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Die Expansion des Universums 
– ein Streitfall über 100 Jahre 

Bruno Leibundgut
(ESO)
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Die Milchstraße
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William and Caroline Herschel und die 
Milchstraße(n)
William und Caroline Herschel 
(late 18th century)
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https://wellcomecollection.org/works/dmbmc538
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Die Milchstraße (Gaia)

ESA/Gaia
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Modelle der Milchstraße (1900-1920)

Jacobus Kapteyn (1922)
– basierend auf Sternzählungen in verschiedenen 

Richtungen
– Kapteyn hat vor allem Sterne am Südhimmel 

beigetragen

W
ikipedia
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Modelle der Milchstraße (1900-1920)

Harlow Shapley (1918)
– untersuchte die Verteilung 

der Kugelsternhaufen
– asymmetrische Verteilung 

am Himmel
– fand eine 10-fach größere 

Verteilung 
als Kapteyn

W
ikipedia
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Erste Spiralstrukturen (Lord Ross)

Neues Großteleskop benötigt 
(72”; 180cm)
“Leviathan of Parsonstown”

William Parson (1845)
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Die Andromeda Galaxy
(Messier 31)

STScI
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Ein Zwilling der Milchstraße

Hallo

27000 Lichtjahre

ESO
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Ein möglicher Zwilling der Milchstraße 
NGC 891
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Die Magellanschen Wolken

ESO



26 Februar 2020 Bruno Leibundgut

Galaxien der Lokalen Gruppe

Bruno Binggeli
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Verschiedene Galaxientypen

Hubbles erste Versuche 
(in seiner Doktorarbeit)

Hubbles „Stimmgabel” (1936)
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Ein Himmel voller Galaxien

ESO



320 6 Clusters and groups of galaxies

Fig. 6.51 Top: the cluster of galaxies A2218 (zd D 0:175) contains
one of the most spectacular arc systems. The majority of the galaxies
visible in the image are associated with the cluster, and the redshifts of
many of the strongly distorted arcs have now been measured. Bottom:
the cluster of galaxies Cl 0024+17 (zd D 0:39) contains a rich system of
arcs. The arcs appear bluish, stretched in a direction which is tangential
to the cluster center. The three arcs to the left of the cluster center, and

the arc to the right of it and closer to the center, are images of the
same background galaxy which has a redshift of zs D 1:62. Another
image of the same source was found close to the cluster center. Also
note the identical (‘pretzel’-shaped) morphology of the images. Credit:
Top: W. Couch/University of New South Wales, R.S. Ellis/Cambridge
University and NASA. Bottom: W.N. Colley and E. Turner/Princeton
University, J.A. Tyson/Bell Labs, Lucent Technologies, and NASA
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Galaxienhaufen (mit Gravitationslinsen)

Abell 2218; z=0.18 - HST
STScI
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Hubble Space Telescope 
Ultradeep Field



26 Februar 2020 Bruno Leibundgut

Cepheiden Sterne
Henrietta Leavitt entdeckt eine Leuchtkraft-Perioden 
Relation

Cepheid Parameters: 
Optimizing Searches

• Cepheid amplitudes 
decrease with increasing 
O

• Interstellar reddening 
decreases as O��

For detection: Cepheid 
searches best undertaken in 
the blue

To minimize the effects of dust: 
observations best in the red

HST: V and I
Madore & Freedman (1991)  

Madore & Freedman (1991)
Harvard University  Plate Stacks

W
ikipedia

Leavitt & Pickering 1912
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1964ApJ...140....1G

Greenstein & Schmidt 1964

Rotverschiebungen

Vesto Slipher beobachtet die Geschwindigkeiten in den 
Spektren von Nebeln (1912)

– typischerweise mehrere 100 km/s
– erstaunlicherweise beinahe alle mit Fluchtgeschwindigkeit, 

d.h. sie bewegen sich von uns weg (Rotverschiebung)

W
ikipedia
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Great Debate: Wie groß ist das Universum?
Präsentationen an der Jahrestagung der National 
Academy of Science in Washington DC, 26. April 1920

Harlow Shapley vs. Heber Curtis

http://incubator.rockefeller.edu/geeks-of-the-week-harlow-shapley-heber-curtis/
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Wie groß ist das Universum?

Harlow Shapley Heber Curtis
Schlussfolgerungen

Der Durchmesser der Milchstraße ist circa 
100 kpc.

Der Durchmesser der Milchstraße ist 
circa 10 kpc.

Spiralnebel sind in ihrer Größe nicht 
vergleichbar mit der Milchstraße und sind 
relativ nahe.

