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The “mission”

The objective of GRAF
(GRAvitational global fit) is the
development of new models and
analysis techniques for
high-precision measurements of
gravitational-waves



The “mission”

Why?

The objective of GRAF
(GRAvitational global fit) is the
development of new models and
analysis techniques for
high-precision measurements of
gravitational-waves



Gravitational waves are real!
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Mass scales
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Timescales

THE SPECTRUM OF GRAVITATIONAL WAVES

Observatories Ground-based " Space-based observatory g Pulsar timing array
& experiments experiment . )

Cosmic %

sources

Supernova

P

Merging neutron
stars in other galaxies

aa S\

-7 R

Cosmic fluctuations in the early Universe

o

Compact object falling P
onto a supermassive Merging supermassive black holes
black hole

Merging stellar-mass black holes Merging white dwarfs
in other galaxies In our Galaxy

esa

Cosmic microwave
background polarisation

\

h | sy




Alberto Sesana et al.

Pulsar timing arrays, Galaxy & supermassive black holes coevolution

MBHB population models (Izquierdo - Villalba+ 21, 22a, 22b, 22¢)
Creating mock universes to assess:
GWB SNR

CGW statistics
multimessenger

Strong involvement in DR2, ongoing projects:
- pulsar selection (Alberto)
- preparation of the data WP1 (Golam)
- noise analysis WP2 (Aurelien)
- analysis WP3 (Golam Aurelien)

Suite of DA tools, implementing several NS algorithms in Enterprise (paper accepted)

- inference WP3 (Matteo, Alessia)
- Extension of Chen+19, including model variance (in progress)

-Two master students (Serena, Giulia) recently finished (paper in preparation)

-Three new master students working on PTA analysis (Beatrice, Irene, Sara)

-Nataliya joined the group as a visiting fellow with a DFG fellowship

1x108

5x108

Right Ascension [deg]

Black Hole
Phiring phase

Dynamics of MBHBs in stellar and gaseous environments
(Bortolas+ 21, Gualandris+22, Franchini +21, 22)
Hardening in realistic galaxies (PhD Federica)

EM counterparts characterization (PhD Fabiola)

EMRIs and SGWB for LISA (Federico, now @ Uninsubria)
EMRIs and SGWB for LISA (Manuel, now @ LzI, Toulouse)
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Davide Gerosa et al.
Gravitational-wave phenomenology and data exploitation

to infer

® How do black-hole binaries form and get together?

/ Taylor and Gerosa 2018
_ o o 0.10 ————F—————F—————
® \What's their gravitational-wave emission pattem®? [ \ ' 1 ]
® \What are curent GW data (not) teling us? How do we 0.08F  p 38 2 .- 3
get that information out? © 006k & j ""‘a\ Simulations ]
E R Sl A ey Z=005Z 1
e - E—— § onE 1 ff_"::.\_'"! Z=01Z, -
| ‘ = 004 Tl Z=025Z,}
| Group research lines: & 3 — ]
! . . 002k 4 Model prediction ]
1@ Astrophysical modeling of GW sources B N IR N
[ § - Zun=0.16Z ST S
® Theoretical caculations in relativistic dynamics e T — 2'0 : ‘*-3*0“
® Computational cpplications 1o BH physics M/M,

® Data analysis 2o Bayesian staiistics
® Machine learning 00ls

Accurate modeling is crucial for LIGO/
Virgo today and even more so for LISA
and Enstein Telescope tomorrow!

' Grants

005 ® ERC Starting Grant (GWmining)
e Marie Curie felowship (StochRewind)
® Cariplo Foundation
100 4 e PRIN (with GSSI LAqula)
® (3 pending Marie Curie proposals)

Emulation of numerical-relativity simulations to
analyze gravitational-wawe
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g = 4.0 x1 = [-0.46, 0.28, 0.59] x2 = [0.24, —0.75, —0.01]
©=2.09 g = 3.76
.




