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==\ 0.1 mHz< f < 1Hz Basics of LISA (according to MAR)
‘ Mission adopted in 2024. Expected Launch in 2035.

Duration 4.5 years science orbit e >82 % duty cycle e ~6.25 years including transfer and commissioning

. Three drag-free satellites forming an equilateral triangle e 2.5 X 10° km separation e trailing/leading
Constellation 5 . . o . oL
Earth by ~20° e inclined by 60° with respect to the ecliptic

Orbits Heliocentric orbits ¢ semimajor axis ~1 AU e eccentricity e = 0.0096 e inclination 7/ ~0.96°

Passive Orbits

& Institute of
colc i Space Sciences

© EexceLencia Ma Carlos F. Sopuerta
{ DE MAEZTU K8iesnees Institute of Space Sciences (ICE-CSIC & IEEC) 05 November 2026 ' E E c ﬂ




0.1 mHz< f < 1Hz Basics of LISA (according to MAR)

Measurement S/C to test mass Measurement S/C to test mass
— < — <
| | |
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< S/C to S/C measurement

Passive Orbits

1 AU (150 million km)

Sun
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Basics of LISA

*Time=delay interferometry (TDI): Correlations in the SC283: optical transponder
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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.
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Basics of LISA

*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.

SC2&3: optical transponder N
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How did we get here?
* 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 Bl), separated by the Mission Formulation Review.

We are now here!

Mission Mission Mission

Mission Definition Consolidation Formulation Mission
Selection Review Review Review Adoption Launch
! i i ! i [
i y | B i i
: { .\-.
Phase 0 A Phase B Phase B2 Phase (/D "\ phase E b
Micei : \ dS€ N e Detailed Definition \ .
ission analysis-need Feasibilit Preliminary Preliminary Ouaih d Operations /
identification T definition definition MR utilization
production
| \ l ' pa—
i i f ) I j
2017 2018 - 2021 2022 - 2024 2025 - 2028 2028 - 2035 2035+
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LISA Scientific Operations

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

relay

satellite
optical J
links \ ) \

S/C 3 S/C 3 S/C 1 S/C 1 S/C 1
| S/C 1 S/C 3 Sic 3
downlink \
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8 hour period days

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 |5 days.
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LISA Scientific Operations

The protected period can be
@ & requested when the approximate
time of the merger of a massive
* * e Black Hole binary is known. A few
e hours before the merger the
' ' accumulated signal-to-noise ratio
(SNR) increases significantly and
the uncertainty region for the sky
position (“skybox™) shrinks
- . . - significantly to the point where
\  Deteminiag protected period | Perod, B other observatories can start
' ' b observations. The low-latency
period allows to monitor the
continuously shrinking skybox and
to update the alerts.

AAAAAAAAAAAAAAAAAAA“‘M.
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Strain

SNR

- 3 months -10 days -6 hours merger
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LISA Scientific Operations

Calibration and data
processing pipelines /
run at SOC
MOC H(;mund Station] LO Telemetry: unprocessed at
F y full resolution
Spacecraft Telemetry Time ordered and time-stamped

LO = L0.5 \ to UTC
MOC — ESOC (Germany) . _Lr:avelo'::;Ca:’librztzdinsttraumen(::!atla;TC
SOC = ESAC (Spain) s ,,.,

-

Level 1: Time-Delay Interferometry

- g (TDI) combinations
At a minimum, A, E, T, X, Y, Z, Sagnac
[ Low Latency i rl)odkunml pmcessing\ (Dodioatod proocssing\
Alerts Pipelines by the DDPC by the NSGS
run at SOC
- B ( i) a B
- — Level 2: Individual detected sources
L L1 => Alert ) L L1 L2 ) L L1 L2 ) Including posterior probability densities
and waveforms
\ 4 3 - " J
l " Consolidation of L2 data
Transient p::;:-‘:;::d;;x :::::gg Alerts: Transient source alert
Source Alert lqcluding waveform, es.timated masses,
distance, and sky location
[ L2 = L3 }
. -
Level 3: Catalogue of detected sources
Includes the coherent merging of the L2
data products
el *
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LISA Scientific Operations

Calibration and data
processing pipelines /
run at SOC
MOC HGround Station] LO Telemetry: unprocessed at
. 1 full resolution
Spacecraft Telemetry Time ordered and time-stamped

LO = LO.5 \ to UTC
M O C = E S O C (G e rm a ny) . Level 0.5: Calibrated instrument data

SOC = ESAC (S pain) i oe o L1 J\ Time ordered and time-stamped to UTC

o

Level 1: Time-Delay Interferometry

N ’ (TDI) combinations
At a minimum, A, E, T, X, Y, Z, Sagnac
Low Latency \ rl)odkunml pmcessing\ (Dodioatod proocssing\
Alerts Pipelines by the DDPC by the NSGS
run at SOC
i ) r 1 i A Level 2; Individual detected
— -— evel 2: Individual detected sources
2 L1 = Alert ) L L1 L2 ) L L1 L2 ) Including posterior probability densities
and waveforms
\ < . - " J
l [ Consolidation of L2 data
Transient p::;:-‘:;::d;;x :::::gg Alerts: Transient source alert
Source Alert Including waveform, estimated masses,
distance, and sky location
L2 = L3
. -