Spiralnebel sind Galaxien wie die 
Milchstraße und haben Entfernungen 
von etwa 150 kpc für Andromeda und 
bis zu 3000 kpc für die entferntesten 
bekannten Objekte.
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Reaktion der Presse
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Des Rätsels Lösung

Hohe Radialgeschwindigkeiten der Spiralnebel 
– mehrere 100 km/s
– Sterne in der Milchstraße haben typischerweise weniger als 

100 km/s 

Genaue Entfernungsmessungen
– Edwin Hubble entdeckt Cepheiden (veränderliche) 

Sterne in der Andromeda Galaxie (Messier 31)
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Hubble findet Cepheiden Sterne in Andromeda

HST PHAT Survey; Riess et al. 2011 

Inclination ! crowding of more distant host 

Random phase, NIR 

WFC3$IR$sees$through$dust$in$front$of$Cepheids;$e.g.,$M31$

Results 

•  Using Wesenheit magnitudes to reduce reddening effects, we find an rms 
dispersion of 0.249 mag for 62 Cepheids, almost three times smaller than the 
dispersion of the HST random phase Period-Luminosity relation. 

•  With a significantly smaller rms, we will better constrain the distance estimate to 
M31, thereby improving estimates of the Hubble Constant. 
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Motivation 
•  With observations from the Hubble Space Telescope as part of  
the Panchromatic Hubble Andromeda Treasury survey (PHAT), we 
examine Cepheid variables in M31 in order to improve the Period-
Luminosity Relation. 

•  By significantly improving the Cepheid Period-Luminosity relation, 
we will obtain a more accurate distance to M31 and refine the value of 
the Hubble Constant. 

Method 

•  We obtained V and I band photometry of Cepheids from the DIRECT survey (Stanek et al. 1999). 

•  The DIRECT photometry was fit to light curve templates (Pejcha & Kochanek 2012).  

•  The period of variability and the fit template were extrapolated to determine the phase of variability 
at the HST epoch of observation. 

•  The light curves were calibrated at the phase of the HST observation with PHAT photometry. The 
light curves were then de-phased to obtain a mean magnitude. 

The HST calibrated magnitudes in the F814W filter 
are presented for 62 Cepheids at the random phase of 
the HST observations. The linear fit is taken from 
Gerke et al. (2011) and the root mean square deviation 
from this line is 0.717 mag. The two dotted lines 
indicate this deviation. 

Log(Period) in Days

F
8
1
4
W

 M
ag

n
itu

d
e 

(R
an

d
o

m
 P

h
as

e)


RMS=0.717 mag

The HST calibrated and de-phased magnitudes in the 
F814W filter are presented for 62 Cepheids. The linear 
fit is taken from Gerke et al. (2011) and the root mean 
square deviation is 0.350 mag. The two dotted lines 
indicate this deviation. 
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The HST calibrated and de-phased magnitudes in the 
F475W and F814W filters are used to determine the 
Wesenheit magnitude = I – 1.55(V–I) (Ngeow 2012), 
where I is approximately the F814W filter and V is an 
average of the two filters. The linear fit is taken from 
Gerke et al. (2011) and the root mean square deviation is 
0.249 mag. The two dotted lines indicate this deviation. 
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Future Work 

•  We will complete the sample of Cepheids once all 
of the PHAT data has been obtained. 

•  The final Period-Luminosity relation will be used to 
estimate a more accurate distance to M31. 

The PHAT fields in M31 are indicated by the blue boxes and the 
Cepheid variables are shown as red circles. 

For more information on the 
PHAT collaboration and to access 

an online version of this poster 

Mean phase, I-band 

HST PHAT Survey; Wagner-Kaiser et al 2014 

RMS=0.17 mag 
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768 Dr. Knut Lundmark, The Determination of the lxxxiv. 9, 

may be a relation between the two quantities, although not a very definite 
one. If this phenomenon were due to the curvature of space-time, we 
could derive the mean linear distance or determine the scale of our 
relative distances in the following way :— 

Assuming that the average vf1 for a group of objects is the same as 

Fig. 5.—Eelation between the relative distances (the unit is the distance of the 
Andromeda nebula) and the measured radial velocities of spiral nebulæ. 

for another group, placed at another distance, Silberstein has from the 
reduced Doppler effect deduced the formula 

Dl2-^2 = R2(V~^22), 

where D are the Doppler shifts and r the distances. [The bars denote 
the average values and the suffixes two different groups of objects.] 

Taking two groups of spiral nebulæ we could compare them, for 
instance, with a group of globular clusters. Denoting the quantities of 
spirals and globulars with suffixes s and g, and eliminating E, we obtain 

'8 ' g _ ' 8\ r 82 
fv2 _ ]) 2 TV 2 _ T) 2* AJs 1Jg -L'si -1^52 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

Lundmarks Universum
Erstes Hubble-Lemaître Diagramm (1924)
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Die Geschichte der 
Hubble Konstante 𝐻!

