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Our story starts at the beginning of the XX century when ‘the big question’ was…

… are we here alone?



The first photograph of M31, the Andromeda nebula  
(Isaac Roberts, 1899)

Astronomers used telescopes (since XVII) to study the stars and their 
motion. In late XIX century ‘astrophotography’ (long exposure times,  
made clear that some objects are extended.



"Computers" at Harvard , ca. 1890 
classification of stars in photographs by 

comparing with old catalogs

Progress at the end of the XIX century



Cepheids variable stars 
relationship between period and luminosity 
⇨ a new distance measure

Henrietta 
Swan Leavitt 
(1864-1921)

1908

Progress at the end of the XIX century

"Computers" at Harvard , ca. 1890



"Computers" at NASA ,  
(before the arrival of an IBM in 1964) 

From the movie Hidden Figures, 2017



Spectroscopy

the star is moving closer 

the star is not moving

the star is not moving

Vesto Slipher 
(1875-1969)

Astronomers started using spectroscopy 
to measure motions of stars and 
planets. Around 1917 it became clear 
that the mysterious nebulae are moving 
away from us ….

Progress at the beginning of the XX century



April 20th, 1920: the great debate

Baird Auditorium, Smithsonian National Museum of Natural History, Washington D.C.

Harlow Shapley 
(1885-1972)

Heber Curtis 
(1872-1942)

Are nebulae extra-
galactic objects 
(island Universes)? 
How large is the 
Universe?



1924: Hubble finds a variable Cepheid star in the 
Andromeda nebula:  
Extragalactic astronomy begins!

Hooker telescope, Mt. Wilson, California (1917)

Edwin Hubble 
(1889-1953)

Andromeda nebula  
becomes Andromeda 
galaxy! 



Meanwhile, in Europe …

Albert Einstein 
(1879-1955)

 … Einstein publishes, in 1915, 
the theory of general relativity



Rµ⌫ � 1

2
Rgµ⌫ = 8⇡GTµ⌫

geometry (space-time) energy (mass) density



The expansion of the Universe … predicted!

Alexander Friedmann 
(1888-1925)

Thanks to general relativity and to the cosmological principle 
(that is imagining a very simple Universe) Friedmann in 1922 and 
Lemaître in 1927 predict that the Universe might be expanding! 

(but nobody notices)

Georges Lemaître 
(1894-1966)



What Is The Universe Expanding Into? 

Image Credit: LIFE magazine

Like a surface of the balloon (2D)  
— space itself is being "expanded" 
— there is no "centre" of the expansion (on the surface)



1929: Hubble finds that galaxies are moving away 
from us faster the further away they are. 
The Universe is indeed expanding!

Edwin Hubble 
(1889-1953)

us



By the end of the 1930s it was becoming evident that: 

• There is more to the Universe than our Galaxy 
• The Universe is expanding 
• The expansion depends on the matter and energy content!



After Hubble’s discovery, astronomers begun to study intensively 
distances and velocities of many astronomical objects. 
Big clusters of galaxies were a prime target. 

Hubble & Humason published distances of several galaxy clusters in 1931. 
They noticed large variations in velocities within the Coma Cluster. 
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play an essential role. Assuming effects which have their origin in direct
spatial interaction between light and matter shows that this cannot explain
the transparency of intergalactic space.

I proposed then another possible effect, which can however hardly be
observed on earth, for the existence of which, nevertheless, some theoretical
reasons can be given. According to the theory of relativity there corresponds
to each photon or light quantum of frequency ν a gravitational as well as an
inertial mass hν/c2. Thus there is an interaction (attraction) between light
and matter. If the photon is emitted resp. absorbed at two points P1 and P2
which have the same gravitational potential, it loses on the way from P1 to
P2 a certain momentum and gives this to matter. The photon gets redder.
This effect, which could be called gravitational friction, is caused mainly by
the finite velocity of gravitational interaction. Its amount depends on the
average density of matter and on its distribution. The redshift ∆λ/λ in this
case depends not only on the distance but also on the distribution of matter.
Explorations to test this second conclusion are being done now.

Finally it has to be said that none of the proposed theories is satisfying.
All of them have been developed on a most hypothetical basis, and none of
them has succeeded to uncover any new physical relationships.

§5. Remarks concerning the dispersion of velocities in the Coma
nebular cluster.

