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Great Debate: What is the size of 
the Universe?

Presentations at the Annual Meeting of the
National Academy of Sciences 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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Background

Expanding universe 
à expansion rate critical for cosmic evolution

Hubble 1929
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Leading Theory of the Universe
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Dealing with an 
expanding Universe

Cosmic Distances 
Separate the observed distances 𝑟(𝑡) into 
the expansion factor 𝑎(𝑡) and the fixed 
part 𝑥 (called comoving distance)

𝑟 𝑡 = 𝑎 𝑡 𝑥

x

x
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Friedmann Equation

Time evolution of the scale 
factor is described through 
the time part of the Einstein equations
Assume a metric for a homogeneous and 
isotropic universe and a perfect fluid
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Friedmann Equation
Put the various densities into the Friedmann equation
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Use the critical density 𝜌&'() = *+!"
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(flat universe), define the ratio to the critical density 
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Most compact form of Friedmann equation
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Dependence on Scale Parameter 
For the different contents there were 
different dependencies for the scale 
parameter

𝜌% ∝ 𝑎,- 𝜌& ∝ 𝑎,. 𝜌'() = 𝑐𝑜𝑛𝑠𝑡
Combining this with the critical densities 
we can write the density as

𝜌 =
3𝐻%&

8𝜋𝐺
Ω'

𝑎%
𝑎

(
+ Ω)

𝑎%
𝑎

*
+ Ω+ + Ω,

𝑎%
𝑎

&

and the Friedmann equation
𝐻& = 𝐻%& Ω' 1 + 𝑧 ( + Ω) 1 + 𝑧 * + Ω+ + Ω, 1 + 𝑧 &
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History of 𝐻0
Expansion rate by G. Lemaître (1927)
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Intermezzo
Age of the Universe

Matter-dominated universe has the 
following age

– age of the Earth: 4.5⋅109 years
– oldest stars: ~1.2⋅1010 years

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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History of 𝐻8

2.6 ⋅ 10!𝑦𝑒𝑎𝑟𝑠

6.5 ⋅ 10!𝑦𝑒𝑎𝑟𝑠

https://www.cfa.harvard.edu/~dfabricant/huchra/hubble/
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History of 𝐻8

6.5 ⋅ 10!𝑦𝑒𝑎𝑟𝑠

13 ⋅ 10!𝑦𝑒𝑎𝑟𝑠
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History of 𝐻8

6.5 ⋅ 10!𝑦𝑒𝑎𝑟𝑠

13 ⋅ 10!𝑦𝑒𝑎𝑟𝑠
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Extragalactic Distances
Required for a 3D picture of the (local) 

universe
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Extragalactic Distances
The Astronomical Journal, 146:69 (14pp), 2013 September Courtois et al.

Figure 8. Perspective view of the V8k catalog after correction for incompleteness and represented by three layers of isodensity contours. The region in the vicinity of
the Virgo Cluster now appears considerably diminished in importance. The dominant structures are the Great Wall and the Perseus–Pisces chain, with the Pavo–Indus
feature of significance.
(A color version of this figure is available in the online journal.)

contour maps after making corrections for incompletion. The
first step is to evaluate the intrinsic properties of a complete
sample of galaxies, say, as characterized by the Schechter
(1976) luminosity function. In that early work by Hudson, only
diameters were available over most of the sky, so he had to
determine an equivalent diameter function. The next step is to
formulate how deeply into the luminosity (or diameter) function
one is sampling as a function of distance. This analysis gives a
measure of how much luminosity is being lost in increasing
distance shells. Here we assume a linear relation between
redshift and distance, a reasonable assumption: corrections for
lost galaxies increase with distance from negligible to important,
but over the same range, relative deviations between redshift and
distance decrease from significant to small. The correction is
made in the form of a fifth-order polynomial fit to the depletion
of galaxies in successive shells in redshift. The correction is
made with an adjustment to the luminosities of galaxies in
the catalog, effectively an assumption that the missing galaxies
reside near the bright galaxies that have been included. The
increase in the amount of lost light is modeled by a fourth-
order polynomial fit to the amount of lost light from an assumed
Schechter function in successively increasing velocity shells.
The resulting sample is smoothed on a grid with a Gaussian
smoothing of 100 km s−1 within 1000 km s−1 that increases with
distance so the peak compared with an unadjusted luminosity is
constant but the luminosity is spread over an increasing volume
with distance. The correction is made to luminosity rather than

number through the assumed Schechter function. The number
of lost galaxies becomes very large at the edge of the survey
but the lost luminosity is modest since most of the light in a
complete sample is in the brightest galaxies which are included.
The adjustment factor at 8000 km s−1, the radial dimension
of the data cube on the cardinal axes, is a factor of 2.5. The
adjustment factor grows to 10 in the extreme corners of the cube
at almost 14,000 km s−1. Blue luminosities are used since that
was what was available when V8k was constructed.

