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The Hubble constant tension: Do we really know all the
engines driving the Universe expansion? (uitetal, PRD 105 2022)].

75

Hy (km s Mpc™)

The nature of Dark Energy: How does it behave? What is its ]
Equation of state?

65

- KP
Standard Candles
SHoES
CHP
= SHES
SHoES
| | A
WMAP9
WMAP3
WMAP5
s WMAP7 E zm

Cosmic Microwave Background

Limitations for current cosmic probes

Standard Candles: Only local Universe and require calibration.

Cosmic Microwave Background: Only one, most of information <

already extracted. 2 \
<
Bl DESI BAO + CMB + PantheonPlus
! DESI BAO + CMB + Union3
BN DESI BAO + CMB + DESY5
-3 + T
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Mass ratio

M = (mam2)*

g m2)1/5

m7

Chirp Mass
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Orbital angular X
momentum \

_ X1cCos t1 + qx2 costo
Xeff = 1 + q

Effective spin parameter

4q + 3

—_ sin t
3¢+ 4 qdx2 2

Xp = max | x1 Sinty;

Precessing spin parameter
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SKy position

d,

Luminosity Distance

m1(1l+ z)
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GRB
Shocked Afterglow
interstellar 7
medium
GRB
Prompt emission
Jet Cocoon
Shock
. Breakout
\\“
Cocoon__‘
_ . Blue
\\ KN
-\ #

Wind + hydro
. (i
Ejecta 4

GRB central
Engine
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w
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25 T — T ..l

—— VLBI+LC
= GW+VLBI+LC

Afterglow
informed
cosmology

0 10 20 30 40 50

Oobs [degree]
[K. Hotokezaka, Nature Astronomy, 3(2019)]
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[Chen, H. MNRAS 513 (2022)]

— ACDM + w,, + GW170817
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T Planck 2018
B 0.05 SHOES
- GW170817 (prior)
1 —_—
18.8 i lE
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0.0 . \
1
58200 58300 58400 58500 58600 58700 58800 58900
MJD
[Graham, M.J. PRL 124 (2020)]
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e We detect many dark sirens for which we
can estimate the luminosity distance and
detector frame masses.

e We can leverage the detector
mass-luminosity distance relation to extract
cosmological information /S\/+, PRD 104
(2021)].

m1.det = M1s(1+ 2)
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TRUNCATED

p(ma)

Sharp
cut-off

BROKEN POWER LAW

POWER LAW + PEAK

Gaussian
peak

MuLtl PEAK

Gaussian
peak 1

Gaussian
peak 2

my

Current analyses use phenomenological parametric models for the source mass to fit alongside

coSmology /LVK+ 2021 ApJL 913 L7]

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

and provides constraints on HO. A

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

i -

™

s e )
4 ~0g
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‘
! N
o~ A
1R
r +
\ & P = ulP 2
o |6

A=t

“'\-__/\—

evolution. 50 100 150 20 40
Hylkms~!Mpc™] Hg[Mo)
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100 150
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The only EM information is the
counterpart of GW170817

H, posterior of the 3 mass models
combined with GW 170817
posterior
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[LVK+, ApJ 949 76 (2023)]

H,=68+12-8
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Broken Power Law
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e We use a synthetic BBH catalog containing 4 __Aa e
different formation channels: isolated binaries and ‘ B
hierarchical mergers in young, globular and nuclear

star clusters. [M. Mapelli et al MNRAS 511 (2022)] 1og
083
o
e The BBH mass spectrum shows a mild evolution in i
. . . . . 04
redshift, in particular in the 10-30 solar mass region.
0.2
e We simulated 2000 GW detections from the BBH 0 10 20 TR %0 By
catalog and using simple redshift-independent mass Wiy
models we inferred the value of HO. [G. Pierra, SM+, S. Perries, M. Mapelli, PRD 109 (2024)]
12
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e Redshift-independent mass models
with mass features are more prone to
systematics when inferring HO

0.035

o
=
@
S

» 0.025

0.020

0.015

,\) [km~1.s.Mpc]

p(Hol6

0.005

3 BPL
’ T 1 PLP
1 MLTP
~ —— True value

e -

0.000

[G. Pierra, SM+, S. Perries, M. Mapelli, PRD 109 (2024)]
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e The bias is removed when removing
the mild redshift dependence from the
mass spectrum
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e A cosmological model has statistical support when
the GW localization matched an overdensity of

galaxies.

e (alaxy catalogs are not complete at higher redshifts,

we need to apply corrections in order to now bias
our analyses /R. Gray+, PRD (2019)].

50% area: 4 deg?
90% area: 18 deg?
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Apparent magnitude

GW190814
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Equal host probability

-
-
-

—— in-catalog
- =+ out-of-catalog

T T T T
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z
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[Mastrogiovanni+, PRD 108 (2023)]
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Posterior [km~tsMpc]
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0.06

0.05

0.04

0.03

0.02

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

0.01

0.00

[LVK+, ApJ 949 76 (2023)]
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[Bom+, 2404.16092]
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For a typical 20% luminosity distance error Galaxy luminosity (K-band) is important only if events come all

from the same line-of-sight.

Note: There are many other galactic properties that we should study...

10 square degrees from same line-of-sight

1 Ngw =500

Fraction of injections

Z) 1,82L93‘~l

:) 1.82

[Perna, SM, 2405.07904]

0 Credible interval

1
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10 square degrees isotropic

—

Fraction of injections

New =500

|

]

Credible interval
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Redshift 1.5

i
o
S
!