As the data in §3 show, there are in the Coma cluster differences in
velocity of at least 1500 to 2000 km/sec. In the context of this enormous
variation of velocities the following considerations can be made:

1. Under the supposition that the Coma system has reached, mechani-
cally, a stationary state, the Virial Theorem implies

ϵk = −1
2ϵp, (4)

where ϵk and ϵp denote average kinetic and potential energies, e.g. of the
unit of mass in the system. For the purpose of estimation we assume that
the matter in the cluster is distributed uniformly in space. The cluster has a
radius R of about one million light-years (equal to 1024 cm) and contains 800
individual nebulae with a mass of each corresponding to 109 solar masses.
The mass M of the whole system is therefore

M ∼ 800 × 109 × 2 × 1033 = 1.6 × 1045 g. (5)
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This implies for the total potential energy Ω:

Ω = −3
5
Γ

M2

R
(6)

Γ = Gravitational constant

or
εp = Ω/M ∼ −64 × 1012 cm2s−2 (7)

and then
εk = v2/2 ∼ −εp/2 = 32 × 1012 cm2s−2

(
v2

)1/2
= 80 km/s. (8)

In order to obtain the observed value of an average Doppler effect of 1000
km/s or more, the average density in the Coma system would have to be at
least 400 times larger than that derived on the grounds of observations of
luminous matter.8 If this would be confirmed we would get the surprising
result that dark matter is present in much greater amount than luminous
matter.

2. One could also assume that the Coma system is not in stationary
equilibrium, but that all available energy has the form of kinetic energy.
Then we would have

εk = −εp, (9)

This assumption thus allows to get rid of a factor of only 2 compared to 1.,
and the necessity of an enormously large density of dark matter stays the
same.

3. Let the average density in the Coma cluster be wholly determined by
the presence of luminous matter (mass M above). Then the large velocities
cannot be determined by considerations of type 1. or 2. If the observed
velocities are indeed real ones, the Coma system should disperse in the course
of time. The result of this expansion would be 800 individual nebulae (field
nebulae), which, as follows from 2., would have eigenvelocities of the original
order of magnitude (1000 to 2000 km/sec). From analogies it is to be expected
that field nebulae with such large eigenvelocities would be observable also in
the state of development the world is in today. This conclusion however

8In order of magnitude this would agree with the view of Einstein and de Sitter discussed
in §4.
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The Redshift of Extragalactic Nebulae

by F. Zwicky.

(16.II.33.)

Contents. This paper gives a representation of the main characteristics
of extragalactic nebulae and of the methods which served their exploration.
In particular, the so called redshift of extragalactic nebulae is discussed in
detail. Different theories which have been worked out in order to explain
this important phenomenon will be discussed briefly. Finally it will be indi-
cated to what degree the redshift promises to be important for the study of
penetrating radiation.

§1. Introduction.

It has been known for a long time that there exist in space certain objects
which, when observed with small telescopes, appear to be quite fuzzy, self
shining spots. These objects have different structures. Often they are spher-
ical, often elliptical, and many of them have a spiral-like appearance, and are
therefore occasionally called spiral nebulae. Thanks to the enormous resolv-
ing power of modern giant telescopes astronomers were able to establish that
these nebulae lie beyond the limits of our own Milky Way. Photographs made
with the Hundred-Inch-Telescope on Mount Wilson reveal that these nebulae
are stellar systems, similar to our own Milky Way System. The extragalactic
nebulae are on the whole homogeneously distributed over the sky and are,
as could be shown, also homogeneous in space. They are seen as individuals
or grouped in clusters. The following lines aim to give a short account of the
most important characteristics and a description of the methods which made
it possible to establish them.
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The Coma Cluster of Galaxies. 
This i s a h ighly regular 
gravitationally bound system of 
thousands of galaxies at a 
distance of about 100 Mpc 
(NASA, SDSS) 

if heated (given 
energy) 
gas particles are 
moving faster

is high velocity  
"dispersion"for 
galaxies in a cluster 
a sign of a strong 
gravitational energy 
in the cluster?

Fritz Zwicky was the first to use these large 
variations in the velocity of galaxies within 
galaxy clusters to ask: 
is this telling us something about the 
cluster itself?
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play an essential role. Assuming effects which have their origin in direct
spatial interaction between light and matter shows that this cannot explain
the transparency of intergalactic space.

