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example “objects”
•supernovae …………………. z~0.01-1.5

•megamasers ………………… z~0.03

•strong gravitational lenses … z~0.5

•neutron star merger (GW) ….. z~0.01

•galaxy clustering (BAO) ……. z~0.3-3

•CMB ………………………….. z~1100

… all consistent with
<latexit sha1_base64="RhS+6vL3xpzrpr0eb/4XsRvMipU="></latexit>

H0 = 70± 5
km/s

Mpc
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Moresco et al. (2022), open wCDM with systematics: 67.8-7.2
+8.7

Moresco et al. (2022), flat �CDM with systematics: 66.5 ± 5.4

Hotokezaka et al. (2019): 70.3-5.0
+5.3

Mukherjee et al. (2019), GW170817+VLBI: 68.3-4.5
+4.6

Mukherjee et al. (2020), GW170817+ZTF: 67.6-4.2
+4.3

Gayathri et al. (2020), GW190521+GW170817: 73.4-10.7
+6.9

Palmese et al. (2021), GW170817: 72.77-7.55
+11

Abbott et al. (2021), GWTC–3: 68-8.0
+12.0

Mukherjee et al. (2022), GW170817+GWTC–3: 67-3.8
+6.3

Wong et al. (2019), H0LiCOW 2019: 73.3-1.8
+1.7

Shajib et al. (2019), STRIDES: 74.2-3.0
+2.7

Liao et al. (2019): 72.2 ± 2.1
Liao et al. (2020): 72.8-1.7

+1.6
Qi et al. (2020): 73.6-1.6

+1.8
Millon et al. (2020), TDCOSMO: 74.2 ± 1.6

Yang, Birrer, Hu (2020): 73.65-2.26
+1.95

Birrer et al. (2020), TDCOSMO+SLACS: 67.4-3.2
+4.1

Birrer et al. (2020), TDCOSMO: 74.5-6.1
+5.6

Denzel et al. (2021): 71.8-3.3
+3.9

Wang, Meng (2017): 76.12-3.44
+3.47

Fernandez Arenas et al. (2018): 71.0 ± 3.5

Schombert, McGaugh, Lelli (2020): 75.1 ± 2.8
Kourkchi et al. (2020): 76.0 ± 2.6

Pesce et al. (2020): 73.9 ± 3.0

de Jaeger et al. (2020): 75.8-4.9
+5.2

de Jaeger et al. (2022): 75.4-3.7
+3.8

Cantiello et al. (2018): 71.9 ± 7.1
Khetan et al. (2020) w/ LMC DEB: 71.1 ± 4.1

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 ± 2.5

Huang et al. (2019): 73.3 ± 4.0

Yuan et al. (2019): 72.4 ± 2.0
Reid, Pesce, Riess (2019), SH0ES: 71.1 ± 1.99

Freedman et al. (2020): 69.6 ± 1.9
Soltis, Casertano, Riess (2020): 72.1 ± 2.0
Kim, Kang, Lee, Jang (2021): 69.5 ± 4.2

Freedman (2021): 69.8 ± 1.7
Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 ± 1.8

Jones et al. (2022): 72.4 ± 3.3
Dhawan et al. (2022): 76.94 ± 6.4

Camarena, Marra (2019): 75.4 ± 1.7
Riess et al. (2019), R19: 74.03 ± 1.42

Breuval et al. (2020): 72.8 ± 2.7
Riess et al. (2020), R20: 73.2 ± 1.3

Camarena, Marra (2021): 74.30 ± 1.45
Riess et al. (2022), R22: 73.04 ± 1.04

Farren et al. (2021): 69.5-3.5
+3.0

Philcox et al. (2020), Pl (k)+CMB lensing: 70.6-5.0
+3.7

Baxter et al. (2020): 73.5 ± 5.3

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 ± 0.97
Ivanov et al. (2020), BOSS+BBN: 67.9 ± 1.1

Colas et al. (2020), BOSS DR12+BBN: 68.7 ± 1.5
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 ± 2.2

Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31-0.86
+0.83

Chen et al. (2021), P+BAO+BBN: 69.23±0.77
Zhang et al. (2021), BOSS correlation function+BAO+BBN: 68.19±0.99

Hinshaw et al. (2013), WMAP9: 70.0 ± 2.2
Henning et al. (2018), SPT: 71.3 ± 2.1

Zhang, Huang (2019), WMAP9+BAO: 68.36-0.52
+0.53

Aiola et al. (2020), WMAP9+ACT: 67.6 ± 1.1
Aiola et al. (2020), ACT: 67.9 ± 1.5
Dutcher et al. (2021), SPT: 68.8 ± 1.5

