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Hubble Tension – the problem

Verde et al. 2024
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Hubble-Lemaître law
Why is this so difficult?
And why is there such a fuss?
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Einstein Field Equations
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Dealing with an expanding Universe

x

x

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
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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
Time evolution of the Einstein Equations 

– (plus cosmological principle)
– (describe evolution of the scale factor 𝑎)
𝑎̇!

𝑎!
= 𝐻! =

8𝜋𝐺
3

𝜌 𝑡 −
𝑘
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=
8𝜋𝐺
3
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Use the critical density 𝜌&'() =
*+!"

,-.
≈ 2 ⋅ 10/!0	𝑔	𝑐𝑚/* 

Define the ratio to the critical density Ω = 1
1#$%&

Most compact form of Friedmann equation
1 = Ω! + Ω" + Ω#$% + Ω& (with Ω& = − &
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Dependence on Scale Parameter 

Different dependencies of the energy densities on the 
scale parameter 𝑎

𝜌" ∝ 𝑎/*	 𝜌# ∝ 𝑎/2	 𝜌$%& = 𝑐𝑜𝑛𝑠𝑡
Using critical densities leads to

𝜌(a) =
3𝐻+,

8𝜋𝐺 Ω-
𝑎+
𝑎

.
+ Ω/

𝑎+
𝑎

0
+ Ω1 + Ω2

𝑎+
𝑎

,

and the Friedmann equation
𝐻, = 𝐻+, Ω- 1 + 𝑧 . + Ω/ 1 + 𝑧 0 + Ω1 + Ω2 1 + 𝑧 , 	

with 3!
3
= 1 + z
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The Evolution of the Universe – The ΛCDM Model

Primordial Nucleosynthesis

Cosmic Microwave Background

Structure formation

Late-time clustering 
(of galaxies)

Dark Matter

Cosmological 
Constant

Years active: 1964-Now
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The Universe 300000 years 
after the Big Bang

ESA/Planck
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The Universe today

ESA/Gaia
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Extragalactic Distances
Required for a 3D picture of the (local) 

universe
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Cepheid Stars
Henrietta Swan Leavitt discovered the 
Period-Luminosity 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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Hubble discovers Cepheid stars 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. 
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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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RMS=0.350 mag


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. 

Log(Period) in Days


W
es

en
he

it 
M

ag
ni

tu
de



RMS=0.249 mag


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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The expansion 
of the universe
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Expanding Universe

Expansion rate critical for cosmic evolution

Hubble 1929

S
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History of 𝐻0
Expansion rate by G. Lemaître (1927)

19
27
AS
SB
..
.4
7.
..
49
L

19
27
AS
SB
..
.4
7.
..
49
L

Footnote!

©
 W

ik
im

ed
ia

By%20%3cspan%20title=%22must%20have%20been%20published%20or%20publicly%20displayed%20outside%20Wikipedia%22%3eSource%3c/span%3e%20(%3ca%20href=%22/en.wikipedia.org/wiki/Wikipedia:Non-free_content_criteria


17 July 2025 Bruno Leibundgut

Intermezzo
Age of the Universe

A matter-dominated universe has the following age

→ age of the Earth: 4.5⋅109 years
→ oldest stars: ~13⋅109 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 𝐻@

2.6 ⋅ 10!𝑦𝑒𝑎𝑟𝑠

6.5 ⋅ 10!𝑦𝑒𝑎𝑟𝑠

https://www.cfa.harvard.edu/~dfabricant/huchra/hubble/
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History of 𝐻@
6.5 ⋅ 10!𝑦𝑒𝑎𝑟𝑠

13 ⋅ 10!𝑦𝑒𝑎𝑟𝑠
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What about the age?

Change assumption:
– Cosmic expansion is 

accelerated (distant 
supernovae)

– Universe is not 
matter dominated, 
but Dark Energy 
dominated

Age: 𝑡3 ≈
4
+!