I proposed then another possible effect, which can however hardly be
observed on earth, for the existence of which, nevertheless, some theoretical
reasons can be given. According to the theory of relativity there corresponds
to each photon or light quantum of frequency ν a gravitational as well as an
inertial mass hν/c2. Thus there is an interaction (attraction) between light
and matter. If the photon is emitted resp. absorbed at two points P1 and P2
which have the same gravitational potential, it loses on the way from P1 to
P2 a certain momentum and gives this to matter. The photon gets redder.
This effect, which could be called gravitational friction, is caused mainly by
the finite velocity of gravitational interaction. Its amount depends on the
average density of matter and on its distribution. The redshift ∆λ/λ in this
case depends not only on the distance but also on the distribution of matter.
Explorations to test this second conclusion are being done now.

Finally it has to be said that none of the proposed theories is satisfying.
All of them have been developed on a most hypothetical basis, and none of
them has succeeded to uncover any new physical relationships.

§5. Remarks concerning the dispersion of velocities in the Coma
nebular cluster.

As the data in §3 show, there are in the Coma cluster differences in
velocity of at least 1500 to 2000 km/sec. In the context of this enormous
variation of velocities the following considerations can be made:

1. Under the supposition that the Coma system has reached, mechani-
cally, a stationary state, the Virial Theorem implies

ϵk = −1
2ϵp, (4)

where ϵk and ϵp denote average kinetic and potential energies, e.g. of the
unit of mass in the system. For the purpose of estimation we assume that
the matter in the cluster is distributed uniformly in space. The cluster has a
radius R of about one million light-years (equal to 1024 cm) and contains 800
individual nebulae with a mass of each corresponding to 109 solar masses.
The mass M of the whole system is therefore

M ∼ 800 × 109 × 2 × 1033 = 1.6 × 1045 g. (5)
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This implies for the total potential energy Ω:

Ω = −3
5
Γ

M2

R
(6)

Γ = Gravitational constant

or
εp = Ω/M ∼ −64 × 1012 cm2s−2 (7)

and then
εk = v2/2 ∼ −εp/2 = 32 × 1012 cm2s−2

(
v2

)1/2
= 80 km/s. (8)

In order to obtain the observed value of an average Doppler effect of 1000
km/s or more, the average density in the Coma system would have to be at
least 400 times larger than that derived on the grounds of observations of
luminous matter.8 If this would be confirmed we would get the surprising
result that dark matter is present in much greater amount than luminous
matter.

2. One could also assume that the Coma system is not in stationary
equilibrium, but that all available energy has the form of kinetic energy.
Then we would have

εk = −εp, (9)

This assumption thus allows to get rid of a factor of only 2 compared to 1.,
and the necessity of an enormously large density of dark matter stays the
same.

3. Let the average density in the Coma cluster be wholly determined by
the presence of luminous matter (mass M above). Then the large velocities
cannot be determined by considerations of type 1. or 2. If the observed
velocities are indeed real ones, the Coma system should disperse in the course
of time. The result of this expansion would be 800 individual nebulae (field
nebulae), which, as follows from 2., would have eigenvelocities of the original
order of magnitude (1000 to 2000 km/sec). From analogies it is to be expected
that field nebulae with such large eigenvelocities would be observable also in
the state of development the world is in today. This conclusion however

8In order of magnitude this would agree with the view of Einstein and de Sitter discussed
in §4.
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It has been known for a long time that there exist in space certain objects
which, when observed with small telescopes, appear to be quite fuzzy, self
shining spots. These objects have different structures. Often they are spher-
ical, often elliptical, and many of them have a spiral-like appearance, and are
therefore occasionally called spiral nebulae. Thanks to the enormous resolv-
ing power of modern giant telescopes astronomers were able to establish that
these nebulae lie beyond the limits of our own Milky Way. Photographs made
with the Hundred-Inch-Telescope on Mount Wilson reveal that these nebulae
are stellar systems, similar to our own Milky Way System. The extragalactic
nebulae are on the whole homogeneously distributed over the sky and are,
as could be shown, also homogeneous in space. They are seen as individuals
or grouped in clusters. The following lines aim to give a short account of the
most important characteristics and a description of the methods which made
it possible to establish them.
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The Coma Cluster of Galaxies. 
This i s a h ighly regular 
gravitationally bound system of 
thousands of galaxies at a 
distance of about 100 Mpc 
(NASA, SDSS) 

Fritz Zwicky was the first to understand 
something of these large variations in the 
velocity of galaxies within galaxy clusters:  
is this telling us something about the 
cluster itself?