In the accompanying movie, the transition from displays
of individual galaxies to maps adjusted for incompleteness is
shown by a dissolve to a density isosurfaces plot. We nest
cuts at three density levels, at 0.3, 0.1, and 0.07 L⋆ galax-
ies per (100 km s−1)3, respectively. Two roughly orthogonal
perspective views are given in Figures 8 and 9. The isoden-
sity values associated with the surfaces are chosen to display
a large range of structures from the Local Group to dense
clusters and the Great Wall, and so that the major structures
appear well defined and separated. In Figure 8 the observ-
ing point is roughly edge-on to the Great Wall and isolates
the Virgo/Local Supercluster from its neighbors. The Great
Wall appears as a massive superstructure running up to the
Hercules Cluster. It is now clear that what has been called the
Virgo or Local Supercluster is a relatively minor element within
the V8k volume. The two dominant structures are the Great
Wall and the Perseus–Pisces filament. The Southern (Sculptor)
Wall is a significant appendage to Perseus–Pisces. Likewise, the

6
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Local Flows

Inhomogeneous mass distribution in the 
local Universe 11

Figure 8. Flow streamlines seeded within the density unity contour of the Graziani et al. model. Flowlines
proceed from seed position to one of three accumulation points associated respectively with the Shapley
concentration, the Perseus�Pisces filament, and the Great Attractor. Flow lines associated with seeds along
most of the South Pole Wall proceed to the Shapley concentration. There is a divergence between flows
toward Shapley and flows toward Perseus�Pisces in the region of the Funnel indicated by an arrow. Details
of the flow lines are best appreciated by opening the interactive model.

6. SUMMARY

The accompanying 5 minute video (see in-
teractive Figure 9) encapsulates the salient
points of this discussion. Observational lim-
itations must be acknowledged. Recognition
of the South Pole Wall feature has only been
possible because of the contribution of the
Six Degree Field Galaxy Survey component of
Cosmicflows-3 (Springob et al. 2014). The red-
shift limit of this contribution is 16,000 km s�1.
The South Pole Wall as we constitute it
walks a constrained line inside this limit at
⇠ 13, 000 km s�1 and, at b ⇠ �20�, the other
observational impediment of the zone of obscu-
ration of the Milky Way.
The proximity of the Shapley concentration of

rich clusters with similar velocities (Scaramella

et al. 1989; Raychaudhury 1989) and the direc-
tion of our motion inferred from the cosmic mi-
crowave background dipole (Fixsen et al. 1996)
both immediately to the north of the galac-
tic plane begs the question of what we might
be missing. Resolution will require numerous
and accurate distance measures to significantly
larger redshifts.
In addition to these redshift and obscuration

edge e↵ects, there are other ambiguities regard-
ing the full extent of the South Pole Wall. The
⇠ 19, 000 km s�1 run of a rather straight fil-
ament from Apus through the celestial South
Pole to Lepus is most striking. Then there is
the ⇠ 13, 000 km s�1 long complex between Le-
pus and the Funnel after a bend in direction
at Lepus. Should these structures be consid-

Pomarède et al. 2020
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Measuring 𝐻8
Classical approach 

à distance ladder to reach (smooth) 
Hubble flow
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Sandage & Tammann 1974
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Hubble Constant
Three different methods

1. Distance ladder
• Calibrate next distance indicator with the previous

2. Physical methods
• Determine either luminosity or length through 

physical quantities
– Sunyaev-Zeldovich effect (galaxy clusters)
– Expanding photosphere method in supernovae
– Physical calibration of thermonuclear supernovae 
– Geometric methods, e.g. megamasers

3. Global solutions
• Use knowledge of all cosmological parameters 

– Cosmic Microwave Background
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MEASURING EXTRAGALACTIC DISTANCES 601 

