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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
[W. Freedman, Nature Astronomy, 1, 0169 (2017)]
80 ____ KIP T T 7 T T T T T T T ] ]
SH,ES
H (Z ) 3 4 5 . T B OSHOESCHP g
= Uno(1+2)* + 0+ Qr(1+2)4 + Q1 +2)7 | T 0 H’ SHaES
= | ]
Hubble Dark matter Dark energy Radiation Curvature oW A { _
€ 70k ]
constant 22 T hiArS e
= WMAP5 E i
- WMAP1 WMAPT T piseeaq)
Despite its success in the standard cosmological model suffers: i P13 ]
- - H Distancle Ladder A A(fDM I
. . . 2000 2005 2010 2015
> Theoretical issues: What is the nature of Dark Energy? Publication Year

> Observational issues: Why the measure of the Hubble constant does not agree at the level of
the CMB and today? [A. Reiss, ApJL 934 (2022)]
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Gravitational Waves from cosmic distances

O
Source frame
5/4(4+ _ $\—1/4
O S
Detector frame
Redshifted chirp Detector time
mass
h(tdet) . IM(1 + z)]5/4(t21et B tdet)—1/4 e

dr,

Luminosity distance
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Gravitational Waves from cosmic distances

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 coalescenses
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Gravitational Waves from cosmic distances

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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Bright sirens: Cosmology with GW170817

O
. 50
e GW170817: Abinary neutron star merger
detected by LIGO and Virgo. From the GW,
source distance ~ 40 Mpc [LvK+ ApJL, 848 (2017)]. #07
— 30
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Bright sirens: Cosmology with GW170817

O
50
e GW170817: Abinary neutron star merger + GW170817
detected by LIGO and Virgo. From the GW, 40 - !
source distance ~ 40 Mpc [LvK+ ApJL, 848 (2017)].
e Short Gamma-ray burst and Kilonova: Two g >°
associated EM counterparts allowed the %
identification of the source host galaxy S 20 -
NGC4993.
10 -
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Bright sirens: Cosmology with GW170817

50

e GW170817: Abinary neutron star merger
detected by LIGO and Virgo. From the GW,

source distance ~ 40 Mpc [LvK+ ApJL, 848 (2017)]. 5

e Short Gamma-ray burst and Kilonova: Two — 30 -

. O
associated EM counterparts allowed the g
identification of the source host galaxy - 75 o
NGC4993.

[LVC+, Nature (2017)]
e This type of events will difficult to detect,we 10 -

= +12 -1 =1
might expect to have 0-10 others in the next Ho = 705" kms™Mpc

. GW170817
two observing runs [sm+ A&A (2017), Patricelli+, +

MNRAS (2022)] 0 . I I
0.000 0.005 0.010 0.015 0.020

z
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Dark sirens: Cosmology aided by galaxy surveys

O
GW190814
e Inthecase that the GW is not observed with
EM counterpart, we can use galaxy catalogs to Localization
identify possible galaxy hosts [Schutz, Nature volume 88,000
1986]. Mpc?
LVK, ApJL 896 (2020
e Galaxy surveys will provide possible redshifts. [ . ( !
/'-]9 |
e GW will provide luminosity distance. e
5 0
e Bestlocalized events provide better é kS '
constraints for cosmology. g
RGN '»I° WI“ X ,ql?’ ;I»“ ;IL°
Right Ascension [deg] Declination [deg]
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Dark sirens: Cosmology aided by galaxy surveys

O
4 6 8 10 12 14
Apparent magnitude
e A cosmological model has statistical support GW1908f4/ j |
when the. GW Iocall'zatlon matched an H, 67 7 K M ” g/Mp&/ I : i ‘K\J 002
overdensity of galaxies. 1 - Gw_elgog 14— | T -0
—H 2120 Hrn/s/Mpc i : —0.06
o Galaxy catalogs are not complete at higher 7'1 ] om0
redshifts, we need to apply correctionsin I IAL ST o S e R
order to now bias our analyses |R. Gray+, PRD AN /\ //‘ i
(2019)] oy \ ;:nnter galames\ 010




Spectral sirens: GW-only cosmology

O
e Many GW are detected with large sky 175 4 4+ 03 BBHSs IFAR>4 yr [
localizations and are very far (galaxy catalogs T8H o !
highly incomplete).
125 A
e |f BBHs are preferentially produced at a given g .
mass, we can exploit the mass-redshift K
relation to assign a redshift to the GW source £ 75 + —