Bruno Giacomazzo et al.
Numerical relativity

e Binary Neutron Star Mergers

e Accretion onto Supermassive Black Hole Binaries
(postdoc F. Cattorini)

e (Code Development for General

Relativistic MagnetoHydroDynamics

GRANTS: PRIN 2024 -2026 (with Padova and Trento)

e a



Here’s why

-erosa et al. A. Sesana et al. -

Stellar-mass Black Holes  Intermediate-mass Black Holes Massive Black Holes

Ii. Giacomazzo et al. -




Space based
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A comparison

Pulsar Timing Array

Ground based (2G)
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The dataset

A few solos, a concert, and a rave party..together!

X-TDI strain
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Cesa

The dataset

A spectral view
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STUDY THE FORMATION AND EVOLUTION OF COMPACT BINARY STARS AND THE STRUCTURE OF THE MILKY WAY GALAXY
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TRACE THE ORIGINS, GROWTH AND MERGER HISTORIES OF MASSIVE BLACK HOLES
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TRACE THE ORIGINS, GROWTH AND MERGER HISTORIES OF MASSIVE BLACK HOLES
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TRACE THE ORIGINS, GROWTH AND MERGER HISTORIES OF MASSIVE BLACK HOLES
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DATA PROCESSING

LOGIC OF THE DATA PROCESSING

» Analysis of all signals and noises together => global analysis
» Flexibility: first data of this kind => novel analysis challenge
e Multiple approaches, multiple pipelines
¢ Quick development from prototyping to production (devOps)
» Multiple steps approach with iterations between steps because data products are very interconnected:

1.Reduce dominant noises (Time Delay Interferometry) and partial correction on instrument artefacts => L1 data

2.GW sources extraction + better understanding of noises and instrument with multiple pipelines => L2 data
3.Cross-check, combination, merging of L2 data to produce catalogs + associated scientific products => L3 data
» Publication of the data L0.5, L1, L2 et L3 simultaneously with a unique official version of L3 (SMP)

» Long prototyping phase; already started (2005-2011: MLDC, 2017-now: LDC)

18



One ring to fit them all
Blocked-Gibbs sampling

Confusion
Noise

Bursts

=51\

\/

New Data

~

#°  Galactic Binaries

=

Stellar Mass BH Binaries

Multiband Sources

Monochromatic (DWDs)
Drifting sources (BBHSs)
Chirping sources (SMBBHSs)
Instrumental artifacts (Glitch)
Multiband sources
Polichromatic (EMRIS)

Unresolvable (SGWBs)

SEN<EE<EE<

N

N

19



“Riccardo Buscicchio et al.”

My dowry Pozzoli, RB & al 2311.12111
RB, Klein& al (in prep)
Piarulli, RB & al (in prep) New Data
Confusion ] _
Noise Single, circular:
Roebber, RB+ ApJL, 894.2 L15 (2020)
Korol+ (incl RB) A&A 638, A153 (2020)
\ / Multiple, circular:
= ) i ; RB+ PRD 100, 084041 (201
—— EMRIs %: Galactic Binaries Verification: 4041 (2019)
Finch & al MNRAS, 522 (2023)
Eccentric:
D — D— Moore+ 2310.06368
Steinle & al (incl. RB) MNRAS 525 (2023)
Bursts =mmm  \|assive BH | Spadaro, RB & al 2306.03923 (in press PRD)
Spadaro, RB, Izquierdo & al (ongoing)
\\ / Pratten & al Phys. Rev. D 107, 123026 (2023)
Pratten & al 2307.13026
RB & al PRD 104, 044065 (2021) — _ Stellar Mass BH Binaries
Klein, Pratten, RB & al - 2204.03423 |2 Multiband Sources Likelihood Interpolators RB, El Gammal+ (ongoing)

20
Forward modelling RB, Bhardwaj+ (ongoing)




“Riccardo Buscicchio et al.”