Expansionsrate berechnet von G. Lemaître (1927)
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Hubble 1929

Das expandierende Universum
Hubbles Hubble-Lemaître Diagramm
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AA48CH17-Freedman ARI 23 July 2010 16:29
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Figure 10
Graphical results of the Hubble Space Telescope Key Project (Freedman et al. 2001). (Top) The Hubble
diagram of distance versus velocity for secondary distance indicators calibrated by Cepheids. Velocities are
corrected using the nearby flow model of Mould et al. (2000). Dark yellow squares, Type Ia supernovae;
filled red circles, Tully-Fisher (TF) clusters (I-band observations); blue triangles, fundamental plane clusters;
purple diamonds, surface brightness fluctuation galaxies; open black squares, Type II supernovae. A slope of
H o = 72 ± 7 km s−1 Mpc−1 is shown (solid and dotted gray lines). Beyond 5,000 km s−1 (vertical dashed line),
both numerical simulations and observations suggest that the effects of peculiar motions are small. The Type
Ia supernovae extend to about 30,000 km s−1, and the TF and fundamental plane clusters extend to velocities
of about 9,000 and 15,000 km s−1, respectively. However, the current limit for surface brightness
fluctuations is about 5,000 km s−1. (Bottom) The galaxy-by-galaxy values of Ho as a function of distance.

We update this analysis using the new HST-parallax Galactic calibration of the Cepheid zero
point (Benedict et al. 2007) and the new supernova data from Hicken et al. (2009). We find
a similar value of Ho, but with reduced systematic uncertainty, of Ho = 73 ± 2 (random) ±
4 (systematic) km s−1 Mpc−1. The reduced systematic uncertainty, discussed further in Section 4.1
below, results from having a more robust zero-point calibration based on the Milky Way Galaxy
with comparable metallicity to the spiral galaxies in the HST Key Project sample. Although, the
new parallax calibration results in a shorter distance to the LMC (which is no longer used here
as a calibrator), the difference in Ho is nearly offset by the fact that no metallicity correction is
needed to offset the difference in metallicity between the LMC and calibrating galaxies.
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Das Hubble-Lemaître Diagramm heute

Verschiedene Entfernungsindikatoren
– Wichtige Prüfung

• Große Magellansche Wolke

– Galaxien
– Supernovae 
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Die Ausdehnung des Universums
Alle Galaxien starten am selben Punkt

Hubble-Lemaître Gesetz
𝑣 = 𝐻!𝐷

und damit die Expansion

𝐻! =
𝑣
𝐷
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The Expansion ist für alle gleich 
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Das Hubble-Lemaître Gesetz
Beschreibt die lineare Ausdehnung des 
(nahen) Universums

𝑣 = 𝐻! ⋅ 𝐷
mit der Hubble Konstante 𝐻! als der Expansionsrate heute.
Die Einheit von 𝐻! ist inverse Zeit

𝐻! =
𝑣
𝐷

=
𝑘𝑚

𝑠 ⋅ 𝑀𝑝𝑐
=
1
s

1𝑀𝑝𝑐 = 3.09 ⋅ 10"#𝑘𝑚 = 3.3 ⋅ 10$ 𝐿𝑖𝑐ℎ𝑡𝑗𝑎ℎ𝑟𝑒
Damit entspricht die Hubble Konstante auch dem Alter des 
Universums.
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Das Alter des Universums

In einem materie-dominierten Universum ist das Alter

– Alter der Erde: 4.5 ⋅ 10# Jahre
– Alter der ältesten Sterne: ~1.2 ⋅ 10"! Jahre

t0 =
2
3H0

H0 (km/s/Mpc) t0 (yr)

500 1.30⋅109

250 2.61⋅109

100 6.52⋅109

80 8.15⋅109

70 9.32⋅109

60 1.09⋅1010

50 1.30⋅1010

30 2.17⋅1010
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Geschichtliche Entwicklung von 𝐻!

J. Huchra

2.6 Mrd Jahre

6.5 Mrd Jahre

https://www.cfa.harvard.edu/~dfabricant/huchra/hubble/

Walter Baade
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Messungen der Hubble Konstane 𝐻!
Entfernungsleiter um die Hubble Expansion zu erreichen

19
74
Ap
J.
..
19
0.
.5
25
S

Sandage & Tammann 1974
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Die Entfernungsleiter

nach Adam Riess 2014

1974ApJ...190..525S
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Hubble Key Project
Bestimmung von verschiedenen 
Eichungen in der 
Entfernungsleiter

– Galaxien
– Supernovae

Jeremy Mould
Wendy Freedman
Robert Kennicutt
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Figure 10
Graphical results of the Hubble Space Telescope Key Project (Freedman et al. 2001). (Top) The Hubble
diagram of distance versus velocity for secondary distance indicators calibrated by Cepheids. Velocities are
corrected using the nearby flow model of Mould et al. (2000). Dark yellow squares, Type Ia supernovae;
filled red circles, Tully-Fisher (TF) clusters (I-band observations); blue triangles, fundamental plane clusters;
purple diamonds, surface brightness fluctuation galaxies; open black squares, Type II supernovae. A slope of
H o = 72 ± 7 km s−1 Mpc−1 is shown (solid and dotted gray lines). Beyond 5,000 km s−1 (vertical dashed line),
both numerical simulations and observations suggest that the effects of peculiar motions are small. The Type
Ia supernovae extend to about 30,000 km s−1, and the TF and fundamental plane clusters extend to velocities
of about 9,000 and 15,000 km s−1, respectively. However, the current limit for surface brightness
fluctuations is about 5,000 km s−1. (Bottom) The galaxy-by-galaxy values of Ho as a function of distance.

