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Where are we now - PlA 5
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|#) @v~  Where do BHs come from?

* |solated/Field

e common envelope

e stable mass transfer
e Dynamical/Cluster

* globular cluster

e young star clusters

e AGN disk

Giant star

. Compact companion

Accretion disc

e Primordial black holes

* Triples/quadruples

e Hierarchical

Walter Del Pozzo
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|7-> INFN \Vlass distribution e

 LVK phenomenological modeling - .
» Primary mass modelled as a : at N
power-law plus peak (Fishbach & ‘ ] , ,
Holz 2017, Talbot & Thrane 2018) ™ Mol

* Preference for equal mass

. But p(q) ~ g
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Vlass distribution (g

e Substructure (Farah+ 2023,
Edelman+ 2022, Tiwaril &
Fairhurst 2021)

* Reversible Jump MCMC on
plece-wise power law
(Toubiana+2023)

e Hierarchy of Dirichlet Process

Gaussian Mixture Models (Rinaldi

& Del Pozzo 2022, Rinaldi +
2023)

']
f—
<

©
—_ —_— e
(@ & ez — —
| I | (@) =
W (N0 — (=, —

dr/dm; [Gpc3yr—M

------- PoweERLAW-+PEAK
— (H)DPGMM

20 40 60 80 100
M [Mg)]

Walter Del Pozzo

CSN2, Venezia, 7th Apr 2025



1#) G Mass tomography £9)

R

II.O

Istituto Nazionale di Fisica Nucleare

* Primary mass evolves with
redshift (Rinaldi + 2023)

e L OW-Z sources have

m; < 20M,, in agreement 10.8

with X-ray binaries

(Ozel+2010, Farr+2011) 10.6
« For z > 0.4 most sources 04

have m; > 20M
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1#) G GW as standard sirens £9)

1.0

0.5}

—1 = oo
hNDL = 7

 GW are self-calibrating sources

-0.5¢}

* Direct measurement of luminosity
distance

 Complemented with redshift information

* EM counterpart

* Host galaxy

* Determination of cosmological
parameters
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* Optical/infrared/UV counterpart
e kilonova (LVK, arXiv:1710.05833)

e speed of GW (LVK, arXiv:1710.05834)

Av

VEM

3 x 107bh L < +7 x 10716

Av = vgw — VEM

 E0OS constraints, jet morphology, ...
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HO from GW170817

e Spectroscopic redshift from
NGC 4993

* First "non-adistance-scale-
ladder” Hy measurement

Hy =707 kms ! Mpc ™!
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e Hnot just from GW170817, 0.05

BBH bring information too +++ Broken Power Law
- Power Law + Peak

it - = ‘Truncated

o Statistical association method 11— Gw170817
(e.g. DP, arXiv:1108.1317) \‘ Planck
[ SHOES

p(Ho|x) [km~* s Mpc]
— — — O
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— N w e
I l | |
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LVK, arXiv:2111.03604
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* In GR, gravitational waves (GW) are Inspiral Merger Ring-
wave solutions to Einstein’s equations

generated from accelerating masses, 9/) “/) O ‘

propagating at the speed of light

1.0 |-
e Shape of GW signal carries information 0.5 ﬂ |-
about c 00F j\w-—
C-0.5 | -

. . V)
e pinary dynamics and component -1.0 F—Numerical refativity “ -

N Reconstructed (template)

10—21)

nature 1 I . o

| | | So06 a4 =

* non-linear dynamics of space-time 2 0.5 [{— Blacknole separation 13 8

2 0.4 acCkK noie reiative veioc - E

b 41 ©

. . Q

+ final object nature - 03 0 g
Time (s)

LVC, arXiv:1602.03837
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Gravitational strong-field

* Fleld strength

e Curvature (Kretschmann scalar)

» (Gravitational waves from binary
black holes are the optimal probes
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GW in alternative gravity

e Alternative to GR can introduce extra-fields, curvature terms,
challenge GR pillars, ...

o Almost no full solution in non-GR known (but see Okounkova et
al, arXiv:1705.07924)

