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WHAT STARTS HERE CHANGES THE WORLD

The expanding Universe

In 1929 Edwin Hubble provided evidence that our Universe is expanding
(E. Hubble, 1929; G. Lemaitre, 1927)
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Hubble’s law (z < 0.1): v =cz x D
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Hubble constant: Hy = %
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(Freedman & Madore, 2010)
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https://www.pnas.org/doi/10.1073/pnas.15.3.168
https://link.springer.com/article/10.1007/s10714-013-1548-3
https://www.annualreviews.org/content/journals/10.1146/annurev-astro-082708-101829

WHAT STARTS HERE CHANGES THE WORLD

The expanding Universe

At higher redshifts the relation also depends on the energy content of the Universe

C(1+Z) f dz’

Hn =
0 0 /0,,(1+z")3+0,(1+2")2+0,
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WHAT STARTS HERE CHANGES THE WORLD

The expanding Universe

At higher redshifts the relation also depends on the energy content of the Universe

C(1+Z) f dz’

H, =
0 0 /0,(1+z")3+02,(1+2")2+0,

Why 1s measuring H, important?
H, tells us how fast the Universe 1s expanding: age of the Universe and its expansion history

Direct probe of ACDM and other cosmological models
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WHAT STARTS HERE CHANGES THE WORLD

The expanding Universe: experiments

Direct measurements: directly measure D; and z (cepheids, SN Ia, etc)

Emitted ]
Observed | .

Wavelength A

* 7z from spectroscopy
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Z —
Aemitted

Alberto Salvarese (Freedman & Madore, 2010)



https://www.annualreviews.org/content/journals/10.1146/annurev-astro-082708-101829

WHAT STARTS HERE CHANGES THE WORLD

The expanding Universe: experiments

Direct measurements: directly measure D; and z (cepheids, SN Ia, etc)
* 7z from spectroscopy

 m—M =5log(D;) —5

Alberto Salvarese (Freedman & Madore, 2010)



https://www.annualreviews.org/content/journals/10.1146/annurev-astro-082708-101829

WHAT STARTS HERE CHANGES THE WORLD

The expanding Universe: experiments

Direct measurements: directly measure D; and z (cepheids, SN Ia, etc)
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Period-luminosity relation

Alberto Salvarese (Freedman & Madore, 2010)



https://www.researchgate.net/figure/K-band-light-curve-of-the-classical-Cepheid-WY-Sco-currently-being-observed-with-the_fig12_221932429
https://www.annualreviews.org/content/journals/10.1146/annurev-astro-082708-101829

WHAT STARTS HERE CHANGES THE WORLD

The expanding Universe: experiments

Direct measurements: directly measure D; and z (cepheids, SN Ia, etc)
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* z from spectroscopy
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https://www.annualreviews.org/content/journals/10.1146/annurev-astro-082708-101829
https://link.springer.com/referenceworkentry/10.1007/978-3-319-20794-0_36-1#citeas

WHAT STARTS HERE CHANGES THE WORLD

The expanding Universe: experiments

SHOES value
73.3x1.04 km/s/Mpc
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Alberto Salvarese (A. G. Riess et al., 2022)



https://iopscience.iop.org/article/10.3847/2041-8213/ac5c5b

WHAT STARTS HERE CHANGES THE WORLD

The University of Texas at Austin

The expanding Universe: experiments

Indirect measurements: CMB, BAO, etc
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(Plank collaboration, 2013) Multipole moment

Hy=f ((_5) assuming ACDM model

Alberto Salvarese (Kamionkowski & Riess, 2023)



https://iopscience.iop.org/article/10.1088/0067-0049/192/2/18
https://www.aanda.org/articles/aa/full_html/2014/11/aa21529-13/aa21529-13.html
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-111422-024107
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WHAT STARTS HERE CHANGES THE WORLD

The expanding Universe: 5o tension

SHOES value
73.3%£1.04 km/s/Mpc

Planck value
" 67.4+0.5 km/s/Mpc
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(Planck collaboration, 2020)



https://www.aanda.org/articles/aa/full_html/2020/09/aa33910-18/aa33910-18.html
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Gravitational waves
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Amplitude of the signal: h =
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GW15u>14

(LIGO Caltech)


https://www.ligo.caltech.edu/video/ligo20181203v1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112004

Hubble constant with GW
h(f) = Fyhy () + Fhy (F)

5/6

M 7 .
hy(f) « I; (1 + cos2())f 6eiPMzf)
L

5/6

M 7 in
hx(f) o —~-—cos(Df 6o PMzf)*7
L

Luminosity distance D; from compact
binaries gravitational wave signal

Standard sirens
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Hubble constant with GW

c(1+ 2) fz dz’
Dy Jo J02,(1+2)3+0,0+2)2%+10,

Redshift?
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Hubble constant with GW: bright sirens
Bright sirens: compact binary merger with EM emission (BNS, NSBH)
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https://www.nature.com/articles/323310a0
https://iopscience.iop.org/article/10.3847/2041-8213/aa91c9

%) TEXAS WHAT STARTS HERE CHANGES THE WORLD

The University of Texas at Austin

Bright sirens estimate
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https://www.nature.com/articles/nature24471

WHAT STARTS HERE CHANGES THE WORLD

Bright sirens estimate
b5 events AHy/Hp=7.54%
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WHAT STARTS HERE CHANGES THE WORLD

