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Distance is the fundamental 
problem of astronomy
Distance is required to interpret observations in an absolute sense







What’s the basis for all 
(astronomical) distances?
The speed of light in vacuum: defines 1 m as distance traveled by light in vacuum in 
t = 1 / 299792458 s



What is the fundamental 
astronomical distance measure?

The astronomical unit [au]. 
Now an SI quantity:
1 au = 149,597,870,700 m

31 Aug 2012!



Direct distance measurement 
methods
Which ones do you know?



Parallax and Proper Motion

http://hubblesite.org/image/3191/news

HST: Narrow-angle astrometry!
(relative to background stars)

http://hubblesite.org/image/3191/news


Gaia’s Wide-Angle Parallax 
MeasurementsWide-angle astrometry
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Parallax and Distance
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Objects in mirror are farther than they appear!
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https://www.aanda.org/articles/aa/abs/2018/08/aa32964-18/aa32964-18.html


Detached Eclipsing Binary 
Distance to the Magellanic Clouds
Pietrzynski et al. (2013, 2019), Graczyk et al. (2018)

https://ui.adsabs.harvard.edu/abs/2013Natur.495...76P/abstract
https://ui.adsabs.harvard.edu/abs/2019Natur.567..200P/abstract
https://doi.org/10.3847/1538-4357/aac2bf


Detached eclipsing binary distances

• Distance = physical radius / angular diameter
• How do know angular diameter?
• Interferometry, surface brightness, …

𝑆! = 𝛼 ⋅ 𝑉 − 𝐾 " + 𝛽 [mag]

𝜙 = 10".$(&!'!")

Surface brightness [mag/m^2] is constant 
with distance (area compensates flux)!



Detached eclipsing binary distances

• Distance = physical radius / angular 
diameter
• How do know the physical radius?
• Eclipses: duration of transit and relative 

sizes
• Orbital velocities: eclipse path length 



Detached Eclipsing Binary Distance 
of the Large Magellanic Cloud
Pietrzynski et al. (2013, 2019), Graczyk et al. (2018)

𝑑 ∝
𝑅
𝜙 𝜙 = 10%.'()!*+")

𝑆+ = 𝛼 ⋅ 𝑉 − 𝐾 % + 𝛽 [mag]

𝑑 = 49.59 ± 0.09!"#" ± 0.53!$!" kpc
Orbit & Eclipse Modeling

1.09% accuracy!

https://ui.adsabs.harvard.edu/abs/2013Natur.495...76P/abstract
https://ui.adsabs.harvard.edu/abs/2019Natur.567..200P/abstract
https://doi.org/10.3847/1538-4357/aac2bf


Baade-Wesselink-type Methods

• Angular distance determination
• Exploits the radial pulsation
• Compare linear to angular radius 

variations to determine distance
• Linear radius from line-of-sight 

velocities
• Angular radius from 

interferometry or surface 
brightness relations

∆𝑅

𝑑 ∝
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∆𝑅 = 𝑝/𝑣"𝑑𝜑

∆𝜃



Megamasers: geometric distances to < 200 Mpc



Stellar standard candles

cd: The luminous intensity, in a 
given direction, of a source that 
emits monochromatic radiation 

of frequency 5.4×1014 hertz 
(~550nm) and that has a 

radiant intensity in that 
direction of 1/683 watt per 

steradian.



What makes a good 
stellar standard candle?
What could be a good alternative to Cepheids?



Instability strips across the Hertzsprung Russell Diagram



The Leavitt Law
The Cepheid Period-Luminosity Relation 
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Log(Period [d]) Leavitt & Pickering (1912)

𝑀 = 𝛼 ⋅ log 𝑃 + 𝛽

𝑀 = 𝑚 − 5 log 𝑑 + 5

Illustration Credit: NASA, ESA and Z. Levay (STScI). Science Credit: NASA, ESA, the Hubble 
Heritage Team (STScI/AURA) and the American Association of Variable Star Observers

https://ui.adsabs.harvard.edu/abs/1912HarCi.173....1L/abstract
http://www.nasa.gov/
http://www.spacetelescope.org/
http://www.stsci.edu/
http://www.nasa.gov/
http://www.spacetelescope.org/
http://heritage.stsci.edu/
http://www.stsci.edu/
http://www.aura-astronomy.org/


Many pulsating stars obey Leavitt laws!