“In order to obtain the observed value of (velocity), the average 
density in the Coma system would have to be at least 400 times 
larger than that derived on the grounds of observations of 
luminous matter. If this would be confirmed we would get the 
surprising result that dark matter is present in much greater 
amount than luminous matter “ —> DARK MATTER
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play an essential role. Assuming effects which have their origin in direct
spatial interaction between light and matter shows that this cannot explain
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which have the same gravitational potential, it loses on the way from P1 to
P2 a certain momentum and gives this to matter. The photon gets redder.
This effect, which could be called gravitational friction, is caused mainly by
the finite velocity of gravitational interaction. Its amount depends on the
average density of matter and on its distribution. The redshift ∆λ/λ in this
case depends not only on the distance but also on the distribution of matter.
Explorations to test this second conclusion are being done now.

Finally it has to be said that none of the proposed theories is satisfying.
All of them have been developed on a most hypothetical basis, and none of
them has succeeded to uncover any new physical relationships.
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As the data in §3 show, there are in the Coma cluster differences in
velocity of at least 1500 to 2000 km/sec. In the context of this enormous
variation of velocities the following considerations can be made:

1. Under the supposition that the Coma system has reached, mechani-
cally, a stationary state, the Virial Theorem implies

ϵk = −1
2ϵp, (4)

where ϵk and ϵp denote average kinetic and potential energies, e.g. of the
unit of mass in the system. For the purpose of estimation we assume that
the matter in the cluster is distributed uniformly in space. The cluster has a
radius R of about one million light-years (equal to 1024 cm) and contains 800
individual nebulae with a mass of each corresponding to 109 solar masses.
The mass M of the whole system is therefore

M ∼ 800 × 109 × 2 × 1033 = 1.6 × 1045 g. (5)
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This implies for the total potential energy Ω:
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or
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and then
εk = v2/2 ∼ −εp/2 = 32 × 1012 cm2s−2
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In order to obtain the observed value of an average Doppler effect of 1000
km/s or more, the average density in the Coma system would have to be at
least 400 times larger than that derived on the grounds of observations of
luminous matter.8 If this would be confirmed we would get the surprising
result that dark matter is present in much greater amount than luminous
matter.

2. One could also assume that the Coma system is not in stationary
equilibrium, but that all available energy has the form of kinetic energy.
Then we would have

εk = −εp, (9)

This assumption thus allows to get rid of a factor of only 2 compared to 1.,
and the necessity of an enormously large density of dark matter stays the
same.

3. Let the average density in the Coma cluster be wholly determined by
the presence of luminous matter (mass M above). Then the large velocities
cannot be determined by considerations of type 1. or 2. If the observed
velocities are indeed real ones, the Coma system should disperse in the course
of time. The result of this expansion would be 800 individual nebulae (field
nebulae), which, as follows from 2., would have eigenvelocities of the original
order of magnitude (1000 to 2000 km/sec). From analogies it is to be expected
that field nebulae with such large eigenvelocities would be observable also in
the state of development the world is in today. This conclusion however

8In order of magnitude this would agree with the view of Einstein and de Sitter discussed
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which, when observed with small telescopes, appear to be quite fuzzy, self
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ical, often elliptical, and many of them have a spiral-like appearance, and are
therefore occasionally called spiral nebulae. Thanks to the enormous resolv-
ing power of modern giant telescopes astronomers were able to establish that
these nebulae lie beyond the limits of our own Milky Way. Photographs made
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The Coma Cluster of Galaxies. 
This i s a h ighly regular 
gravitationally bound system of 
thousands of galaxies at a 
distance of about 100 Mpc 
(NASA, SDSS) 

Fritz Zwicky was the first to understand 
something of these large variations in the 
velocity of galaxies within galaxy clusters:  
is this telling us something about the 
cluster itself?

Zwicky was not taken seriously: the problem 
was just a "missing luminosity problem"

“In order to obtain the observed value of (velocity), the average 
density in the Coma system would have to be at least 400 times 
larger than that derived on the grounds of observations of 
luminous matter. If this would be confirmed we would get the 
surprising result that dark matter is present in much greater 
amount than luminous matter “ —> DARK MATTER



While galaxies in a cluster move randomly,  
stars within galaxies exhibit rotational motion,  
similarly to the Solar System.

