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Why go to space?

3

• Challenges of space: 
• Getting there is expensive 
• Instruments must be engineered to work by themselves 
• It takes a really long time to achieve this 

• So why do it?



Opening a new GW band



Why go to space? Same reasons as for EM telescopes

• Avoid terrestrial disturbances 

• Access new spectral bands

• Avoid terrestrial disturbances 

• Access new spectral bands

NASA/STScI Credit: ESA-C. Vijoux
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Science in the MHz band
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The science of LISA

‣ 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 properties and immediate  environments of black holes in the local 
Universe using Extreme Mass Ratio Inspirals and Intermediate Mass Ratio Inspirals. 

‣ SO4: Understand the astrophysics of stellar origin black holes. 

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

‣ SO6: Measure 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 unforseen sources.
Cosmology

Fundamental 
Physics

Astrophysics
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Everything in one plot

• Horizontal axis: GW frequency


• Vertical axis: GW amplitude


• Solid Green line: Instrument 
limit


• Blue arc: GW foreground 

• colored dots: persistent 
sources


• colored tracks: transient 
sources

LISA Sources & Noise

Credit: M. Hewitson



Massive Black Hole Binaries
Credit: S. Noble / NASA

NGC4676 NASA/ESA/STScI

top: Optical image of NGC4676, the merging “mice” galaxies. bottom: 
simulation of accretion flow around binary supermassive black hole



Galactic Binaries

top: artist’s rendition of merging white dwarf binary. bottom: recovered 
localization probability from a search of simulated LISA galactic binary 
data (Thorpe/Littenberg/Lackeos)

Credit: NASA/SVS

Galactic binary stochastic 
confusion

Galactic Binaries that we have already found  
By EM observations!



The SXS (Simulating eXtreme Spacetimes) Project

Stellar-scale BH binaries  
——> multiband GW astronomy

A. Sesana, Phys. Rev. Lett. 116, 231102

SXS Project

top: visualization of merging black holes. bottom: comparison of BH 
tracks for space-based and terrestrial interferometers.



Extreme mass ratio inspirals

Credit: S. Drasco

top: visualization of EMRI orbit. bottom: representative EMRI 
waveform showing modulation from extreme precession effects



Backgrounds / Discovery Space

• “Unknowns, both known and unknown”


• Astrophysical


• Intermediate mass black holes


• Physics


• Inflationary GWs


• Cosmic string cusps


• vacuum transitions

OLENA SHMAHALO / QUANTA MAGAZINE
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How to detect GW in MHz 
band?: LISA



Basic challenges of GW measurement
• Basic objective:  

Precisely measure the relative motion of 
free-falling masses  

• Precisely measure: 𝛥L/L≲ 10-20

• Free-falling: minimize non-gravitational 
forces  

• LISA: 
- L ~ 2.5e9 m 
- 𝛥L ~1e-11 m 
- a ~ 3e-15 m/s2

Yay space!

L



Decades of Development

• million-kilometer scale triangular 
observatory


• drag-free test masses as inertial 
references


• laser interferometry monitors 
distances for picometer-scale GW 
perturbations


• matched filtering used to 
disentangle thousands of 
overlapping sources

The LISA concept

Credit: ESA-C. Vijoux

Credit: M. Hewitson



Arguably largest instrument ever conceived
LISA is huge!



Fundamentals of GW Interferometers

Acceleration noise: how stable 
are your fiducial test particles?


LISA ~ femto-g/Hz1/2
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Displacement noise: how well 
can you measure (proper) 
distance between pairs of test 
particles?


LISA ~ picometer/Hz1/2

Arm length: Sets overall 
sensitivity scale and frequency 
of peak sensitivity


LISA ~2.5 Mkm



Acceleration noise
‘drag-free’ flight

• Test mass placed inside hollow cavity* 
within spacecraft


• sensors monitor relative position of 
test mass and spacecraft

Test Mass

Spacecraft

LPF Rendering: ESA Medialab

* cavity consists of a few mm gaps on all sides of the test mass



Acceleration noise
‘drag-free’ flight

• External disturbance (e.g. solar 
radiation pressure) causes spacecraft 
to drift towards test mass

Solar Radiation Pressure

Test Mass

Spacecraft

LPF Rendering: ESA Medialab



Acceleration noise
‘drag-free’ flight

• Control system fires micro thrusters to 
counteract disturbance. 


• Test mass remains centered within 
cavity

Test Mass

Spacecraft

Solar Radiation Pressure

Microthrusters

Microthrusters

LPF Rendering: ESA Medialab



Demonstration of drag-free flight

• ESA-led technology 
demonstrator


• Single LISA arm in one 
spacecraft


• (Most of) the noise, none of the 
GW signal!

