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Distance Ladder

Primary Indicators:
- can be measured in nearby galaxies
- small dispersion around a well defined mean
- can be calibrated through geometrical means

e.g. cepheids, novas, RR Lyrae, BA supergiants, eclipsing binaries, 
…

Secondary, tertiary, … indicators:
- are calibrated through primary, secondary… indicators

e.g. Type Ia supernovae, Tully-Fisher, Dn-σ, brightest stars, planetary 
nebulae, …



Primary Indicators: Cepheids (~20 Mpc)
Cepheid stars are long-period variables (~1-100 days) and they display  a tight 
luminosity-period linear relationship (better than 10% precision), which is weakly 
dependent on metallicity.

 

MV = −2.80logPd − (1.43± 0.1) (Feast & Catchpole 1997)

 

δ(m − M)0 = −0.24 ± 0.16 (Kennicut et al. 1998) Metal rich brighter



Primary Indicators: Cepheids (~20 Mpc)

(Allen 2001: http://www.institute-of-brilliant-failures.com/index.htm)

(Madore & Freedman 2001)

(Kelson et al. 1997)

(Riess et al. 2012)

(r.m.s. 0.17 mag in NIR)



Primary Indicators: Cepheids (~20 Mpc)



Other primary Indicators:                                    
main sequence (~10 kpc)



Other primary Indicators:

Eclipsing binaries: Uses Kepler’s 3rd law, Stefan-Boltzmann relationship and  
assumes a M/L.

Novas: relationship between maximum Luminosity  and decay time

RR Lyrae: constant magnitude and color.

BA Supergiant Stars: based on the Barbier & Chalonge classification method, 
which measures the Balmer break.



Secondary Indicators: type Ia SNe (~4Gpc)

Not really a standard candle, but a candle that can calibrated
Advantages: - bright

- small dispersion (<0.3 mag)
- small corrections for absorption
- they occur in all Hubble types

MB=-19.5±0.3 mag



SNe: taxonomy 

(Filippenko 1997)
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SNe: taxonomy 

(Filippenko 1997)



Secondary Indicators: type Ia SNe (~4Gpc)
Not really a standard candle, but a candle that can be calibrated

galactic only                        galactic + host                           E(B-V)<0.1

(Hamuy et al. 1996)



Secondary Indicators: type Ia SNe (~4Gpc)
Not really a standard candle, but a candle that can be calibrated



Secondary Indicators: type Ia SNe (~4Gpc)



Secondary Indicators: high-z SNe (~4Gpc)
Two teams doing high-z SN searches to measure cosmological parameters:

- Supernova Cosmology Project (http://panisse.lbl.gov/ , P.I. Saul Perlmutter)
- High-z SN Search (http://cfa-www.harvard.edu/supernova//HighZ.html, P.I. Brian 

Schmidt)

http://panisse.lbl.gov/
http://cfa-www.harvard.edu/supernova//HighZ.html
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Secondary Indicators: high-z SNe (~4Gpc)

New methods to relate 
shape and luminosity 
and standardize 
luminosity at 
maximum:

SN Cosmo Project:
Stretch method 
(Perlmutter et al. 1997)
High-z SN project:
Multi-colour light-
shape fitting method 
(Riess et al. 1996)



Secondary Indicators: high-z SNe (~4Gpc)

Examples of light-curves by High-z SN Search Project (Garnavich et al. 1995)



Originally proposed (Tully & Fisher 1977) as a Distance Indicator, it is still used for 
this purpose, but it gives an understanding of the inner workings of S galaxies:
the maximal rotational velocity of S galaxies is related to the galaxy luminosity, or in 
other words, it relates how fast they are rotating (DM halos) to their luminosities 
(baryons). Velocities originally derived from 
H1 21cm line profiles.

(Tully & Fisher 1977) systemic v=1942 km/s

Doppler shifts

Scaling relationships for Spirals: Tully-Fisher 
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showing less



Scaling relationships for Spirals: Tully-Fisher 

Courteau et al. (2007)



Scaling relationships for Spirals: Tully-Fisher at high-z 

(Vogt et al. 1996, 1999)

The relationship can be traced 
to galaxies at z~1 (when the 
age of the Universe was only 
5.9Gyr). Velocities measured 
from Hα and [O II] 3727Å 
emission lines in the spectrum 
along the slit.