How about Galaxy scales? 
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Measurement still not precise enough 
and performed only close-by the centre 
of Andromeda.

All telescopes to Andromeda!

1) galaxy rotation curves
The Evidence for DM

speed

distance

?

In 1939 Horace Babcock measures 
the rotation curves for Andromeda 
measuring a constant angular 
velocity!

Andromeda Galaxy

Measurement still not precise enough 
and performed only close-by the centre 
of Andromeda.

At the Galactic scale
In 1939, Horace Babcock presents his PhD 
thesis on the subject of rotation curves of 
galaxies. He compute the rotation curve in 
Andromeda and measured a constant angular 
velocity and concluded :
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The history of the measurements of rotation 
curves dates back to 1914 (!!) where Slipher at 
the Lowell laboratory observed that the velocities 
measured on the left of the bulge of the nearby 
galaxy (nebula) Andromeda (the nearest galaxy 
~800 kpc from us, but believed to be 210 kpc at 
this time due to the Hubble parameter 
determination were approaching us at higher 
velocities (~320 km/s) than the ones on the right 
part of the central bulge (~280 km/s). This is 
what is expected in a disk turn in front of us. 

300 280
320

In 1918 , Pease at the Mount Wilson 
Observatory measured the rotation out to a 
radius of 600 pc (central part of Andromeda). 
His result were expressed by the formula  

Vc = -0.48 r - 316 
where Vc is the circular velocity measured (in 
km/s) at a distance r from the central bulge of 
Andromeda, showing that this central portion 
appears to rotate with constant angular velocity. 

Babcock in 1939 extend the study to larger 
scale, up to 24 kpc from the center.

1939LicOB..19...41B

All telescopes to Andromeda!
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After the II word war, left-over radars help revolutionise astronomy

1) galaxy rotation curves
The Evidence for DM

speed

distance

Hydrogen atoms emit a 21-cm radio signal.  

Most of the gas in the Universe is made of atomic H 
— 21cm a powerful probe!  

The 21cm tracer (1944-1951)
In 1944, Jan Oort in Leiden realised that should any of the atoms or 
molecules in space give rise to a spectral line in the radio spectrum, 
it would enable much information about the interstellar medium.Jan O

ort
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In a magnetic field, there is a slight 
difference in energy of the ground state 

depending wether the spin of the proton and 
electron are in the same or opposite sense 
(Casimir, friend of Oort). This transition 
between them gives rise to a line close to  

1420 MHz-21 cm in wavelength

Unfortunately, van de Hulst is 
scooped in 1951 for 6 weeks by 

Ewen and Purcell at Harvard (who 
heard about the line in a talk by van 
de Hulst they assisted in 1949) for 

which they received the Nobel prize 
of Physics in 1952 (never van de 

Hulst). 
Ewen on his horn telescope

However, van de Hulst never 
stopped and gave the first 

21cm map of Andromeda in 
1957, showing that the 

velocities stays constant 
much far away from the 

visible region with the  
Dwingeloo telescope 

Van de Hulst at Dwingeloo

Van de Hulst gave the 
first 21cm map of 
Andromeda in 1957 
showing that the 
velocities stays constant 
much far away from the 

visible region. 

That meant that one could measure gas 
velocity accurately and much farther from 
the centre of Andromeda!



THE 1970s REVOLUTION  
the invention of spectrograph by Kent Ford  in the 1960s 

22

FIG. 2. Flat rotation curves began to emerge clearly from 21 cm observations in the early 1970s.

Here we show the hydrogen surface density profile (left) and the rotation curves (right) of five

galaxies as obtained by Rogstad and Shostak in 1972 [262]. The bars under the galaxy names

indicate the average radial beam diameter, i.e. the e↵ective spatial resolution. R80 is the radius

containing 80% of the observed HI.

the rotation curves of five galaxies – M33, NGC 2403, IC 342, M101 and NGC 6946 – they

had themselves obtained using the radio telescope at the Owens Valley Radio Observatory.