Level 3: Catalogue of detected sources
Includes the coherent merging of the L2
data products
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LISA Scientific Operations

Calibration and data
processing pipelines /
run at SOC

Hgmund Station] LO Telemetry: unprocessed at
full resolution

Spacecraft Telemetry Time ordered and time-stamped
LO = LO.5 to UTC ’

‘/[ MOC
M O C = E S O C (G e rm a ny) k JL>. . Level 0.5: Calibrated instrument data
\

SOC = ESAC (Spa|n) EE—— Time ordered and time-stamped to UTC

~ v

Level 1: Time-Delay Interferometry

N ’ (TDI) combinations
At a minimum, A, E, T, X, Y, Z, Sagnac
¢~ ™ - ) ~ ™
Low Latency Dedicated processing Dedicated processing
Alerts Pipelines by the DDPC by the NSGS
run at SOC
[ ] I | Level 2; Individual detected
— evel 2: Individual detected sources
L L1 => Alert ) L L1 L2 ! Including posterior probability densities
and waveforms
. - . =
l Consolidation of L2 data
Transient p;fo:;?:n‘::d;l;x ::gﬁt;g‘sy Alerts: Transient source alert
Source Alert Including waveform, estimated masses,

distance, and sky location

[ L2 = L3 ]

Level 3: Catalogue of detected sources
Includes the coherent merging of the L2
data products
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+Distributed Data Processing Centre (DDPC) Structure

Customers
LISA Science Community
MLA Steering Committee |
PO: DDPC Project Office
SysTeam: DDPC System Team SciEx: DDPC Science Experts Group
LO1: LO-L1 L2A: L2 Aleris L2D: L2 Deep Analysis L3C: L3 Catalogue Sim: Simulation | WAV: Waveforms
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(@) 2= LISA Distributed Data Processing Centre

N

+Distributed Data Processing Centre (DDPC) Structure

Customers

LISA Science Community
MLA Steering Committee |

|

Consortium

u
| |
PO: DDPC Project Office

SysTeam: DDPC System Team SciEx: DDPC Science Experts Group
LO1: LO-L1 L2A: L2 Aleris L2D: L2 Deep Analysis L3C: L3 Catalogue Sim: Simulation WAV: Waveforms
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Development of a GFP prototype

PAYLOAD PROGRESS MEETING 30/11/2023 é
e CNEes . .

Some numbers

D/ata Size per year \

L0: 400 GB L1: 400 GB
400 GB % N e N

| Intermediate L2: 1.5 PB
% SOC 12: 500 GB L3 < L2 DDPC

NS /
@ N

ore hours per year 30 000 core hours 400 million core hours*® negligible

— AN—=(0N —

L0 > L1 >l L2 >l L3

lisa
* Considering 2 global fit running in parallel £ ~
/\ Carbon footprint LISA@
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The Global Fit Problem

* Fit the LISA Data to a model including: An instrumental noise model; all the
resolvable GW signals (MBHBs, GBs (& VBs), EMRIs, SOBHBSs, others?); All the
GW foregrounds (GB-foreground, Stochastic-foreground of diverse origin, ...).

— Noisy data

1-year
LISA data stream

0 50 100 150 200 250 300
Time [days]
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The Global Fit Problem

* Fit the LISA Data to a model including: An instrumental noise model; all the
resolvable GW signals (MBHBs, GBs (& VBs), EMRIs, SOBHBSs, others?); All the
GW foregrounds (GB-foreground, Stochastic-foreground of diverse origin, ...).

— Noisy data

J

1-year
LISA data stream

|

0 50 100 150 200 250 300
Time [days]
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The Global Fit Problem

* The LISA data strean is expected to contain:

- Non-stationary instrumental noise (+glitches, gaps)

- O(10) MBHBs/year

- O(10”77 ) GBs (!!1) Of these, O(1074 ) will be individually resolvable.
There are ~ 37 known GBs: verification binaries

- O(1-1000) EMRIs

- O(107M4 ) SOBHBSs

- SGWBs

- maybe some surprises...?

* The challenge for LISA data analysis is that the data stream contains overlapping
GW signals. Individual extraction is not a viable strategy. As we are extracting GW

signhals the residuals would accumulate and mimic other GW signals.
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Ground-Based GW Detectors
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The Global Fit Problem

* 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, ...).

Galactic Binaries 1400 RGSiduals dare passed
Verification Binaries around the circle
17 | Massive BH Binaries
10 Stellar Mass BH Binaries 1200
Multiband Sources
EMRIs
1000
g 1018
n 800
© ot
Z &
g 10-19 600
5 5 x 10*Mg
= ;
O : 400
10-20 ‘ %\/
—— 8}?;?2\2?2?12&(3 Strain ml - 200
1 === "Total
1 0_21 1 ____ Confusion L0 - g
”folf‘jl % 1V Littenberg & Cornish: 2301.03673
107 107? 1077 10~ 10° Strub, Ferraioli, Schmelzbach, Stahler & Giardini: 2403.15318
Frequency [Hz| Katz, Karnesis, Korsakova, Gair & Stergioulas: 2405.04690

Deng, Babak, Le Jeune, Marsat, Plagnol & Sartirana: 2501.10277
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LISA Scientific Operations: LISA Data Challenges
Svnergies here?