[SM+, PRD 104 (2021)]. g S
i p=t >

R
25 ﬁ“ Excess of BBHs
M1 det = ml,s(l + Z)
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Spectral sirens: GW-only cosmology

If we assume an overdensity of BBHs
produced at 35 solar masses, some
“extreme” cosmologies can not fit the
overdensity of BBHs.
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Spectral sirens: GW-only cosmology

Density
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GW cosmology after GWTC-3

e During O1(~4 months):
o 3 confident BBHs

e During O2 (~8 months):
o 7 confident BBHs
o 1confident BNS+EM
counterpart

[ Redshifted masses
[0 Source masses

[ Redshifted masses
-7 Source masses

O

e During O3 (~12 months):

(@)

o O O O

2.00 A -
1.75 :
1.50 - :
1.25
1.00 -

Density
Density

0.75
0.50 A
0.25

0.00 T T T
0.5 1.0 1=

log10(m2/Mo)

Density [Gpc™!]

1 consistent with BNS masses (GW190425)
4 events compatible with NSBH masses

2 events compatible with BNS masses

~80 confident BBHs.

Tentative EM counterpart from GW190521

0.0 0.3 0.6 0.9 1.1

0.5 4
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See also Tab 1 from
2111.03604
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https://arxiv.org/abs/2111.03604

GW cosmology after GWTC-3: Spectral sirens

O
TRUNCATED BROKEN POWER LAW POWER LAW + PEAK MuLti PEAK
Gaussian
peak 1
g Gaussian
= Break peak 2
Sharp
RGO SHiG6E Smooth
fifii-on turn-on
my my ma mi
3.0 1
° Sever.al mass models include various scales to N Peak of SFR?
describe stellar processes [LVK+ 2021 ApJL 913 L7].
S 2.0
e Asaconsequence, the masses of GW =
observations are redshifted by the expansion of 1
the Universe [Ye+ PRD 104 2021]. 05 1
0.0 1

T T T T T T
0 2 4 6 8 10
Redshift
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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

Population

parameters that——
correlate with HO

-

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

[LVK+, arXiv2111.03604 (Accepted ApJ)]

=

-

‘\‘/\{ 2l
v LY
<

“"\e

~n TS
tocht,

10.0 A

7.5

5.0 4 &

2.5

1 ~Su=?

6 2 ER- O g

T T T T

T
50 100 150 30
Hy[kms~!Mpc!]

Posteriors of H

Hg[Mo]

-» mu of the Gaussian peak, maximum mass of

T T
100 150 5 10
Mumax[Mo ] 4

Simone Mastrogiovanni - Vulcano Workshop 2022 - Sept 26th Elba Island




GW cosmology after GWTC-3: Spectral sirens

The only EM information is the
counterpart of GW170817

H, posterior of the 3 mass models
combined with GW 170817
posterior

p(Hg|x) [km~!s Mpc]

0.05

O
[LVK+, arXiv2111.03604 (Accepted ApJ)]
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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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13.00

13.50 14.00

[LVK+, arXiv 2111.03604 (Accepted ApJ)]
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GW cosmology after GWTC-3: Dark sirens

O
[LVK+, arXiv 2111.03604 (Accepted ApJ)]
0.06
H,=68+8-6 — GW170817
km/s/Mpc «  F Al T Empty catalog
L ween K-band with GW170817
Main result of the paper 0.05 \ == K-band
showing various HO posteriors. g, anck
s 0.04 4 H =67+13-12 SHOES
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GW cosmology after GWTC-3: Dark sirens

O
=== K-band, pg=30Me
0.05 —.- Kband, p=2.59
~.=. K-band, mp,, =150M,
g oot g e,
g ~~~~~~ Empty catalog
. , 7 003 Setoes
Systematic plot showing the HO E ~ o
different posteriors when varying: < 0.02 1
=
. 0.01 ~
1) population parameters (top plot)
0.00 e
2) galaxy catalog parameters — el
----- -band, unweighte
(bottom plot) — Kband
------ Empty catalog
= 0.04 A Planck
§ SHOES
'Tm 0.03 + T
g /
% 0.02 A
0.01 A
0.00 T T
20 100 120 140