« GW phase is modified:

* non-GR action (extra fields, higher curvature, ...): no full
non-linear description, only post-Newtonian

* Propagation (Lorentz violations, graviton mass, ...): GR-like
BBH dynamics, but modified GW propagation

* non-GR BHs (extra-fields, exotic objects):
 Anomalous quadrupole moments
e ringdown spectrum
e Echoes

e Dark matter

Theory Field Strong  Massless Lorentz  Linear  Weak Well-
content EP graviton symmetry 71, EP posed?
Extra scalar field
Scalar-tensor S X v v v v v [34]
Multiscalar S X v v v v v [38]
Metric f(R) S X v v v v v [40,41]
Quadratic gravity
Gauss-Bonnet S X v v v v V7
Chern-Simons P X v v v v Xv'? [44]
Generic S/P X v v v v 7
Horndeski S X v v v v V7
Lorentz-violating
HE-gravity SV X v X v v v'7?
Khronometric/
Horava-Lifshitz S X v X v v V7
n-DBI S X v X v v ?
Massive gravity
dRGT /Bimetric SVT X X v v v ?
Galileon S X v v v v V7
Nondynamical fields
Palatini f(R) —~ v v v X v v
Eddington-Born-Infeld — v v v X v ?
Others, not covered here
TeVeS SVT X v v v v ?
f(R)L, ? X v v v X ?
f(T) ? X v X v v ?

Berti+,1501.07274

Walter Del Pozzo 15
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|#) v Self-consistency approach

&)

* Multitude of potential extensions

* Modelling limitations imply agnosticism

e Assume we know GR

* overall and selt-consistency checks

* perturb around the GR expectation and let
the data speak

 GW generatio
polarizations,

N, propagation and

BH ringdown hypothesis, post-

merger echoes

Event

Tests performed

RT IMR PAR SIM MDR POL RD ECH

GW191109.010717
GW191129_.134029
GW191204_171526
GW191215.223052
GW191216.213338
GW191222_033537
GW200115-042309
GW200129_065458
GW200202-154313
GW200208-130117
GW200219.094415
GW200224 222234
GW200225.060421
GW200311_115853
GW200316-215756

N AN NSNSNSNSNSNSNSNSNSNASS

NSNS NN

- - - v v/
v v v/ - v
v v v v -/
- - v vV -/
v v v v -/
- - v vV v/
- — - =/
v v v v v/
v - v - -/
- - v v -/
- - v vV -/
- - v vV S/
v v v v -/
v - v v v/
/S - - =

LVK, arXiv:2112.06861
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e consistency tests of predictions vs .

q
§ ) 7
= = Null hypothesis / 1.5

d at a o5 GV Vopenirement //// o 4 - 4-
%0 j% 0.5- 2" 27
* consistency checks of GW emission - " @@ sl @@-
model using different data <
portions (inspiral-merger-ringdown) I I
» tests of GW generation
» Remnant properties ) , 3 A
* tests of GW propagation N . Y/ '

LVK, arXiv:2112.06861
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|17) niGravitational wave polarisation states )

WIll, arXiv:1403.7377

y y
O] O] Y O

» Gravitational waves in general relativity R O N
are transverse, tensorial waves c

* Extensions to general relativity predict up TN
to six polarisation states ANE

e WO transverse tensor states General Relafivity

GR in noncompactified 4/6D Minkowski
Einstein-Ather

* Two longitudinal vector states

5D Kaluza-Klein

Randall-Sundrum braneworld

* [wo scalar states, one longitudinal and bvali Gabadadze-Porati braneworic
one “preathing’ srans-Dicke

f(R) gravity

Bimetric theory

Four-Vector Gravity -
Phys. Rev

Rev. D 79, 082002 (2009) [except G4v & Eins ] 1 / depends / forbidden

Walter Del Pozzo 18 CSN2, Venezia, 7th Apr 2025
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&)

 BH responds to perturbations by
‘ringing” (Vishveshawara 70,
Press 71, Ruftini et al, 72,
Chandrasekhar 75)

e Quasi-normal modes excited by
ight-ring crossing (Goebel 72)

