked on moving from ’simple’ to ’automatic’ using Docker  
- More projects, more users to come. 

https://elisadpc.in2p3.fr/home
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Proto-DPC: basics 
‣ Data basis & data model: in R&D 

• Motivations 
- Data sharing among people and computing centers  
- Mainly processed, temporary or intermediate data: need meta data 

management to use them  
- A lot of information: a web 2.0 (intuitive) interface is mandatory 

(search engine, DB request, tree view to show data dependancies, 
etc)  

• Context 
- Not very big LISA data volume 
- But still implies some specific developments even if using 

standard data format. One has to define LISA data model first … 
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Proto-DPC: basics 
‣ Execution environment: in R&D 
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Outline
‣ Introduction to gravitational waves 

‣ Gravitational wave sources in the millihertz regime 

‣ LISA : a space-based gravitational wave observatory 

‣ LISAPathfinder  

‣ LISA scientific performances 

‣ The French contribution to LISA: 
• Data Processing Center 
• Integration / performance control 

‣ Conclusion and perspectives
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Integration & performance model
‣ In LISA, the “instrument” is the satellites’ constellation !  

• Highly integrated spacecraft 
• Strong interactions between subsystems (payload & platform) 

‣ A (very) precise knowledge of the noise sources and detector 
response is required. 

‣ The Consortium must have the hands on a complete and 
precise performance model: 
• End-to-end simulator (development just started …) 
• Validation and performance tests designs 
• Tests and checkout benches development 
• Integration and qualification activities
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AIV/T
‣ Consortium is responsible for delivering integrated/tested/

validated MOSA 

‣ Additional elements:  
• MOSA support structure, 
• Phase Measurement Subsystem (PMS),  
• Laser Assembly (LA),  
• Diagnostic subsystem (temperature sensors & heaters) 

Nicoleta Dinu Jaeger – ESTEC, CDF, PM#2 – 2017.11.20

+                  +                        =

Telescope + Optical Bench +    GSR Head    =     Moving Optical SubAssembly
(T)      (OB) (GRSH) (MOSA)

3

Proposal for the Consortium AIV/T perimeter

Additional elements should be added:
• MOSA support structure (MSS)

• Internal interfaces allowing the mechanical load of T, OB & GRSH
• External interface toward the LCA: a pivot making the I/F with the OATM

• Phase Measurement Subsystem (PMS), Laser Assembly (LA), Diagnostic 
subsystem (temperature sensors & heaters)
• Required for MOSA performance tests

Consortium is responsible for delivering 
integrated/tested/validated MOSA
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ESA/NASA
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Models philosophy
‣MOSA Elegant BreadBoard (EBB) [TBC]  

•  Demonstrates development criticality  

‣  MOSA Structural and Thermal Model (STM) 
• Validate thermal and mechanical models; 
• AIVT flows with dummy for telescope, GRS, OB 

‣MOSA (Engineering) Qualification Model (E)QM 
• Representative for MOSA design concept & AIVT process  

‣ 6 Flight Models (FM)  

‣ Spare
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GSE/SCOEs & infrastructure
‣ Far-Field OGSE => simulate laser beam from distant S/C 

‣ Test Mass OGSE => mimic the movements of the TM 

‣ Super/Hyper RoB => readout of heterodyne photodetectors 

‣ Phase Reference Distribution System OGSE 

‣ Payload Commanding and Processing GSE  

‣ Dedicated GSE: stable laser, phasemeter, test bench for stray 
light characterization, real time command/control, … 

‣MOSA MGSE => mechanical load of MOSA + FF-OGSE 

‣ Climatic chamber, cleanliness (class 100) 
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Summary 1
‣ 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: large extension of the new window 
opened with LIGO/Virgo  
=> speed-up of the ESA planning: 
• Already done: call for mission, selection, phase 0 
• Next: phase A starting in April 2018
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Summary 2
‣ LISA Consortium re-organised in a stronger and suitable 

structure for phase A 

‣ French contributions organized via LISAFrance  
• Data Processing Center: flexible and distributed, proto-DPC in dev. 