We update this analysis using the new HST-parallax Galactic calibration of the Cepheid zero
point (Benedict et al. 2007) and the new supernova data from Hicken et al. (2009). We find
a similar value of Ho, but with reduced systematic uncertainty, of Ho = 73 ± 2 (random) ±
4 (systematic) km s−1 Mpc−1. The reduced systematic uncertainty, discussed further in Section 4.1
below, results from having a more robust zero-point calibration based on the Milky Way Galaxy
with comparable metallicity to the spiral galaxies in the HST Key Project sample. Although, the
new parallax calibration results in a shorter distance to the LMC (which is no longer used here
as a calibrator), the difference in Ho is nearly offset by the fact that no metallicity correction is
needed to offset the difference in metallicity between the LMC and calibrating galaxies.
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Geschichtliche Entwicklung von 𝐻!

6.5 Mrd Jahre

13 Mrd Jahre
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Supernova!



26 Februar 2020 Bruno Leibundgut

Die Hubble Konstante (Entfernungsleiter)

Eichung der Leuchtkraft von Typ Ia Supernovae 
am Maximum (SN Ia @ max)

Eliminating sources of systematic error between anchor and calibrator:   

1) use same instrument 2) same Cepheid parameters (Period,Z)  3) better anchor 

HUBBLE CONSTANT: REBUILD DISTANCE LADDER 

3% Anchor: 

NGC4258 

Hubble Flow 

 4 % 

error 
____ ____ 

 1% 

 2% 

Calibrator 

NA 

NEW LADDER (100 Mpc) 

Hubble Flow 

5% Anchor: LMC  

3.5% SN Ia hosts,  

Metallicity change 

11% error 
____ ____ 

 1% # Modern, distant SNe Ia 

 3% # Modern, local hosts 

4% long to short Period Cepheids 

4.5% Ground to HST 

PAST DISTANCE LADDER (100 Mpc)   

Eliminating sources of systematic error between anchor and calibrator:   

1) use same instrument 2) same Cepheid parameters (Period,Z)  3) better anchor 

HUBBLE CONSTANT: REBUILD DISTANCE LADDER 

3% Anchor: 
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Hubble Flow 

 4 % 

error 
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 1% 

 2% 
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NA 

NEW LADDER (100 Mpc) 

Hubble Flow 

5% Anchor: LMC  

3.5% SN Ia hosts,  

Metallicity change 

11% error 
____ ____ 

 1% # Modern, distant SNe Ia 

 3% # Modern, local hosts 

4% long to short Period Cepheids 

4.5% Ground to HST 

PAST DISTANCE LADDER (100 Mpc)   

Adam Riess
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Hubble Constant

Supernova Ia
Hubble-Lemaître diagram

with blending higher than the inner region of NGC 4258 to the
remaining 13. The difference in the mean model residual
distances of these two subsamples is 0.02±0.07 mag,
providing no evidence of such a dependence.

4.2. Optical Wesenheit Period–Luminosity Relation

The SH0ES program was designed to identify Cepheids from
optical images and to observe them in the NIR with F160W to
reduce systematic uncertainties related to the reddening law, its
free parameters, sensitivity to metallicity, and breaks in the P–L

relation. However, some insights into these systematics may be
garnered by replacing the NIR-based Wesenheit magnitude, mH

W ,
with the optical version used in past studies (Freedman et al.
2001), ( )= - -m I R V II

W , where R≡AI/(AV− AI) and the
value of R here is ∼4 times larger than in the NIR. The
advantage of this change is the increase in the sample by a little
over 600 Cepheids in HST hosts owing to the greater FOV of
WFC3/UVIS. Of these additional Cepheids, 250 come from
M101, 94 from NGC 4258, and the rest from the other SN hosts.
In Table 8 we give results based on Cepheid measurements of
mI

W instead of mH
W for the primary fit variant with all four

Figure 10. Complete distance ladder. The simultaneous agreement of pairs of geometric and Cepheid-based distances (lower left), Cepheid and SN Ia-based distances
(middle panel) and SN and redshift-based distances provides the measurement of the Hubble constant. For each step, geometric or calibrated distances on the x-axis
serve to calibrate a relative distance indicator on the y-axis through the determination of M or H0. Results shown are an approximation to the global fit as discussed in
the text.

17

The Astrophysical Journal, 826:56 (31pp), 2016 July 20 Riess et al.

Riess et al. 2016
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ESA/Planck

Geschichte von 𝐻!