LISA Pathfinder

ESA / U. Trento / CGS

NASA / JPL / Busek

ESA Medialab



Far exceed Pathfinder goals, validate performance at LISA levels 
LISA Pathfinder Results

ESA ESA / Arianespace

Dec 2015



Interferometry Demonstrator

• Replacement for GRACE geodesy 
mission


• 2 spacecraft in low-Earth (~500km) 
orbit, separated by 220km


• Displacements measure Earth’s 
gravitational field


• Laser link, based on LISA technology, 
supplements primary microwave link

GRACE-FO LRI
NASA/ JPL



A LISA interferometry demo

• Earth signal is much larger than 
LISA’s gravitational wave signal - 
and always on


• Only one arm - precision limited by 
laser stability 


• Relevant components & experience


• similar laser


• similar receiver


• operations experience

GRACE-FO LRI Results

Phys. Rev. Lett. 123, 031101


In-Orbit Performance of the GRACE Follow-on Laser Ranging Interferometer 



LISA Displacement Noise

• Heterodyne interferometry with ~1μm light


• Six “one-way” measurements between 
pairs of spacecraft


• Telescopes reduce diffraction loss, still 
only receive about 10-10 of the transmitted 
power.


• Passively stable orbits maintain arm 
lengths to ~0.5% (105 km)


• On ground “Time Delay Interferometry” 
processing surpasses residual laser 
frequency noise. 

32

Schematic of the LISA interferometric measurement (T. Schuldt)
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LISA Mission Status
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The roadmap to LISA

‣ 1970s-80s: Basic concept development that became LISA 
‣ 1993: First proposal to ESA/NASA 
‣ 20/06/2017: mission approved by ESA after the success of LISA Pathfinder and the first detection of 

GWs. 
‣ End 2021: success of the ESA Mission Formulation Review 
‣ 25/01/2024: success of the Mission Adoption Review and adoption by ESA: design validated and we 

have the resources to build the instrument 
‣ 2024 LISA Science Team in place 
‣ Long building phase ofmultiple MOSAs (6 flight models) + spacecrafts + data processing sys 
‣ Launch 2035 
‣ 1.5 years of orbital transfer 
‣ 4.5 years of nominal mission + 6.5 years of possible extension

Phase A Phase B1 Phase B2/C/D Phase E

Cadre, 1ière 
définition Définition Définition détaillée, production, intégration, tests, validation L Transfert C Opérations

2022 2024 2026 2028 2030 2032 2034 2036 2038 2042

AdoptionMFR
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Some challenges  
of LISA data processing



Challenges of LISA data processing

• Instrumental noise: 
• Must first reduce dominant (laser) noise before data is useful —>(Time Delay Interferometry) 
• No repointing or second instrument for noise comparison:   

—> reliant on well-modeled Bayesian inference 

• Science analysis: 
• All signals and noises overlapping in data. —> global inference analysis 
• Some science depends on rapid response: Low-latency alerts 
• Simplified accessible view of the data as Catalogs  
• Some science could rely on coordination with other GW or EM observatories 



LISA Data Processing Challenge 1: Initial noise reduction

40

•  Core concept of LISA includes:
• 3 spacecraft
• 6 laser assemblies (internally redundant)
• 6 optical bench assemblies
• 6 gravitational reference systems with test-masses
• 18 interferometers / heterodyne phasemeters
• … and a lot more

Schematic of the LISA interferometric measurement (T. Schuldt)



LISA Data Processing Challenge 1: Initial noise reduction

41Credit: Markus Otto, PhD thesis, 2016

Test-masses
Surrounding hardware and avionics

Gravitational reference system

Telescope
Optical bench
Phase measurement system

Laser system

Optical metrology system

Moving Optical Sub-Assembly (MOSA)



LISA Data Processing Challenge 1: Initial noise reduction
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Science interferometer:  
Distant S/C laser beam - local oscillator

Test-mass interferometer:  
Local oscillator after bouncing on 
TM - adjacent oscillator 

Reference interferometer:  
Local oscillator - adjacent oscillator 

Credit: Markus Otto, PhD thesis, 2016

"Spacecraft to spacecraft"

"Spacecraft to test-mass"

"Laser to laser"



LISA Data Processing Challenge 1: Initial noise reduction
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LISA Data Processing Challenge 1: Initial noise reduction
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Local 
laser

Received 
laser

GW signal

• Combinations of the single link measurements can cancel the laser noise 
• …without canceling the GWs



LISA Data Processing Challenge 1: Initial noise reduction
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LISA Data Processing Challenge 1: Initial noise reduction
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• TDI requires adding signals with delays… 

• So, how can we know the delays?



LISA Data Processing Challenge 1: Initial noise reduction
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• TDI requires adding signals with delays… 

• So, how can we know the delays? 