H!	(km/s/Mpc)
t!	(yr)

(Ω) = 1)

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

H!	(km/s/Mpc)
t!	(yr)

(Ω) = 1)
t!	(yr)

(Ω) = 0.3;	Ω* = 0.7)

500 1.30⋅109 1.89⋅109

250 2.61⋅109 3.77⋅109

100 6.52⋅109 9.43⋅109

80 8.15⋅109 1.18⋅1010

70 9.32⋅109 1.35⋅1010

60 1.09⋅1010 1.57⋅1010

50 1.30⋅1010 1.89⋅1010

30 2.17⋅1010 3.14⋅1010

Oldest stars ~13⋅109 years
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Why is this so difficult?

Absolute measurement
– Much more difficult than a relative measurement

• “much harder than measuring the acceleration of the universe” 
(A. Riess)

– Requires cosmological distance measurements
• Two problems

– Large distances with unreliable distance indicators
» Example: Cepheids can be measured only in the nearby universe

– Inhomogeneous matter distribution in the local universe
» Leads to deviations from the pure expansion of the 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

Cosmic Flows 4: Valade et al. 2024
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Measuring 𝐻@
Classical approach 

à distance ladder to reach (smooth) Hubble flow

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

Sandage & Tammann 1974
Now may be more like 200 to 300 Mpc
(Courtois et al. 2025)
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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

Classic 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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Classic 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 

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: 

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)   

Adam Riess
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Riess et al. 2022

Hubble Constant

Supernova Ia 
Hubble diagram
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1 Mpc

Local Gruppe

Hubble ExpansionLocal Calibration
(Cepheides, TRGB)

Supernova Calibration

v>7000 km/s

30 Mpc

100 Mpc

Hubble Constant 𝐻@
Supernova Ia Hubble-Lemaître diagram

Riess et al. 2022
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H0 State of the Art
late universe early universe

Verde et al. 2024

Verde et al. 2024
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Ideal (local) Method

• Independent of a cosmological model
→ low redshift (z<0.1)

• No distance ladder
→ keep cumulative errors small

• Overall accuracy <3%

⇢ Type II Supernovae

MirasMiras

CepheidsCepheids

TRGBTRGB

JAGBJAGB

SNeIaSNeIa

SNeII
Candles

SNeII
CandlesMW 

Parallaxes
MW 

Parallaxes

LMC & SMC 
RG-DEB

distances

LMC & SMC 
RG-DEB

distances

NGC4258
Megamaser

distance

NGC4258
Megamaser

distance

NGC4258
Megamaser

distance

Fund. Plane

Megamaser
distances

Megamaser
distances

SNII
EPM
SNII
EPM

SNeII
Modeling

SNeII
Modeling

set absolute scale set relative scale for tracers,
constrain each other

measure distance-redshift relation
relative to calibrators,
constrain each other

ANCHORS CALIBRATORS TRACERS
set absolute scale set relative scale for tracers,

constrain each other
measure distance-redshift relation

relative to calibrators,
constrain each other

ANCHORS CALIBRATORS TRACERS

H0

SBF

TF
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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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Why type II supernovae?

luminosity 
directly 
from 

models

simple 
physics

physics 
based

one-step 
measurement

Luminosity ~ Period

Riess et al. 2016

Luminosity ~ light curve width

Type II supernovae

Type II supernovae:

Christian Vogl
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adH0cc – Basics

• accurate determination of H0 with core-
collapse (supernovae)

• Individual distances (to about 10%) to 
Type II supernovae in the Hubble flow 
(0.03 < 𝑧 < 0.08)

• Distance determination based on 
calibrated physics
– No distance ladder, i.e. no empirical calibration
– Ideal for H0
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How hot?

How big?

𝑅!"

SN

EPM in a nutshell
Luminosity ~ Radius2 x Temperature4

homologous expansion

RSG

𝑡" 𝑡

~10000 km/s

Radius = velocity x time since explosion

How fast?