A
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1#) v The nature of the final object V)

 Simple waveform:

[
(\®)
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| — IMR({=2,m=2,n=0)

_ t—tg
) = 3 A5 cos(nintt — 1) + i)
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 Central frequencies w,;,, and decay
times 7,,;,, are functions of BH mass

and spin only (manifestation of the
BH unigueness hypothesis, Bertl et : 5 5
al arXiv:05121 60) 7 SR RTUR ;TR S N I 4

(@)
.
<
D

QNM decay time (ms)

200 220 240 260 280 300

* First observation: GW150914 QNM frequency (Hz)

LVC,arXiv:1602.0384 1
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7). G GWTC-3 Ringdown P

Tmi”

Istituto Nazionale di Fisica Nucleare

* Ringdown observed in several BBH T
remnants E 2.0-
%1.5-

» pyRing (Carullo et al, arXiv:1902.07527): £ 1o-
ringdown only time domain analysis £ 05-

0.0

* pSEO SNR (GhOSh et al, —1.0 —0.5 5(}2(; 0.5 1.0
arXiv:2104.01906): modified SEOBNR

waveform L P 'J;’i P awisools
- | GW200129 065458
25 - = combined |
» Independent determination of final L D
parameters 3 020l —_"\
* Jests of BH unigueness ~0.125 - 1
log BGR nGR ™ | ~050 S 5 b.glsd 5621000
’ 0 f220
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1#7) G Higher angular modes )

Gossan et al, arXiv:1111.5819

(500 M, 0.61)

501

* As the number of detected events will increase,
so will the possibility of detecting soof |-
[> 2, m# 2 modes

BH mass in 102 Mo

4986 0.61 0615 062
Dimensionless BH spin

* Multi-mode BH spectroscopy

1.0

0.8F

 Smoking gun for violations of BH uniqueness
theorems 5

0.6

0.4

0.2

0060 80 100 120 140 160

My [Mo)
Gennari et al, arXiv:2312.12515
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L 1 E D53
10722

 EU proposal for 3rd generation
detector

—

-
()
o

—_—

-
o
4

10 km arm length, undergrouna

ASD of strain [1/Hz!/?]

' ' , I Median source
* [riangular configuration 025 | Best 10% of sources )
e pamaisouree .0, DOMOI08A4561-63A2abd1ds
10° 10° 10°
® Redundancy _ Frequency |Hz]

ET Design Report Update 2020

Walter Del Pozzo 23 CSN2, Venezia, 7th Apr 2025



[ANCE Finstein telescope e

Dipartimento di Fisica “E. Fermi”

N Istituto Nazionale di Fisica Nucleare
UNIVERSITA DI P1SA

PAPER - OPEN ACCESS
Science with the Einstein Telescope: a comparison of
different designs
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 Long baseline: 2.5 Mkm

e Sensitivity bucket ~ mHz

Sun

 Mission duration: 4 to 10 years

 Dominating laser phase noise:
synthetic interferometry (TDI)

» LISA Red Book: arXiv:2402.07571 \! o * W

Walter Del Pozzo 25 CSN2, Venezia, 7th Apr 2025
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e Mission Formulation Review v

e Towards Mission Adoption  Redbook

» Consortium reshaping  [Launch expected in 2034
Pertormance Experts, Data Analysis

Experts Groups

Science Program Committee (SP(C) Science Program Committee (SP(C)

. Informed Decision
L | Selected for study Mission Adoption
miiestones A A
Proposal Phase Phase 0 Phase A Phase Bl Phase B2/C/D Phase E
j . - | | ]I - E
o Group of Assessment Phase Feasibility Phase Refinement Phase Implementation
| S scientists . Is this mission technically i Two competing prime contractors . Refine Mission Definition . One Prime Contractor chosen
oN p : : ! -
proposes the idea . possible? . Developing first designs of the mission i Get ready for Implementation Now we build the mission!
to ESA . What needs to be developed? . Choose final Design '
. What are the first requirements? Write the big mission document - the Red Book
Propbsal Mission Definition Mission Consolidation Mission Formulation Mission Adoption Launch
e Selection Review (MDR) Review (MCR) Review (MFR) Review (MAR)
Final Documents Proposal CDF Report Industrial & Inst Data Packs: Industrial & Inst Data Packs: Data Pack:
(Technical & Programmatic) (Tech & Programmatic) (Tech & Programmatic)
& Red Book
JAN 2017 DEC 2017 DEC 2019 DEC 2021
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e Several classes of compact binaries