• Classical Cepheids
• Type II Cepheids[low mass, rare, less clean]: BL Her, W Vir, RV Tau
• RR Lyrae stars
• Anomalous Cepheids
• Mira stars & other long-period or semi-regular variables
• OGLE Small Amplitude Red Giants – OSARGs
• delta Scuti stars
• Even some eclipsing binaries obey period-luminosity relations



Cepheid distances to 
other galaxies (< 70 Mpc)

𝑀 = 𝛼 ⋅ log 𝑃 + 𝛽

𝑀 = 𝑚 − 5 log 𝑑 + 5



Cepheid photometry and periods



Reddening-free “Wesenheit” magnitudes

• Wesenheit function defines a reddening-free magnitude
• 𝑚#,%&

' = 𝑚# − 𝑅#,%&' 𝑚% −𝑚& ≡ 𝑚#
( − 𝑅#,%&' 𝑚%

( −𝑚&
(

• Assuming that 

• 𝑅#,%&' = )!
)"*)#

is correctly described by a reddening law normalized to 
a value of 𝑅% = 𝐴%/𝐸(𝐵 − 𝑉)
• 𝑅#,%&' ≈ 0.39 for H = F160W, V = F555W, I = F814W 
• In Wesenheit formalism: 𝜇 = 𝑚( −𝑀( = 𝑚' −𝑀'

• This is key to current accuracy of distance ladder



Leavitt Laws in distant (< 40 Mpc) galaxies

Riess et al. (2016)

https://ui.adsabs.harvard.edu/abs/2016ApJ...826...56R/abstract


The Tip of the Red Giant Branch
The most precise alternative to Cepheids



The Tip of the Red Giant Branch (TRGB)
Jang et al. (2021)

Rizzi et al. (2007)



The Tip of the Red Giant Branch (TRGB)

• Most precise alternative to Cepheids for 
SN calibration
• RGB position in HRD depends on 

metallicity
• Tip depends on wavelength and metallicity
• Calibrations with or without metallicity 

differ by a few percent
• Main benefits: 

• No time series needed
• IR brightness
• Halos are dust-free & low in crowding

Jang et al. (2021)



Supernova distances and 
The Hubble diagram: 
Distance-redshift relation



SNIa Standardization



Light curve fits 𝜇 = 𝑚% + 𝛼𝑥& + 𝛽𝑐 −𝑀 − 𝛿'()*+,
Scolnic et al. (2021)

c: color
𝛼: 0.148
𝛽: 3.112
x1: stretch
x0: amplitude
mB: -2.5 log10(x0)
𝛿-*./01: host mass-step

due to dust

SALT2 light curve fitter

Brout & Scolnic (2021)

https://ui.adsabs.harvard.edu/abs/2021arXiv211203863S/abstract
https://iopscience.iop.org/article/10.3847/1538-4357/abd69b


The Hubble-Lemaître Law

Riess, Press & Kirshner (1996)

Hubble (1929)

Lemaître (1927), Hubble (1929), IAU vote 2018

𝑣 = 𝐻!𝐷

https://ui.adsabs.harvard.edu/abs/1996ApJ...473...88R/abstract
https://ui.adsabs.harvard.edu/abs/1929PNAS...15..168H/abstract
https://ui.adsabs.harvard.edu/abs/1927ASSB...47...49L/abstract
https://ui.adsabs.harvard.edu/abs/1929PNAS...15..168H/abstract
https://www.iau.org/news/pressreleases/detail/iau1812/


H0 measures expansion rate of today’s Universe
Hubble-Lemaître law:

expands

𝐻! = 𝑣/𝐷
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Distance Ladder 
links cosmology 
to geometry

SNeIa in 
Hubble flow

SNClose enough for Cepheids, 
far enough for SNeIa

Gaia Parallaxes
Leavitt law:
log 𝑃 ∝ 𝐿



A maximum likelihood distance 
ladder that considers covariance



The mathematical formalism

log𝐻! = 0.2𝑀"
! + a" + 5

𝑀3
% = 𝑚3,5

% − 𝜇%,5Standardized SNIa B-band magnitude

𝜒# = 𝑦 − 𝐿𝑞 $𝐶%&(𝑦 − 𝐿𝑞)