"Gerard de Vaucouleurs on the one hand, and Allan 
Sandage and Gustav Tammann on the other, arrived at 
estimates of the size of the universe, as measured by the 
Hubble constant, differing from each other by a factor of 
two. Moreover, when I asked the protagonists what was the 
range outside which they could not imagine the Hubble con- 
stant lying, these ranges did not overlap. Given that they 
were studying more or less the same galaxies with rather 
similar methods, often using the same observational mate- 
rial, I found this incredible. " 

Michael Rowan-Robinson, in The Cosmological Dis- 
tance Ladder (1985) 

1. INTRODUCTION 
Aristarchus of Samos, in the third century B.C., may 

have been the first person to try measuring the size of his 
universe when he estimated the ratio of the distances be- 
tween the Sun and Moon. His efforts, which were later 
followed by the work of such well-known scientists as Er- 
atosthenes, Hipparchus, Ptolemy, Copernicus, and Kepler, 
led to a set of reasonably good relative distances within the 
solar system. With the advent of radar measurements in 
the mid-20th century, these relative values were placed on 
an absolute scale with unprecedented accuracy. 

Once outside the solar system, however, there is an 
enormous loss in the accuracy of distance determinations. 
Measurements of nearby stars and galaxies typically carry 

uncertainties of 10%-20%, and are thus six orders of mag- 
nitude less accurate than solar-system measurements. (But 
the latter, of course, are more than six orders of magnitude 
closer!) For the more distant objects (up to 11 orders of 
magnitude more distant than solar-system objects), even 
this seems remarkable, especially when one considers the 
number of rungs on the distance "ladder" (Fig. 1 ), and the 
fact that each rung has its own "10% errors." Neverthe- 
less, a number of steps are sufficiently redundant and se- 
cure that the accurate measurement of extragalactic dis- 
tances seems a real possibility. 

On the other hand, it is over 2000 years since Aristar- 
chus, and yet we are still unable to determine the scale of 
our universe to the satisfaction of the astronomical com- 
munity. By itself, this failure is not a serious transgression; 
it takes time to solve difficult problems. It is, however, a 
major embarrassment that the leading proponents in the 
field have historically failed to agree within their stated 
errors. If we dismiss the possibility of repeated oversights 
in the analyses, then the most likely cause of the discrep- 
ancy is that the measurement uncertainties, internal and/ 
or external, have continually been underestimated. 

It is this line of reasoning that led Rowan-Robinson 
(1985, 1988) to survey the field of extragalactic distance 
determinations, and we strongly encourage anyone inter- 
ested in this topic to consult these reviews. Other recom- 
mended reading on the subject includes Balkowski and 

100 Mpc 

ü 10 Mpc 

~f~ 1 Mpc 
0 

100 Kpc 

10 Kpc 

ë 1 Kpc >» 
1 

100 pc 

Pathways to Extragalactic Distances 
Fig. 1—In this diagram we illustrate the various modem routes which may be taken to arrive at H0 and the genealogy and approximate distance range 
for each of the indicators involved. Population I indicators appear on the left-hand side and Population II on the right-hand side. The distance increases 
logarithmically toward the top of the diagram. The following abbreviations have been used to conserve space: LSC—Local Super Cluster; SG— 
Supergiant; SN—Supernovae; B-W—Baade-Wesselink; PNLF—Planetary-Nebula Luminosity Function; SBF—Surface-Brightness Fluctuations; 
GCLF—Globular-Cluster Luminosity Function; �—parallax. 

© Astronomical Society of the Pacific · Provided by the NASA Astrophysics Data System 

Jacoby et al. 1992

Classical Distance Ladder
Primary distance indicators (within the 
Milky Way)

– trigonometric parallax
– proper motion
– apparent luminosity

• main sequence
• red clump stars

• RR Lyrae stars
• eclipsing binaries

• Cepheid stars
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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.

696 Freedman · Madore
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Classical Distance Ladder
Secondary distance 
indicators (beyond the 
Local Group)

– Important check
• Large Magellanic Cloud

– Tully-Fisher relation

– Fundamental Plane
– Supernovae (mostly SN Ia)

– Surface Brightness 
Fluctuations
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Hubble Constant

Calibration of M(SN Ia @ max)
Distance ladder

Eliminating sources of systematic error between anchor and calibrator:   

1) use same instrument 2) same Cepheid parameters (Period,Z)  3) better anchor 
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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 
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Adam Riess
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Hubble Constant

Supernova Ia
Hubble 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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𝐻8 with Supernovae
• Local calibrators (calibrate the Cepheid L-P rel.)

