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fGW ↓ ( λGW ↑ ) ⟹ Larm ↑ MGW−Source ↑
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✴ We want to detect GWs via the slowly-oscillating (~1 hour), relative motion they 
impose onto far apart free-falling bodies.

+   Polarization x  Polarization

That is,  ~ 200 times slower than this.

δL
L

∝ hGW

δLLISA ∼ 10−11 m

45º

Gravitational Wave Detection from Space

 To achieve the low-frequency band [0.1 mHz, 1Hz] we 
need a very long baseline detector (L ~ 1 million km).

hGW ∼ 10−21



Institute of Space Sciences
 (ICE-CSIC & IEEC)

Carlos F. 
Sopuerta

International Meeting on Fundamental Physics
 Benasque, 12 September 2024

✴ We want to detect GWs via the slowly-oscillating (~1 hour), relative motion they 
impose onto far apart free-falling bodies.

+   Polarization x  Polarization

That is,  ~ 200 times slower than this.

δL
L

∝ hGW

δLLISA ∼ 10−11 m

45º

Gravitational Wave Detection from Space

 To achieve the low-frequency band [0.1 mHz, 1Hz] we 
need a very long baseline detector (L ~ 1 million km).

hGW ∼ 10−21



Institute of Space Sciences
 (ICE-CSIC & IEEC)

Carlos F. 
Sopuerta

International Meeting on Fundamental Physics
 Benasque, 12 September 2024

Basics of LISA 0.1 mHz < f < 1 Hz

Passive Orbits

With such baselines we cannot use mirrors for reflection (LISA ≠LIGO in Space). 
Active mirrors with phase locked laser transponders on the S/C will be implemented.
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Basics of LISA 0.1 mHz < f < 1 Hz

S/C to S/C measurement

Measurement S/C to test mass Measurement S/C to test mass

Passive Orbits
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✴Time-delay interferometry (TDI): Correlations in the frequency noise can be calculated and 
subtracted by algebraically combining phase measurements from different craft delayed by the 
multiples of the time delay between the spacecrafts.

Gravitational Wave Detection from Space
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✴ Orders of magnitude better than in any other application in differential  
   acceleration sensitivity:

1 pico = 10-12 = 0.000 000 000 001 

Gravitational Wave Detection from Space

✴ We need an instrument to detect 
tiny motion:   ~ the size of an atom 
pick to pick

✴ No forces allowed above the 
weight of a bacteria…
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Main Instrumental 
Contributions

Main Players
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How did we get here?
✴ 1974- :  First ideas about Gravitational Wave Detection in Space: Bender, Weiss, Drever, etc.

Peter Bender
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✴ 1974- :  First ideas about Gravitational Wave Detection in Space: Bender, Weiss, Drever, etc.

✴ 1998 :  First serious LISA studies: JPL and LISA International Team

✴ 2001 :  LISA Pathfinder mission to demonstrate LISA main technology

✴ 2004 :  Alberto Lobo puts Spain in LISA Pathfinder

✴ 2013 :  Selection of the science themes for the L2 and L3 missions:

✴ 2015 :  Launch of LISA Pathfinder and first detection of Gravitational Waves by LIGO

✴ 2017 :  Success of LISA Pathfinder and Selection of LISA as the L3 mission

✴ 2017-2024 :  LISA goes through Phases 0, A, B1 up to the adoption, which means it enters the    
   implementation phase! (Phase B2).  Expected Launch Date: 2035

How did we get here?
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Passive Orbits

✤ LISA after the selection: Future Missions Department
How did we get here?
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Passive Orbits

✤ LISA after the selection: Future Missions Department
✴ 2017-2024:  LISA went through the Mission Preparation Phase: The Assessment Phase 
(Phases 0 and A) and Definition Phase (Phase B1), separated by the Mission Formulation Review.