My dowry

al ro[d]

“A LISA Bayesian Estimation Routine for
Tons of Objects, Simultaneously”

Active development with:
- Univ. of Birmingham
- Uniw. of Stavanger

Collaborative projects with:
- Univ. of Pisa

- AEI (Berlin)

- MPA (Garching)

- APC (Paris)

- GRAPPA (Amsterdam)
Stay tuned for the

public release, due Spring 2024

Config file

monochromatic

chirping

drifting

A 4

glitch

stochastic

noise

BALROG
samplers
waveforms
inference
likelihood

TDI

posterior

data
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LISA

Mission status

° 4

e Redbook v

° ion Adoption (due early 2024)
e Launch expected in 2037

Science Program Committee (SPC)
Informed
Selected for study
A

Proposal Phase : Phase 0 Phase A

Group of Assessment Phase Feasibility Phase

scientists Ts this mission technically Two competing prime contractors
proposes the idea : possible? i Developing first designs of the mission
to ESA What needs to be developed?

What are the first requirements?

Proposal Mission Definition Mission Consolidation

Science Program Committee (SPC)
Decision
Mission Adoption
A

Phase B1 Phase B2/C/D Phase E

: Refinement Phase Implementation

 Refine Mission Definition One Prime Contractor chosen
: Get ready for Implementation Now we build the mission!
 Choose final Design

 Write the big mission document - the Red Book

Mission Formulation n Adoption Launch
Review (MFR) Review (MAR)

Selection Review (MDR) Reuiew (MCR)
al Documents Proposal CDF Report Industrial & Inst Data Packs: Industrial & Inst Data Packs: Data Pack:
(Technical & P ic) (Tech & P ic) (Tech & Programmatic)
& Red Book

JAN 2017 DEC 2017 DEC 2019

Credits: ESA

DEC 2021
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Computational challenges
The elephant in the room

GIObaI Fit DeSign Data Shared Between

Blocks (e.g. Residuals,
Noise Cov. Matrix, etc.)

........................................................................................................................
Od .

v BLOCKED GIBBS

LO Data : _ T L | | ‘ ] 3 . )
Products AECOAL BT EIFECINE 1 TDI |} [ |oaemanon, ﬁt BURSTS [&/ ‘magggm, It’s a logistic problem:

not heavily parallelizzable,
some blocks are very expensive
L1 Data

Products | | swee |} (@D | 2 sMBH £ EMRI £ 'soBH ) lsgwB () somsmo () (30 to 100 cores for ~f:e\\*11}011t11s long parameter
mmﬁ uce U W |50 {tj =6 {i\ o m estimation)

Blocking strategy is crucial!

., o
. o
B L T T T T T T PP T

SAMPLE
COLLECTOR

@ 10 - 100 TB per catalogue

Designing a Global Fit Analysis for LISA (T. Lyttenberg)
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Constellation

Key instrument features

Long baseline: 2.5 Mkm

Sensitivity bucket ~ mHz

Data on a stick:

4 to 10 years-long

science datastreams = O(10 GB)

Dominating laser phase noise: synthetic interferometry
Noise not enough under control: “null-channel”

Source-rich sky: transient, persisting & overlapping sources

Time dependent response: “new” wrt ground-based detectors

Noise/Signal distinction is blurrier than ever: “confusion” noise

Sun

credits: LISA Proposal L3 ESA mission

Earth

2 5 million k™

10716 .
= [ ] Galactic Background
| day g | MBHBsat 2 =3
10174 % Verification Binaries
a yed mdnth = EMRI Harmonics
3 | = LIGO-type BHBs
C.n‘s 10718t 10°M | — GW150914 ]
S Gal. Bin. (SNR > 7)
&
=il 10° M.
210
g
E
S 10%
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10 F | = - Total
» i e
10° 10 10° 102 107" 10°
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LISA pathfinder