– Large Magellanic Cloud 
• 1% accuracy with eclipsing binaries (Pietrzyński et al. (2019)

– Maser in NGC 4258 
• 3% accuracy (Humphreys et al. 2013)

– geometric distances (parallaxes) to nearby Cepheids

• Extinction
– absorption in the Milky Way and the host galaxy
– corrections not always certain

• Peculiar velocities of galaxies
– typically around 300 km/s
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SN Classification
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Type Ia Supernovae

Variations on a theme
– critical parameters?

• nickel mass

• ejecta mass
• explosion energy(?)

• explosion mechanism?
• progenitor evolution?

The Extremes of Thermonuclear Supernovae 3

Fig. 1 Phase space of potentially thermonuclear transients. The absolute B-band magnitude at peak
is plotted against the light-curve decline rate, expressed by the decline within 15 d from peak in
the B band, Dm15(B) (Phillips, 1993). The different classes of objects discussed in this chapter
are highlighted by different colours. Most of them are well separated from normal SNe Ia in this
space, which shows that they are already peculiar based on light-curve properties alone. The only
exception are 91T-like SNe, which overlap with the slow end of the distribution of normal SNe Ia,
and whose peculiarities are almost exclusively of spectroscopic nature. References to individual
SNe are provided in the respective sections.

The Extremes of Thermonuclear Supernovae 3

Fig. 1 Phase space of potentially thermonuclear transients. The absolute B-band magnitude at peak
is plotted against the light-curve decline rate, expressed by the decline within 15 d from peak in
the B band, Dm15(B) (Phillips, 1993). The different classes of objects discussed in this chapter
are highlighted by different colours. Most of them are well separated from normal SNe Ia in this
space, which shows that they are already peculiar based on light-curve properties alone. The only
exception are 91T-like SNe, which overlap with the slow end of the distribution of normal SNe Ia,
and whose peculiarities are almost exclusively of spectroscopic nature. References to individual
SNe are provided in the respective sections.

Taubenberger 2017
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Leibundgut

Hubble Constant

SN Hubble diagram
𝑚−𝑀 = 5 log 𝑣 + 25 − 5 log𝐻!

Proves 𝑀 is constant
Direct connection of 𝑀 and 
𝐻$
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SNe Ia Hubble Diagram (NIR)

Dhawan et al. 2018
𝐻" = (72.8 ± 1.6 𝑠𝑡𝑎𝑡 ± 2.7 𝑠𝑦𝑠𝑡 ) 𝑘𝑚 𝑠#$𝑀𝑝𝑐#$

9 calibrators + 27 Hubble flow SNe

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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Freedman 2017

Problem solved?
New discrepancy 
between the 
measurements of 
the local H0
(distance ladder) 
and early universe 
(CMB)
Indication of an 
incomplete model 
of cosmology?



11 January 2021 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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1"

(a) B1608+656

1"

(b) RXJ1131�1231

1"

(c) HE0435�1223 (d) SDSS 1206+4332

1"

(e) WFI2033�4723 (f) PG 1115+080

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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𝐻8 Summary

Bonvin and Millon
https://doi.org/10.5281/zenodo.3635517
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Type II Supernovae

• Core-collapse explosions of 
massive, red-supergiant stars

• Peak absolute mags between -16 and -18 
→ observable up to z ≈ 0.4

• Most common type of SN by volume

II 
57% 

Ibc 
19% 

Ia 
24% 

SN by volume

M
attila

et al. 2010
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Physical parameters of core 
collapse SNe

Light curve shape and the velocity 
evolution can give an indication of the total 
explosion energy, the mass and the initial 
radius of the explosion

Observables:
• length of plateau phase Δt
• luminosity of the plateau LV
• velocity of the ejecta vph

• E µΔt4·vph
5·L-1

• MµΔt4·vph
3·L-1

• R µΔt-2·vph
-4·L2
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Expanding Photosphere Method