They found that these rotation curves remained flat out to the largest radii observed (see

Fig. 2) and, following the method of Freeman, they derived mass-to-light ratios as high as

20 at large radii. As explicitly said in their paper, they:

confirm[ed] the requirement of low-luminosity material in the outer regions

M33

NGC2403

IC 342

M101

NGC26946

Combining 21cm observations with Peebles idea

Vera Rubin

After the work of Van de Hulst, a lot of instrumental developments allowed to have a 
better understanding of the rotation curves of galaxies much above the optical limit. 
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Vera Rubin

After the work of Van de Hulst, a lot of instrumental developments allowed to have a 
better understanding of the rotation curves of galaxies much above the optical limit. 
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Flat rotation curves began to emerge 
clearly from 21 cm observations.  
Five galaxies as obtained by Rogstad 
and Shostak in 1972. Vera C. Rubin



THE 1970s REVOLUTION  
the invention of spectrograph by Kent Ford  in the 1960s 

Combining 21cm observations with Peebles idea

Vera Rubin

After the work of Van de Hulst, a lot of instrumental developments allowed to have a 
better understanding of the rotation curves of galaxies much above the optical limit. 
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By the 1970s most astronomers are convinced that 
dark matter exists around galaxies and clusters 

But how can we learn more?



3) ‘precision  
      cosmology’

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP

MillenniumPlanck SDSS

By the 90s, telescopes were able to test bigger portions of the sky  
and study the distribution of Galaxies

LOOKING BACK IN TIME

us
time

every dot is a galaxy!

[Credit: Sloan digital sky survey]



3) ‘precision  
      cosmology’

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP

MillenniumPlanck SDSS

Many people thought the early universe was complex.  
But Zel’dovich assumed that it is fundamentally simple, with just gravity at work 
starting from small density fluctuations at the dawn of time.

homogenous 
early universe

LOOKING BACK IN TIME



In time, we were able to test this conjecture as  computers got powerful enough to 
simulate the formation of structures starting from the early Universe

[Credit: Springel et al. (2005)]

LOOKING BACK IN TIME

https://www.youtube.com/watch?v=FBkYIqtYb0I


3) ‘precision  
      cosmology’

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP

MillenniumPlanck SDSS

DM N-body simulations

Springel, Frenk, White, Nature 440 (2006)

SDSS: 106 galaxies, 
2 billion lyr

2dF: 2.2 105 galaxies

Millennium:  
1010 particles, 

500 h-1 MpcOf course, you have to 
infer galaxies within the 

DM simulation
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At the beginning of 2000s this ‘precision cosmology’ spectacularly confirmed that 
dark matter makes up majority of the mass in our Universe!

LOOKING BACK IN TIME



3) ‘precision  
      cosmology’

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP

MillenniumPlanck SDSS

W H AT  D O  W E  K N O W  S O  FA R ?

‘see through’ ➜ neutral!

slow moving ➜ heavy

5-6 times more abundant 
than usual matter

+ not observed at Earth ➜ 
only feeble interactions

Galaxy Cluster

milions of galaxies

stable ➜ it was present 
throughout history of Universe
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C O U L D  I T  B E  S O M E  PA R T I C L E  W E  K N O W ?

When they meet,  
they annihilate

recently 
observed

Higgs boson

h

‘neutral’
‘stable’

‘heavy’ 
particles

almost  no
interactions

Nature and properties

leptons quarks

➜ needs to be a new particle!

1. neutral 
2. stable 
3. heavy 
4. 5x more abundant than usual mater 
5. feeble interactions



[Credit: D. Kaplan]



[Credit: D. Kaplan]



T H E  M O S T  P O P U L A R  C A N D I D AT E S

1. neutral 
2. stable 
3. slow moving (heavy) 
4. 5x more abundant than usual mater 
5. feeble interacting

"Weakly Interacting Massive Particles”  
It means simply:

Typically particles 10-100 times heavier than proton, as there are many 
models in which such particles could complete the missing link in our 
Standard model of particle physics. 

“a simple, elegant, compelling explanation for a complex physical 
phenomenon” (R. Kolb)



T H E  M O S T  P O P U L A R  C A N D I D AT E S

axions, axion-like particles, hidden photons …
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How heavy?
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10 GeV
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invisible 
particles

Gran Sasso underground laboratories

Ge
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Direct Detection
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Monte Bianco

Production at colliders
colliders:

Indirect DetectionIndirect Detection
 from  DM annihilations in halod̄

p̄

n̄

astrophysics:

LHC

7 TeV7 TeV

�+ �� �0�0

......

