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The standard cosmological model?

O
For almost 100 years, we have been measuring the expansion of the Universe

Velocity (£ Hubble 1929] [G. Risalti et al, Nature 2023]
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The standard cosmological model?

O

According to General Relativity, and confirmed by many observations, the Universe is expanding with a
rate described by

H(z Critical density
) oL+ 2 + O+ (1 + 2% + Qu(1 + 2)2
Hy 9
3H
Hubble Dark matter Darkenergy Radiation Curvature Pec =
constant ST G
The cosmic expansion offers us many potential discoveries: Energy density
e What are the energy species living in our Universe?
Ox = PX
e [s General Relativity valid on cosmological scales? Pe

e What are the average and critical densities of the Universe?
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How have been measuring the Universe expansion so far?

O
Direct (Standard Candles) Indirect (Standard Candles)

e Cepheids, Supernovae Type IA, Active
Galactic nuclei ,Kilonovae (?) and short
Gamma-ray Burst

e Cosmic Microwave Background temperature
fluctuations, Baryonic nucleosynthesis

) ) e lIssues: Cosmic variance (a single Universe)
e Issues: Requires complex astrophysical

calibration
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Measurements of the Hubble constant

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £0.53
Pogosian et al. (2020), eBOSS+Planck Q,,H*: 69.6+ 1.8
Aghanim et al. {2020), Planck 2018: 67.27 £ 0.60

Aghanim et al. (2020}, Planck 2018+CMB lensing: 67.36 = 0.54
Ade et al. {2016), Planck 2015, Hy = 67.27 = 0.66

CMB without Planck

Dutcher et al. (2021}, SPT: 68.8 = 1.5

Aiola et al. (2020), ACT: 67.9 = 1.5

Aiola et al. (2020), WMAPI+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP+BAQ: 68.3620 %}
Hinshaw et al. (2013), WMAP9: 70.0 £ 4.2

No CMB, with BBN

D'Amico et al. (2020), BOSS DR12+BBN: 68.5£2.2
Colas et al, {2020), BOSS DR12+BBN: 68.7 1.5
Philcox et al. {2020), P,+BAOC+BEN: 68.6 =1.1
Ivanov et al. (2020}, BOSS+BBN: 67.9= 1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35=0.97

Pi(k) + CMB lensing
Philcox et al. {2020), P,(k)+CMB lensing: 70.613 7

l HH] ];{[I Hif

Indirect
Direct

Cepheids — SNla

Riess et al. (2020), R20: 73.2+1.3

Breuval et al, (2020): 72.8 £ 2.7

Riess et al, (2019}, R19: 74.0£1.4

Camarena, Marra (2019): 754 £ 1.7

Burns et al, (2018): 73.2x 2

Dhawan, Jha, Leibundgut (2017), NIR: 72,8 £ 3.
Follin, Knox (2017): 7331

Feeney, Mortlock, Dalmasse (2017): 73.2 £ 1
Riess et al. (2016}, R16: 73.2=1.7

Cardona, Kunz, Pettorino (2016), HPs: 73.8 +2.1
Freedman et al. (2012): 74.3+2.1

TRGB - SNla
Soltis, Casertano, Riess (2020): 72.1=2.0
Freedman et al. (2020): 69.6 =
Reid, Pesce, Riess {2019), SHOES: 71.1 =
Freedman et al. (2019): 69.8+ 1.
Yuan et al. (2019): 72.4 £ 2.
Jang, Lee (2017): 71.2+25

Miras — SNla
Huang et al. (2019): 73.32 4.0

Masers
Pesce et al. (2020): 73.9=3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0+2.6
Schombert, McGaugh, Lelli (2020): 75.1 2.8

Surface Brightness Fluctuations
Blakeslee et al. {2021) IR-SBF w/ HST: 73.3%2.5
Khetan et al. (2020) w/ LMC DEB: 711 4.1

SNl
de Jaeger et al. {2020): 75.8%3]

HIl galaxies

Fernandez Arenas et al. {2018): 71.0 £ 3.5

L ing related, mass S hacan:
- Denzel et al. (2021): .:.HM.M

drrer et al. {2020), TDCOSMO+SLACS: 67.41%3, TDCOSMO: 74. 5:31
Yang, Birrer, Hu {2020): Hy = 73.65'1%:

Millon et al. (2020), TDCOSMO: 74.2= 16

Baxter et al. (2020): 73.5+5.3

Qletal. (2020): 736712
Liao et al, (2020): 72.8-1%

Liao et al. {2019): 722+ 2.