Ade et al. (2016), Planck 2015, H0 = 67.27 ± 0.66
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 ± 0.54

Aghanim et al. (2020), Planck 2018: 67.27 ± 0.60
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 ± 1.8

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 ± 0.5

Cosmic chronometers

GW relatedGW related

Lensing related,mass model dependent

HII galaxy

Tully Fisher

Masers

SNII

SBF

SNIa-Miras

SNIa-TRGBSNIa-TRGB

SNIa-Cepheid

LSS teq standard ruler

CMB lensing

No CMB, with BBN

CMB without Planck

CMB with Planck

H0 �km s-1 Mpc-1�

Indirect

Direct

60 65 70 75 80 85

FIG. 2. 68% CL constraint on H0 from di↵erent cosmological probes (based on Refs. [48, 49]).
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aga, 8

7
,8

8
W

illiam
G

iarè, 9
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Planck 2018:

67.27± 0.60
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Expansion Rate of the Universe,

Hints of New Physics?

Johns Hopkins University
Space Telescope Science Institute
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30 Riess et al.

Figure 12. Complete distance ladder. The simultaneous agreement of distance pairs: geometric and Cepheid-based (lower
left), Cepheid- and SN-based (middle), and SN- and redshift-based (top right) provides the measurement of H0. For each step,
geometric or calibrated distances on the abscissa serve to calibrate a relative distance indicator on the ordinate through the
determination of MB or H0. Results shown are an approximation to the global fit as discussed in the text. Red SNe points are at
0.0233 < z < 0.15 with the lower redshift bound producing the appearance of asymmetric residuals when plotted against distance.

Geometry > Cepheids > SN1a luminosity calibration

new: all 42 supernovae of the

past 40 years with z < 0.01
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Figure 4. Pseudo-color images of all Cepheid-bearing galaxies analyzed in this work. From top left, 37 hosts of 42 SNe Ia
presented in the same order as Table 1. The last row includes our three anchors (N4258, MW, LMC) and two supporting galaxies
(SMC, M31). Galaxies are presented at arbitrary plate scales, though in most cases the panels encompass the entire ACS or
WFC3/UVIS field of view. Credits: SN hosts and N4258, ESA Hubble site; MW and MCs, ESA Gaia site; M31, STScI.

all 37 SN1a calibration host galaxies
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RXJ1131-1231, HST







Gravitational Wave 
Standard Sirens

Maya Fishbach & Daniel Holz 

The University of Chicago

�1

• GW distance measurement: 


• NGC 4993 is a member of a 
group, with center-of-mass 
velocity (CMB-frame):


• Coherent bulk flow velocity:   

First Standard Siren 
Measurement: GW170817

43.8+2.9
−6.9 Mpc

3327 ± 72 km/s

310 ± 150 km/s

�9

H0 from GW170817
H0 = 70+12

−8 km/s/Mpc
Abbott et al. Nature 551, 85-88 (2017) 

�10





Figure 2: Posterior distributions for H0. The results of the GW-only analysis and the com-

bined GW-EM analysis with a PLJ model are shown. The vertical dashed lines show symmet-

ric 68% credible interval for each model. The 1 and 2-� regions determined by Planck CMB

(TT,TE,EE+lowP+lensing)3 (green) and SH0ES Cepheid-SN distance ladder surveys4 (orange) are

also depicted as vertical bands.

9

H0 Posterior from single NS-NS merger event
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FIG. 2. 68% CL constraint on H0 from di↵erent cosmological probes (based on Refs. [48, 49]).
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Planck 2018:

67.27± 0.60
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Riess et.al. 2022:

73.04± 1.04
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BAO: Evolution of an over-density in the baryon photon fluid

Eisenstein et al 2007



BAO: Over-densities in galaxy distributions today

  

The BAO generation description

CMB: temperature fluctuations in CMB today
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Neff  alone doesn’t work…
• It can get you partially there, but at the price of degrading 

high-l CMB

Planck Coll. (2018)

Unfortunately … Neff = 4 is ruled out

Planck 2018



Neutrino mass: Physical	effects	

 linear theory 

Neff and the CMB Naively: changes matter radiation equality but 
 other physics can do that  

Keep zeq fixed (and matter to Λ fixed, and wb) so play with Neff and H0 

Increase Silk damping 

Neff > 3 dampens perturbations at small scales
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•Free-steaming: 
Good idea, 
doesn’t work. 

•Self-interacting:       
Better idea,  
doesn’t quite 
work (Blinov, 
Marques-Tavares 
2003.08387). 

•But… looks like 
the right way     
to go…

extra (dark) radiation
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