Nach 2013 eine starke 
Fokussierung auf 
68 < 𝐻! < 75𝑘𝑚 𝑠%"𝑀𝑝𝑐%"
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Freedman 2017

Problem gelöst?

Neue Diskrepanz zwischen 
nahen (Entfernungsleiter) 
und entfernten (Kosmischer 
Mikrowellenhintergrund) 
Bestimmungen von 𝐻!
Hinweise auf ein 
unvollständiges 
kosmologisches Modell?
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Kosmischer Mikrowellenhintergrund
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Kosmischer Mikrowellenhintergrund
Strahlungsüberreste des Urknalls

– Schwarzkörper-Strahlung mit T=2.73 K
– 370000 Jahre nach dem Urknall abgestrahlt

ESA/Planck
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Weitere Versuche

RR Lyrae Sterne und Rote Überriesen Sterne

7.6. Comparison of H0 Values for Cepheids, TRGB, and Planck

We show in Figure 17 a comparison of local Cepheid (blue)
and TRGB (red) determinations of H0, as well as values based
on CMB measurements (black), plotted as a function of year of
publication. The value of H0 determined in this paper is
denoted by a red star and falls between the values defining the
current H0 tension. It favors neither method and can be equally
used to argue for evidence that there is no tension (but ignoring
the Cepheid results) or that, combining the TRGB and Cepheid
results, it provides low-level additional evidence that there is
tension between the local and CMB values of H0.

8. The Future

In the next few years, a number of ongoing studies will help
to sharpen the current debate over the early-universe and
locally determined values of H0. We list five of them here.

1. A major improvement to the parallax measurements from
Gaia is expected in 2022. At that time, accurate
parallaxes (=1%) will become available for both Milky
Way TRGB stars and Cepheids. In addition, they will be
available for RR Lyrae stars. Although fainter than
TRGB stars or Cepheids, RR Lyrae stars can provide a
completely independent zero-point for the nearest
galaxies, allowing further testing for hidden systematics.

2. The HSTwill continue to allow measurement of distances
to galaxies containing TRGB stars and Cepheids that are
host to SNeIa , thereby increasing the numbers of SN Ia
calibrating galaxies. Already, additional HST time has
been awarded for both programs in Cycle 26 (Proposal
15640, PI: Freedman; Proposal 15642, PI: Riess).

3. The launch of the JWST in 2021 will allow TRGB stars to
be measured at infrared wavelengths, where these stars
are brighter than they are in the optical, thereby
increasing the volume out to which TRGB distances
can be measured and increasing the number of SNIa
calibrating galaxies. Increasing the number of calibrators
is particularly important. As the uncertainty in the zero-
point is decreased, the small number of calibrators (and
their dispersion in absolute magnitudes) will become the
largest uncertainty in the local determination of H0.
Unfortunately, JWST will not be capable of significantly
extending the reach of the Cepheid distance scale for a
number of reasons: Cepheids are bluer stars, and their

maximum variability (discovery potential) occurs at
optical wavelengths. The JWST, optimized for the
infrared, is diffraction-limited at 2 μm. At larger
distances, crowding of Cepheids by RGB and brighter
AGB stars at redder wavelengths, combined with the
smaller amplitudes in the infrared, will severely limit
their discovery and ultimate accuracy in H0.

4. With Advanced LIGO and Virgo, the expected detection
of significant numbers of gravitational-wave events for
neutron star–neutron star coalescing binaries may provide
a Hubble constant to 2% accuracy within 5 yr (Chen et al.
2018); see, however, Shafieloo et al. (2018), who noted
that the accuracy for this method in the near-term will still
be dependent on the adoption of an underlying
cosmological model.

5. The use of strong gravitational lens systems for measuring
H0 will provide a completely independent measure of H0
and shows promise for a 1% determination of H0 in future
years as hundreds, and possibly thousands, of time-delay
lens systems are discovered in future surveys (e.g., the
H0LiCOW program; Suyu et al. 2017).

9. Summary

The major result from this paper is the construction and
calibration of a new and independent distance scale for the
local universe using the TRGB method, calibrating the absolute
distances to SNeIa in several independent surveys. We
determine a value of the Hubble constant of H0=
69.8±0.8 (±1.1% stat)±1.7 (±2.4% sys) km s−1 Mpc−1.
This value differs only at the 1.2σ level from the most recent
Planck Collaboration et al. (2018) inferred value of H0. It is
smaller than previous estimates of the Cepheid calibration of
SNeIa (Freedman et al. 2012; Riess et al. 2019) but still agrees
well at the 1.7σ level. The TRGB method provides an
opportunity to test for systematics in the Cepheid-based
determination of H0, which is significantly discrepant with
that inferred from Planck. As we have demonstrated, the
precision of the TRGB method is high, and future near-term
improvements will continue to increase its accuracy.
In Figure 18, we compare the H0 probability density

distributions for the TRGB, calibrated with the distance to the
LMC, and Cepheids, calibrated with Milky Way parallax
distances and the maser distance to NGC 4258 (and excluding
the LMC calibration for Cepheids). Riess et al. (2019) determined

Figure 17. Plot of H0 values as a function of time. The black points and shaded region are determined from measurements of the CMB, those in blue are Cepheid
calibrations of the local value of H0, and those in red are TRGB calibrations. The red star is the best-fit value obtained in this paper. Error bars are 1σ.