Modification of Baade-Wesselink method 
for variable stars
• Assumes

– Sharp photosphere 
à thermal equilibrium

– Spherical symmetry 
à radial velocity

– Free expansion
19
74
Ap
J.
..
19
3.
..
27
K

Kirshner & Kwan 1974
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Image: Héloïse Stevance

EPM: it’s all in the spectra

C. Vogl
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Expanding Photosphere Method

𝜃 =
𝑅
𝐷
=

𝑓-
𝜁-
&𝜋𝐵+ 𝑇

; 𝑅 = 𝑣 𝑡 − 𝑡% + 𝑅%; 𝐷. =
𝑣
𝜃
(𝑡 − 𝑡%)

• R from radial velocity
– Requires lines formed close to the photosphere

• D from the surface brightness of the black 
body
– Deviation from black body due to line opacities
– Encompassed in the dilution factor 𝜁"
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Expanding Photosphere 
Method

E. E. E. Gall et al.: An updated Type II supernova Hubble diagram
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Fig. C.3. Distance fit for PS1-13wr using ⇣BVI as given in Hamuy et al. (2001; left panel) and Dessart & Hillier (2005; right panel). The diamond
markers denote values of � through which the fit is made.
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Preliminary Results

Consistent results
– not independent as local calibration required

E. E. E. Gall et al.: An updated Type II supernova Hubble diagram
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Fig. 7. SN II Hubble diagrams using the distances determined via EPM (left panel) and SCM (right panel). EPM Hubble diagram (left): the
distances derived for our sample (circles) use the dilution factors from Dessart & Hillier (2005). The di↵erent colours denote the absorption line that
was used to estimate the photospheric velocities (Fe ii �5169 – red; H� – blue). We also included EPM measurements from Eastman et al. (1996,
E96), Jones et al. (2009, J09) and Bose & Kumar (2014, B14). The solid line corresponds to a ⇤CDM cosmology with H0 = 70 km s�1 Mpc�1,
⌦m = 0.3 and ⌦⇤ = 0.7, and the dotted lines to the range covered by an uncertainty on H0 of 5 km s�1 Mpc�1. SCM Hubble diagram (right):
circle markers depict the SCM distances derived for our sample using the explosion epochs previously derived via EPM and the dilution factors
from Dessart & Hillier (2005). The star shaped markers depict SNe for which an independent estimate of the explosion time was available via
photometry. The colours are coded in the same way as for the EPM Hubble diagram. Similarly, the solid and dotted lines portray the same relation
between redshift and distance modulus as in the left panel. We also included SCM distances from Poznanski et al. (2009, P09), Olivares et al.
(2010, O10) and D’Andrea et al. (2010, A10). We separated the objects “culled” by Poznanski et al. (2009) from the rest of the sample by using a
di↵erent symbol. The three Type II-L SNe LSQ13cuw, PS1-14vk and PS1-13bmf are identified in both the EPM and the SCM Hubble diagram.

EPM Hubble diagram (left panel of Fig. 7). In the cases of
Jones et al. (2009) and Bose & Kumar (2014) we selected the
distances given using the Dessart & Hillier (2005) dilution fac-
tors. In addition, Bose & Kumar (2014) give alternate results
for the SNe 2004et, 2005cs, and 2012aw, for which constraints
for the explosion epoch are available. We chose those values
rather than the less constrained distance measurements. Note
that SN 1992ba appears in Jones et al. (2009) and Eastman et al.
(1996), while SN 1999gi was published in Jones et al. (2009)
and Bose & Kumar (2014).

The SN distances trace the slope of the Hubble line within
the uncertainties. This is an indication that the relative distances
are measured to a rather high accuracy.

3.8.2. SCM Hubble diagram

The SCM Hubble diagram shows our sample alongside SCM
distances from Poznanski et al. (2009, Table 2), Olivares et al.
(2010, Table 8) and D’Andrea et al. (2010, Table 3). The
Poznanski et al. (2009) sample contains all objects from
Nugent et al. (2006). We also included those objects that
Poznanski et al. (2009) rejected due to their higher decline rates.
D’Andrea et al. (2010) do not give the distance measurements
directly but rather their derived values for the I-band magni-
tude, the (V � I)-colour and the velocity 50 days after explo-
sion (rest frame). We used these to apply the same equation and
parameters from Nugent et al. (2006) as for our own sample, to
find the distances to these objects. Note that the Poznanski et al.
(2009) and Olivares et al. (2010) have a number of SNe in
common: SNe 1991al, 1992af, 1992ba, 1999br, 1999cr, 1999em,
1999gi, 2003hl, 2003iq, and 2004et.

