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Why go to space?

« Challenges of space:
o Getting there is expensive
e |nstruments must be engineered to work by themselves

o |t takes a really long time to achieve this

e Sowhydoit?



Opening a new GW band
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NASA/STScl Credit: ESA-C. Vijoux

e Avoid terrestrial disturbances e Avold terrestrial disturbances

» Access new spectral bands * Access new spectral bands

Why go 10 Space’? Same reasons as for EM telescopes
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Science in the MHz band
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The science of LISA

g - Study the formation and evolution of compact binary stars in the Milky Way
Galaxy.

| Astrophysics |
. .Trace the origin, growth and merger history of massive black holes across cosmic
ages

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

- Fundamental

Understand the astrophysics of stellar origin black holes.

Explore the fundamental nature of gravity and black holes.
Measure the rate of expansion of the Universe.

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

> .: Search for GW bursts and unforseen sources.
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The science of LISA

Gataxy
> .Trace the origin, growth and merger hIS
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and-immediate environments of black holes in the local
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Understand the 2 astrophysics of stellar origin black holes.
Explore the fundamental nature of gravity and black holes.

Measure the rate of expansion of the Umverse

Understan¢ stochastm GW backgrounds and their implications for the early
Universe and TeV-scate




LISA Sources & Noise
Everything in one plot
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Galactic Binaries that we have already found
By EM observations!
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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






How to detect GW In MHZ




Basic challenges of GW measurement

 Basic objective:

Precise
free-fall

- Precisely measure: AL/L= 10-20

v measure the relative motion of

J T ~ T~ 7 “‘"—-\._\5
iINg masses )"\. / Free—falling test-masses:._ /

accelerated by grawtatlonal waves only-

. / R -~/ e

"5 6 U T TIFPA




The LISA concept

Decades of Development

* million-kilometer scale triangular
observatory

» drag-free test masses as inertial Sun
references

* laser interferometry monitors
distances for picometer-scale GW
perturbations

 matched filtering used to
disentangle thousands of
overlapping sources







Fundamentals of GW Interferometers

Displacement noise: how well
can you measure (proper)
distance between pairs of test

T—T particles?
Acceleration noise: how stable
are your fiducial test particles? - LISA ~ picometer/Hz/2

Frequency

Strain Noise Amplitude

LISA ~ femto-g/Hz/2 Arm length: Sets overall
sensitivity scale and frequency
of peak sensitivity

LISA ~2.5 Mkm



Acceleration noise
‘drag-free’ flight

Spacecraft

* Jest mass placed inside hollow cavity”
within spacecraft

e sensors monitor relative position of
test mass and spacecraft

LPF Rendering: ESA Medialab

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



Solar Radiation Pressure

Acceleration noise
‘drag-free’ flight

- External disturbance (e.g. solar e oo
radiation pressure) causes spacecraft >
to drift towards test mass o AV

LPF Rendering: ESA Medialab



Solar Radiation Pressure

Acceleration noise
‘drag-free’ flight

! Spacecraft

* Control system fires micro thrusters to
counteract disturbance.

e Jest mass remains centered within
cavity

Microthrusters

LPF Rendering: ESA Medialab



LISA Pathfinder

Demonstration of drag-free flight

 ESA-led technology
demonstrator

e Single LISA arm in one e N
spacecraft " .

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

ESA Medialab




LISA Pathfinder Results

Far exceed Pathfinder goals, validate performance at LISA levels

77777 777 Dec 2015

LISA requirements LISA Pathfinder
requirements

April 2016

¥
f

Ve ) o K4,
NN Py “.\ .

P
g

-
= N
S <
=
© ~
Q@ 7
T WV
.
Ul—l
mm
vV
= N
= U
Mo
=
— 0
T o

—
'Em
A
OJH
CKH_

)

T - ——
— St T~ ., g6
AN VAN 4 N RS B

—— —— —

£ - -~ _l k)
Va A - - - e
NI ISE \ /N, \‘"j'
N7 N 2N NV N
N Lo AR N

& 'l' ’.0?'_).‘ X Xt

.v'- -
w
> B

10

P ——

] T ——
LRI e e o~
otk
\'ﬁ\?\v,\
D DA DA AT
ATane -+ PEhow el e

—

_l 1 ] ] " 1 ] 1 oo v aal
0.00001 0.001
Frequency [Hz]

1

" -“"t‘
iR
K




GRACE-FO LRI

Interferometry Demonstrator

* Replacement for GRACE geodesy
mission

o 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

NASA/ JPL




GRACE-FO LRI Results
A LISA interferometry demo
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Laser frequency noise
projection from ———
cavity ground testing