24

The Astrophysical Journal, 882:34 (29pp), 2019 September 1 Freedman et al.

Freedman et al. 2019

U
niversity ofC

hicago



26 Februar 2020 Bruno Leibundgut

18 K. C. Wong et al.

Figure 12. Comparison of H0 constraints for early-Universe and late-Universe probes in a flat ⇤CDM cosmology. The early-Universe
probes shown here are from Planck (orange; Planck Collaboration et al. 2018b) and a combination of clustering and weak lensing data,
BAO, and big bang nucleosynthesis (grey; Abbott et al. 2018b). The late-Universe probes shown are the latest results from SH0ES (blue;
Riess et al. 2019) and H0LiCOW (red; this work). When combining the late-Universe probes (purple), we find a 5.3� tension with Planck.

7 SUMMARY

We have combined time-delay distances and angular diame-
ter distances from six lensed quasars in the H0LiCOW sam-
ple to achieve the highest-precision probe of H0 to date from
strong lensing time delays. Five of the six lenses are analyzed
blindly with respect to the cosmological parameters of inter-
est. Our main results are as follows:

• We find H0 = 73.3+1.7
�1.8 km s�1 Mpc�1 for a flat ⇤CDM

cosmology, which is a measurement to a precision of 2.4%.
This result is in agreement with the latest results from mea-
surements of type Ia SNe calibrated by the distance ladder
(Riess et al. 2019) and in 3.1� tension with Planck CMB
measurements (Planck Collaboration et al. 2018b).

• Our constraint on H0 in flat ⇤CDM is completely in-
dependent of and complementary to the latest results from
the SH0ES collaboration, so these two measurements can be
combined into a late-Universe constraint on H0. Together,
these are in tension with the best early-Universe (i.e., CMB)
determination of H0 from Planck at a significance of 5.3�.

• We check that the lenses in our sample are statistically
consistent with one another by computing Bayes factors be-
tween their H0 PDFs. We find that all six lenses are pairwise
consistent (i.e., F > 1), indicating that we are not underesti-

mating our uncertainties and are able to control systematic
e↵ects in our analysis.

• We compute parameter constraints for cosmologies be-
yond flat ⇤CDM. In an open ⇤CDM cosmology, we find
⌦k = 0.26+0.17

�0.25 and H0 = 74.4+2.1
�2.3 km s�1 Mpc�1, which

is still in tension with Planck, suggesting that allowing for
spatial curvature cannot resolve the discrepancy. In a flat
wCDM cosmology, we find H0 = 81.6+4.9

�5.3 km s�1 Mpc�1

and w = �1.90+0.56
�0.41. In a flat w0waCDM cosmology, we

find H0 = 81.3+5.1
�5.4 km s�1 Mpc�1, but are unable to place

meaningful constraints on w0 and wa.

• We combine our constraints with Planck, including
CMB weak lensing and BAO constraints. Although time-
delay cosmography is primarily sensitive to H0, with only
a weak dependence on other cosmological parameters, the
constraints are highly complementary to other probes such
as Planck, CMB weak lensing, and BAO. We test the open
⇤CDM and wCDM cosmologies, as well as cosmologies with
variable e↵ective neutrino species and/or sum of neutrino
masses, and a wCDM cosmology with a time-varying w. The
full parameter constraints for these models when combining
H0LiCOW and Planck are given in Table 7.

• We use the distance measurements from time-delay cos-
mography to calibrate the distance scale of type Ia SNe from
the JLA and Pantheon samples. This provides a probe of H0
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Figure 1. Multicolor images of the six lensed quasars used in
our analysis. The images are created using two or three imag-
ing bands in the optical and near-infrared from HST and/or
ground-based AO data. North is up and east is to the left.
Images for B1608+656, RXJ1131�1231, HE0435�1223, and
WFI2033�4723 are from H0LiCOW I.

lenses to analyze first, as there may be systematics that de-
pend on such factors, and we want to account for them in
our analysis (see Ding et al. 2018, who attempt to address
these issues based on simulated data).

3.2 Time Delay Measurement

Out of the six lenses of the H0LICOW sample, all except
for B1608+656 have been monitored in optical by the COS-
MOGRAIL collaboration from several facilities with 1m and
2m-size telescopes. Several seasons of monitoring are needed
in order to disentangle the variations due to microlensing in
which brightening or dimming of the quasar images by stars
in the lens galaxy can mimic intrinsic features in the light
curves.