Shajib et al. (2019), STRIDES: 74.27

Wiong et al. (2019), HOLICOW 2019: 73.3%}
Birrer et al. (2018), HOLICOW 2018: 72.5-1
Bonvin et al. (2016), HOLICOW 2016: 71,973

Optimistic average

DBi Valentine {2021): 72.94 £ 0.75

tra — conservative, no Cepheids, no lensing
Di'Valentino (2021): 72.7 =171

[Di Valentino, E. CQG 38 (2021)]

GW related

Gayathrl et al. (2020), GW190521+GW170817: 73.4 uwow

Mukherjee et al. (2020), GW170817+ZTF: 67.613

Mukherjee et al. (2019}, GW170817+VLBI: mw.muz
Abbott et al. (2017}, GW170817: 70.01}¢
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direct and indirect
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Gravitational Wave sources at cosmological scales

O
B. P. Abbott et al. PRL 116,061102 (2016)
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Gravitational Waves from cosmic distances

O
Source frame
5/4(4 _ 4\—1/4
O S
Detector frame
Redshifted chirp Detector time
mass
h(tdet) N [./\/l(l 4+ Z)]5/4(tcciet _ tdet)—1/4 6¢(t)

dr,

Luminosity distance
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Gravitational Wave sources at cosmological scales

O

In order to measure the expansion of the Universe we need to know the source’s distance and

1AU 1pc 100 pc 1 kpc 100 kpc 1Mpc 100Mpc 1Gpc 10 Gpc

Distances with Electromagnetic observations

Radar Cepheids

Parallax Type la Supernovae

Distances with GW observations

Compact binary coalescences
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Gravitational Wave sources at cosmological scales

O

From GWSs we can not measure the source redshift (escaping velocity)

In recent years, we used several methods to assign a redshift to GW sources

An associated Electromagnetic (EM) counterpart (GRB, Kilonova etc...) can
provide the identification of the host galaxy.

Galaxy surveys can be used to identify possible hosts in the GW localization
volume.

Knowledge of the source-frame mass distribution can be used to
assign a redshift to GW sources.
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GW170817 + EM transients

At 12:41:04 UTC a GW from the merger
of two neutron stars is detected

e +2seconds later Integral and
Fermi detect a GRB.

e ~10hrslater a kilonova emission
from NGC4993 is observed.

With GW170817 we have been
provided:

e Luminosity distance from
GW170817.

e Redshift identification of the host
galaxy from NGC4993.

e Peculiar motion of NGC4993.
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Bright sirens: Cosmology with GW170817
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Bright sirens: Cosmology with GW170817

O
GRB 60 :
Shocked B Afterglow e 1 _ I(-gl/sro Jet
'nrtnegztiilrfr ( > 50 - Y —— VLBI*LC Afte rgIOW
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Dark Sirens cosmology
Masses in the Stellar Grave_yard

GW Black Holes

‘919 &1




Spectral sirens: GW-only cosmology

e If we assume an overdensity of BBHs
produced at 35 solar masses, some
“extreme” cosmologies can not fit the
overdensity of BBHs.

Open questions

e Whatisthe mass and redshift
distribution of BBHs?

e Which are the various formation
channels for BBHs?