How did we get here?
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Passive Orbits

✤ LISA after the selection: Future Missions Department
✴ 2023-2024:  Mission Adoption Review (independent ESA review): Evaluated the mission 
definition maturity, technology readiness and implementation risks. A dedicated review panel was 
devoted to the mission programmatic elements including cost, schedule and interfaces with 
partners. Results are made available to the SPC and constitute, together with SSAC scientific 
assessment, the basis of ESA's recommendation to the SPC to implement the mission.

How did we get here?
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Passive Orbits

✤ LISA after the selection: Future Missions Department
✴ 2024:  Red Book (aka, Mission Definition Study Report):  provides a high-level 
summary of the large number of scientific and technical documents produced 
as outcome of the definition study for the LISA mission. 

How did we get here?
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LISA Definition Study Report (Red Book)

arXiv: 2402.07571
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Main Contents of the LISA Red Book

arXiv: 2402.07571
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Passive Orbits

Science Objectives (SO) of LISA

SO1: Study the 
formation and 

evolution of compact 
binary stars and the 

structure of the 
Milky Way Galaxy

SO2: Trace the 
origins, growth 

and merger 
histories of 

massive

Black Holes

SO5: Explore the 
fundamental 

nature of gravity 
and Black Holes

SO6: Probe 
the rate of 

expansion of the 
Universe with 
standard sirens

SO3: Probe the 
properties and 

immediate environments 
of Black Holes in the 
local Universe using 
EMRIs and IMRIs

SO4: Understand 
the astrophysics 
of stellar-mass 

Black Holes 

SO7: Understand 
stochastic GW 

backgrounds and their 
implications for the 

early Universe and TeV-
scale particle physics

SO8: Search for 
GW bursts and 

unforeseen 
sources
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Sources of Gravitational Waves for LISA
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Sources of Gravitational Waves for LISA

Massive Black  
Hole Mergers 
(with masses in 
the range: 

)104 − 107 M⊙
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Sources of Gravitational Waves for LISA

?
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✴ SO2:  Trace the origins, growth and merger histories of massive Black Holes
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The Science of LISA
✴ SO2:  Trace the origins, growth and merger histories of massive Black Holes

~ 10 hours in the LISA band

~ 1 day  in the LISA band~ 1 month in the LISA band
~ 1 year in the LISA band
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The Science of LISA
✴ SO2:  Trace the origins, growth and merger histories of massive Black Holes

Merger
Accretion

Reionisation

Cosmic Noon

Cosmic Dawn
✦ How were MBHs born 
and how did they grow?

✦ What is the nature of the 
seeds and how did they 
form?

✦ How do MBHs assemble 
inside the cosmic web?

✦ What are the EM signals 
of the precursor and post-
merger of MBHBs?
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The Science of LISA
✴ SO3:  Probe the properties and immediate environments of Black Holes in the local Universe 
using EMRIs and IMRIs

✦ What is the mass and 
spin distribution of 
quiescent MBHs in local 
Universe?

✦ Which processes 
dominate stellar 
dynamics in the galactic 
centers near the MBH?

✦ Do IMBHs exist?

▸ Mass and Spin 
accuracy ~ 0.001%
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The Science of LISA
✴ SO5:  Explore the Fundamental Nature of Gravity and Black Holes
✦ Are the massive objects that merge and their 
remnants consistent with being rotating MBHs 
described by the Kerr solution of General Relativity?
✦ BH spectroscopy: Quasi-normal modes should 
be a function of the mass and spin only according to 
the no-hair conjecture of General Relativity.
✦ Are there Exotic Compact Objects?

INSPIRAL MERGER RINGDOWN

SNR=8
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The Science of LISA
✴ SO5:  Explore the Fundamental Nature of Gravity and Black Holes

EMRI System

V (~r ) = �G
X

` ,m

M`m

r`+1
Y`m(✓,')

M`m : Multipole moments

GOCE can measure up to

`MAX ⇠ 200

 For a Kerr BH in GR: 

M` + i J` = M•

✓
i

S•
M• c

◆`

Tests of the Kerr geometry 
and/or theory of Gravity!