10" e ——rrrrrr———rrrr———rrerrer——rrrrn
expeCted \l"lllll Galactic Background
| \ hour, § MBHBs at z = 3
, _ , -17 \ ¥ Verification Binaries |-
« Supermassive black hole binaries (SMBH) 19 " F '\ T EMRI Hoomice |3
k= i 1\ T gay — LIGO-type BHBs
. . = 18| | | 0" Mo | (“\\'1-'»()‘0114 | |
» Stellar mass black hole binaries (sBH) & 107k \ Cal. Bin. (SNR> 7 |
& : \\1'.‘1!' -~ ral. . (Ol A~
. N !
i \
* Double white dwarfs BRI .
& . \
_ o = \
* Extreme mass ratio inspirals < |
— -20 |
O 107
» Stochastic signals | Oboecvatory
10-21 b - = lotal \
* Astrophysical background o7 TR S NN
107 107 107 107 10" 10°
» Cosmological background Frequency (Hz)
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%) (ONR GW data analysis 6
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e GW data analysis relies WWI\W/\M/
on Bayes [heorem : v

- =—= L1 observed —
H1 observed (shifted, inverted)
1

» Parameter estimation: . 030 035 040 045
p(D ‘ OHI ) - , Overall
p(@ | D HI) — p(@ ‘ HI) L — :;\/IORI;PNh:nom
p(D|HI)

c
© 0.0

e Model selection:

p(H|I)p(D|HI) p(H1|I)

Or2 = p(Ho|Dp(D|HoI) ~ p(Ha|I) B ' ﬁ
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Hanford

e (Sravitational wave events are

rare e
J\NV\/\WW\NWV\‘% 'Jh‘- 'f v"awlﬁ'.'u‘l': | L “‘ lll m T

e Noise dominated detectors

| _ 512
 \We can search for events with 2 e
matched filtering >
Y 128

Q
. . 3 64

* Noise properties can be D
= 32

iINndependently determined
-1.0 -0.8 -0.6 —0.4 —-0.2 0.0 —
Time (s)
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2.O_le—21
1.5 -
* Signal dominated detector Lo-
0.5 -
 Unknown and unspecified 5 o
sources are present at all times .
—1.0 -
* No clear access to noise properties

(I) 1OOIOOO ZOOIOOO 300|OOO 4OOIOOO SOOIOOO 600|OOO
time(s)
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7) (nv The LISA data analysis problem £9)

R

e [he data model

K N,
d(t) =n(®)+ ), ) h(t:6)

c=1 j=1

« with K the (unknown) number of classes of
signals (e.g. c = SMBH, sBH, EMRI, ...) anc
N is the unknown number of signals per class

* [he challenge Is to estimate the joint posterior
for all sources, their numbers and their

astrophysical distribu

tions, |jointly with the

detector and noise

odels

INstr

Walter Del Pozzo
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10 Fr———m 5
Wavelorms f— v |
[ (2, +0.85, +0.85)
. 107} - (3,+0.85,+0.85)
» Monochromatic (DWDs) & |
N | p—————
 Drifting sources (BBHs) & e —
e Chirping sources (SMBBHs) & 10 |

20 40 60 80 100 120 140 160 180 200

» Unresolvable (SGWBs) 7 M/M,

3 4
» |nstrumental artifacts (Glitch) & Good enough for SNR ~ 107 — 10™7
« Multiband sources 7 Efficient enough?