VTD:
2028

e Mojito e LongIsland Iced Tea (Adios) ° AuntRoberta
e Full enchilada: GBs, MBHBs, e Full enchilada + SGWB e Operational pipeline
EMRIs, SBBH e all artifacts, 2 or 3 years e Dblind, most complete
e Artifacts optional 2 years e Time iterative analysis, alert e Livedata
e Time iterative analysis, pipeline o Alerts
e Alert pipeline
©) Time critical ©) Time critical
N - _ =
—  release — release
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LISA Scientific Operations: LISA Data Challenges
Svnergies here?

VTD:
2028

e Mojito e LongIsland Iced Tea (Adios) ° AuntRoberta
e Full enchilada: GBs, MBHBs, e Full enchilada + SGWB e Operational pipeline
EMRIs, SBBH e all artifacts, 2 or 3 years e Dblind, most complete
e Artifacts optional 2 years e Time iterative analysis, alert e Livedata
e Time iterative analysis, pipeline o Alerts
e Alert pipeline
©) Time critical ©) Time critical
| N - _ =
Slides from Stas Babak — release — release

#: Institute of 9 EXCELENCIA Ma)( Carlos F. Sopuerta
cslc 4am  Space Sciences 5 DE MAEZTU Nipasatuee Institute of Space Sciences (ICE-CSIC & IEEC) J une 1 St, 2026 l E E c ﬂ



Clear Synergy here!

10_3:_ o o N AR o | """'I_:
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Cosmic String —_—

Cusp J Numerical Gravitational
\,\A/\, Relativity self force
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The importance of accurate, efficient and 1 10~ 107° 107 10~ 107
effective waveforms! Mass ratio m»>/m;
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The LISA Scientific Program

* Landscape of Astrophysical/Cosmological Black Holes (in the Future):

20 4

Redshift (z)

4 5 6 7 8 9 10

og (M/Mo)

3
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The LISA Scientific Program

* Landscape of Astrophysical/Cosmological Black Holes (in the Future):

Future EM Obs.
LSST, JWST, EELT

Redshift (z)

4 d 6 7 8 9 10

og (M/Mo)

(RN,
)
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The LISA Scientific Program

* Landscape of Astrophysical/Cosmological Black Holes (in the Future):

Future EM Obs.
LSST, JWST, EELT

Redshift (z)

SKA, Pulsar
Timing
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The LISA Scientific Program

* Landscape of Astrophysical/Cosmological Black Holes (in the Future):

Future EM Obs.
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The LISA Scientific Program

* Landscape of Astrophysical/Cosmological Black Holes (in the Future):

ET (proposed)

Future EM Obs.
LSST, JWST, EELT

SKA, Pulsar
Timing

aLlGO, aVIRGO,
KAGRA

4 5 6 7 8 10
log (M/M o)
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The LISA Scientific Program

* Landscape of Astrophysical/Cosmological Black Holes (in the Future):
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GWs with log (M/Mo)

2nd Generation
Ground-Based
Detectors
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Multiband GW Astronomy with LISA and ET/CE

Space-based Ground-based

; detectors & < detectors >
10718 L /"".:.--f--‘f_' -
_ . Inspiral
Pop-A .'l;”;;"'f-"
SIN(t) 500 Merger
4 yrm @“‘“-%?C.)? 3.50 .4
' month ~ @ 3590
day ¥~
LISA | i
(~2034)p
. Ring-down
From: Jani, K., Shoemaker,; D. & oL N\ Ay, i
Cutler, C. (2020): Detectability of |
[ [ ] .g
intermediate-mass black £ 4yr
holes in multiband gravitational % /
@
wave astronomy. Nat Astron 4, g
o
260-265 S
1072 |
Intermediate-mass- VOY
-ratio binaries Y (~2025)
(1,200 + 80) M, 2| | |
o foan =5 MHZ o7
: (>2030)
Binaries of ) CE
comparable IMBHs (~2035)
(3,000 + 1,000) M.
10,24 il 1 mHz
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Gravitational wave frequency (Hz)
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Multiband GW Astronomy with LISA and ET/CE

Binary black holes
<« Stellar origin—> <«—Intermediate-mass range —> <« Supermassive 5
< Lower —»<4Medium—->»<4 Upper —» ;
10® - I ErocH-1 (present) = » Dark ages
- | EPOCH-2 (mid-2020s) D,
i EPoCH-3 (early-mid-2030s)
_ ErocH-4 (-2034) | . “ 3\80 ”””""/,/I Mass in
I LISA R ", detector frame
, 10° | %
From: Jani, K., Shoemaker, D. & :
Cutler, C. (2020): Detectability of &
[ [ ] m e ’:ff
intermediate-mass black 2 [/ /NN | i _
hol : ltiband tational o i » First stars
oles In muitiban grav:tatlona % 1 % > Farthest galaxy
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