Bright sirens estimate
10 events AHy/Hp;=5.39%
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WHAT STARTS HERE CHANGES THE WORLD

Bright sirens estimate
20 events AHp/Hp=2.8%
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0.30

Strengths

0.25

Only ~ 0(50)
events needed to

solve the tension
(Chen et al., 2018)
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Bright sirens estimate

50 events AHy/Hp=2.03%
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WHAT STARTS HERE CHANGES THE WORLD

Weaknesses

* Not very massive:

difficult to detect,
and only in the
local Universe

* Only one bright
siren so far


https://www.nature.com/articles/s41586-018-0606-0

TEXAS

The University of Texas at Austin

Hubble constant with GW: dark sirens

Dark sirens: compact binary merger with only GW emission. Once the event
is localized in the sky, z 1s inferred through galaxy catalogue (w. pei pozzo.2012)

I I | | |
on 21n 18" 15h 12h 9
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event ID: S241230ev
50% area: 93 deg®
90% area: 355 deg?®



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.043011

TEXA.S WHAT STARTS HERE CHANGES THE WORLD

The University of Texas at Austin

Hubble constant with GW: dark sirens

Dark sirens: compact binary merger with only GW emission. Once the event
is localized in the sky, z 1s inferred through galaxy catalogue (w. pei pozzo.2012)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.043011

WHAT STARTS HERE CHANGES THE WORLD

Hubble constant with GW: dark sirens

Combine bright sirens measurements (GW170817) with golden dark siren estimates
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(A. Palmese et al., 2020)



https://iopscience.iop.org/article/10.3847/2041-8213/abaeff

WHAT STARTS HERE CHANGES THE WORLD

Hubble constant with GW: spectral sirens

Spectral sirens: redshift inferred by the estimated mass (chemoft & Finn. 1993)

Vo~
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https://arxiv.org/abs/gr-qc/9304020

WHAT STARTS HERE CHANGES THE WORLD

Hubble constant with GW: spectral sirens

Spectral sirens: redshift inferred by the estimated mass (chermofr & Finn. 1993)

n%

fmax

Higher detected mass because of Universe’s expansion: m =m 1+ 2z
det source
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https://arxiv.org/abs/gr-qc/9304020

WHAT STARTS HERE CHANGES THE WORLD

Hubble constant with GW: redshift

dN ¢ L Source frame
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P (Farah et al., 2024)
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https://iopscience.iop.org/article/10.3847/1538-4357/ad9253

TEXAS

WHAT STARTS HERE CHANGES THE WORLD

The University of Texas at Austin

Hubble constant with GW: redshift

Strengths
* Much more common: 94 events up to O3 0.12
. . 0.10 A
* Detectable at much higher redshift: _
constraints on H(z) E 0.08-
s
» Inference on astrophysical black hole % Sl
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0.02 A
Weaknesses
0.00

* Highly dependent on the assumed source-frame
mass distribution
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Hy [km/s/Mpc]
(Farah et al., 2024)



https://iopscience.iop.org/article/10.3847/1538-4357/ad9253

WHAT STARTS HERE CHANGES THE WORLD

Conclusion/prospects

* Standard sirens can provide a third and independent way of measuring H|,
* Bright sirens will (hopefully) provide precise measurements of Hy during O5

* Combining bright sirens to spectral and/or sirens will allow us to constrain
H(z) up to z~3 and study the astrophysics of compact binaries

Alberto Salvarese



WHAT STARTS HERE CHANGES THE WORLD

Thank you
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WHAT STARTS HERE CHANGES THE WORLD

Bayesian statistics

p(A|B)p(B) = p(B[A)p(A)

p(A)p(BlA)
p(B)

Bayes theorem: p(A|B) =
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WHAT STARTS HERE CHANGES THE WORLD

Bayesian statistics

p(A,B) = p(A|B)p(B) = p(B,A) = p(B|A)p(A)

p(A)p(BlA)
p(B)

Bayes theorem: p(A|B) =

p(A|B): posterior p(B|A): likelihood p(A): prior p(B): evidence

p(Hy|D) = n(HO;gl))lH") L(D|H,) =

Dgy <z Dgw < hy, hy
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WHAT STARTS HERE CHANGES THE WORLD

Bayesian statistics: hierarchical model

5/6 5/6

7 . 4[4
1 2 6 ip (Mg, f) h - z gl @Mz )+
Do Ty (L + cos?(0)f e <(f) ¢ g cos(0f Tee

hy(f) «
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WHAT STARTS HERE CHANGES THE WORLD

Bayesian statistics: hierarchical model

5/6 5/6
(1 + cos?(v)) 6e‘¢(sz) hy () « Z
D, (z, Hy) a < D, (z, Hy)

h,(f) « cos(t)f‘ l¢(sz)+

Marginalization: L(Dgw|Ho) = [ dD; L(Dgy, Dy |Hp)

_ p(Ho)
p(Hy|D) = (D) J dDydzQ(Dgw DL (2, Hy))L(Dgp|z8p (D |z, Ho)p (2| Ho)
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WHAT STARTS HERE CHANGES THE WORLD

The expanding Universe

Ho = 67.8km/s/Mpc Qp = 0.0307 Qg = 0.0

—— Local approximation

spoo 4 —— General definition

D, %m
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