* Polichromatic (EMRIs) ongoing

Nagar et al, arXiv:1806.01772
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177 e Challenges - Noise £

Istituto Nazionale di Fisica Nucleare

* Noise modelling is difficult D0 || cumspinett — :
‘; w b Lorentzian fit - )
* No “off-source” estimation S el |-
* Marginalise over noise properties? g el UL
* Simultaneously model signal(s) and noise frequency (Hz)
 BayesLine (Littenberg & Cornish, 107
arXiv:1410.3852) S0
« MAXENT (Martini et al, arXiv:2106.09499) - bo
» Computationally expensive g %

200 400 600 800 1000 1200 1400 1600
frequency (Hz)
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NN Challenges - Data gaps and glitches

&)

 Data taking will not be continuous

 Scheduled interruptions
e (Glitches
 Complicated windowing?

e [ arge computation cost (e.g.
Burke et al arXiv:2502.17426)

 [Ime domain analysis?

0.8
,_\(’).6‘ ll J ‘ '
ST """lH'""u MH" n
0.4
0.2-
0.0-
0.0 0.5 1.0 1.5 2.0 2.5 3.0 ]
t [ % 107
(a) Full distribution of Scheduled gaps
1.0 N N M NN B 1 N
0.8
0.6
" 04
0.2
0.0 0.5 1.0 1.5 2.0 2.5 3.0 ]
t [s] x 107

(c) Full distribution of Unscheduled gaps

Dey et al, arXiv:2104.12646
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|#) ¢w - Challenges - overlapping signals

o Istituto Nazionale di Fisica Nucleare

e Unknown number of sources but one
recovered source

+0.021
0.670 {3

1
lOgg(dEhO +h1|90)N—E(d—h(eo)‘d—h(eo))z 2;5’
1 & -
~—=(h;/h;) + (hylh )
SNR% 001 SNRO SNR1 %
* Non-negligible bias in recovered = e Ll 4
-
parameters P | |
 Conseqguences for astrophysics, @ ‘ (
cosmology and fundamental 3 il | o | i
physics ‘ { Al
T R T et 5 o o
Rosso, Buscicchio, DP in preparation
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1#) G Challenges - Algorithms £9)
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New Data

l

* Block Gibbs sampling

Stochastic

e« Sample each “block”
iIndependently, conditioned on
everything else

UCB

* Reversible-dump MCMC

. SMBH
* |terate and hope It converges \

SOBH

Littenberg et al, arXiv:2004.08464
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Z) (NN Where do we stand? &)

Dipartimento di Fisica “E. Fermi”
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Littenberg et al, arXiv:2004.08464
Littenberg & Cornish, arXiv:2301.03673

WWM M'IIM }RMWWM nwm mfwnmuﬂ“l%m l.' | ﬂ;; ;
]“‘ 1u ||’| ] '|t| { 1‘,,] [ | bl J| i I‘I

1 l
3.980 3.98;) 3.990 3.99 4. ()()() 4. ()()

1()~38 -

* A few prototype analyses focusing on
IMMMM
i

A[?

DWD+5SMBH

1044

1() —~38
- data

 Encouraging results

1040 4 4 'l
e,
— : l\ MMT (A LU | m“ Illl M“ s Ll |
—_— | AN | |||'I .“ T LA | '1.
 VERY expensive | A dnmln.'lm' M*A 1 T M |
3.988 3.990 3.992 3.994 3.9.()()' 3.998
[ mHz
o Still many simplifying assumptions
g Le-19 ' 9000
[(
700 A 3 - Tl fFFFF FFFFFFF+FFFFF 54 s L5 FF £ 3+ 31+ 18000
- 20 ++I++++++++ I ..'i'...'t Oooc_7000
600 - - 2 L+ I I Lot OoOOOOO
= > + ° o ©O - 6000 A
;500— SR OF A - 15 1 - I |I ..0.0‘;£OO.OOO ?é
£ 100 o Total time/cost o~ P 0 . ' ' | - 0000 -
-+ = N
o %GB time/cost . = S b B SRRTOToE ST | N — . . 4000 2
= -10 & o ® o O e =
S 300 X MBHB time/cost O —11 I s 0?0009 I | D% Data L3000 >
- L *L00° I V s TDI X Injected MBHBs z
8—5 200 - e —2 1 - - C.) o © i TDI X Recovered MBHBs |+ 2000
®* 0 e Recovered GBs
100 - -3 1 e O i
& &0 | O Matched GBs 1000
O - - | | O —4 A Q 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 | 1 I 1 1 1 I 1 O
0 10 20 30 4() 50 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
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Strub et al, arXiv:2403.15318
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LISA DDPC