From the monitoring data, COSMOGRAIL measures

time delays using numerical curve-shifting techniques, which
fit a function to the light curve of each quasar image and find
the time shifts that minimize the di↵erences among them
(Tewes et al. 2013a; Bonvin et al. 2019). These techniques
are made publicly available as a python package named
PyCS2, which also provides tools to estimate the time de-
lays uncertainties in the presence of microlensing. The pack-
age was tested on simulated light curves reproducing the
COSMOGRAIL data with similar sampling and photomet-
ric noise in a blind time delay challenge (Liao et al. 2015).
Bonvin et al. (2016) demonstrated the robustness of the PyCS
curve-shifting techniques by recovering the time delays at a
precision of ⇠ 3% on average with negligible systematic bias.

Tewes et al. (2013b) applied these techniques to
RXJ1131�1231 and measured the longest time delay to
1.5% precision (1�). The time delay of SDSS 1206+4332 was
also measured with PyCS; Eulaers et al. (2013) obtained a
time delay between the two multiple images of �tAB =
111.3± 3 days, with image A leading image B. Birrer et al.
(2019) re-analyzed the same monitoring data with updated
and independent curve-shifting techniques and confirmed
this result. For HE0435�1223, the latest time delay mea-
surement was obtained with the 13 year-long light curves
of the COSMOGRAIL program at 6.5% precision on the
longest time delay (Bonvin et al. 2017).

Recently, Courbin et al. (2018) demonstrated that a
high-cadence and high signal-to-noise (S/N) monitoring
campaign can also disentangle the microlensing variability
from the intrinsic variability signal by catching small varia-
tions of the quasar that happen on timescales much shorter
than the typical microlensing variability. It is therefore pos-
sible to disentangle the intrinsic signal of the quasar from
the microlensing signal in a single season. High-cadence data
were used for WFI2033�4723 and PG 1115+080 to measure
time delays at a few percent precision in one season. These
results are in agreement with the time delays measured from
decade-long COSMOGRAIL light curves and are combined
in the final estimate (Bonvin et al. 2018, 2019).

The remaining lens of the sample, B1608+656 was mon-
itored by Fassnacht et al. (1999, 2002) with radio observa-
tions from the Very Large Array over three seasons. All three
independent time delays between the multiple images were
measured to a precision of a few percent.

A complicating factor in converting the observed time
delays to a cosmological constraint is the so-called “mi-
crolensing time-delay” e↵ect (Tie & Kochanek 2018). The
estimation of this e↵ect is based on the lamp-post model,
which predicts delayed emission across the quasar accretion
disk from a central driving source. Di↵erent regions of the
disk can then be magnified by the microlenses di↵erently in
each of the multiple images. This reweighting of the delayed
emission across the accretion disk could lead to a change in
the measured time delay. As the microlensing changes with
time, this could lead to a variation in the measured time
delays from season to season. There is no evidence of this
e↵ect based on our current data, so our main cosmological
results do not depend on it. Nonetheless, we quantify this
factor for di↵erent speculative models (Bonvin et al. 2018,

2 Available at http://www.cosmograil.org
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Zusammenfassung

Die Hubble Konstante bestimmt die Skala und das Alter 
des Universums

– Vergangene Probleme gelöst
• Das Universum ist älter als die Erde

– Verschiedene Sternpopulationen (Walter Baade)

• Alter des Universums ist auch größer als das Alter der ältesten 
Sterne

– Expansionsgeschichte durch Supernovae (Kosmologische Konstante) 
(Saul Perlmutter, Brian Schmidt, Adam Riess)
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Zusammenfassung
Entfernungsleiter inzwischen nur noch in zwei 
Schritten

→ Eichung der Cepheiden Sterne
→ bald mit geometrischen Methoden (Parallaxen)

→ Eichung der Supernovae durch Cepheiden Sterne

Kosmische Mikrowellenhintergrund
→ Lösung des kosmologischen Modells
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Zusammenfassung

Falls die Messungen stimmen,
→ ist das kosmologische Modell noch 

unvollständig
→ ist das kosmologische Modell falsch

In Table 6 and Figure 5 we give a detailed breakdown of all
sources of uncertainty in the determination of H0 here and
compared to R16. The primary changes between the present
uncertainties in H0 and those in R16 result from improvements
in the anchor measurements from the LMC and MW. The
contributed uncertainty from MW Cepheid parallaxes has
decreased from 2.5% to 1.7% because of new parallax
measurements from HST spatial scanning (R18b) and from
Gaia Data Release 2 (R18a) and from the use of WFC3 to
measure their photometry on the same photometric system as
Cepheids in SN Ia hosts. These improvements in the MW
anchor alone reduced the overall uncertainty in H0 from 2.4%
to 2.2% (R18a). An even greater improvement in the LMC
anchor is now realized, decreasing its contributed uncertainty
from 2.6% to 1.5%. While there is a small increase in
uncertainty in the P–Lintercept because of the smaller sample
of LMC Cepheids here, this is more than offset by the smaller
systematic uncertainty in their photometric zero-point. We also
note that there is an increase in the overall uncertainty due to
the relation between Cepheid metallicity and luminosity. The
metallicity term we derived from our analysis of all Cepheid
data (R16) is −0.17±0.06 mag per dex, similar to Gieren
et al. (2018), who find −0.22 mag per dex in the NIR for a
lower range of metallicity. The product of the mean, subsolar
metallicity for the LMC Cepheids and the uncertainty in this
term is 0.9%. The other two anchors have Cepheids with near
solar metallicities that are much closer to those in the SN hosts,

so the overall uncertainty in H0 due to metallicity is weighted
down by these anchors to 0.5%.