▸ Accuracy in the mass of the  
MBH ~ 0.001%  

▸ Absolute error in the Spin 
parameter of the MBH ~ 
0.00001 

▸ Accuracy in the Quadrupole 
moment of the MBH~0.01%
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Tests of the Kerr geometry 
and/or theory of Gravity!

▸ Accuracy in the mass of the  
MBH ~ 0.001%  

▸ Absolute error in the Spin 
parameter of the MBH ~ 
0.00001 

▸ Accuracy in the Quadrupole 
moment of the MBH~0.01%
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The Science of LISA
✴ SO6:  Probe the rate of expansion of the Universe with standard sirens

Tamanini et al, JCAP, 04(2016)002 

✦ LISA will probe the expansion history 
of the Universe, , using GW sirens 
at high redshifts (WARNING: 
provided we can obtain the redshift):  
SOBH binaries (z < 0.2), EMRIs (z < 
1.5), MBHBs (z < 6).

dL(z)

▸ No need of calibration 
▸ Ho at few % level with 

observations up to z ~ 3
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The Science of LISA
✴ SO7:  Understand stochastic GW backgrounds and their implications for the early Universe 
and TeV-scale particle physics
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The Science of LISA
✴ SO8:  Search for GW bursts and unforeseen sources

✦  Are cosmic strings present in the Universe? 
If so, what is their string tension?
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Regions excluded after  and 
, for two particular models in 

the literature (BOS, LRS).

Tobs = 82% × 4.5 yrs
Tobs = 82% × 10 yrs

✦ Other unknown sources?
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Multiband GW Astronomy with LISA and ET/CE

From: Jani, K., Shoemaker, D. & 
Cutler, C. (2020): Detectability of 
intermediate-mass black 
holes in multiband gravitational 
wave astronomy. Nat Astron 4, 
260–265
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Multiband GW Astronomy with LISA and ET/CE

From: Jani, K., Shoemaker, D. & 
Cutler, C. (2020): Detectability of 
intermediate-mass black 
holes in multiband gravitational 
wave astronomy. Nat Astron 4, 
260–265
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LISA Scientific Operations

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

S/C 1 S/C 1 S/C 1 S/C 1

S/C 2 S/C 2 S/C 2 S/C 2

S/C 3 S/C 3 S/C 3 S/C 3

0 16 17 18 19 20

optical 
links

relay
satellite

days8 hour period

downlink

Communication with the constellation is done through one of the spacecraft (“relay") 
for 5 days, establishing a link for 8 hours a day. During these 5 days, the other 
spacecraft communicate to the relay spacecraft via the existing laser link.  After the 5 
days, the next spacecraft serves as relay, completing the cycle after 15 days.
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The protected period can be 
requested when the approximate 
time of the merger of a massive 
Black Hole binary is known. A few 
hours before the merger the 
accumulated signal-to-noise ratio 
(SNR) increases significantly and 
the uncertainty region for the sky 
posit ion (“skybox”) shr inks 
significantly to the point where 
other observatories can start 
observations. The low-latency 
period allows to monitor the 
continuously shrinking skybox and 
to update the alerts.

LISA Scientific Operations
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LISA Scientific Operations
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✴ Then, in many cases it is crucial to have a priori theoretical models  to extract the 
Gravitational Wave signals from the data, in particular in those situations where the signal is 
much below the noise.

h(t, ⃗λ)

Short LISA data stream

LISA Scientific Operations
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✴ Then, in many cases it is crucial to have a priori theoretical models  to extract the 
Gravitational Wave signals from the data, in particular in those situations where the signal is 
much below the noise.
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Long 

LISA 

data 


stream

✴ The Global Fit Problem: Fit the LISA Data to a model that includes: An instrumental noise 
model; All the resolvable GW sources (MBHBs, GBs-including VBs, EMRIs, SOBHBs, others?); 
All the GW foregrounds (GB-foreground, Stochastic-foreground of diverse origin, …).