Some optimism

SOLAR RADIATION PRESSURE

SOLAR WIND

TEMPERATURE CHANGE

LISA

Pathfinder

credits: LPF collaboration

1075

10-13 LISA Pathfinder
F Requirements
MAGNETIC FIELDS —
N
g
~
T 101
w 1071
g Apnl 2016
— ki ﬂ\/\\w WMM'
L VI
W LT
| " 1 ‘i I
INTERPLANETARY GAS dily 1‘ H,', ln u‘\ M\M
1075
|

Fclnuan 2017
|

104 103

Frequency [Hz|




LISA pathfinder

The observable(s)

Free-fall local
reference system

Yo1/3, L/

Y312, L1

e Physical interferometry unfeasible
(telescope incoming power 100 pW)

e Post-processing technique to combine 6 independent “link” into
equivalent interferometers

e Individual observable: individual phase (or frequency)

Su(t) = (1/27)dé/dt



Time delay interferometry
The path found

GW effect on a single link. But: laser frequency noise-dominated.

_EM/U it ALE) L 5 S\ omif(t—At)
AL = 37 F 200 o, ot c SE2 =500 [ R TR

Combine multiple links together. How?

Mx = yo31(t) + y132(t — L) — Y391 (t) — y123(t — L)




Time delay interferometry
The path found

GW effect on a single link. But: laser frequency noise-dominated.

Sl _‘—/ hat G160 - 2 Sewie / " ha (DTSt Ry 0-804f
: u—Au s

Combine multiple links together. How?

...anever ending story...
Tinto, M., Dhurandhar
Time-delay interferometry.
Living Rev Relativ 24, 1

(and many others)

a TDI “generation” another TDI “generation”
30



LISA’s good company
and XZ1K] ‘

@ chen-hyu update README M

Goto file Add file ~ <> Code ~

9115

docs

M tests

LISA

TianQin

. Orbits:
‘ - Heliocentric orbit
') - Geocentric orbit

Schematic of the spacecraft’s orbit in the SSB coordinate system.
|gr-qc| 2309.15020

gitignore
LICENSE

README.md

setup.py

README.md

GWSpace: A multi-mission Science Data Simulator
for Space-based Gravitational Wave Detection

GWSpace is a multi-mission science data simulator for space-based gravitational wave detection. It is a Python
c ed gravitatio signals that could be detected by TianQin, LISA and

eously in a possible joint detection o, either in time domain (GCB, EMRI and Burst) or in

main (BHB and SGWB). For more details, s

Relevant for:
- source localization

- SGWBs
- improved false alarm vetoing

31



Expected sources

An astrophysical zoo
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Expected sources

An astrophysical zoo

Characteristic Strain

Galactic Binaries

1017 - & s T,
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Double White Dwarfs

Get rid of resolvable ones..

data
o, residual
rec. noise
B 39
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i, = w. . J
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https://indico.in2p3.fr/event/29764/contributions/126043/attachments/78583/114685/GW%20Catalogs.pdf
https://indico.in2p3.fr/event/29764/contributions/125740/attachments/78582/114684/LISA_Global_Nice_2023.pdf

Counts

Double White Dwarfs Ballrog)

...this is what you are left with.
RB, Klein, & al. (in prep)

x10~21
N
\
N A () PM
[ \ !
S Y L Al d
2 / i
M 1/ \ 4 /
a 0
]
—— Signal
—21 b .
----- Point-Like
i Ecliptic longitude
----- Gaussian
__1 ) logy(Counts) 6
0.0 0.5 1.0 135 2.0 2.5 3.0 3.5 4.0
Time [yr]
107 === Galaxy center longitude === Galaxy center latitude 400000 4000001
— Suln(’r(lin'xihllliu: ) =3 Suuxn: distribution
100 —Hfrr“
300000 300000
106 , 10°
2 104 200000 200000
10° 3
10° 100000 100000
10°
P P - 1 0
2 2 = 0 1 -2 2 —-04 =02 0.0 0.2 0.4
Ecliptic Longitude [Rad] Ecliptic Latitude [rad] b,

36