[M. Mapelli arXiv:2106.00699 for review]
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GW cosmology after GWTC-3: Spectral sirens

TRUNCATED

p(m)

Sharp
cut-off

BROKEN POWER LAW

Break

Smooth

POWER LAW + PEAK

Smooth

Gaussian
peak 1

MuLtl PEAK

Gaussian
peak 2

turn-on turn-on
my my ma mi

e Several mass models include various scales to describe 7 (\

stellar processes [LVK+ 2021 ApJL 913 L7]. >

Peak of SFR?

e Asaconsequence, the masses of GW observations are 220

redshifted by the expansion of the Universe [Ye+ PRD 104 = 15 ]

2021]. 10
e Open question: Are these models able to adapt to complex "

astrophysical observations? [Pierra+, PRD 109, 2024]
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GW cosmology after GWTC-3: Spectral sirens

O

-

The excess of BBHs around 35 solar
masses sets a scale for the redshift

and provides constraints on HO. N

Statistical result
with GW data only,
no galaxy catalog
information has
been used

[LVK+, ApJ 949 76 (2023)]

Population

parameters that——
correlate with HO

Posteriors of H , mu of the
Gaussian peak, maximum mass
of the BH and the merger rate

evolution.

Hy[kms~!Mpc!] Hg[Mo)
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GW cosmology after GWTC-3: Spectral sirens

‘o]
[LVK+, ApJ 949 76 (2023)]
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Dark sirens: Cosmology aided by galaxy surveys

O
8

4 6 10 12 14
Apparent magnitude

e A cosmological model has statistical support
when the GW localization matched an ‘ ‘
overdensity of galaxies. GW1 90814

H, 67 7kni/s/Mpé -0.02
e Galaxy catalogs are not complete at higher Ry G GW190814 ~0.04
redshifts, we need to apply corrections in T ‘ , o Hp=120 “m/S/MPC N &
order to now bias our analyses [R. Gray+, PRD 99 .. 7\ Fo | — f ~{ 0.0
(2019)]. 4 S R S e VAT
A — | o4
e Open question: How does galaxy properties D F,a'i’hter gal a"X",egf/f
correlate with CBC hosting? [Perna, SM, 2405.07904] e 0.10
o  Two main actors: Star Formation rate and
total stellar mass [M. Artale +, MNRAS (2021)] 0.10 015 B
Ty 0.20
18
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Dark sirens: Cosmology aided by galaxy surveys

O
Red-luminous galaxies
Equal host probability preferred hosts
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[Mastrogiovanni+, PRD 2023]

GW hosting models will have an important impact for cosmology
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GW cosmology after GWTC-3: Dark sirens

GW190814
Sky area~ 20 5q. deg.

[Dalya+, MNRAS 479 (2018)]
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GW cosmology after GWTC-3: Dark sirens

O
[LVK+, ApJ 949 76 (2023)]
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Hierarchical Bayesian inference

Physics

Particles energy E are generated

with a gaussian distribution <
Particles arrive at our detectors,
due to noise | measure E <
obs
My experiment can detect Eobs ¢

only above a certain threshold

O
Statistics
1 dN
> Ppop (E|A) = NdE
) En(Eobs‘E)
> Pdet (E) — ['n(Eoble)dEobs
Einy
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Hierarchical Bayesian inference

O

The likelihood for an inhomogeneous Poisson process in presence of selection biases, for a constant rate in
detector time, is (see Mandel+ 2018 MNRAS, Vitale+ 2020)

Rate
obs
(:U|A) xXe Noxp H Tobs/»c Z‘l@ A)md@
Noise process
Expected dN
2::::;;:: NeXP — Obs/pdet(eaA)MdO.

Simone Mastrogiovanni


https://arxiv.org/abs/1809.02063
https://arxiv.org/abs/2007.05579

Hierarchical Bayesian inference

O
Integral over the events (numerator): Done summing over posterior samples

AN 1 < 1 dN
>

a(2]0, ) ——df ~ —
/L: (CB| ) WPE(Hj) dtdo j

dtdo Ny

Number of Prior used for Posterior
samples samples

Integral over the events (numerator): Done summing over posterior samples

Number of detected events

Tos &% 1 dN
Ngen ; mnj(ﬁj) dthj

Number of injections generated
(even not detected)

Nexp ~

Prior used for injections
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Hierarchical Bayesian inference

O
The hierarchical likelihood computed numerically is given by the equation below

Nobs
~ _Nexp ObS 1 dN
Lzlh) ~ e 1;[ Z: ) dtdd |,

Can we keep sampling this likelihood? Most likely no...