How old?

Christian Vogl
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Image: Héloïse Stevance

EPM: it’s all in the spectra

C. Vogl
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adH0cc analysis

Distances
– Explosion time t0
– SN atmosphere

• vph, Fph, (T, n)

– Observed flux fobs   

𝜃 =
𝑅
𝐷 =

𝑓+,-
𝐹./ 𝑇, 𝑛

	

𝑅./ =
𝑣./ 𝑡 − 𝑡!
1 + 𝑧
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20. Past and ongoing observational programs

4000 5000 6000 7000 8000 9000 10000
Wavelength [Å]

F
⁄

+
co

ns
t.

+12.0 d

+15.0 d

+19.0 d

+22.0 d

+25.0 d

+36.0 d

SN 2019vew

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.

132

C. Vogl 2020

adH0cc

Critical observables
– time of explosion
– spectral coverage

• before max until 
well into the plateau

– photometry
• simultaneously with spectroscopy
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Testing tailored EPM
Determine distances to supernovae in the same galaxy 
(‘siblings’)

Csörnyei et al. 2023 

Literature data
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M61/NGC 4303

Csörnyei et al. 2023 
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M61/NGC 4303

Θ
𝑣
=
1
𝐷
(𝑡 − 𝑡")

Csörnyei et al. 2023 

Gall et al. 2018
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2003hl

2003iq
2002gw

2008ho

2024fa 2020jfo

2008in

2017eaw

2004et

2019ejj

2019fcn
2022jzc

2009dd
1991G

2009H

2012ec
2022frq

2000N

2025fbe

2018lab

2019eez 2021abkm

2018evy

2016C

SNhunt141

PTF10wmf

2023qxp
2003B

2023rve

2020fqv

2023ijd

1995ad

2023zcu
2019vew

2023zps

2022aaiy

2024wvb

1994N

2025cfc

~10% distance for each 
SN

Csörnyei et al. 
(2023a)

Sample v.2.0Sample v.2.0
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(2011dh)

2005cs

(1994I)

• Exhibited multiple supernovae
• 2005cs à well-known IIP
• Very rich variable star catalogue 

(Conroy+ 18)
• (No Cepheid distance previously)
• Available TRGB distance 

(Tikhonov et al. 2015, 
McQuinn et al. 2016)

Case study of M 51

Csörnyei, Anderson, Vogl, et al. 2023
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Distance to M51

Csörnyei, Anderson, Vogl et al. (2023)
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0.01 0.02 0.03 0.04

z

SN 2021gvv

💥

H0 – data

SN 2020bad

💥

SN 2013fs

💥

SN 2006it

💥

SN 2003bn

💥

SN 2010id

💥

💥

SN 2019luo

💥

SN 2020cvy

SN 2021hkf

💥

SN 2021acvc

💥

zcosmo
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H0 – results
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Vogl, Taubenberger, Csörnyei et al. 2025
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adH0cc literature analysis
(Vogl et al. 2025)

• 10 SNe IIP
• Redshift 0.01<z<0.04
• Explosion date measured to better than 

2 days
• Spectroscopy within 35 days of 

explosion
• Photometry in 2 filters

𝐻' = (74.9 ± 1.9)	𝑘𝑚	𝑠()	𝑀𝑝𝑐()
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adH0cc proposal
European Organisation for Astronomical Research in the Southern Hemisphere

OBSERVING PROGRAMMES OFFICE • Karl-Schwarzschild-Straße 2 • D-85748 Garching bei München • e-mail: opo@eso.org • Tel. : +49 89 320 06473

APPLICATION FOR OBSERVING TIME LARGE PROGRAMME PERIOD: 104A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the
names of CoIs and the agreement to act according to the ESO policy and regulations, should observing time be granted.

