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– dark matter
– dark energy

– detection of dark matter 
particle(s)

– equation of state of dark energy
• EUCLID

– neutrinos
– gravitational waves
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Events and ISSI in the media at a glance

ISSI in the media

Article “Researchers recover possible first samples 
of interstellar dust“ with V. Sterken by G. Haley 
Massara, The Daily Californian, 17 August 2014.

Article “Sieben Körnchen Sternenstaub“ with V. 
Sterken by H. Rietz in Neue Zürcher Zeitung, 19 Au-
gust 2014.

Article “Zurück auf den Mond“ with J. Geiss by B. 
Vonarburg, Tagesanzeiger and der Bund, 2 Septem-
ber 2014.

Large newspaper article about ISSI‘s founder Johannes 
Geiss in the Swiss newspaper „der Bund“ appeared on 
September 2, 2014. (Portraiture by R. Wyttenbach)

Radio Interview “Extraterrestrials“ with R. von Stei-
ger, Nachtklub, Swiss Radio SRF 1, 4 September 
2014.

Interview with R. von Steiger on the Voyager Gold-
en Record, Mad Scientist Festival, Naturhistorisches 
Museum Bern, 5 September 2014.

Article “Der Geist von Genf - Internationale wissen-
schaftliche Veranstaltung zur Feier des 50-Jahr-Ju-
biläums der ESA“ with R.-M. Bonnet by A. Feusi, 
Neue Zürcher Zeitung, 13 September 2014.

Live TV Interview with R-M. Bonnet from ESOC to 
Paris Cité des Sciences de La Villette with French 
President present, at the occasion of the Roset-
ta-Philae landing, 12 November 2014.

Live TV transmission of the Rosetta-Philae landing 
featuring R-M. Bonnet among several others, 12 
November 2014.

TV Interview with R.-M. Bonnet, J.-Y. Le Gall, J.-P. 
Bibring, and several others, Bibliothèque Medicis, 
French TV Chaîne Parlementaire, 3 December 2014.

Radio Interview with M. Blanc, M. Fontez, O. Gras-
set, A. Coustenis, on “Europe: Y-a-t-il de la vie sur 
le satellite de Jupiter?”, Radio France Culture, 5 De-
cember 2014.

TV Interview with R.-M. Bonnet, by Xavier Sayanoff 
for Chanels CINE and Canal+, Series of three films 
for TV Cable Channel RMC, 17 December 2014. 

TV Interview “Rosetta Mission“ with R. Rodrigo, 
Newscast, Spanish Television TVE, 23 January 2015.

Radio Interview “Rosetta mission“ with R. Rodrigo, 
Radio Nacional de España, 9 February 2015.

Interview “The Rosetta-Philae Landing“ with R.-M. 
Bonnet by Pierre-Olivier Jay, Une saison en Guyane, 
N°14, 106-109, March 2015.

Radio Interview with R.-M. Bonnet “celebrating 25 
years of Hubble Space Telescope“, French Radio RFI, 
22 April 2015.

Radio Interview “Philae wake up“ with R. Rodrigo, 
Radio Nacional de España, 15 June 2015.
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How do we observe the world?



The Earth at night

Bern



Our place in the universe



Our Home

Apollo 8



Our place in the universe

© Cassini/NASA



NGC 1232 ESO

Our place in the Milky Way

Hello

27000 light years



January February March April May June July August September October November

1. January:
Big Bang

The Milky Way forms Sun and planets form Oldest 
known life

First multi-cellular 
organisms

December

1 2 3 4 5 6 7

8 9 10 11 12 13 14

15
Cambrian
Explosion 

16 17
Emergence 
of first 
vertebrates

18
Early land
plants

19 20
First four-limbed 
animals

21
Variety of 
insects 
begins to 
flourish

22 23 24
First
dinosaurs
appear

25
First 
mammalian
ancestors 
appear

26 27
First known birds

28

29
Dinosaurs
wiped out by 
asteroid or 
comet

30 31
23:54 Modern humans (homo sapiens) appear
23:59:45 Invention of writing
23:59:50 Pyramids built in Egypt
23:59:59 Galileo observes the sky with a telescope



Earth‘s atmosphere
Shield and Window to the Universe

300m 3m 3cm 0.3mm 3μm 30nm 3Å 3pm 30fm 300am

X–

γ–
radiation



“visible”



“invisible”

IKI/MPE/eROSITA



“invisible”

The Cosmic Microwave Background radiation is uniform to better
than 1 part in 1000 

ESA/Planck



Basics of cosmology

• Theory of gravity
– Einstein’s General Relativity

• Isotropy
– There is no preferred direction

• Homogeneity
– There is no preferred region
– (e.g. no centre of the universe)

• Anthropic principle
– We are a product of this universe



Our current picture of (the history of) the Universe 

Primordial Nucleosynthesis

Cosmic Microwave Background

Structure 
formation

Late-time clustering 
(of galaxies)

Dark Matter

Cosmological 
Constant



If you want to make an apple pie from 
scratch, you must first create the universe.

