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S. Perlmutter ef al. 1998
A. G. Riess et al. 1998
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Far away galaxies appear shifted towards the red of the spectrum.
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Hubble diagram

Dy (z) = C(lj—;(_) 2) /OZ Ed(zz,,) ~ ;IZO | 0(22)

D Hubble constant Energy content of the Universe
(2)
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ten S 1 On E. D1 Valentino et. Al., 2021

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

Aiola et al. (2020), ACT: 67

Aiola et al. (2020), WMAP9+ACT: 67
Zhang, Huang (2019), WMAP9+BAO: 68
Hinshaw et al. (2013), WMAP9: 70

No CMB, with

D'Amico et al. (2020), BOSS DR12+BBN: 68.
Colas et al. (2020), BOSS DR12+BBN: 68
Philcox et al. (2020), P,+BAO+BBN: 68
Ivanov et al. (2020), BOSS+BBN: 67

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35=0

P,(k) + CMB lensing
Philcox et al. (2020), P{k)+CMB lensing: 70.6%3]
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Cepheids — SNla
Riess et al. (2020), R20: 73.2 1.3
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Riess et al. (2019), R19: 74

Camarena, Marra (2019): 75

Burns et al. (2018): 73.

Dhawan, Jha, Leibundgut (2017), NIR: 72
Follin, Knox (2017): 73

Feeney, Mortlock, Dalmasso (2017): 73.
Riess et al. (2016), R16: 73

Cardona, Kunz, Pettorino (2016), HPs: 73
Freedman et al. (2012): 74

TRGB -

Soltis, Casertano, Riess (2020): 72
Freedman et al. (2020): 69

Reid, Pesce, Riess (2019), SHOES: 71.
Freedman et al. (2019): 69

Yuan et al. (2019): 72

Jang, Lee (2017): 71.2

Miras — SNla
Huang et al. (2019): 73.3+4.0
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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+25
Khetan et al. (2020) w/ LMC DEB: 71.1 4.1

SNIiI
de Jaeger et al. (2020): 75.

HIl galaxies
Fernandez Arenas et al. (2018): 71.0x3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71.8*3%

Birrer et al. (2020), TDCOSMO+SLACS: 67.47%1, TDCOSMO: 74
Yang, Birrer, Hu (2020): Hp = 73.652

Millon et al. (2020), TDCOSMO: 74.2 =1

Baxter et al. (2020): 73.5=5.3

Qi et al. (2020): 73.6*

Liao et al. (2020): 72.8:

Liao et al. (2019): 72.2=2.1

Shajib et al. (2019), STRIDES: 74.2*

Wong et al. (2019), HOLICOW 2019: 73

Birrer et al. (2018), HOLICOW 2018: 72.5

Bonvin et al. (2016), HOLICOW 2016: 71.97

Optimistic average

N Di Valentino (2021): 72.94 £ 0.75

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 171

GW related

Gayathri et al. (2020), GW190521+GW170817: 73.47%
Mukherjee et al. (2020), GW170817+ZTF: 67.
Mukherjee et al. (2019), GW170817+VLBI: 68.
Abbott et al. (2017), GW170817: 70.0

Direct,
: : late Universe measurements
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Evolving dark energy...or alternative
theory of gravity ?
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Gravitational waves 1n General Relativity
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They propagate at the speed of lights.
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LIGO
Virgo

Standard sirens ao

D. Holz, S. Hughes 2005
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Bright sirens

LIGO & Virgo collaboration et al., 2017

Normalized amplitude
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k sirens

LIGO, 2016

B. Schutz, 1986

MICECAT v2
C.D., T. Baker, in prep.
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CrOSS-COHelation I. S. Matos, C.D. et al, 2025

Animation credit: Charles Dalang
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Peak Sirens,

3G simulations Einstein Telescope |
J. Ferri et al. 2025
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Two well localised events

I. S. Matos, C.D. et al, 2025
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I.S. Matos, C.D. et al, 2025

GW190814 only
B GW190814+GW170817
----- Dark Sirens GWTC-4.0
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GW extra polarization modes are a smoking

gun signature of beyond GR physics.

time Rotation 27/s

600-00
¢\0/0\

Spin-0

1 9900 0@
' ONOF O\
"S- HON O F

i= li
Charles Dalang 15 Ipm it ENS

Absent in GR

Spin-1




GW propagation

Can we probe deviations from GR?

What is the gravitational distance Dg = Dr ?

“J%:.s:’ ,v

Are there extra polarization modes?
W source

N

Do GWs decay 1nto spin-0 waves?
Are there polarization interactions?
Is the propagation speed of GWs the
same as the speed of light ?
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Conclusion

I. S. Matos, C.D. et al, in prep.
C.D., M. Williams, T. Baker, in prep.

- We applied for the first time the Peak sirens method to real data.
- We measured // with this innovative method.
- We measure for the first time the GW bias.

- Tight constraints can be applied to the GW velocity using dispersion induced friction.

“The Universe is under no obligation to make sense to you.”
Neil deGrasse Tyson
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Questions’?
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Population mass hyperparameters J. M. Ezquiaga, D. Holz, 2020, 2022
R. Gray et al. 2023

One measures 71, — (1 -+ z)ms
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Up to 25 parameters !
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