• LISA needs an additional mechanism for ranging measurements



LISA Data Processing Challenge 2: Global inference
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• The challenge of data analysis



LISA Data Processing Challenge 2: Global inference

49

• The favored strategy to analyse the TDI data is based on Bayesian statistics

Model parameters

Data vector, for example d=(X, Y, Z)

p (θ, k |d) =
p (d |θ, k) p(θ, k)

p(d)

Number of model 
components

• Where one must define a likelihood function: for example, Gaussian

p (d |θ, k) =
1

(2π)N |Σ(θ) |
exp {(d − h(θ, q))† Σ(θ, p)−1(d − h(θ, q))}

GW signals: Stochastic processes:h(θ, q) =
q

∑
j=1

hj(θj) Σ(θ) =
p

∑
i=1

Σi(θi)

k = p + q



LISA Data Processing Challenge 2: Global inference
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Blocked Gibbs scheme: 
iterative sampling over 
subset of parameters

Sample 
<latexit sha1_base64="Ku7oyhpWy8O+3mkfumu0RYe2o5Q="></latexit>

p (✓GB|y,✓others)

Sample 
<latexit sha1_base64="rb/a7n+qLG2CDWIASVspmgqrX5E="></latexit>

p (✓MBHB|y,✓others)

Sample 
<latexit sha1_base64="g3ZfHdN79AkWWo5rKWNInul7YyI="></latexit>

p (✓EMRI|y,✓others)

Sample for 
<latexit sha1_base64="puU1BCq32S5e/OSnoS2/DKJZ+yk="></latexit>

p (✓noise|y,✓others)

…



LISA Data Processing Challenge 2: Global inference
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• LISA’s inference must account for instrument noise (among stochastic processes)… 

• So, how do we know the instrument noise? 

• We don’t.   We have to infer it.



LISA Data Processing Challenge 2: Global inference
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• LISA’s inference must account for instrument noise (among stochastic processes)… 

• So, how do we know the instrument noise?



LISA Data Processing Challenge 3: Knowing the noise

53

• Slide from Joe Romano today:

Why was GW150914 so convincing?

1. observed signal is consistent across detectors 
2. observed signal agrees with predic<ons 
3. observed signal is unlikely due to noise alone (< 1/5 million)

4

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016
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GW150914 - detecGon significance from “Gme shiRs”

7

multiple classes, this significance is decreased by a trials
factor equal to the number of classes [71].

A. Generic transient search

Designed to operate without a specific waveform model,
this search identifies coincident excess power in time-
frequency representations of the detector strain data
[43,72], for signal frequencies up to 1 kHz and durations
up to a few seconds.
The search reconstructs signal waveforms consistent

with a common gravitational-wave signal in both detectors
using a multidetector maximum likelihood method. Each
event is ranked according to the detection statistic
ηc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ec=ð1þ En=EcÞ

p
, where Ec is the dimensionless

coherent signal energy obtained by cross-correlating the
two reconstructed waveforms, and En is the dimensionless
residual noise energy after the reconstructed signal is
subtracted from the data. The statistic ηc thus quantifies
the SNR of the event and the consistency of the data
between the two detectors.
Based on their time-frequency morphology, the events

are divided into three mutually exclusive search classes, as
described in [41]: events with time-frequency morphology
of known populations of noise transients (class C1), events
with frequency that increases with time (class C3), and all
remaining events (class C2).

Detected with ηc ¼ 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and
including a trials factor of 3 to account for the search
classes, its false alarm rate is lower than 1 in 22 500 years.
This corresponds to a probability < 2 × 10−6 of observing
one or more noise events as strong as GW150914 during
the analysis time, equivalent to 4.6σ. The left panel of
Fig. 4 shows the C3 class results and background.
The selection criteria that define the search class C3

reduce the background by introducing a constraint on the
signal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without
this constraint. Specifically, we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2þ C3).
In this two-class search the GW150914 event is found in
the C2þ C3 class. The left panel of Fig. 4 shows the
C2þ C3 class results and background. In the background
of this class there are four events with ηc ≥ 32.1, yielding a
false alarm rate for GW150914 of 1 in 8 400 years. This
corresponds to a false alarm probability of 5 × 10−6

equivalent to 4.4σ.

FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background. The significance of GW150914
is greater than 5.1σ and 4.6σ for the binary coalescence and the generic transient searches, respectively. Left: Along with the primary
search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2þ C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-line
background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-6

- probability of observing such a large value of  from noise alone is extremely small ̂ρc < 1/5 million

̂ρc = ̂ρ2
1 + ̂ρ2

2

   = (normalized) noise-weighted  
          inner product of the data in  
          detector i with template waveform

̂ρi

̂ρc = ̂ρ2
1 + ̂ρ2

2

   = matched filter S/N 
of data in detector i

̂ρi



LISA Data Processing Challenge 4: Joint observations
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• Potential science opportunities: 
• Complementary EM+GW understanding of galactic binary systems 
• Complementary EM+GW understanding of massive black hole systems 
• Standard siren cosmological inference with EM redshifts 
• Enhanced inference combined with 3G ground-based GW observations 
• Enhanced localization combined with other space-based GW observations 
• … 

• Challenges: 
• How do we formalize the interpretation of external data as LISA (prior) 

information? 
• How do we coordinate the data sharing? 
• …



Some space-based GW mission 
concepts

太极

天琴



Space-based network observations of MBHBs

SNR and sky localization precision for a simulated population of MBHBs  
with LISA and with a network of LISA plus one version of TaiJi.  
Wang+ 2021 https://doi.org/10.1103/PhysRevD.104.024012 



LISA Data Processing Challenge 4: Joint observations
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• Joint observation with another instrument is valuable for sky-localization 
• A larger constellation, or farther apart constellations will be best 
• Where could you put a LISA-like constellation for better mHz sky localization?



LISA Data Processing Challenge 4: Joint observations
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• Joint observation with another instrument is valuable for sky-localization 
• A larger constellation, or farther apart constellations will be best 
• Where could you put a LISA-like constellation for better mHz sky localization?
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LISA data processing plan



Realizing LISA Data Processing
Project responsibility to generate 3 main levels of data products: 
   -L1: Initially processed data (TDI) 
   -L2: Global inference and alerts 
   -L3: Catalogs for non-LISA-experts 

ESA-coordinated EU and NASA efforts:  
  -Plus more work will be needed from the open science community 
  -EU part —> Distributed Data Computing Center (DDPC) 

Flexibility: first data of this kind challenge: 
    • Multiple approaches, multiple pipelines 
    • Quick development from prototyping to production
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LISA Distributed Data Processing Center (DDPC) Partners

Effort led by CNES
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The LISA Science Community



The LISA Consortium
• A scientific collaboration 

• Maximize LISA science return 
 -support the mission in all aspects 
 -particular focus on scientific application of LISA data 

• Develop the LISA science community 
-provide supporting/inclusive environment 
-training/mentoring for all esp early career 
-engage the broader science community 

• Membership: 
-Core members: Commit annually to roles in consortium projects 
-Community: Access to community and resources



The LISA Consortium 
(see: lisamission.org)

Governance

• Consortium Council

• Management Team


Committees

• Appointments and Elections (A&E) Committee

• Bylaws Committee

• Publication and Presentation Committee

• Diversity, Equity and Inclusion Committee

• Membership committee

• Communications Committee


Science working groups

• Astrophysics Working Group

• Cosmology Working Group

• Fundamental Physics Working Group

• Instrumentation Working Group

• Waveform Working Group

• Data Analysis and Research Development Working Group

• Instrument Simulation and Processing Working Group


Other working groups

• Communications Implementation Working Group

• Early Career Scientist Working Group

http://lisamission.org
https://lisa.pages.in2p3.fr/consortium-userguide/gov_council.html
https://lisa.pages.in2p3.fr/consortium-userguide/gov_mgmt_team.html
https://lisa.pages.in2p3.fr/consortium-userguide/com_appt_elect.html
https://lisa.pages.in2p3.fr/consortium-userguide/com_bylaws.html
https://lisa.pages.in2p3.fr/consortium-userguide/com_prespub.html
https://lisa.pages.in2p3.fr/consortium-userguide/com_diversity.html
https://lisa.pages.in2p3.fr/consortium-userguide/com_mmt.html
https://lisa.pages.in2p3.fr/consortium-userguide/com_comms.html
https://lisa.pages.in2p3.fr/consortium-userguide/wg_astro.html
https://lisa.pages.in2p3.fr/consortium-userguide/wg_cosmo.html
https://lisa.pages.in2p3.fr/consortium-userguide/wg_fp.html
https://lisa.pages.in2p3.fr/consortium-userguide/wg_instru.html
https://lisa.pages.in2p3.fr/consortium-userguide/wg_wav.html
https://lisa.pages.in2p3.fr/consortium-userguide/wg_ldc.html
https://lisa.pages.in2p3.fr/consortium-userguide/gw_sim.md
https://lisa.pages.in2p3.fr/consortium-userguide/wg_advoreach.html
https://lisa.pages.in2p3.fr/consortium-userguide/wg_lecs.html


Summary
• The immense, quiet environment of space allows LISA to open a rich new band 

of GW astronomy in mHz  

• After decades of science and technology development the mission is ready to 
push forward toward launch in 2035 

• LISA data processing involves new challenges 

• Much work remains to prepare to exploit LISA data 

• A robust LISA science community is working on it 

• You can too (see, e.g. lisamission.org)

http://lisamission.org