Varying certain
population
parameters
affects the HO
posterior
significantly

Varying galaxy
catalog
parameters
affects the HO
posterior only
marginally
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GW cosmology after GWTC-3: Dark sirens

o . .
Schechtey luminosity Schechterlumlnos.lty
ob d Bj-band function K-band , function
serveda vs H - :
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GW cosmology after GWTC-3: Conclusions

Using GWTC-1 Using GWTC-3
0.06 =
= Joint BBH+GW170817 Counterpart 0.06 - GW170817
= Joint BBH
----- Empty catalog
0.05 T FOSH T CouGpar) 0.05 - s K-band with GW170817
= = Prior (Uniform) N
= Planck — — :l-ban:
g —— SHOES ) anc
< 004 i . E‘ 0.04 SHOES
" w
o T
0.03 -
iE‘, é 0.03
S z
o -
E/ 0.02 T 0.02
=Y IS8
0.01 4 0.01 A
i
0.00 ; - — : 0.00
20 40 60 80 100 120 140 20 40 60 80 100 120 140

Hy (km s~ ! Mpc™!
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Key messages:
e Hconstraint still driven by the bright siren GW170817, but dark sirens are already making a
significant difference.
e Without very good sky localizations, results are sensitive to BH population model parameters.
e For O4 and beyond: higher GW event rates - plus deeper galaxy surveys and improved
(cosmo+pop) modelling
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GW cosmology after GWTC-3: Conclusions

O
SVOM
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GW cosmology after GWTC-3: Conclusions

O
107 -
j —— BBHs
106 1 BNSs -
105
The era of 3G detectors is going to be absolutely T o ,
amazing: 2K 10°
10? -. i -
e Potentially no selection bias for BBHs, almost o | From current LVK rates
100000 detections per year. -
‘\\ \\ \\\ ——
. . 9 AR YA
e Some selection bias for BNSs, but we are almost = B R
. L
complete up to redshift O.5. .- gy L YL N
g L popt>6 ‘\ \\ N
D G Popt > 9 j\\,. \,\\ ~t"7-'p\——-,-.-..,.
8 — D12 N |
- \ ~
Q 20 --- BNSs W =TT Py
—— BBHSs R B SR
9 7 T T T
1071 10° 101

SM+, arXiv 2209.11658
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(o,
Thank you for your attention
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Pulsational pair instability

O Credit: LVK BBHs population webinar 2021

Decrease in

® Massive stars shed mass in ‘pulses’. outward pressure

® Produce stars of similar mass, which collapse
to form black holes around ~ 35 to 45 M©

er e~ // ] .
,\ (o (@ )
\
" : L ©
ile-up : b \ /
peak N
2> Core cou.apse
el superhova
3
<) q e
o p A Black hole
N @
A

v

Black hole mass [M,] Stars of masses ~ 80M, — 130M,, at ZAMS
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GW cosmology after GWTC-3: Conclusions

O
A\ >4

Data Analysis (e.g. Bayesian inference)

rate formation channels

[ Star formation J[ Astrophysical J

(\:‘.: Universe expansion

e Dol need to worry about
calibration?

° Do we need to take into
account the Universe

1
I
I
1
1
I
® |sthe mass spectrum evolving, for :
I
I clustering properties?
1
1
I
I
1
1
I
I
1

what kind of sources?

° Until what extent | should believe

e Do spins prefer some mass ranges? _
the waveform approximants?

e  When | will need to worry
about weak and strong
lensing?

e  Will eccentricity introduce a

oreference for some mass ranges? ° How do | evaluate selection biases

using injections for ET and CE?

e Does the spin distribution evolves ®  Are there deviations from
with redshift? GR?
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GW190814

O
K-band, 90% CI GW area (mu,=13.72)
150
= Unif i 1
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. . -~~~ weighte
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Galaxy catalog completeness: Fraction of galaxies with absolute magnitude

brighter than a magnitude threshold

p(G|z, HO)

p(G|z, HO)

Bj-band

1.0 —— 11% sky with mgp, < 16.7
0.8 1 —— 23% sky with mg,, = 18.1
—— 53% sky with mgy < 19.7
0.6 1 —— 83% sky with my, < 19.9
0.4 - 95% sky with my,y =< 20.0
0.2
0.0
T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
74
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1.0 - )
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0.4 —— 95% sky with myr< 13.9
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GWTC-3 distribution
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