𝑐𝑞 = 𝐿-𝐶(&𝐿 (&

Covariance matrix contains errors & covariance

𝑞./0 = 𝐿-𝐶(&𝐿 (&𝐿-𝐶(&𝑦-
Generalized least squares fit parameters

𝑎3 = log 𝑐𝑧 1 +
1
2 1 − 𝑞% 𝑧 −

1
6 1 − 𝑞% − 3𝑞%' + 𝑗% 𝑧' + 𝑂 𝑧6 − 0.2𝑚3

%Distance-redshift relation:



The mathematical formalism
Metallicity effectLeavitt lawMean mag Fiducial 10dDistance

Ce
ph

ei
ds

SN
Ia

Distance
Maximum light 

standardized mag Fiducial

log𝐻( = 0.2𝑀+
( + a+ + 5



𝜒# = 𝑦 − 𝐿𝑞 $𝐶%&(𝑦 − 𝐿𝑞)
Observables Fit parameters



𝜒# = 𝑦 − 𝐿𝑞 $𝐶%&(𝑦 − 𝐿𝑞)



𝜒# = 𝑦 − 𝐿𝑞 $𝐶%&(𝑦 − 𝐿𝑞)



5-parameter Distance Ladder with 
many variants & systematics checks

log𝐻( = 0.2𝑀+
( + a+ + 5

𝐻( = 73.04 ± 1.04 km/s/Mpc



𝑀 = 𝛼 + 𝛽 log 𝑃
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RIA, A&A 631, A165 (2019)

Cepheid Redshift-Leavitt bias

https://ui.adsabs.harvard.edu/abs/2019A%26A...631A.165A/abstract


Everything is moving!
𝑧IJK =

LM
M1
= MNM1

M1
≈ O2 P1

Q
measures the combined motion



1 + 𝑧/01 = 1 + ̅𝑧 1 + 𝑧234
567 1 + 𝑧234 1 + 𝑧8

567 1 + 𝑧8

cosmological Peculiar motion target, observer Peculiar motion target, observer

Peterson et al. (2021)

https://ui.adsabs.harvard.edu/abs/2021arXiv211003487P/abstract


Peterson et al. (2021)

https://ui.adsabs.harvard.edu/abs/2021arXiv211003487P/abstract


Acceleration 𝐷7 =
𝑐𝑧
𝐻%

1 +
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𝑎
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*'
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𝑞[ =
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] + 1 + 3𝑤 \45

] <  0

Riess et al. (1998)

Saul 
Perlmutter

Brian P. 
Schmidt

Adam G. 
Riess

Credit: The Nobel Foundation, Photos by U. Montan

https://ui.adsabs.harvard.edu/abs/1998AJ....116.1009R/abstract


Precision SN Cosmology

Scolnic et al. (2018)

𝑞[ =
\3
]
+ 1 + 3𝑤 \45

]
<  0

https://doi.org/10.3847/1538-4357/aab9bb


The Hubble tension: hunting for 
cracks in the ΛCDM cosmology



The Cosmic Microwave Background

Planck Collaboration (2015)

https://www.aanda.org/articles/aa/full_html/2016/10/aa26926-15/aa26926-15.html


Cosmological Parameters from the Planck CMB

Planck Collaboration (2018)
𝐻" = 67.36 ± 0.54

𝑘𝑚
𝑠 𝑀𝑝𝑐

Planck Collaboration (2018)

https://ui.adsabs.harvard.edu/abs/2018arXiv180706209P/abstract
https://ui.adsabs.harvard.edu/abs/2018arXiv180706209P/abstract


The Hubble tension
• What’s different now?
• Data homogeneity
• Accurate CCD photometry
• Distances & parallaxes
• Sample sizes

• Which measurements are 
independent?
• How can you determine an 

average in this situation?
• This is very exciting to theorists!

Di Valentino et al. (2021)

https://ui.adsabs.harvard.edu/abs/2021CQGra..38o3001D/abstract


The Early Universe Today’s UniverseH0 as a cosmological 
end-to-end test

𝟕𝟑. 𝟎𝟒 ± 𝟏. 𝟎𝟒

𝟔𝟕. 𝟒 ± 𝟎. 𝟓

8.0% / 0.167 mag / 5.0𝝈

𝑯𝟎 =

𝐤𝐦/𝐬
𝐌𝐩𝐜

New Physics???
Riess et al. (2022)Planck VI (2018)