It is nowadays expressed as a función of stellar mass or gas+stellar mass.  At z~2 
evolution starts to be inferred: ∆M/Mʘ=−0.45±0.13 dex compared to z~1. A modified 
velocity                                (Kassin et al. 2008) is introduced instead of vmax to tighten 
the relationship. 

 

S0.5 = 0.5vrot
2 + σ gas

2

Scaling relationships for Spirals: Tully-Fisher at  z< 2.5

(Kassin et al 2008)                                       (Straatman et al, 2017)



Secondary Indicators: Dn-σ (~1Gpc)
E galaxies have a fundamental plane that links their surface brightness, luminosity 
and velocity dispersion:                   with x~ –0.7, y~0.3 (Dressler et al. 1987, Djorgovski 
& Davis 1987).

This relationship can be understood if E gal are self-gravitating systems with 
roughly constant M/L ratios.

If we measure the diameter of an E gal within which the mean surface brightness 
takes some reference value                     and we choose that reference level such 
that σ ∝Dn

δ

The reference brightness level is 20.75 mag/arcsec2 in B.
Good for relative distances and usually applied to clusters (e.g. Virgo-Coma)

 

L ∝ I0
xσ y

 

Virial Theorem σ 2 ∝ M /r0

 

M /L ∝ M a

 

de Vaucouleurs profile ⇒ L ∝ I0r0
2

 

L1+a ∝σ 4−4 aI0
a−1

 

Dn ∝ r0
αI0

β

 

logDn =1.3logσ + C where C=C(d)



Secondary Indicators: Dn-σ (~1Gpc)



Secondary Indicators: Faber-Jackson (~1Gpc)
In the absence of surface-brightness information, still the relationship holds     
(Faber & Jackson 1976):

 

L ∝σ α  with α ≈ 3− 4

(e.g. Ziegler et al. 2005)
Virgo + Coma E’s

Field E’s

Cluster E’s

Modest B-evolution of 0.3-0.5mag 
at z~0.4-0.7



Other Secondary Indicators: Surface Brightness 
Fluctuations

Statistical fluctuation in the number of stars in a pixel (Tonry & Schneider 1988, 
Tonry et al. 2000)

A nearby galaxy: 100/pixel ±10% fluctuations
A distant galaxy: 1000/pixel ±3% fluctuations



Other Secondary Indicators:

Problem: rich clusters will have bright galaxies, but poor ones probably not



(H0 Key Project, Freedman et al. 2001 )



The value of H0:
H0=72±8 km/s/Mpc (Freedman et al. 2001)

(…)

(…)



The value of H0:
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The value of H0:
H0=72±8 km/s/Mpc (Freedman et al. 2001)



The value of H0:
LMC Distance modulus (Gibson 2000)



The value of H0:
LMC Distance modulus (Gibson 2000)
Mean 18.45±0.06
H0 Key project assumes 18.5



Geometrical distance to 
NGC4258

(Miyoshi et al. 1995)

© CfA Hot Images

20 cm

1 cm

H2O megamaser @ 22 GHz detected in a warped 
annulus of 0.14 − 0.28pc and less than 1015 cm of 
thickness, with a beaming angle of 11° (Miyoshi et al. 
1995, Maloney 2002) has been used to measure the 
distance to the galaxy (Humphreys et al. 2013): 
combining the Doppler velocities and 
acelerations, and the angular separation of the 
masers (a=v2/r) 7.60 ± 0.17 ± 0.15 Mpc

Keplerian
orbit

1300                  500                   -300  
Heliocentric Velocity (km/s)       



The value of H0 with LMC at 1%: 
74.0±1.4 km/s/Mpc

Anchor  use LMC, MW and NGC4258 (Riess
et al. 2019), including primary indicators such
as detached eclipsing binaries that better
calibrate the Cepheid zero-points



The value of H0:



The value of H0:

(Trimble 1996)



H0 without the distance ladder:
More Keplerian megamasers like NGC4258  (Pesce et al., 2020):         
73.9±3.0 km/s/Mpc



H0 without the distance ladder:

(e.g. 0957+561 Kundic et al. 1997)



H0 without the distance 
ladder:

(e.g. 38 clusters Bonamonte et al. 2006)



H0 without the distance ladder

H0 from SNe

H0 from megamasers



(Wong et al. 2019)

lenses



The original Hubble diagram

Hubble (1936)
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