5. Discussion

5.1. Systematics: Cepheid Associated Flux

The photometric measurements of Cepheids from R16 in
SNIa hosts and NGC 4258 account for the mean additional
light due to chance superposition on crowded backgrounds
through the use of artificial star measurements. However, the
possibility of light from stars that are physically associated with
the Cepheids and unresolved at their distances for SN Ia hosts
(5–40Mpc) but that is resolved in the LMC at 50 kpc (or the
MW at 2–3 kpc), and thus excluded from measurement, would
have a differential effect that could bias the determination of
H0. Anderson & Riess (2018) quantified this “associated-light
bias” by studying its two plausible sources, wide binaries
(arel>400 au) and open clusters (closer binaries are unre-
solved in all cases). They found that the mean effect of wide
binaries was negligible (0.004% in H0) because Cepheids
dominate companions in luminosity. Closer binaries, while
more common, are unresolved in either anchor galaxies or SN
hosts, so even the tiny contamination of Cepheid flux from a
companion, ∼0.02% in distance, cancels along the distance
ladder because of its presence for all Cepheids (assuming
binarity is common in all hosts). To quantify the impact of
open clusters, they analyzed the regions around a large sample
of Cepheids in M31, 450 Cepheids with UV HST imaging from
the PHAT program (Dalcanton et al. 2012). They found that
2.4% of Cepheids are in such clusters and that the photometric
bias averaging over Cepheids in or out of clusters is
0.0074 mag for mH

W . This value might be considered an upper
limit to the bias because there is also a “discovery bias” to
exclude even the small fraction of Cepheids in bright clusters
from a distant sample. The additional constant flux that is
unresolved for distant Cepheids in clusters would decrease the
amplitude of Cepheid light curves. Anderson & Riess (2018)
found that a mean bias for a Cepheid in a cluster in M31 of
0.30 mag in mH

W corresponds to a bias of 0.8 mag at visual
wavelengths, near or brighter than the limit of 0.5 mag
contamination that Ferrarese et al. (2000) determined would
preclude discovery of a Cepheid because of the flattening of its
light curve. In the other direction, one might posit a somewhat
larger clustered fraction in SNIa hosts than in M31 (M31 being
somehow unusual), but this direction is limited by the greater
ages of Cepheids (30–300Myr) than clusters with only ∼10%
of massive embedded clusters surviving for more than 10Myr
(Anderson & Riess 2018, and sources within). Indeed, M31
provides the best analog for the SNIa hosts (high metallicity
spiral) for which an up-close, external view of Cepheid
environments is available. Such accounting for the MW may
await improved parallaxes. In this regard, the LMC is unusual,
with a greater frequency of Cepheids in clusters and a higher
concentration of massive clusters (likely due to its high rate of
recent star formation), with 7.2% of P>10 day Cepheids in
clusters (with fewer than four Cepheids per cluster). The LMC
also harbors two Cepheid-rich clusters, each with 24 Cepheids,
eight times the number of Cepheids as the richest MW cluster.
Because of the great resolution of HST in the LMC, this excess
of clusters around Cepheids in the LMC has no photometric
impact on the measurement of H0. Here we have included the
expected impact of such flux based on the example of M31 and

Figure 4. The 4.4σ difference between local measurements of H0 and the value
predicted from Planck+ΛCDM. We show local results presented by Riess et al.
(2016), reanalysis by C16 (Cardona et al. 2017), FK17 (Follin & Knox 2018),
or FM18 (Feeney et al. 2017), the HOLiCOW lensing results from Birrer18
(Birrer et al. 2018), a replacement of optical SN data with NIR in DJL17
(Dhawan et al. 2018) and B18 (Burns et al. 2018), and a revised geometric
anchor from HST and Gaia DR2 parallaxes (R18a, b). Other early universe
scales are shown in blue. Possible physics causes for a 2%–4% change in H0
include time-dependent dark energy or nonzero curvature, while a larger 5%–
8% difference may come from dark matter interaction, early dark energy or
additional relativistic particles.
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100 Jahr Fortschritt

Kosmische Ausdehnung fest verankert.
Die Fehler sind um einen Faktor 100 reduziert worden.
Das kosmologische Modell, basierend auf der Gravitation 
der Allgemeinen Relativitätstheorie, umfasst Materie (uns), 
Strahlung (Mikrowellenhintergrund), Dunkle Materie (?) und 
Dunkle Energie (??).