Production at colliders

LHC

7 TeV7 TeV

�+ �� �0�0

......

Production at colliders

‘cosmic rays’, 
‘gamma rays’

dark matter

dark matter



Exciting times!  

The tools are here and with the right sensitivity 

‘It is difficult to look for a black cat in a dark room, specially when there is 
no cat’ (Confucius, credit G. Bertone) 



In parallel to the studies on the nature of dark 
matter particle, detailed measurements of the 
expansion of the Universe progressed



Hubble measurements showed that Universe was expanding. 

Since 1998 we know that this expansion is in fact accelerating! 

https://www.youtube.com/watch?v=6eUC_8WykBg


T H E  C U R I O U S  C A S E  O F   
T H E  C O S M O L O G I C A L  C O N S TA N T

Rµ⌫ � 1

2
Rgµ⌫ = 8⇡GTµ⌫

geometry (space-time) energy (mass) density

Einstein added it to  … stop the expansion! 
Then retracted it as his "biggest blunder" 

However, it came back with the vengeance! An accelerating expansion 
can be accounted for by a positive value of the cosmological constant, 
equivalent to the presence of a vacuum energy, dubbed "dark energy".

�⇤ gµ⌫

cosmological constant



T H E  C U R I O U S  C A S E  O F   
T H E  C O S M O L O G I C A L  C O N S TA N T

Rµ⌫ � 1

2
Rgµ⌫ = 8⇡GTµ⌫

geometry (space-time) energy (mass) density

Now ΛCDM is the Standard Cosmological Model.  

Many different observations, including the  
Cosmic Microwave Background, confirm ΛCDM predictions

�⇤ gµ⌫

cosmological constant

Dark energy: the most important property is that it has negative 
pressure which is everywhere in space.



W H AT  I T  C O U L D  B E
Vacuum energy is an underlying background energy that exists in  
empty space throughout the entire Universe

According to quantum 
mechanics space is filled with 
virtual particle pairs that blink 
into existence and then 
annihilate in a timespan too 
short to observe

The cosmological constant problem:  discrepancy between the measured 
small value of vacuum energy, to theoretical predictions ranges from 40 to 
more than 100 orders of magnitude …  
… ”the worst theoretical prediction in the history of physics”!



5% stars, gas…

26% dark matter 

69% dark energy

T H E  C O S M I C  
I N V E N T O R Y



T H E  C O S M I C  
I N V E N T O R Y

Psalter world map, 1260s, British Library



T H E  F U T U R E ?

… are we here alone?



E X T R A  S L I D E S



If receding velocities were not proportional to the distance 

Hubble’s law and the cosmological principle
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from the point of view of the other galaxy

If receding velocities were not proportional to the distance 

hence, not all points in the Universe would be equivalent

Hubble’s law and the cosmological principle
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If recession velocities are instead proportional to the distance
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noi altra 
galassia

altra 
ancora

all points would then be equivalent!

altra 
ancora

Hubble’s law and the cosmological principle

from the point of view of the other galaxy

us other 
galaxy

from our point of view …

other 
galaxy

yet 
another

If recession velocities are instead proportional to the distance



In time, we were able to test this conjecture as  computers got powerful enough to 
simulate the formation of structures starting from the early Universe

[Credit: Springel et al. (2005)]

LOOKING BACK IN TIME
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Since we know how bright they 
shine we can estimate how 
distant they are.  
We can also measure their 
redshift and determine how 
much the Universe expanded 
since the explosion.

S U P E R N O VA E  M E A S U R E M E N T S

1998: First evidence for an accelerated expansion from SNIa 

SNIa are standard candles. 

“…the dista
nces of th

e high-redshift S
Ne Ia were, on average, 10% to 15% farther than 

expected in a universe without a cosmological constant.”  

Adam Riess (N
obel Prize

, 2011)
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W H Y  S O  S M A L L ? ? ?
We do have an anthropic explanation why the planet on which we live is 
in the narrow range of distances from the sun… this would not be a 
satisfying explanation if the earth were the only planet in the universe… 
But with vast numbers of planets in the rest of the universe, at different 
distances from their respective stars, this sort of anthropic explanation is 
just common sense. 

(Steven Weinberg) 