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

* Only one arm - precision limited by
laser stability

1pm
100nm
1 0-8 MNNSAA —— o
3 laser frequeda}fg&gg“ 0
E 100pm

10-11 L1 L - I L L 1Ll - R Ll L1l /V‘HZ

e similar laser 106 10 10 103 102 0.1 1
Frequency [HZ]

80 nm/\Hz
noise requirement

 Relevant components & experience

ranging signal + noise, equiv. half-roundtrip [m/vHz]

o Si m | I ar receiver In-Orbit Performance of the GRACE Follow-on Laser Ranging Interferometer
Phys. Rev. Lett. 123, 031101

e QOperations experience



LISA Displacement Noise

Heterodyne interferometry with ~1pm light

- SiX “one-way” measurements between
pairs of spacecraft

+ Telescopes reduce diffraction loss, still
only receive about 10-10 of the transmitted
POWEer.

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

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

Schematic of the LISA interferometric measurement (T. Schuldt)

Proof masses

32






LISA Mission Status
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LISA - An international mission led by ESA
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The roadmap to LISA
MFR Adoption

v v

- Phase B1

Cadre, Tiére
définition

GWs.

havet
» 2024

Phase B2/C/D Phase E
Définition Définiticn détaillée, production, intégration, tests, validation I Transfert I Opérations
2022 2024 2026 2028 2030 2032 2034 2036 2038 2042

ne resources to build t

ISA Science Team in p

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

Fnd 20217: success of the ESA Mission Formulation Review

25/01/2024: success of the Mission Adoption Review and adoption by ESA: design validated and we

ne instrument

dC€

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
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Some challenges




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




LISA Data Processing Challenge 1: Initial noise reduction

Core concept of LISA includes:

3 spacecratft

6 laser assemblies (internally redundant)

6 optical bench assemblies

6 gravitational reference systems with test-masses

18 interferometers / heterodyne phasemeters

... and a lot more
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Schematic of the LISA interferometric measurement (T. Schuldt)
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LISA Data Processing Challenge 1: Initial noise reduction

Gravitational reference system

Down-link to Earth Telescope K \

: - Surrounding hardware and avionics
E e céurgler Ry " RY k
Phasemeter [_ ﬁ LR.ece‘ived light: 300 pW
ADC Optical metrology system

fibre —

(]
Back-link A\ | F Telescope \

ansmittedNight: 1 W

N

v Phase measurement system
icro-Newto

thrusters
> — Laser system

Low pass —

filter
\

J

| N
3 ‘Received light: 300 pW _ _
Telescope Moving Optical Sub-Assembly (MOSA)

Transmitted light: 1 W
Credit: Markus Otto, PhD thesis, 2016 41



LISA Data Processing Challenge 1: Initial noise reduction

Down-link to Earth

TETETE =

C
w
@

Fibre
co’upler

Phasemeter {

Back-link
fibre —

Low pass —

filter
\

Telescope

Transmitted light: 1 W

Credit: Markus Otto, PhD thesis, 2016

Received light: 300 pW

- B

Micro-Newton
thrusters

|| >
Transmitted light: 1 W

- Received light: 300 pW

Science interferometer:
Distant S/C laser beam - local oscillator

"Spacecraft to spacecraft”

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

"Spacecraft to test-mass”

Reference interferometer:
Local oscillator - adjacent oscillator

"Laser to laser”

42



LISA Data Processing Challenge 1: Initial noise reduction

Laser frequency noise

H
VS, ~ 300—— @3 mHz
v Hz

Q'_' — L.aser frequency noise

‘_l* — ()thor noises
300TH s 1070
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v

Gravitational strain noise

-In 14 _
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TM acceleration noise
1018 - Shot noise

Relative frequency
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LISA Data Processing Challenge 1: Initial noise reduction

« Combinations of the single link measurements can cancel the laser noise
o ...without canceling the GWs

Delayed Received
Laser Noise

Local Laser Noise GW Signal
f\V \ f- | h
L/c .} T k
,.\fv\, o P o /\MM" 2?\ \% - A 4 NM
vy \
S/ Lz Signals Measured
2 S at the S/(
, o s
L/c .} X Ly/c
—Avmvf : + NVW&- {_;Jé)} ‘: A + /WM
k BN ,
» L,
~
Ly/c %
O “_ 3 ........ ;',/... s Nw
W,

Local Received GW signal
laser laser
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LISA Data Processing Challenge 1: Initial noise reduction

M5.4'902

Vs

'71:3'1'1
TDI-Y TDI-Z

45



LISA Data Processing Challenge 1: Initial noise reduction

 TDI requires adding signals with delays...