&)

* Distributed Data Processing
Centre

* Responsible for the preparation,
and analysis of LISA data at
(almost) all levels

e from the TDI| combinations to
the generation of the final
catalogue

 Funded by the National Agencies
(ASI for ltaly)

Source type | CPU-hours | Scratch volume | Informative volume
Galaxy (180-250)K | (260-2000)GB 120GB
MBHDBs (1.2-300)K (5-50)TB (0.6-6)GB
EMRIs (4-6)M (16-24)TB (12-20)GB
SBBHs 14M 100TB 200MB

Noise (0.5-3)K (50-260)GB (1-5)GB
Per year of data = CPU-hours | Scratch volume | Informative volume
#1 With SBBH 30M 500TB 160GB
#1 without SBBH 17M 22518 160GB
#2 with SBBH | (14.5-52.5)M 500TB 160GB
#2 without (7.5-15)M 225TB 160GB
Low-latency 550K 52TB 6GB

Walter Del Pozzo
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7) (ned talian contributions (to date) £5)

....................
llllllllllllllllllllllllllllllllllllllllllllllllllll

e ASI:

* Responsible for the Italian DCC

* Supporting DDPC activities through a contract with University of Trento (3 LISA
DA-dedicated postdocs: 1 UNIMIB, 1 SISSA, 1 UniPi)

* Universities:
* Main actors so far: UNIMIB, SISSA, Pisa (DA), Trento (HW), Roma 2 (starting)

* INAF:

* Interested in joining the DDPC
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* Continuous time MCMC algorithms are Markov processes where
the transitions are governed by Poisson distribution

p) ~e 4

* Hence, for a given (arbitrary) number of states

I I — ) A
p ( Ql ) ~ € Zl l Tree distribution — CT-MCMC algorithm Estimated tree
. Tt e« » RJ-MCMC algorithm T} distribution
l
. . . . . . . o T, F ————— - T,
« At any given fixed time, the chain is in state Qj with probabillity b ) e
ﬂ . = Tl W, ¢ Ty [
pi== R i S
j o = Te - T =
z k Ak l;r(rldata) t=1 tlz t=3 ti; t; t:6 t%7 time T’T‘(rldata')

o |f we define the states Qj as “there are J signals with parameters
{(9}]-”, all we need to do is to estimate the associated rate
parameters
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Astorino, Buscicchio, Valbusa Dall’Armi, DP, Pomper, in preparation
200 —30 - 1.0 ' N = 100t888
| o
0 | ANt -a0 2 0.5
S / B
T ~30
S S 0.0 - . .
S 0 L ][ 1 Cag 0 15 20 25 3.0
E 200 - /\ &
g_o 05 F 37
" " Py wnY. - ___________ |
* |dea is to associate the probability of el 1 T
- —50 2
~0.05 %

a state* to the time the chain spent in R,
that State p( I I Q] ‘ D) O( {T}] DWD:NumberofSigmalsmparamewbino 20000 4ooooN6oooo 80000100000

1.0 -
£ 0.5-

-] h
0.0 -

0.001 0.002 0.003 0.004 0.005 0.006 0.007
Frequency

E(n in N)
o | p(npin | N)p(N)
1.00
0.75
0.50
0.25
e, 30.00
3
0.00
A N
requency &00&006 1

*: a state i1s a given number of sources per class with a given set of parameters
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* Virgo and LIGO are paving the way for GW astrophysics
e Several novel results In many different sub-fields

 Next generation detectors present several challenges that need to be
overcome

 Modelling
 Computational

e A conversation between the LISA and INFN communities has started

e Joint informal workshop held on 27th Feb 2025
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