LISA Scientific Operations
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LISA Scientific Operations

The importance of accurate, efficient and 
effective waveforms!
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✴ The Global Fit Problem: Fit the LISA Data to a model that includes: An instrumental noise 
model; All the resolvable GW sources (MBHBs, GBs-including VBs, EMRIs, SOBHBs, others?); 
All the GW foregrounds (GB-foreground, Stochastic-foreground of diverse origin, …).

LISA Scientific Operations

10°4 10°3 10°2 10°1 100

Frequency [Hz]

10°21

10°20

10°19

10°18

10°17

C
h
ar

ac
te

ri
st

ic
S
tr

ai
n

5 £ 104MØ

5 £ 105MØ

5 £ 106MØ

107MØ

Galactic Binaries

Verification Binaries

Massive BH Binaries

Stellar Mass BH Binaries

Multiband Sources

EMRIs

Observatory
Characteristic Strain

Total

Confusion
Noise 0

200

400

600

800

1000

1200

1400

S
N

R

Littenberg & Cornish: 2301.03673
Strub, Ferraioli, Schmelzbach, Stähler & Giardini: 2403.15318

Katz, Karnesis, Korsakova, Gair & Stergioulas: 2405.04690



Institute of Space Sciences
 (ICE-CSIC & IEEC)

Carlos F. 
Sopuerta

International Meeting on Fundamental Physics
 Benasque, 12 September 2024
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model; All the resolvable GW sources (MBHBs, GBs-including VBs, EMRIs, SOBHBs, others?); 
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LISA Scientific Operations
✦  Spanish Contribution to the LISA Ground Segment, as established in the Multi-Lateral 
Agreement (MLA) between ESA and member states:
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LISA Scientific Operations
✦  Spanish Contribution to the LISA Ground Segment, as established in the Multi-Lateral 
Agreement (MLA) between ESA and member states:

© cnes

DDPC contribution status (07/03/2023) 

1

MPG funding – not covered by MLA

~2 FTE per DCC provider

Under French responsibility if not covered by another country 
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LISA Scientific Operations
✦  Spanish Contribution to the LISA Ground Segment, as established in the Multi-Lateral 
Agreement (MLA) between ESA and member states:

© cnes

DDPC contribution status (07/03/2023) 

1

MPG funding – not covered by MLA

~2 FTE per DCC provider

Under French responsibility if not covered by another country 

Toulouse 
(France)
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LISA Spain Meeting 2024

Organized by the Institute of Space Sciences (ICE-CSIC) 
Campus UAB, Carrer de Can Magrans s/n,  
08193 Cerdanyola del Vallès (Barcelona) 

Local Organizing Committee: C. F. Sopuerta, M. Nofrarias,  
L. Martí, and S. Husa. 
Meeting Website: https://indico.ice.csic.es/event/42/

LISA SPAIN MEETING 
15-16 October 2024

✤ October 15th-16th, 2024. Meeting to 
bring together the Spanish community 
interested in working in LISA science.

REGISTER HERE:

https://indico.ice.csic.es/event/42/

ICE-CSIC 
Campus UAB 
Bellaterra 
Barcelona

https://indico.ice.csic.es/event/42/
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Conclusions
✤ LISA will be the first ever mission to survey the entire 
Universe with Gravitational Waves.

✤ LISA will allow us:  
   To investigate the formation of binary systems in the Milky 
Way; to detect the guaranteed signals from the verification 
binaries; to study the history of the Universe out to redshifts 
beyond 20, when the Universe was less than 200 million years 
old; to test gravity in the dynamical sector and strong-field 
regime with unprecedented precision; and to probe the early 
Universe at TeV energy scales.

✤ LISA will play a unique and prominent role in the scientific 
landscape of the 2030s and beyond.
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