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] 18
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MS +MS MS + MS

Two main formation channels: He-core GIANT

+MS He-core GIANT
in ROCHE +MS
LOBE
OVERFLOW
e Isolated stellar binary evolution: First P BH + MS
generation black holes with spins aligned
. . BH +
with the orbital angular momentum. He-core GIANT 3- BODY
in COMMON ENCOUNTER
ENVELOPE
e Hierarchical mergers: Possibly n-th IS COMMON ENVELOPE EJECTED?
generation black holes (spin~0.7) with /YES \ NO EXCHANGE
isotropic spins. «® O BH + He core

(;\‘ HARDENING

SINGLE BH
@® BH+BH o e

o MERGER
| ® WMERGER ! 19
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2

distinguish astrophysical formation channels.

Godfrey 2304.01288].
1.0

0.8

[LVK+ PRX 13 (2023)] 0.6}

=l

04r

0.0

The spin magnitude of Binary Black Holes is a smoking gun to

Effective spin correlates with mass ratio. What about mass?

. : : 0.8
There are already some hints that spin parameters might correlate
with mass ratio and redshift [kimvall Apii. 915 2021, Biscoveanu S.ApJL 932 2022,

—1.00 —0.75 —0.50 —0.25

0.00

0.25

Xefl
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1.0 ~+  Primary mass
+  Secondary mass

OG T e
i i
0.4 mill !
0.2 T
0.0
0 20 40 60 80 100

m°
[Pierra, SM, Perries under internal LVK review]

20



We first try models that transition between two
spin populations depending on the source mass.

We obtain that there is evidence for a transition
between two subpopulations of spins magnitude
around 40 solar masses.

Lower masses, lower the spins. Higher masses
have different spin distributions.

1.0
Prior
0.8F 7771 Beta to Gaussian
Beta to Beta
~ 0.6F
&
= 0.4
0.2
00y 20 40 60 80 100

m[Mo ]
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Evolving Gaussian Beta to Gaussian
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e We then try to fit the BBH population as a
mixture of two independent sub-populations in
terms of masses and spins.

e  We obtain that 98% of events is formed from a
population with low masses (up to 40-60 solar
masses) with low spins.

e  We obtain that 2% of the population has masses
above 40-60 solar masses and spins supporting
0.7. There is also a hint for a more isotropic
distribution.
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e Bright sirens cosmology currently counts 1(2) sources.

e Dark sirens cosmology exploiting the mass spectrum and galaxy surveys is a promising
avenue for the future.

e Potential biases for dark sirens cosmology can be hidden in how we describe the mass
spectrum and the GW host probability.

e We need to develop clustering techniques with Large Scale Structure Tracers.

® Spins could become important for cosmology as they seem to correlate with the source
mass.

23
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Extra Slides
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1759 —— H,=67.7 kms!Mpc?

logical del d —— Hy=20 kms~!'Mpc™!
e Cosmological models and source Ho=120 kms-!Mpc-1

masses can be recast to the luminosity 125 4 & 03 BBHs IFAR>4 yr

150

distance - detector mass plane. B !
= 100
5 35
. : ©
e Cosmological information can be g 75 solar
extracted by jointly fitting this plane. mass
50 feature
25 = ': *
% ;50 -4
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The likelihood for an inhomogeneos Poisson cess in presence of selection biases, for a constant rate in
detector time, is (see Mandel+ 2018 MNRAS, Vitale+ 2020)

Rate
obs
(:B|A) xXe Nexe H Tobs/»c £C|6’ A)md@
Noise process
Expected dN
ZZtme:'gcr):: NeXP — Obs/pdet(eaA)me

26
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https://arxiv.org/abs/1809.02063
https://arxiv.org/abs/2007.05579

~——— dominant multipole

1200 A 1
===-higher multipoles
higher multipoles
1000 - and precession |

600 1

400 A

0 /4 T/2  3r/4 B
JN
[B. P. Abbott, PRD 102, 043015]
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04 -03 -02 -01 00 01 02

GW strain amplitude

Time [s]

There are large uncertainties on the GW estimation of the
luminosity distance. The precision can be improved with (1)
extra EM information (i1) precession or higher order modes.
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dNcBc(A)

ImdvdQdadt, 0

Y(z; A)

Ppop (T?L, X’|A)
dVe

dzdf)
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Rate of CBC [#mergers Gpc/M-3 yrA-1]

Rate evolution function, e.g. (1+z)*gamma. Two models available

Probabilities for source-frame masses and spins, 8 models for
masses, 2 for spins

Comoving volume (depends on cosmology)
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The CBC likelihood is often paramthe In terms of redshift and source-frame time

CBC per galaxy per

dNcpe(A) "2 o N |
dzdmdyxdQdt — Rgal,ow(ZQ A)ppop (m, X|A) x Term similar to the vanilla

rate
dVe

. . Number density of galaxies
¢* (HO)PIHC (Oé + € —|_ 17 ajmax(Mthr)a xmln)_l_ per steradian (completeness

dZdQ Integral of Schecter function correction)
1 Ngal (Q) ; ; Number den:sity of galaxies
E Z fL (M(m] : Z), A)p(Z ‘ zobs’ O-z,obs) per steradian (catalog)
J=1 Luminosity weight Galaxy localization in
redshift

Sky pixel area
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