Carl Sagan
quoted in Big Bang 

by Simon Singh (2004)



Why is this so?

• Elements form from 
elementary particles

• Quarks à
protons and neutrons

• Electrons
• Protons and Neutrons

form atomic nuclei
• Together with the 

electrons atomic nuclei 
become atoms



The First Three Minutes

• Creation of particles and first 
elements in the Big Bang

• Protons and neutrons form after
0.0001 seconds

• Electrons after 4 seconds
• Deuterium (proton + neutron) 

after 2 minutes
• Helium (2 protons and 2 

neutrons) after 3 minutes

repetition thermal history of the universe synthesis observations summary

nucleosynthesis networks

source: Maldonaldo + Timmes

thermal history of the universe and big bang nucleosynthesisMarkus Pössel + Björn Malte Schäfer



Composition of the Universe

RESULT

By doing 100 years of spectroscopy and detailed studies of 
samples from the Solar System, geophysicists and astronomers 
have built up a table containing the 
“Cosmic abundance of the elements”

This varies in detail with time and place but the pattern is 
pretty similar (except at very early epochs)

Nowadays, we have →

18

hydrogen

metals

helium

Wednesday 14 October 2009

Cannot make an apple pie with this!
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Fast forward 300000 years

First light in the universe
– photons decouple from the 

atoms

Why? 
Free electrons are captured by 
the protons to form hydrogen 
atoms



Uncovering the 
Cosmic Microwave Background



Uncovering the CMB

ESA/Planck



Comparison with a familiar surface

Cobe                                                    Planck



How to interpret the image
Ti
m
e



The dark side of the universe

What is the universe made of?
How do we understand the 
universe?
What are Dark Matter and Dark 
Energy?



Gravitation!

Of the four fundamental forces (Gravitation, 

Electromagnetism, Weak and Strong Forces) only gravitation 
determines the evolution of the universe.



Measure gravitational influence

Orbits! 
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Distance from the Sun (km) 

99.9987% of all mass in the solar 
system is concentrated in the Sun



Why Dark Matter?

• The solar system can be fully understood with 
gravitation of a point source – the Sun. 

• Where does Dark Matter come into the game?
– Clusters of galaxies
– Rotation of galaxies
– Gravitational lenses
– Contents of the universe

ESA/Planck



ESO

27000 light years

The Sun within the 
Milky Way

The Sun orbits 
the centre of the 
Milky Way in 
about 220 
million years. 



Example: Galactic Centre

ESO

Physics Nobel Prize 2020



Discovery of Exoplanets

Radial velocities
– gravitational pull of a planet on the host star

Physics Nobel Prize 2019



Milky Way Rotation Curve

Merrifield 1992

Kepler

/Halo à Dark Matter

Solar System

Rubin & Dunlap





The Coma 
Cluster

X-rays Kent & Gunn 1982



Summary on Dark Matter

• Not measured in the solar system
• Dominates galaxy clusters (velocities, hot gas and 

gravitational lenses) 
• Contributes significantly to the outer regions of 

galaxies
• Determines the evolution of large scale structure
• Is a possible explanation for the discrepancy 

between the nucleosynthesis in the Big Bang and 
the deceleration of the cosmic expansion



Why Dark Energy?

• The expansion of the universe should be slowed 
down by the gravitational attraction of matter

• Where does Dark Energy come into the game?
– Expansion history of the universe
– Curvature of the space 

compared to the measured 
matter density

– Structure formation slowed 
down

ESA/Planck



Measuring the Hubble Constant 𝐻!