=> LISA Data Challenge; contact proto-DPC team; contribute to 
one of the activities organize by the LISA Data Processing Group 

• AIV/T of MOSA and performance control: number of GSE, models, 
etc to develop => join the phase A activities leaded by CNES 

• Science => join a working group; contribute to work packages 
(more than > 60 WPs for Science/DA in definition) 

‣ LISA project started: a lot to do, a lot of possible contribution! 

https://elisadpc.in2p3.fr/lisafrance

https://elisadpc.in2p3.fr/lisafrance


Thank you !

96



Thank you !

96



        LISA -   A. Petiteau  -  CPPM - 27th November 201797

LISA Data Processing Group
‣ Responsibilities (for phase A …): 
• Develop and coordinate the unique DPC for LISA; 
• Prepare and execute the pipelines to produce L2 and L3 products as well as 

other defined scientific products and deliver them to the SOC; 
• Manage the interfaces between pipeline design and pipeline 

implementation; 
• Aid in the management and execution of large-scale simulations and provide 

structures for data management; 
• Coordinate the definition and development of LISA DCC; 
• Aid in the definition of Consortium support to ESA’s ground-segment; 
• Coordinate the definition and implementation of the data analysis 

frameworks and operations environment; 
• Coordinate the development and management of data analysis pipelines; 
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LISA Data Processing Group
‣ The development of the DPC includes: 

• definition and maintenance of the pipeline and data analysis 
development environment; 

• design and implementation of the pipeline and analysis 
operations environment;  

• design and implementation of data storage facilities and 
databases; 

• implementation and operation of consortium IT services; 

• management and implementation of pipelines for simulation 
and data analysis.
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MBH binaries: Formation & 
Galaxies mergers Binary formation Close binary Merger

100 kpc → 100 pc 100 pc → sub-parsec sub-pc→few M (au)

∼ few Gyr ∼ few Myr ∼ few hours
★ Dynamical friction 
★ Stellar formation 
★ Tidal shocks 
★ Gas dynamics 
✤ Callegari & al. (2009) 

ApJ 696 L89

★ Gas-dynamical friction 
★ Circularization 
★ Orbital angular 

momentum can flip 
★ 3 bodies interaction 
✤ Dotti & al. (2009) MNRAS 

396-1640

Inspiral of the 2 BHs 
due to gravitational 
wave emission 

★ GW “burst”, 
★ Recoil 

velocities of 
remnant BH.

Figure 7: A major merger between two Milky Way like galaxies141: the simulation follows the evolution
of dark matter, stars, gas, and of the massive black holes (MBH = 3 � 10�3MBulge), but only the gas
component is visualized for seek of clarity. Brighter colors indicate regions of higher gas density and the
time corresponding to each snapshot is given by the labels. The first 10 images measure 100 kpc on a side,
roughly five times the diameter of the visible part of the Milky Way galaxy. The next five panels represent
successive zooms on the central region. The final frame shows the inner 300 pc of the nuclear region at the
end of the simulation.

24

✤ Colpi & Dotti (2009) Review, 
astro-ph 0906.4339 

✤ Talk F. Combes 
✤ Talk J. de Freitas-Pacheco

Figure 9: Black hole relative separation as a function of time in four simulations156. In the upper row,
the hole’s distance refers to two selected 4:1 mergers (for galaxy models at z = 0); the thin and thick lines
correspond to simulations with no-gas (dry) and with gas (fgas = 0.1%), respectively. In the lower row, the
hole’s distance refers to 10:1 mergers (for galaxy models at z = 3); the thin and thick lines correspond to
simulations with no-gas (dry) and with gas (fgas = 0.3%), respectively. The insets show the color-coded
density maps of stars (left) and gas (right), on a box of 4 kpc on a side. The large dot on each curve indicates
the time at which the two snapshots are recorded. Colors code the range 10�2 � 1 M⇥ pc�3 for stars, and
10�3�0�1 M⇥ pc�3 for the gas. These snapshots are representative of the average behavior of the satellites
during the first two orbits. Note the formation of a strong bar for the 4:1 minor merger, which is absent for
the 10:1 case, and the truncation of the gaseous disk in the 10:1 satellite caused by ram pressure stripping.
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