Our SCM distances scatter around the H0 = 70 km s�1 Mpc�1

as SCM is based on a previously chosen value of H0 (following
Nugent et al. 2006).

There seems to be no obvious di↵erence in the scatter for
SNe with an estimate of the explosion epoch based on SN pho-
tometry or those relying on an EPM estimate for the time of
explosion. This implies either that the epochs of explosion de-
rived via the EPM are fairly accurate, or that constraints on the
explosion epoch of only a few days, are not relevant for precise
SCM measurements.

3.8.3. PS1-13bni

Finally, we would like to point out that our distance measure-
ments to PS1-13bni (at a redshift of z = 0.335+0.009

�0.012) demon-
strates that both the EPM and the SCM bear great potential for
cosmology. This statement is, however, tainted by the large un-
certainties in the decline rates of PS1-13bni, and the implication
that PS1-13bni could be a Type II-L SN and the open question
whether these can be used as distance indicators.

3.9. Applying the EPM and SCM to Type II-L SNe

When considering the use of SNe II-L for cosmology a few
peculiarities must be considered. As discussed in Sect. 3.4.3 it
is unclear whether SNe II-L display the same velocity evolu-
tion as SNe II-P and whether the vH↵/vFe 5169 and vH�/vFe 5169 ra-
tios evolve similarly for SNe II-L and SNe II-P. Pejcha & Prieto
(2015) find a physical answer to this question by showing
that the light curve shape is mostly determined by temperature
changes in the photosphere. For EPM with SNe II-L the addi-
tional question arises whether the relation between � and t

? is
linear for SNe II-L (see Eq. (3)). The case of PS1-14vk indicates
that this linear relation might be valid for a similar period of time
as for SNe II-P (see Sect. 3.5.1).

Although SNe II-L fade faster than SNe II-P, they are on
average brighter. Gall et al. (2015) suggest that SNe II-L might
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Expanded Photosphere 
Method Reloaded

• Use individual atmospheric models for 
the spectral fits
– use of the TARDIS radiation transport model
– absolute flux emitted

• Accurate explosion date
– accurate zero point

• At least 5 epochs per supernova
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Atmosphere 
Models

TARDIS fits for 
different epochs

Vogl et al. 2020
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Distance Determination

Slope is inverse distance: G
'
= H

I"
(𝑡 − 𝑡J)

Vogl et al. 2020
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adH0cc

“accurate determination of H0 with core-collapse supernovae”
(Flörs, Hillebrandt, Kotak, Smartt, Spyromilio, Suyu, Taubenberger, Vogl)

• Use the Expanding Photosphere Method to ~30 Type II 
supernovae in the Hubble flow (0.03<z<0.1)

• Independent of distance ladder
– no parallaxes, no Cepheids, no Type Ia supernovae

• FORS2 Large Programme over 3 semesters 
– 6 epochs spectroscopy and photometry per supernova

• SNFactory data
– about 15 SNe with 0.01<z<0.05
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20. Past and ongoing observational programs
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Figure 20.4.: Time series of VLT+FORS2 spectra of SN 2019vew. Phases are reported relative
to the time of explosion estimated as the midpoint between the last non-detection and the first
detection (MJD=58796.0). The spectra shown are quick reductions of the grism 300V data.
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C. Vogl 2020

adH0cc

Critical observables
– time of explosion
– spectral coverage

• before max until 
well into the plateau

– photometry
• simultaneously to 

spectroscopy
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VLT– status

Image: ESO/Y. Beletsky

FORS2

C. Vogl (2020)
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Conclusions

Hubble constant sets absolute scale 
(and age) of the universe

– Past conflicts resolved
• Age of Universe is bigger than age of 

the Earth
– recognition of different stellar populations

• Age of Universe bigger than oldest stars
– cosmological constant
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Conclusions
Current discrepancy of 4 to 5𝜎 between
– 𝐻! measured locally (distance ladder) and
– 𝐻! measured at z=1100 (CMB)

Significance?
– systematics based on Cepheid calibration

Extreme accuracy required
Independent measurements needed

– Expanding Photosphere Method