Distance ladder to reach out into the Hubble flow

1
9
7
4
A
p
J
.
.
.
1
9
0
.
.
5
2
5
S

Sandage & Tammann 1974



A modern Hubble diagram



The expansion is the same for all 
(Isotropy)

Gamow 1947

4SPAT IUM 3

The expanding
Universe

In 1912 Vesto M. Slipher took the
first spectra of what was then
called spiral “nebulae” (now
known to be galaxies). It was a
tedious process with small tele-
scopes and slow emulsions. He
found the spectral lines shifted
toward the red (Figure 1) and he
concluded correctly that the
objects were hence receding from
us, – yet faster than any known star
in our Galaxy. The large recession
velocities became a puzzle which
many astronomers tried to solve.
Finally Edwin Hubble, after hav-
ing proved in 1925 that the “nebu-
lae” are distant galaxies, consisting
of hundredthousand million stars
like our Milky Way, realised in
1929 that not only (almost) all
galaxies move away from us but 

also that their velocities were pro-
portional to their distances! (Figure
2) The picture was like that any
raisin has in a growing yeast cake:
all other raisins are moving away
and the faster the further away
they are (Figure 3). Hubble con-

cluded that the whole Universe
was expanding like a yeast cake
and that there must have been a
time where the Universe was arbi-
trarily small. The Universe had a
beginning, now known as the Big
Bang!

In the last seventy years the Big
Bang has become a physical fact.
The most distant galaxies have
redshifts corresponding to almost
the speed of light. Several inde-
pendent experiments prove beyond
doubt that the young Universe
must have been tiny, extremely
dense, and  excessively  hot.

The expansion of the Universe
gives us a simple tool to determine
its age. At a very early epoch all
galaxies (or the matter or energy
they were later made of ) were
compressed in one place. When
the expansion began some were
slowly carried away; they are today
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Figure 2. The demonstration of the linear expansion of the Universe. Left: Standard can-
dles (e. g. 60 W light bulbs) get fainter as the distance increases. Right: The brightest
galaxies in clusters of galaxies are good standard candles (note the relatively small scat-
ter!). As they get fainter they must be more distant, but at the same time their recession
velocities increase. (Linear expansion requires in this logarithmic plot a slope of 0.2,
which is shown).

Figure 3. A yeast cake as a model for the expanding Universe. As the cake increases in
size the distances between the raisins become larger. Close raisins get separated by small
(absolute) amounts, distant raisins by large amounts.The aspect is the same for all raisins.
(Neglect the rim).The model has the disadvantage that one can oversee it instantaneously
while the concept of simultaneity fails in the Universe (see page 5).

Tammann (SPATIUM 3, 1999)



Mean distance 
between galaxies

Today

fainter

redshift

WM = 1

Time

closed
WM > 1

open WM < 1

WM = 0

- 14 - 9 - 7
billion years

𝐻! = 70 𝑘𝑚 𝑠"# 𝑀𝑝𝑐"#



Supernova!

© Anglo-Australian Telescope



Cosmology with Supernovae

It is very difficult to measure distances in the 
universe. Supernovae are an essential tool to 
determine the expansion rate and its history
Typ Ia Supernovae are excellent distance indicators 
calibrated in the nearby universe



The supernova Hubble diagram

“velocity”
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Mean distance 
between galaxies

today

Fainter

redshift

WM = 1

Time

closed
WM > 1

open WM < 1

WM = 0

- 14 - 9 - 7
billion years



"for the discovery of the accelerating 
expansion of the Universe through 

observations of distant supernovae"

Saul Perlmutter Brian Schmidt Adam Riess

Physics Nobelprize 2011



What does this mean?

Distant supernovae are further away than 
in a freely expanding, emtpy universe
This requires a new repulsive component



Summary

• Dark Matter and Dark Energy are part of the theory 
of gravity (Relativity) with opposite signs. 

• Dark Matter is attractive like baryons (“us”) and 
increases the gravitational potential. 

• Dark Energy is a characteristic of space and acts as 
a repulsive force. 

ESA/Planck



Hubble Constant

Calibration of the luminosity of 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 
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Adam Riess



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

Hubble Constant

Supernova Ia
Hubble-Lemaître
Diagramm



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

MNRAS 000, 1–?? (2019)

Wong et al. 2020

Gravitational Lenses
H0LICOW collaboration

H0LiCOW XIII: A 2.4% measurement of H0 5

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

MNRAS 000, 1–?? (2019)
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Problem solved?

New discrepancy between the near (distance ladder) 
and distant (microwave background) determinations 
of 𝐻!

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 SNeIa , 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 SNIa
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 SNeIa 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
SNeIa (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.
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Summary

If the measurements are 
correct

– is either the 
cosmological model 
incomplete or

– it is wrong

Riess et al. 2019



Summary

• Big Bang Theory 
– explains

• early nucleosynthesis (deuterium, helium)
• early radiation (cosmic microwave background)
• age of the universe

– universe is older than the oldest stars

• expansion 

– does not explain
• Inflation (”before the Big Bang”)
• Dark Matter
• Dark Energy
• problem with the Hubble Constant

Goobar & Leibundgut 2011