1. Title Category: A–7
An independent measurement of the local Hubble Constant

2. Abstract / Total Time Requested

Total Amount of Time: 0 nights VM, 150.0 hours SM Total Number of Semesters: 3

An accurate measurement of the Hubble constant, H0, is critical for the determination of all other cosmological
parameters. The most recent determinations have revealed a 4.4� discrepancy between the local value of H0,
based on the distance ladder approach with Cepheid stars and type Ia supernovae, and the determination from
the cosmic microwave background. If this holds up, then ⇤CDM is not the complete model of the Universe. A
measurement of the local H0 which does not rely on the distance ladder represents a critical and independent
check. We propose to use an extended version of the expanding photosphere method (EPM) of 12 type II-P
supernovae to measure distances in the redshift range 0.04 < z < 0.1. This range avoids significant uncertainties
from peculiar velocities of the host galaxies and contributions from the non-linear expansion. There have been
significant improvements of EPM in recent years. Simplified blackbody models with average dilution factors
have been replaced by state-of-the-art spectral fitting. Good-S/N spectroscopy can be obtained with FORS2 to
determine the atmospheric parameters in the supernovae at di↵erent epochs. The objects from this project will
be combined with our existing data of 20 lower-z type II-P supernovae from the SNfactory (0.01 < z < 0.05).
With these 32 objects we can independently determine the local H0 to 3%.

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type

A 104 FORS2 10h any n 1.0 CLR s TOO

B 104 FORS2 6.5h any g 1.0 CLR s TOO

C 104 FORS2 6.5h any g 1.0 CLR s TOO

D 104 FORS2 27h any g 1.0 CLR s

E 105 FORS2 10h any n 1.0 CLR s TOO

F 105 FORS2 6.5h any g 1.0 CLR s TOO

G 105 FORS2 6.5h any g 1.0 CLR s TOO

H 105 FORS2 27h any g 1.0 CLR s

I 106 FORS2 10h any n 1.0 CLR s TOO

J 106 FORS2 6.5h any g 1.0 CLR s TOO

Following runs moved to box 3a at the end of the document...

4. Principal Investigator: (moved to the CoI list)

4a. Investigators:

All CoIs moved to the end of the document.

- 1 -

Submission: March 2019
Proposal: 1104.A-0380

FORS2 
- low-resolution spectroscopy

- classification and 6 epochs
- BVRI photometry

- simultaneous with spectroscopy

Plan:
12 SNe II-P; 0.04<z<0.1
Combine with 18 SNFactory SNe IIP
H0 to 3% accuracy
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adH0cc observations

Elaborate scheduling to obtain an optimal coverage 
(6 epochs per SN)
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adH0cc observations
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adH0cc analysis

Geza
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adH0cc spectroscopy

FORS2 spectra
(Stéphane, Andreas, Jason) 

– simulateneous to 
the photometry

– 300V and 300I 
grisms
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adH0cc distances
Spectral fits (TARDIS)
(Christian, Geza)
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adH0cc distances

Spectral fits
(Christian, Geza)

→vph, Fph (T, n)
→E(B-V) from the spectral fit 

to correct fobs
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adH0cc summary

Improved Expanding Photosphere method
– Fit every spectrum to obtain temperature, 

density gradient and an estimate of the reddening
• No longer use a fudge factor based on unique models

– Anchor the size expansion through an accurate explosion 
date

→Tailored Expanding Photosphere Method
→Vogl et al. 2025, A&A accepted (arXiv:2411.04968)
→Significantly improved accuracy
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adH0cc summary

• Tested method with literature data
– 𝐻+ = 74.9 ± 1.9 	𝑘𝑚	𝑠45	𝑀𝑝𝑐45

• Tested method with siblings
– 4 galaxies with good agreement (literature)
– FORS2 monitoring programme for new siblings

• already tripled the sample in two years

• Analysis of 19 SNe
– From a FORS2 Large Programme
– Analysis still ongoing