S0, how can we know the delays?

46



LISA Data Processing Challenge 1: Initial noise reduction

 TDI requires adding signals with delays...

S0, how can we know the delays?

e LISA needs an additional mechanism for ranging measurements

47



LISA Data Processing Challenge 2: Global inference

* The challenge of data analysis

A few Galactic binaries + Extreme mass ratio inspiral + massive binary black hole merger + Galaxy + noise

x10—2@

— Noise —  EMRI
& 107 —— Galaxy  —— MBHB
! { —— VGBs
a
%10—21
=, hil |
C% m I “M“]H “l M u|.U|L“.uulﬂ.luL..uln L _I
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1074 \
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Frequency [Hz|
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LISA Data Processing Challenge 2: Global inference

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

P (d |10, k) p(0, k)

/p(ﬂ’ d d):\ p(d)

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

Model parameters

components

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

| t 1
d|0. k) = d— h(0, (0, d— h(0,
p (d|0,k) oD eXp{( 0,9)) Z(©0.p)""(d — h( q))}

q P
GW signals:  h(0,q) = Z h(6,) Stochastic processes: () = Z 2(0)

k=p+gq

49



LISA Data Processing Challenge 2: Global inference

et ar psood () sample p(OmBHB|Y, Ootners)

'

Sample P HGB‘yv others)

| L
N '
Blocked Gibbs scheme: ‘
}
@

Sample p (OeMmR1|Y, Oothers)

iterative sampling over
subset of parameters

Samp\e forp noise |y7 Hothers)

50



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

e So, how do we know the instrument noise?

e« Wedon’t. We have to infer it.

51



LISA Data Processing Challenge 2: Global inference

e LISA’s inference must account for instrument noise (among stochastic processes)...

e So, how do we know the instrument noise?

52



LISA Data Processing Challenge 3: Knowing the noise

e Slide from Joe Romano today:

Why was GW150914 so convincing?

Strain (10721)
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LISA Data Processing Challenge 4: Joint observations

« 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

e Challenges:

« How do we formalize the interpretation of external data as LISA (prior)
information?

« How do we coordinate the data sharing?

54



Some space-based GW mission
CONCEPIS

e LISA
= 25 % 10° km DECIGO
TianQin ¢

. DECIGO .~




Space-based network observations of MBHBS
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NR and sky localization precision for a simulated population of MBHBS
with LISA and with a network of LISA plus one version of Taidi.

Wang+ 2021 https://doi.org/10.1103/PhysRevD.104.024012



LISA Data Processing Challenge 4: Joint observations

e Joint observation with another instrument is valuable for sky-localization
o A larger constellation, or farther apart constellations will be best
« Where could you put a LISA-like constellation for better mHz sky localization?

Earth Larth SR Farth

® 25 million K o a
255 willicn km
19°.23°
—— 40’
. N |
1 AU (150 million km) )
Sun Sun
y
// / /
a. LISA | b. LISA Grande
Earth Earth
© 500,000 ko o
2
! Farth
Sun / Qun y Sun

d. ALIA e. Twin LISA/ALIA f. GoBIG LISA/ALIA



LISA Data Processing Challenge 4: Joint observations

e Joint observation with another instrument is valuable for sky-localization
o 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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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

oordinated EU and NASA efforts:
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Processing LISA’'s Data
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Processing LISA's Data
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| ISA Distributed Data Processing Center (DDPC) Partners

New
Zealand

Effort led by CNES






e LISA Science Community




The LISA Consortium

e A scientific collaboration

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

~ * Develop the LISA science community
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The LISA Consortium
see: [Isamission.org

GGovernance

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

Top 10 Affiliation

University of Florida
B ETH Zurich
B University of Glasgow CNES
B ARTEMIS, Observatoire de la Cote d'Azur
B Institute of Space Science - INFLPR Subsidia

University of Southampton
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Lisamission Consortium Directory

CONSORTIUM GROUP
218

Consortium Group Top 10
Members Amount

Consortium I Core
B Community

=~

Astrophysics WG
gnity-Astrophysics
‘ Members
s v.._"' earch and Development W(

B Community-Cosmology

a

MEMBER GROUPS
53

Member Group Top 10 Members
Amount

AEl-Hannover I LISA-in-Paris
B LISA-NL LISA OCA
B AE| Potsdam
B LISA-Science@INAF
LISA Measurement Science ltalia

B L 2IT-IRAP Toulouse



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

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