® Problem 1: Timing
® Problem 2: Numerical stability

® Problem 3: Rate modelling (Physics) - for another talk :)

25
Simone Mastrogiovanni




Hierarchical Bayesian inference

‘o)
Solution 1 Solution 2
® Graphical processing units ® Likelihood-free approaches
offer 2 order of magnitudes of (Normalizing flow) requires no
boost likelihood. {\ Z A (. DINGO)
= NPE weighted (PE: DINGO)
R |
e F|@-@ CPU Bid i s “{’ﬁ |
>0 147 [|E-E GPU TR |7
(GIN0)] 10 3 - E:,\ 5
= © 106 B a eﬁé&%:{% ﬂ? j
a g LT, LA
= : 80l Vel
103 10* 105 10° 107 108 Q;%égj‘f"y % i
Number of samples \EE
[SM+, A&A 682 (2024)] HollmsMo< 2 man Mo}

[Leyde+, PRD 109 (2024)]
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What is next for GW cosmology?

O

Improving the current detector network < 2035

World-wide GW detector network

May 15, 2024 GCN Circular Query

. T 1 per 6.0109e+12 years
00:53:01 UTC Notices | VOE :

LIGO-India

wved

i | 04 data taking, 97 new candidates



https://gracedb.ligo.org/superevents/public/O4/

Detection ranges of 3G detectors

Detection prospects for Einstein Telescope

HFLF cryogenic

102+

10* 5
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M. Branchesi, JCAPO7(2023)068
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. Detection prospects for LISA

O

3000

M (My)
P. Amaro-Seoane arXiv 1702.00786 28




Conclusions: A snapshot for the expected numbers

Number of observed sources
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o,

Thank you for your attention
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Schechter luminosity Schechter luminosity

Robust assumptions? - / function | function
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Gravitational Wave sources at cosmological scales

O
/. S ‘ 0 deg (Face-on)
LN : 3
>
1200 - ——— dominant multipole =
===-higher multipoles g—
higher multipoles G
1000 A and precession c
'©
o o
Qu m T T T T T
Z 800 = -04 -03 -02 -01 00 01 02
—
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Time [s]
600 1 / 4
7
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[B. P. Abbott, PRD 102, 043015]
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Dark sirens: Cosmology aided by galaxy surveys

O
GW190814
e Inthe case that the GW is not observed with o
EM counterpart, we can use galaxy catalogs to L’ocahzsa;gg 0
identify possible galaxy hosts [Schutz, Nature vo u"’:;pc3’

1986].
[LVK, ApJL 896 (2020)]

e Galaxy surveys will provide possible redshifts.
e GW will provide luminosity distance.

e Bestlocalized events provide better
constraints for cosmology.
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GW dark sirens, galaxies and cosmological properties

O

CBCs hosted by luminous galaxies:

O

O

CBCs hosted by all the galaxy type:

O

we can exclude lower HO values

The rate of CBC mergers per galaxy should

be 1 every 100’000 years.

Lower values of HO can not be easily

excluded

The rate of CBC merger per galaxy should be

1 every 1,000,000 years.
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[Mastrogiovanni+, PRD 2023]
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Dark sirens with 2.5 Generation GW detectors

Localization is of crucial importance for the
galaxy catalog method.

e About 3000 dark sirens will be localized
better than GW190814.

102

e ~5darksirens will be so well localized to
have ~1 galaxy in their localization N
volume.

e ~100dark sirens will have less than 1000
galaxies in their localization paper.

10!

e With one year of observation, constraint
on HO at the 5% precision
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GW and Large-scale structures

Redshift 2

Redshift 0 Redshift 1.5
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Possible redshift

Open question: How does GW track other Large-scale structure tracers? (Mostly galaxy clusters and HI maps)

[S. Libanore et al JCAP02(2021)035] 36

[ INFN {m Simone Mastrogiovanni




Normalizing flows for GW cosmology
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[Leyde+, PRD 109 (2024)]
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